
Symposia Hiolojíioa Iliiiigarica

/

J

Akadémiai Kiadó, Budapest



NUCLEIC ACIDS AND PROTEINS 
IN HIGHER PLANTS

Proceedings of the Symposium held 
at the Biological Research Institute 
in Tihany, 2 to 4 September, 1971

Edited by 
G. L. F ARKAS

The Symposium, the first internation­
al meeting of this kind, covered ana­
lytical, structural and metabolic as­
pects of nucleic acids and proteins in 
higher plants. The present volume 
contains contributions of 117 authors 
from 16 countries on many aspects 
of the synthesis and hormonal control 
of proteins and nucleic acids. Special 
attention has been devoted to the 
problem of nucleic acid and protein 
synthesis in cell particles and to the 
role of nucleic acids and proteins in 
plant development.

AKADÉ MI AI  KI ADÓ 
Publishing House of the Hungarian Academy 

of Sciences, Budapest



Sym posia
Biologiea
H ungarica

13



S y m p o s ia  Biologica H u n g ar ica

R ed ig it

G. L . FA R K A S

Vol. 13

AK AD ÉM IAI KIADÓ, BUDAPEST 1972



NUCLEIC ACIDS 
AND

PROTEINS IN HIGHER 
PLANTS

P R O C E E D IN G S  O F T H E  SY M POSIUM  H E L D  AT T H E  
B IO LO G ICA L R E S E A R C H  IN S T IT U T E  IN  T IH A N Y  

2 TO 4 S E P T E M B E R , 1971

E d ited  by

G. L. FARKAS

Institute of Plant Physiology, Biological Research Center 
Hungarian Academy of Sciences 

Szeged

AK AD ÉM IAI KIADÓ, BUDAPEST 1972



Technical editor

G A B R IE L L A  L Á Z Á R , Pli. I).

(C) Akadémiai Kiadó, Budapest 1972
Printed in Hungary



CONTENTS

L ist o f p a rtic ip a n ts

Section I

P la n t nucleic, acids

J .  L. Iv e y

Studies on sh o rt-tim e  labelled  R N A s o f soybean  and  c a rro t 15
A. K o v o o r  a n d  D. M e l e t

R ap id ly  reassocia ting  D N A  in Je ru sa lem  a rtich o k e  rh izom es and  aux in - 
tre a te d  ex p ian ts  29

R. J u l ie n  an d  Y . G u it t o n

R ap id ly  labelled D N A -R N A  com plex in rad ish  seedlings 33
C. B ő v é , В . M o c q u o t  a n d  J .  M. B ő v é

T u rn ip  yellow  m osaic v irus-R N A  syn thesis in  th e  p las tid s: p a rt ia l p u r if i­
ca tion  o f virus-specific, D N A -independent., enzym e-tem p la te  com plex  43

G. R . B a r k e r  and  C. M. Br a y

N ucleic acid  and  p ro te in  syn thesis in g e rm ina ting  seeds til
M. A b e e l s , C. D ig n e f f e  an d  E. D u b o is

M éthy la tion  o f  nucleic acids by  h igher p la n ts  69
D . B. D u n n  a n d  I. H . F la c k

Use o f  b en to n ite  in  th e  iso lation  o f tR N A  from  p la n t leaves 75
F . So l y m o s y . A. Gu l y á s , Á . K o n d o r o s é  G. L á z á r , G. B a g i and  I . F e d o r c s á k

Neu- aspec ts o f th e  app lica tio n  o f d ie th y l p y ro ca rb o n a te  in  nucleic acid 
research  84

B. B. B is w a s , H . M o n d a l  an d  R. K . M a n d a l

F a c to rs  th a t  con tro l R N A  polym erase from  p la n t cells 93

Section I I

P ro te in  syn thesis in  p la n ts

P . Sc h ö p f e r

R ole o f p h v toch rom e in th e  con tro l o f enzym e a c tiv ity  in h ig h er p lan ts : 
p h o to m o d u la tio n  an d  p h o to d e te rm in a tio n  o f enzym e syn thesis 115

G. R . St e w a r t

E n d -p ro d u c t repression o f n it ra te  reduc tase  in Lemnri m inor  L . 127
L . F o w d e n . P . J .  L e a  a n d  R . D . N o r r is

A m ino acid analogues and  p ro te in  syn thesis  in  p la n ts  137
J .  W . A n d e r s o n  and  W . H . Sh a w

The role o f A T P  su lphu ry lase  in th e  b iosynthesis o f cysteine in  h ig h er 
p la n ts  147

5



G. B u r k a r d , P. G u il l e m a u t  an d  J .  H . W e il

P la s tid  specific tra n s fe r  ribonucleic  acids in  Phaseolus vulgaris 161
A. B. L e g o c k i

Som e p rob lem s o f p heny la lan ine  po lym eriza tion  in  po ly -U  d irec ted  w heat 
germ  system  169

G. A. L a n z a n i, L . A. M a n z o c c h i a n d  P . M enegtts

In fluence  o f tra n sfe r R N A s o th e r th a n  tR N A phe on po ly -U  d irec ted  sy n ­
thesis o f  p o lypheny la lan ine  in  w heat em bryo  system  175

R . B a x t e r  an d  D . P . W e e k s

2-(4 -m ethy l-2 ,6 -d in itroa lan ino)-N -m ethy l p ro p ionam ide : an  in h ib ito r o f 
p ro te in  syn thesis in  h igher p lan ts  185

Section  I I I

N ucleic acid  an d  p ro te in  syn thesis in  cell p artic les

U . E . L o e n in g , D . G r ie r s o n  a n d  J .  G r e s s e l

The con tro l o f  ribosom al R N A  syn thesis : th e  tran sc rip tio n  p ro d u c ts  o f th e  
ribosom al genes in  leaves and  roo ts 193

R . W o l l g ie h n

R N A  sy n th es is  in  iso la ted  ch lo rop lasts 201
U . Se it z  a n d  U r s u l a  S e it z

R ibosom al R N A  syn thesis  in nuclei o f  free ly  suspended  cells o f h igher 
p la n ts  213

M. S. O d in t s o v a  a n d  M. S. T u r is c h e v a

E lec tro n  m icroscopy o f  D N A  in subcellu lar organelles o f  pea  seedlings 221
N . A . G u m il e v s k a y a , E . B. K u v a e v a , L. V. Ch u m ik in a  an d  V. L. K r e t o v ic h

R ibosom es o f  p ea  seeds , 229
B. P a r t h ie r

Sites o f syn thesis  o f  ch lo rop last p ro te in s  235
B. L . J o n e s , N . N a g a b h u s h a n  an d  S. Za l ik

Iso la tio n  an d  p a r tia l ch a rac te riza tio n  o f ch lo rop last an d  cy top lasm ic  rib o ­
som es an d  ribosom al su b u n its  from  w h ea t 249

O. C i f e r r i

R ibosom e specific ity  o f  p ro te in  syn thesis in  v itro  263
R . P a r e n t i-R o s in a , G. Z a c h e o  an d  F . P a r e n t i

Tim e course an d  s ta b il ity  o f ligh t-induced  polysom e fo rm atio n  in  e tio la ted  
b ean  leaves 267

C. M. Du f f u s

Iso la tio n  an d  p a r t ia l  ch a rac te riza tio n  o f endosperm  nuclei from  im m atu re  
barley  273

H . O k u , S. O u c h i a n d  T. Sh ir a is h i

R esponse to  ob liga te  p a ra s ite  in fection  o f  nucleic acid  m etabo lism  in  h o st 
ch lo rop last 277

6



Section ÍV

H o rm o n al con tro l o f nucleic acid  and  p ro te in  syn thesis

L . S. D u k e

T ran sla tio n  con tro l by  A BA  in  co tto n  seed em bryogenesis 285
N . V. W y e s , J .  U d v a r d y , S. E r d e i  and  G. L. F a r k a s

H o rm o n al con tro l o f nuclease level in  A vena  le a f  tissues 293
L. D. D o v e

E n v iro n m en ta l an d  chem ical con tro l o f R N A  breakdow n  in leaves 299
I. Sz ir á k i an d  Z. K ir á l y

C ytokin in-like a c tiv ity  o f  a  py rim id ine  d e riv a tiv e  309
P .  E .  P lL E T

Some p rob lem s re la ted  to  R N A  m etabo lism  in ro o ts  313
P .  P e s o s

R ibonucle ic  acid  syn thesis an d  horm one ac tion  in  len til ro o ts  325

Section V

N ucleic acids and  p ro te in s in  p la n t developm ent

E . G. B r o w n

N ucleic acids an d  th e ir  deriva tives  in th e  con tro l o f developm ent 337
R . F . L y n d o n

N ucleic acid  syn thesis in  th e  pea  shoo t ap ex  345
M. A. S t a h m a n n  an d  D . M. D e m o r e s t

C hanges in  isozym es o f h o s t and  pa th o g en  follow ing som e fungal infec­
tions 355

T. а р  R e e s , M. W . F o w l e r  an d  YVe i - J u n e  L u W o n g

C hanges in  enzym es o f ca rb o h y d ra te  o x ida tion  d u ring  d iffe ren tia tio n  o f th e  
roo t o f  P isu m  sativum  367





LIST OF PA R TIC IPA N T S

M. A b e e l s . L abo ra to ire  d e  C ytogénétique, I n s t i tu t  C arnoy, B-3000 L euven , B elgique
J .  W . A n d e r s o n , D ep a rtm en t o f B o tany , La T robe U n ivers ity , B undoora , V ictoria, 

A u stra lia
Oh . A r g l e b e , Clinic o f  Diseases o f T h ro a t, N ose and  L arynx , U n ivers ity  o f G ö ttingen , 

G ö ttingen , G FR
G. R . B a r k e r , D ep a rtm en t o f Biological C hem istry , The U niversity  M anchester, 

M anchester 13, G rea t B rita in
R . Ba x t e r , W oodstock A gricu ltu ra l R esearch  C entre, S ittingbou rne , K e n t, G reat

B rita in
B. B. B isw a s , D e p a rtm e n t o f B o tan y , Bose In s titu te , C alcu tta-9 , In d ia
Co l e t t e  B ő v é , C entre  de R echerches de B ordeaux  (IN R A ), S ta tio n  de Physio log ie  

et de B iochim ie V égétale, 33, P on t-de-la -M aye , F ran ce
J .  M. B o v é , C entre de R echerches de B ordeaux  (IN R A ), S ta tio n  de Physiologie e t  de 

B iochim ie V égétale, 33-Pont-de-la-M aye, F ranco
E . G. B r o w n , D e p a rtm e n t o f B o tany , U n iv ers ity  College o f  Sw ansea, S ingleton P ark ,

Sw ansea, W ales, G rea t B rita in
G. B u r k a r d , In s t i tu t  d e  C h im ie  B iologique, U n iversité  Louis P a s te u r  d e  S trasbourg , 

6 7-S trasbourg , F ran ce
O. C iFE R R i, I s t i tu to  di F isiologia V égétale, Uni versit à  di P av ia , 27100 P av ia , 

I ta lia
M. D é v a y , A gricu ltu ra l R esearch In s titu te , H u n g arian  A cadem y o f  Sciences, M arton 

v ásár, H u n g a ry
C. D ig n e f f e , L ab o ra to ire  de C y togénétique, In s t i tu t  C arnoy, B-3000 L euven , B elgique 
L . D o v e , D e p a rtm e n t o f  B iological Sciences, W estern  Illino is U n iv e rs ity , M acom b,

Illinois 61455, USA
F . D u b e r t , D ep a rtm en t o f B otany , U n ivers ity , Cracow , P o land
E . D u b o is , L abo ra to ire  de C y togénétique, In s t i tu t  C arnoy, B-3000 L euven , Belgique
C. M. D u f f u s , A g ricu ltu ra l B iochem istry  D ep a rtm en t, The E d inbu rgh  School of

A gricu ltu re , U n iv e rs ity  o f E d inbu rgh , E d in b u rg h , G reat B rita in
D. B. D u n n , Jo h n  In n és In s titu te , N orw ich, G reat B rita in
L. D u r e , B iochem istry  D ep artm en t, T he U n iv e rs ity  o f G eorgia, A thens, G eorgia 

30601, USA
S. E r d e i , In s ti tu te  o f  P la n t Physio logy, Biological R esearch  C enter, H u n g a rian  A ca­

dem y o f  Sciences, Szeged, H u n g a ry
G. L. F a r k a s , In s titu te  o f  P lan t Physio logy, B iological R esearch C enter, H u n g arian

Academ y' o f Sciences, Szeged, H u n g ary
L. F e r e n c z y , D ep a rtm en t o f P lan t Physio logy  and  M icrobiology. Jó z se f A tti la  U n i­

v ers ity , Szeged, H u n g a ry

9



L. F o w d e n , D e p a rtm e n t o f  B o tan y  and  M icrobiology, U n iv e rs ity  College L ondon , 
L ondon  W C 1, G reat B rita in

Y. G u it t o n , G roupe de R echerche  su r les A n tim é tab o lite s  de S yn thèse  e t  la  Physio ­
logie des A cides N ucléiques chez les V égétaux , C entre  U n iv ers ita ire  de P e r ­
p ignan , P erp ig n an , F ran ce

A . G u l y á s , In s titu te  o f  P la n t Physio logy, B iological R esea rch  C enter, H u n g arian  
A cadem y o f Sciences, Szeged, H u n g a ry

N . A. G u m il e v s k a y a , B akh In s titu te  o f B iochem istry , A cadem y o f  Sciences o f the
U SSR , Moscow, U SSR

I. G y u r j á n , D ep a rtm en t o f  E v o lu tio n  a n d  G enetics, E ö tvös L o ránd  U n ivers ity , 
B udapest, H u n g a ry

A. H a f ie k , D e p a rtm e n t o f E v o lu tio n  and  G enetics, E ö tv ö s  L o ránd  U n ivers ity , 
B udapest, H u n g ary

I. 11 i.vn' k a , G rain  R esearch  L a b o ra to ry , C anada D ep a rtm en t o f  A gricu ltu re , W innipeg
2, M an itoba , C anada

R . J u l ie n , G roupe de R echerche  su r les A n tim étab o lites  de S ynthèse e t  la  Physiologie 
des A cides N uclé iques chez les V égétaux , C entre U n iv ers ita ire  de P e rp ignan , 
P erp ignan , F ran ce

J .  L. K e y , B o tan y  D ep artm en t, T he U n iv ers ity  o f G eorgia, A thens, G eorgia 30601, USA
Z. K ir á l y , R esearch  In s ti tu te  for P la n t P ro tec tio n , B u dapest, H u n g ary
A, K o v o o r , E q u ip e  de R echerche  N o. 88 d u  C. N . R . S., F a c u lté  des Sciences, Paris-V , 

F ran ce
O. N . K u l a e v a , T im iriazev  In s t i tu te  o f  P la n t Physio logy , A cadem y o f Sciences o f th e

U SSR , Moscow, U SSR
G. A. L a n z a n i, L ab o ra to rio  V irus e B iosintesi V egetali, Consiglio N azionale  delle 

R icerche, 20133 M ilano, I ta lia
G. L á z á r , In s ti tu te  o f  P lan t Physio logy, B iological R esearch  C enter, H u n g arian  A cad­

em y o f  Sciences, Szeged, H u n g a ry
A. B. L e g o c k i, D e p a rtm e n t o f  B iochem istry , College o f A gricu ltu re , P oznan , Poland  
LT. E . L o e n in g , D ep a rtm en t o f Zoology, U n iv ers ity  o f E d in b u rg h , E d in b u rg h , G reat

B rita in
I. L o n t a i, D e p a rtm e n t o f  P la n t Physiology, E ö tv ö s  L o rán d  U n iv e rs ity , B u dapest, 

H u n g ary
R . F . L y n d o n , B o tan y  D e p a rtm e n t, U n iv e rs ity  o f E d in b u rg h , E d in b u rg h , G reat 

B rita in
P . M a l ig a , In s ti tu te  o f  G enetics, B iological R esearch C enter, H u n g arian  A cadem y o f

Sciences, Szeged, H u n g a ry
L. A. M a n z o c c h i, L ab o ra to rio  V irus e B iosin tesi V egetali, Consiglio N azionale  delle

R icherche , 20133 M ilano, I ta lia
K . M ic z y n s k i , V irus L ab o ra to ry , D ep a rtm en t o f P lan t Physio logy , Polish  A cadem y

o f Sciences, Cracow, Po land
B. Mo c q u o t , C entre  de R echerches de B ordeaux  (IN R A ), S ta tio n  de Physiologie e t

de B iochim ie V égétale, 33-Pont-de-la-M aye, F ran ce
G. M o r o z o v a , A ll-U nion R esearch  In s titu te  o f P ro te in  B iosynthesis, Moscow, U SSR
K . M o t h e s , In s t i tu t  fü r B iochem ie d e r P flan zen , DAW , H alle  (Saale), D D R
M. S. O d in t s o v a , B akh In s ti tu te  o f B iochem istry , A cadem y o f  Sciences o f  th e  LTSSR,

Moscow, U SSR
H. О ки , L a b o ra to ry  o f P lan t P atho logy , O kayam a U n ivers ity , O kayam a, J a p a n
E . P á l d i , A g ricu ltu ra l R esearch  In s titu te , H u n g a rian  A cadem y o f Sciences, M arton-

vásár. H u n g ary

10



F . F a r e n t i , L ab o ra to rio  di F isio logia V eget a i r .  I s t i tu to  B o ta n ic o  d e ll’U n ivers ità ,
B ari, I ta lia

R . K o s  in a  F a r e n t i , L ab o ra to rio  di F isiologia V egetale, I s t i tu to  B o tan ico  dell'U ni- 
v ers ità , B ari, I ta lia

B. P a r t h ie r , In s t i tu t  fü r B iochem ie der P flanzen , DAW , 401 H alle  (Saale), D D R  
P . P e n o n , L abo ra to ire  d e  B iochim ie V égétale, C entre  U n ivers ita ire  L um iny , M arseille, 

F ran ce
P . E . F il e t , In s t i tu t  d e  Biologie e t d e  Physiologie V égétales, F a c u lté  des Sciences, 

U n ivers ité  de  L au san n e , L au san n e , Suisse
M. P s e n á k , K a te d ra  B iochém ie a  M ikrobiologie F a rm aceu tick e j F a k u lty , U n iverz ity  

K om ensko, B ra tis lav a , C zechoslovakia
CL R a m p in l n i, L ab o ra to rio  V irus e B iosintesi V egetali, Consiglio N azionale delle 

R icherche , 20133, M ilano, I ta lia
T. AP R e e s , D ep a rtm en t o f  B otany , U n iv e rs ity  o f  C am bridge, C am bridge, G reat

B rita in
G. R ic h t e r , In s t i tu t  fü r B o tan ik , Technische U n iv e rs itä t, H annover, D B R
1’. Sc h ö p f e r , Biologisches In s t i tu t  I I  d e r  U n iv e rs itä t F re ib u rg  I. B r., L eh rs tu h l fü r 

B o tan ik , 78 F re ib u rg  I. B r., D B R
U. Se it z , In s t i tu t  fü r Biologie d e r U n iv e rs itä t T übingen , 7400 T übingen , D B R
F . So l y m o s y , In s ti tu te  o f  P lan t Physio logy. B iological R esearch  C enter, H ungarian

A cadem y o f Sciences, Szeged, H u n g a ry
M. A. St a h m a n n , D ep a rtm en t o f B iochem istry , U n iv e rs ity  o f W isconsin. M adison, 

W isconsin 53706, USA
H . St e g e m a n n , In s t i tu t  fü r  Biochem ie, Biologische B u n d esan sta lt fü r  L and- u n d

F o rs tw ir tsc h a ft, 33-B raunschw eig . DBR
L. St e h l i , A g ricu ltu ra l R esarch  In s titu te , H u n g arian  A cadem y o f  Sciences, M arton- 

v ásár, H u n g ary
G. R . St e w a r t , D ep a rtm en t o f  B o tan y , T he U n iv e rs ity  o f  M anchester, M anchester,

G rea t B rita in
A. Sz a l a y , In s ti tu te  o f P la n t Physio logy , Biological R esearch  C enter, H u n g arian  

A cadem y o f Sciences, Szeged, H u n g ary
I. Sz ir á k i , R esearch  In s titu te  fo r  P la n t P ro tec tio n , B u dapest, H u n g a ry
•1. U d v a r d y , In s ti tu te  o f P la n t Physio logy , B iological R esearch  C enter, H ungarian  

A cadem y o f  Sciences, Szeged, H u n g ary
D . Va n ic k o v á , In s ti tu te  o f  E x p e rim en ta l P h y to p a th o lo g y  an d  E n tom o logy , SAS, 

Iv a n k a  p ri D un a ji, C zechoslovakia
L. W a jd a , V irus L ab o ra to ry , In s t i tu te  o f  P la n t Physio logy , Polish  A cadem y o f 

Sciences, Cracow , Po land
J .  W e i l , L abo ra to ire  de Chim ie B iologique, U n iv e rs ité  L ouis P as teu r fie S trasbou rg ,

67-S trasbourg , F ran ce
R . W o l l g ie h n , In s t i tu t  fü r Biochem ie d e r P flan zen , D A W , H alle  (Saale), D D R 
N g u y e n  v a n  W y e n , In s ti tu te  o f  A g ricu ltu ra l R esearch , H ano i, V ietnam
S. Za l ik , D ep a rtm en t o f P lan t Sciences, T he U n iv ers ity  o f A lberta , E d m o n to n  7.

A lberta , C anada

11





SECTION I

PLANT NUCLEIC ACIDS





iS'утр. Biol. Hung. 13, }ip. 1Ô — 28 (11172)

STU D IES ON SHORT-TIM E LA B ELLED  
RNAs OF SOYBEAN AND CARROT1 * * * 5

by

J .  L. K e y

BOTANY DEPARTM ENT, UNIV ERSITY  OF GEORGIA, ATHENS, GEORGIA, U. S. A.

In  some early  studies on R N A  m etabolism  in p lan ts (Ingle e t al., 1965), 
we described a R N A  fraction of soybean which was labelled w ith  32-P- 
orthophosphate a t a ra te  a t  least twice th a t of rRN A , which was poly- 
disperse sedim enting in the range of 10S to  greater th an  50S on sucrose 
gradient analysis, which had a  sho rt half-life relative to  rR N A  and  which 
had a base com position giving a  GM P/AM P ratio  of abou t 0 -6  sim ilar 
to the  dGMP/cLAMP ratio  of soybean DNA. This fraction of RNA was 
term ed DNA-like or D-RNA, based on the  sim ilarity  to  soybean DNA 
in base composition and because sim ilar rapidly-labelled RNAs in anim al 
cells were referred to  as D-RNA (Soeiro e t ah, 1966; Darnell, 1968). A re­
latively small fraction of the  D -RN A  was isolated in association with 
polyribosomes (Lin et ah, 1966). Since soybean D-RNA was described 
(Ingle et ah, 1965), a large num ber of laboratories have described sim ilar 
types of rapidly labelled, AM P-rich RNAs in p lan ts (Chroboczek and 
Cherry, 1966; Ewing and  Cherry, 1967; K ey and Ingle, 1968; Jo h ri and 
Varner, 1970; L eaver and K ey, 1967; Loening, 1965; T ester and Dure,
1967). In addition, Ellem  and  co-workers (1964, 1966) showed th a t a sig­
nificant am ount of rapidly  labelled RNA of anim al cells was no t eluted 
from  MAK columns by the salt gradient. This type of RNA which remains 
tigh tly  bound to  MAK columns is present in a num ber of p lan t system s 
(Ewing and  Cherry, 1967; Jo h ri and  Varner, 1970; K ey and  Ingle, 1968; 
T ester and  Dure, 1967).

In  th is paper we report on the  fu rth e r characterization of AM P-rich 
RNAs of soybean, and to  a lesser ex ten t carrot, and  show th a t  there are 
a t  least two distinct classes of AM P-rich RNAs present in short-tim e 
labelled 32P-RN A . These can be distinguished from  each other and  from 
precursors to  rR N A  based on fractionation  on the MAK column, base 
com position analysis, acrylam ide gel fractionation and  sedim entation on 
sucrose gradients. P relim inary  evidence indicates th a t these tw o types 
of AM P-rich RNA have very  different half-lives and are differentially 
associated w ith polyribosomes.

1 “ D -R N A ” and “ T R -R N A ” are  used only  to  iden tify  th e  frac tio n s o f M AK
colum ns w hich elu te  a f te r  rR N A  in th e  sa lt g rad ien t and  in SLS, respective ly . D -R N A
a n d .T B -R N A  (w ithou t “ ” ) a re  used to  iden tify  tw o classes o f pu rified  A M P-rich
R N A  as exem plified by  D -R N A  No. 11 and Т В -RN A  No. 11 o f  T ables 2 and 3 and  Figs
5 and  (i; M A K , m e th y la ted  a lbum in-k ieselguhr; F U , 5-fluorouracil; G/А , G M P/A M P 
ra tio .
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Fraction number
F ig . 1. M A K  colum n frac tio n a tio n  o f soybean nucleic acids. T o ta l phenol d e te rg en t ex ­
tra c te d  nucleic acids (Ing le  e t  a l., 1965; L eaver and  K ey , 1970) from  con tro l and 
5 -fluo rou rac il-trea ted  tissue in cu b a ted  for 2 h  in  32P -o rth o p h o sp h a te  w ere frac tio n a ted  
on M A K  colum ns (M andel and  H ershey , 1960) using a 2-stage linear g rad ien t (150 
m l each o f 0-4 to  0 8  M N aC l followed b y  250 m l each o f 0-8 to  1-2 M XaCl). A fte r 
th e  sa lt g rad ien t w as com pleted , th e  R N A  rem ain ing  bound  to  th e  M A K  colum n 
(“Т В -R N A ” ) w as e lu ted  b y  “ s tr ip p in g ” th e  colum n w ith  0• 5%  SLS. The bulk  o f th e  
R N A  w as e lu ted  in a 15 m l volum e a f te r  a bed-volum e o f SLS w as passed  th ro u g h  
th e  colum n. A bou t 2 m g o f  ca rrie r rR N A  w ere added  to  th e  15 m l eluate , an d  N aOA c 
w as added  to  a  fin a l concen tra tio n  o f ()• 15 M. A n equal volum e o f phenol con ta in ing  
hyd roxyqu ino line  an d  m -cresol w as added  (L eaver and  K ey , 1970). A fter vigorous 
ag ita tio n , th e  sam ple w as cen trifuged  a t  15,000 rp m  fo r 15 m in in  a Servall ty p e  94 
ro to r. The R N A  w as p rec ip ita ted  from  th e  aqueous layer b y  ad d itio n  o f 2*4 volum es 

o f e th an o l or pe lle ted  ov e rn ig h t in a  Spineo ty p e  40 ro to r.
T he RNA e lu ting  in th e  “ D -R N A ” region o f M AK colum ns w as collected by sed im en­
ta tio n  in a  Spineo ty p e  40 ro to r  ov e rn ig h t to g e th e r w ith  e a rn e r  rR N A . The pelleted 
R N A  w as dissolved in 0-5%  SLS con ta in ing  0 4  5 M N aO A c and  p rec ip ita ted  by a d d i­

tion  o f 2-4 volum es o f  e thanol.
The “ D -R N A ” o r “ Т В -R N A ” sam ples w ere th e n  sub jec ted  to  re ch ro m ato g rap h y  on 
M AK colum ns for tw o ad d itio n a l cycles. A fte r 9 cycles th ro u g h  th e  M AK colum n, 
th e  D -RNA  and  Т В -R N A  sam ples w ere fra c tio n a ted  by acry lam ide  get e lec trophoresis 
and  sucrose g rad ien t cen trifu g a tio n  and  base com positions w ere determ ined  for each

frac tion
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A uxin was shown to enhance incorporation of 32P-orthophosphate into 
rR N A  precursors as well as into both  types o f AM P-rich RNAs. A dditionally, 
aux in  increases the  proportion of D RNA relative to  Т В -RNA in the  to ta l 
population  of polydisperse AM P-rich RNAs.

R E S U L T S

A typical MAK colum n fractionation of to ta l and 32P-labelled soybean 
RNA is shown in Fig. 1. In  tissue labelled for 2 h a large proportion of 
the 32-P-R N A  elutes in the  “ D- and  Т В -RN A ” regions, although there is 
considerable labelled 4, 5, 18 and  25S RNAs by 2 h. F luorouracil (FU) 
m arkedly depresses the  accum ulation of 32-P-labelled 4, 5, 18 an d  25S 
RNAs without significantly affecting the level of 32-P-AM P-rich RNAs. 
F igure 2 presents acrylam ide gel profiles of control (i.e. auxin-treated) 
sam ples of RNA labelled for 15 min (A), 30 min (B) and 60 min (C) and 
F U -trea ted  sam ples (D, E , F) labelled for the  same tim es, respectively. 
Again it is clear th a t  FU  blocks the  accum ulation of 18 and 25S (0- 7 and 
1 • 3 M m olecular weight, respectively) rR N A  while also depressing the

Fig. 2. A cry lam ide gel frac tio n a tio n  o f soybean  nucleic acids. T o ta l p h e ­
nol d e te rg en t ex trac ted  nucleic acids from  con tro l and  5-fluorouracil- 
tre a te d  tissue in cu b a ted  fo r 15 m in , 30 m in and  1 h  in 32P -o rth o p h o sp h a te  
w ere fra c tio n a ted  accord ing  to  Loening (1967) on 2 '4%  gels a t  6 m a/8  cm  
gel for 3 h  (the  4 an d  5S R N A s w ere elec trophoresed  o ff th e  gels u nder 
these  conditions). T he arrow s deno te  th e  rR N A  precurso rs (2*3 and  
I -4 M m olecu lar w eight) and  m a tu re  rR N A  (1*3 and  0-7 M  m olecular 

w eigh t or 25S an d  18S, respectively)
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32P-labelled rR N A  precursors 
(Leaver and  Key, 1970; Rogers 
et al., 1970). The bulk of the 
32P-labelled RN A in F U -treated  
tissue is of the  polydisperse, 
AM P-rich type at all times. 
Auxin enhances the  incorpora­
tion of 32P  into all RN A  frac­
tions relative to  the control ra te  
(Fig. 3). Thus the incorporation 
into rR N A  precursors is increas­
ed as well as into the poly- 
disperse RNAs. A lthough d a ta  
are not presented here, in detail, 
auxin increases the  proportion 
of 3-P-AM P-rich RNA present 
as D -RN A  relative to  the  TB- 
RNA (compare to ta l tissue “D- 
and Т В -R N A ” com positions of 
Table 6 with d a ta  of Table 5).

In  th e  experim ents which 
follow F U  was used to  depress 
rR N A  synthesis resulting in the 
bulk of the 32P-R N A  being of 
the AM P-rich type. The F l - 
trea tm en t causes this p a tte rn  
of RNA synthesis w ithout im ­

pairing  m any biological functions which are dependent upon continued 
RNA synthesis in several p lan t system s which have been studied (Chris- 
peels an d  Varner, 1967; K ey, 1966; K ey and Ingle, 1964; Leaver and 
K ey, 1967; Lin and K ey, 1968).

F ig . 3. A cry lam ide gel f rac tio n a tio n  o f 32P-R N A  
from  con tro l and  au x in -tre a ted  soybean hypo- 
co ty l. T o ta l R N A  w as frac tio n a ted  as described 
in F ig . 2. C ontro l tissue  (A, B, C, D) and aux in - 
tre a te d  tissue  (E , F , G, H ) w ere labelled fo r 15, 

30, 60 an d  120 m in , respective ly

2000

100C

Fig. 4. A cry lam ide  gel fra c tio n a tio n  o f th e  32P -“ T B -R N A ” . 
The 32P -“T B -R N A ” frac tio n  from  2 h-labelled  con tro l tissue 
(Fig. 1) w as frac tio n a ted  w ith  ca rr ie r  rR N A  u n d er conditions 

described in F ig . 2
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D ata  presented in Fig. 4 show th a t  the “Т В -R N A ” fraction of 2 h-labelled 
tissue (control of Fig. 1) contains considerable 18 and 25S rR N A s in addition 
to  the polydisperse AM P-rich RNA. About 15%  of th e  rR N A  rem ains 
bound to  the  MAK column under our experim ental conditions. The depres­
sion by FU  of to ta l 32P-labelled “ Т В -RNA” (Fig. 1) results prim arily  from 
the  inhibition of rR N A  accum ulation in the  fraction. So base composition 
analyses of “Т В -RN A ” from control tissue would be significantly affected 
by contam inating rRN A  (which has a G/А ra tio  of about 1 • 25) un til fu rther 
purified.

Fraction number

F ig . 5. M A K  colum n frac tio n a tio n  o f 32P -“D -R N A ” . T he “ D -R N A ” 
frac tio n  from  5-fluo rou rac il-trea ted  tissue  (Fig. 1) w as frac tio n a ted  w ith  
ca rrie r rR N A . A fte r sam ple ad d itio n  an d  w ashing  o f th e  colum n w ith 
0 -7 M NaCl, a  linear 0 7  to  1-2 M (250 m l each) N aCl g rad ien t was in i­
tia te d . A t th e  “ o ff” position  e lu tion  w ith  th e  “ m ix in g ” cham ber concen­
tra tio n  o f N aCl (ab o u t 0-9—0-95 M) was con tinued  u n til th e  “o n ” 
p osition  in  th e  p rofile  w as reached . A t th a t  p o in t a  new  g rad ien t o f 0 9  

to  1-2 M N aCl (150 m l each) w as in itia ted

The prim ary fractionation of the “ D -R N A ” region from the  25S rRN A  
was accom plished as illustra ted  in Fig. 5. As the  18S rR N A  was eluting 
(arrow off) the  salt gradient was m aintained a t  the concentration (about 
0 • 9—0 • 95 M NaCl) un til the  25S rR N A  was eluted (arrow on); then  a new 
linear salt gradient was in itiated . In  this w ay the  norm al shoulder in 
the  25S region (Fig. 1), which represents prim arily  aggregated 18 and 
25S rRNAs on an 0 . D. basis (Ingle and Key, 1968), and the 32P-labelled 
“ D -R N A ” were separated  from the  m ajority  of the  25S rRN A . A dditionally, 
this fractionation  shows th a t the  “ 32P-D -R N A ” is not specifically associated 
w ith th e  m ajor portion of the shoulder of aggregated rR N A  as has been 
suggested by  some investigators (Johri and  Varner, 1970); ra th e r the  
32P-labelled “ D -R N A ” appears to  be associated w ith the  trailing  0 . D. com ­
ponent of th is fraction (note specific ac tiv ity  a t 0 . D. peak and count 
peak). N orm ally when “D -R N A ” was to  be purified by  refractionation 
on MAK columns, a 1 • 2 M NaCl wash was added a t  th e  “ arrow on” to  
elute the crude “D -R N A ” fraction in a small volume. The “TB -R N A ” 
fraction was then  eluted w ith 0 -5 %  SLS.
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The d a ta  of Table 1 show the  redistribution of “D -R N A ” and “TB -R N A ” 
on subsequent refractionation on MAK columns. The “D -R N A ” from 
column 1 (“D -R N A ” No. 1) red istribu ted  with about 75%  eluting in the 
“D -R N A ” region (“ D -R N A ” No. 2) w ith  salt while about 25%  rem ained 
as “Т В -RN A ” requiring SLS for elution. Of the 75% , about 80%  eluted 
in th e  “ D -R N A ” region (D-RNA No. 3) and abou t 20%  as “ TB -R N A ” 
on the  th ird  MAK cycle. The “TB -R N A ” from column 1 red istribu ted  
w ith about 35%  eluting as “ D -R N A ” and  65%  as “TB -R N A ” (“ TB -R N A ”

T able 1

D istribution  o f 32P -H N  A  from the “D -R N A ” 
and  “T B - R N A ” fractions following recycling 

on M A K  colum ns

Fraction added 
to column

I
“ D-BNA" "TB-RNA” Total

recovery

“D-RNA” No.l 70-8 23-2 90
“D-RNA” No.2 79-3* 20-7 87
“TB-RNA” No.l 35-7 04-3 86
“TB-RNA” No.2 26-8 73-2** 91

* This fraction corresponds to  D-RNA (No. 3) of Table 2. 
** This fraction corresponds to  TB-RNA (No. 3) of Table 2. 
D ata  are averages of 3 experiments.

No. 2). Of the  65%  eluting as “TB -R N A ” , about 25%  eluted in the  “D- 
R N A ” region and  75%  as “TB -R N A ” on the  th ird  MAK cycle (TB-RNA 
No. 3). Thus the  32P-R N A  originally eluting as “ D-RNA” continues to  
preferentially  elute w ith  sa lt in the  “ D -R N A ” region while the  “TB- 
R N A ” fraction continues to  preferentially  rem ain bound to  the  column 
requiring SLS for elution; there appears to  be no com plete resolution of

T able 2
B ase com positions o f “ D -B N A ” and “T B - B N A ” 

fractions o f M A K  colum ns after two and three cycles 
through the M A K  column

RNA fraction
Mole %

G/A
c A G 1 U

“D-RNA” No.2 21-3 29-6 23-0 2fi-l 0-78
D-RNA No.3 20-3 29-3 23-4 26-0 0-80
“TB-RNA” No.2 17-9 39-1 19-5 23-5 0-50
TB-RNA No.3 17-2 40-7 190 231 0-47

The base compositions are based on the d istribution  of 32P among the four nucleotides 
from K OH -hydrolyzed RNA w hich were separated by paper electrophoresis. Hydrolysis 
was done in 0-3 N К О Н  for 18 h a t 37 °C. Electrophoresis was done at 1000 V for 2 h in 
0-05 N amm onium acetate (pH 3-5).
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these fractions on MAK columns, bu t the  redistribu tion  d a ta  of each 
fraction suggests th a t  the  m ajor 32P-R N A  com ponent of each fraction 
differs significantly from  the other.

Base com position analyses of the  “D -R N A ” and “TR -R N A ” fractions 
from  the MAK columns, which gave the  32P-R N A  distributions reported  
in Table 1, are presented in Table 2. The “D -R N A ” fraction  reached a 
constan t base com position a fte r two cycles through the  column w ith 
abou t 56 mole % A +  U and a G/А ra tio  of abou t 0 -8 . The “TB -R N A ”

Fig. 6. A cry lam ide  gel f ra c tio n a tio n  o f  p u rified  D-RNA and  
T B -R N A . Sam ples o f D- and  T B -R N A  p u rified  th ro u g h  3 
cycles o f M A K  colum n frac tio n a tio n  (sam ples corresponding  
to  N o. 3 from  T able  2) w ere fra c tio n a ted  by acry lam ide  gei 
e lec trophoresis as described in  F ig . 2. Tin; co u n t profiles 
a re  rep re sen ta tiv e  o f a  com posite o f th re e  in d ep en d en t fra c ­
tio n a tio n s  o f  3 d iffe ren t p rep a ra tio n s  o f purified  D- and  TB- 
R N A  w ith o u t considering m in o r slice to  slice v a ria tio n  

(100 slices o f  0 ‘8 m m  each w ere coun ted  p e r  gel)

fraction appears to  be approaching a constan t base composition a fte r 
th ree cycles through the  MAK columns reaching a G/А ra tio  of about 
0-45 to  0-50 for TB-RN A  No. 3.

The purified 32P-labelled D -R N A  and TB-RNA sam ples (No. 3 from 
Table 2) were fractionated  by  polyacrylam ide gel electrophoresis (Fig. 6) 
and  sucrose gradient centrifugation (Fig. 7). B oth  samples gave a gel 
profile d istribution o f g reat heterogeneity relative to  molecular size, b u t 
the  D-RNA was of a larger average molecular size. As on gels, the  purified 
D -RN A  sedim ented on sucrose gradients w ith S values ranging from  abou t 
lOS to  greater th an  60S, w ith some 32P-R N A  being pelleted. Ön th e  o ther 
hand  the  purified TB-RN A  sedim ented over a m uch narrow er range w ith 
a ra th e r broad  band  peaking a t abou t 16 to  18S. As w ith base com position 
analyses and MAK column fractionation, the  purified D- and  TB-RNAs 
(No. 3, Table 2) represent different populations of RNA molecules based 
on acrylam ide gel and  sucrose grad ien t fractionation.
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Base com position analyses (Table 3) were m ade of sucrose gradient 
fractions of purified D- and  TB-RNA corresponding to  the  letters shown 
in Fig. 7. The D -RN A  fractions gave sim ilar base com positions independent 
o f the  m olecular size with values for AMP ranging from  29-5 to  30-7 giving 
G/А ratios of 0-74 to  0-79. The Т В -RNA com positions indicate th a t  the 
fractions collected from  the  gradient are som ewhat different w ith a de­
creasing AMP con ten t as the  mean molecular weight increases. This result 
w ould be expected if the TB-RNA fraction is slightly con tam inated  with

AS 18 S 25 S

Б000

4000

2000

Fig. 7. Sucrose g rad ien t fra c tio n a tio n  o f pu rified  D -R N A  
and  Т В -R N A . Sam ples o f D- and  Т В -R N A  as described 
in  F ig . 5 w ere fra c tio n a ted  on 5 to  20%  linear sucrose g ra ­
d ien ts  co n ta in in g  04) I N sod ium  a ce ta te  b u ffe r (pH  (i). 
C en trifuga tion  w as fo r 12 h  a t  23,000 rp m  in  a  Spinco 
ty p e  SW 25 ro to r. 0 5  m l frac tions w ere collected. G rad ien ts 
using  d iffe ren t buffers and  various ad d itiv es y ielded resu lts  
sim ilar to  th o se  rep o rted  for th e  ace ta te -b u ffe red  g rad ien ts

D-RNA (i.e. RNA having a 30%  AMP content and  a G/А ra tio  of 0-75 - 
0-80).

The d a ta  of Table 4 show th a t  carrot D- and  TB-RNAs purified by 
fractionation  through  2 MAK column cycles are sim ilar in base composition 
to  purified  D- and  Т В -RNA of soybean. The two fractions of carro t RNA 
are also clearly d ifferent based on their base com position analyses.

In  order to  evaluate th e  relative contribution of D-RNA and TB-RN A  
(defining these com ponents as those fractions purified through three 
cycles of MAK columns and  having G/А ratios of about 0-8 and  0-4, re­
spectively, No. 3, Table 2) to  the to ta l AM P-rich RNA population, RNA 
was ex trac ted  from  tissue labelled w ith 32P-orthophosphate from  30 min 
to  6 h. The RNA was fractionated  on MAK columns, and  the  base com po­
sitions of the  “ D- and  TB -R N A ” fractions were determ ined. The G/A 
ra tios are reported  in Table 5. There is a progressive increase in G/А ratio  
of each fraction w ith  increasing label tim es. B ased on the G/А ra tios of 
purified  D- and  TB-RN A  (Table 2, No. 3), the 30 min label yields a “ D-

22



Table 3
Base composition o f purified  D -R N A  and Т В -R N  A  

fractions from  sucrose gradients

R N A  f r a c t io n
M ole  %

( i /A
C A Gr u

D-RNA Xo.3 21-2 29-9 22-3 26-6 0-75
A 20-1 29-5 23-2 27-2 0-79
В 20-2 30-2 23-3 26-3 0-77
C 21-2 30-0 23-5 25-3 0-78
D 20-3 29-9 23-7 2Ö-1 0-79
E 21*2 30-6 23-0 25-2 0-73
F 2 0 - IS 30-7 22-9 23-9 0-74
G (Pellet) 21-6 29-9 22-3 26-2 0-75

TB-RXA No.3 17-8 41-7 17-7 22-8 0-42
A 16- 44-5 17-9 21-8 0-40
В 16-9 41-3 18-2 22-2 0-44
C 18-4 38-0 19-8 23-5 0-52

D- and TB-RXA (No. 3, Table 2) were fractionated by sucrose gradient centrifugation 
and th e  le tters correspond to  those fractions noted in Fig. 6.

R N A ” fraction which represents abou t a 1 : 1 m ixture of each ty p e  while 
th e  “ Т В -RN A ” fraction  represents largely the  Т В -type. By 6 h, the  “ D- 
R N A ” fraction represents 32P-R N A  prim arily  of the D-RNA type while 
the “ Т В -RN A ” fraction represents close to  a  1 : 1 ra tio  of each type. 
U sing these values (i.e. the  G/А ra tio  of each fraction) and  the  to ta l am ount 
of 32P -R N A  in each fraction, the  percent D-RNA (and Т В -RNA) a t each 
tim e was estim ated  (Table 5). There is a progressive increase in th e  p ro ­
portion of D -RN A  (and a corresponding decrease in Т В -RNA) w ith  in­
creasing tim e of 32P-incorporation from  25 to  30%  at 30 min up to  about 
75% a t 6 h. These results im ply th a t the Т В -RNA has a shorter half-life 
th an  D-RNA.

T able 4
Base com position of p u r i f  ied 32P -B N A  

fractions o f carrot

RNA fraction
Mole %

c a  u u

rRNA
(1-3 +  0 -7  M ) 22-9 2 5-3  31-2 20-6 1-23

D-RNA* 21-1 31-6  23-7 23-5 0 -73

TB-RXA* 18-0 38-3  21-7 22-0 0-57

* The carrot D- ancl TB-RXA samples were purified through only tw o cycles of MAK 
fractionation. Carrot discs were excised and incubated as previously described (L eaver and 
Key, 1970).
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Table 5
The time-course d istribution  o f the total A M P -rich  

B N  A  between D -R N A  and T B -R N A

Hr in
32p

G/A D-RNA TB-RNA

“D-RNA” “TB-RNA” as % total ®2P-AMP-rich RNA

0-60 0 -42 28
I

72

1 0 -6 4 0 -45 45 5 5
2 0 -7 5 0 -54 58 42

4 0-80 0 -58 68 32

6 0-78 0 4 i3 75 25

Total RXA was extracted  from F U -treated  excised soybean hypocotyl a fter th e  ind i­
cated tim es in 32P-orthophosphate following a 2 h-preincubation. The samples of RNA from 
duplicate experim ents were fractionated  on MAK columns as described in Fig. 1. The 
base compositions and to ta l 32P-RN A  in the “ D-RNA” and “TB-RN A ” fractions were 
determ ined. From  the G/А  ratios of each fraction, relative to  the  G/А  ratios of purified 
D-RNA and TB-RNA (No. 3, Table 2), and the to ta l cpm in each fraction, th e  percent of 
the  to ta l 32P-AM P-rich RNA present as D-RNA (or TB-RNA) was calculated. In  order 
to  make th is calculation, the assum ption m ust be made th a t the to ta l 32P-AMP-rich RNA 
is composed of a mixed population of 32P-R N A  molecules either of th e  D-RNA type  or of 
th e  TB-RNA type  (No. 3, Table 2). There is some prelim inary evidence th a t there  are 
purine-rich clusters in the to ta l AMP-rich RNA fraction which consist prim arily of AMP, 
bu t th is likely does not affect th e  above in terpretation .

A lthough “ chase experim ents” are p ractically  impossible to  perform  
in tissues of th is ty p e  (Ingle e t al., 1965) a ttem p ts  were m ade in th is direc­
tion. The tissue was labelled w ith  32P -orthophosphate for 30 min; the  tissue 
was then  surface washed and  placed in a 10-3  M K P 0 4 (pH  6'0)buffer 
containing 10 ,Mg/ml actinom ycin J). U nder these conditions 32P-R N A  
accum ulates a t a stead ily  decreasing ra te  for abou t 1 h followed by a 
decrease in to ta l 32P-R N A  (Ingle e t al., 1965). The am ount of32P-R N A  
eluting in the  “D- and  TB -R N A ” regions from  MAK columns and  the  
respective base compositions were determ ined. The d a ta  were sufficient 
only to  conclude th a t  the  TB-RN A  has a half-life of 1 h or less while the 
D -RN A  has a half-life of abou t 4 h. The values certainly are adequate 
to  distinguish between D -RN A  and TB-RNA. The composite value from 
these experim ents for D- and  TB-RNA is in agreem ent w ith  the  value 
previously reported  for the to ta l AM P-rich RNA of soybean (Ingle et al.,
1965).

Prelim inary results on the  association of D- and TB -R N A  w ith  poly­
ribosomes are presented in Table 6. I t  was previously shown th a t  a relatively 
sm all am ount of the AM P-rich RNA (“ D -R N A ” ) of soybean was polyribo­
some associated (Lin e t al., 1966). The d a ta  of Table 6 show th a t th e  m ajor 
proportion of the  AM P-rich RNA associated w ith polyribosomes is of the 
D-RNA type. C ertainly th e  polyribosom e-associated 32P-R N A  is greatly  
enriched in D -RN A  relative to  TB-RN A  com pared to  the  to ta l 32P-AM P 
rich RNA.

24



T able 6
Association  o f A M P -r ic h  U N A  w ith polyribosomes

Tissue % of total Mole %
G/AAMP-rich ENA

C A Ct u

Soybean hypocotyl 
Total tissue 

“ D-RNA” 03 19-2 32-3 23-3 25-1 0-72
"TB-RNA” 37 19-4 34-9 22-2 23-8 0-64

Polyribosomes
“D-RNA” 75 20-6 30-3 24-4 24-8 0-81
“TB-RXA” 25 20-4 29-1» 24-8 25-4 0-84

Carrot root
Polyribosomes 191 30-3 24-6 25-3 0-81

Soybean hypocotyl was labelled for 45 min w ith 32P-orthophosphate after a 6-h pre- 
incubation in the presence of 5Х Ю “ 5 M Auxin and FU. Auxin was used in these experi­
m ents in order th a t a much larger percentage of the ribosomes would be present as poly­
ribosomes. Auxin alters the d istribution of 32P-RNA present as D- or Т В -RNA when com­
pared to control tissue (see Table 5). 32P-R N A  was prepared from to ta l tissue and from 
polyribosomes isolated from comparable tissue. The RNA was then  fractionated on MAK 
columns; the to ta l 32P-RN A  (cpm) and th e  base composition analysis of the “ D -RNA ” 
and “TB-RX A ” fractions were determ ined. The “TB-RX A ” fraction from polyribosomes 
clearly contains RNA representative of D-RNA (No. 3, Table 2) and not of Т В -RNA (No. 3, 
Table 2). F u rther th e  MAK distribution of the polyribosome-associated AMP-rich RNA 
between the “ D- and Т В -RNA” fractions is th a t expected of purified D-RNA (see Table 1). 
The base composition is reported for polyribosome-associated 32P-R N A  of carrot discs 
following a 20 min exposure to  32P-orthophosphate a t which tim e all of th e  32P-RN A  is of 
the  polydisperse type (L eaver and K ey, 1970), and clearly representative of D-RNA.

DISCUSSION

The d a ta  presented here show th a t there are a t least tw o d istinct types 
of rapidly-labelled, AM P-rich R N A s in soybean (and in carrot). P urified  
D -RN A  has the following properties: 1) the  base com position gives an 
A +  U  value of abou t 56 mole % and  a G/А ra tio  of about O'8, 2) the half- 
life is abou t 4 to  5 h, 3) the  size d istribution is very heterogeneous in sedi­
m entation on sucrose gradients and  acrylam ide gel fractionation, 4) a few 
percent is associated w ith  ribosomes in the  polyribosom e structu re  and 
5) it is labelled w ith 32p-orthophosphate a t  a  g reater ra te  th an  rR N A  bu t 
slower th a n  Т В -RNA. Purified  Т В -RNA has the  following properties: 
1 ) the  base com position gives an  A -)- U value of abou t 63 to  65 mole % 
and  a  G/А ra tio  of abou t 0'4 to  0'45, 2) th e  half-life is shorter th an  th a t  
of D-RNA, being abou t 1 h (or less), 3) Т В -RNA is heterogeneous in size 
but has a sm aller m ean size d istribu tion  th an  D-RNA, 4) it appears not 
to  be polyribosom e-associated in a significant am ount and  5) it is labelled 
w ith precursor a t abou t th ree tim es the  ra te  of D-RNA labelling.

W hile being sim ilar to  corresponding fractions of short-tim e labelled 
32P-R N A  from  o ther p lan t tissues (Ewing and  Cherry, 1967; Jo h ri and 
V arner, 1970; T ester and Dui’e, 1967), there are some differences. These



differences m ay well be the  result of th e  fact th a t  w hat we are referring 
to  as D-RNA and  Т В -RNA are those fractions of 32P-R N A  which are 
purified  through three cycles of MAK column fractionation to  or approach­
ing hom ogeneity in base composition, while this was not done in most 
o ther studies.

The Т В -RNA of soybean appears sim ilar to  th a t reported  for pea by 
Ewing and  Cherry (1967) where purification was extensive bu t different 
from  th a t reported  for pea by Jo h ri and V arner (1970) except for their 
1 h-label d a ta  and  T ester and Dure for cotton (1967) where either little 
if any  additional purification was a ttem p ted  or where the labelling tim e 
was very  long. In  bo th  cases some 32P-i\RNA and D -RN A  would be present 
in the  “Т В -RN A ” fraction and  would significantly affect the base com­
position analyses. In  addition, by  16 h based on our results, the  proportion 
of D -R N A  (No. 3) to  Т В -RNA (No. 3) would lead to  a “Т В -RN A ” fraction 
sim ilar to  D-RNA (No. 3) as observed by Jo h ri and  V arner (1970). There 
is a large difference in the apparen t half-life of D -RNA in pea and  soybean. 
Jo h ri and  V arner (1970) report a “ D-RNA” (“ m -R N A ” in their paper) 
half-life of abou t 15 min for pea while the  value for soybean is certainly 
in the  range of 4 to  5 h (these half-life values would be a t best approxim a­
tions because of the  difficulty  in doing chase experim ents in p lan t systems). 
The only 32P-R N A  which is “ chased” by  32P-orthophosphate and actino- 
m ycin D in our soybean and  carro t in th is short a tim e are the precursors 
to  rR N A s (Leaver and  Key, 1970) which are processed into m ature rR N A  
w ith  a  half-life of m inutes (Leaver and  K ey, 1970 and  unpublished observa­
tions). Since precursors to  rR N A  elute in the  “ D -R N A ” region of MAK col­
um ns and  since th e  colum n can be run  under conditions which cause the 
bu lk  of D-RNA to  elute as “Т В -RNA” , it m ay well be th a t these factors 
account for the  apparen t short half-life of “ D -R N A ” in the  experim ents of 
Jo h ri and  V arner (1970). These half-life differences m ight also represent spe­
cies differences. Additionally, Т В -RNA which has a sho rter half-life in soy­
bean than  D-RNA, was reported  not to  chase b y  Jo h ri and  V arner (1970). Yet 
in their Fig. 8 th e  “ Т В -RN A ” fraction appears to  chase as fast or faster 
th an  th e ir “ m -RN A ” fraction (corresponding to  soybean D-RNA) while 
in their Fig. 9 th e  “ Т В -RN A ” continues to  accum ulate label while the 
“ m -R N A ” chases. As pointed out by Jo h ri and  V arner (1970) the  discrepancy 
between d a ta  of Figs 8 and  9 is no t clear as is the  case for the  apparen t 
loss of counts from  rR N A  in th e ir studies. The apparen t 4 to  5 hr half-life 
of soybean D-RNA, as reported  here, a  p a r t  of which is polyribosome- 
associated, is consistent w ith  the  ra te  of decay o f pro tein  synthesis (as 
m easured by 14C-amino acid incorporation by  tissue slices) and  the  decay 
of polyribosomes which show a half-life of about 4 h in soybean following 
addition  of actinom ycin D (unpublished data).

A lthough only lim ited d a ta  are presented here on the influence of auxin 
on short-tim e labelled RNAs, it is evident th a t  auxin  trea tm en t leads 
to  an enhancem ent of the  ra te  of 32P-incorporation into polydisperse 
AM P-rich RNAs and  into rR N A  precursors. The la tte r  is consistent w ith 
the  large increase in ribosome level which occurs following auxin trea tm ent. 
There m ay well be control mechanisms (e.g. a t the level of processing and/or 
tu rnover of the  precursors), however, o ther th an  ra te  of synthesis of rR N A  
precursors which lead to  th e  large accum ulation of ribosomes in auxin-
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trea ted  relative to  control tissue. Based on base composition analyses and 
size d istribution on acrylam ide gels (unpublished d a ta  of Key), auxin 
increases the  am ount of D -RN A  relative to  Т В -RNA in the  to ta l population 
of AM P-rich RNAs. This change in relative am ounts of D- and  TB-RNA 
supports and  extends th e  results of T ester and Dure (1967) which showed 
a different base composition of “TB -R N A ” from control and  aux in -treated  
Avena  coleoptile.

The apparen t association of D-RNA (in our experim ents) and  of RNAs 
sim ilar in base com position from  o ther system s w ith polyribosom e pre­
parations has been observed in several studies of p lan t ribosomes (Johri 
and Varner, 1970; Lin e t ah, 1966; Loening, 1965). The specificity of this 
association has no t been adequately  assessed in these studies. W hile it 
appears highly probable th a t  the  polyribosom e-associated D-RNA is in 
fact m -RNA, work w ith  polyribosom e-associated short-tim e labelled RNAs 
and  ribonucleoprotein particles in anim al system s (Baltim ore et ah, 1970; 
H enshaw , 1968, 1970; In fan te  andN em er, 1968; Lee and  Braw erm an, 1971; 
Olsnes, 1970; P enm an e t ah, 1968; P erry  and  Kelley, 1968) points ou t the 
difficulty in in terpreting  such data . In  addition, our d a ta  show an enrichm ent 
of D-RNA relative to  TB-RN A  in polyribosome preparations relative to  to ta l 
tissue of bo th  soybean and carrot. The d a ta  in fact are suggestive th a t 
TB-RN A  m ay no t norm ally be polyribosom e-associated. Based on the 
ex traction  properties of this AM P-rich RNA (Ingle e t ah, 1965) and  the 
unique nuclear RNAs of anim al cells (Darnell, 1968; Shearer e t ah , 1967), 
it m ay well be th a t  th e  TB-RNA is in the nuclear fraction in p lants. There 
are several recent reports of adenine-rich clusters in RNAs of anim al cells 
(Darnell e t al., 1971; Edm onds et al.. 1971; H adjivassilion and  B raw erm an, 
1967, Lim  and Caneilakis, 1970; Lim et al., 1970; P enm an et al., 1968). 
A lthough the  significance of this com ponent is unknown, (Sussman, 1970) 
and  others have sim ilarly speculated about the  function (Darnell e t al., 1971 ; 
Edm onds e t al., 1971; P enm an et al., 1968). E xperim ents are underw ay to  
evaluate  the  possible presence of adenine-rich clusters in soybean AM P-rich 
RN A s by  the  m ethods of Lim  and  Caneilakis (1970) and of Lee et al. (1971). 
P relim inary  results indicate the  presence of AM P-rich clusters in soybean 
polyribosom al RNA sim ilar to  those reported  by  Lim and Caneilakis for 
reticulocytes (1970) and  Lee et al. (1971) for Mouse Sarcom a ascites cells.

R esearch  su ppo rted  by  A EC  c o n tra c t AT-(38— l)-643 and  N IH  g ran t CA11624.
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IN T K O D U t T  ION

The presence of repeated  sequences of DNA in the genome of eucaryotes 
lias been dem onstrated  by studying the reassociation kinetics of com ­
plem entary  strands th a t  have been sheared to  a suitable size. Such DNA, 
detected  by  its relatively rap id  reassociation, has been found in almost 
all species higher th an  fungi exam ined so far. I t  can constitu te  an enorm ous 
portion  (from 20 to  80%) of the  to ta l DNA. From  an analysis of reasso­
ciation as a function of DNA concentration and tim e it has been deduced 
th a t families of repeated  or closely related  sequences occur in the genome 
of a cell and th a t w ith in  a particu lar family the  frequency of repetition  
can vary  from  50 to  as m uch as 2,000 000 copies (B ritten  and  Kohne, 
1966; 1967; 1968; 1969«; W aring and B ritten , 1966).

The function of th is DNA is a t present obscure. Though it has sometimes 
un justifiab ly  been referred to  as redundant or even “ nonsense” DNA, a 
certain  evolutionary persistence of the large families clearly implies far more 
im portance th an  h itherto  presumed. Unlike the  unique single-copy DNA 
which codes for proteins, repetitive DNA is apparen tly  not transla ted , bu t 
there is am ple evidence th a t it is transcribed  into RNA (B ritten , 1969). At 
least one recent hypothesis (B ritten  and Davidson, 1969) assigns a predom i­
nan t role to  these sequences in the complex regulatory mechanisms of 
higher organisms.

In  w hat follows we shall describe some of our prelim inary a ttem p ts  
to  stu d y  the  rapidly reassociating DNA of higher p lan t tissues during the 
course of grow th and differentiation. We have chosen the  rhizom e of the 
Jerusalem  artichoke as a typ ical resting tissue and com pared its DNA 
with th a t of expiants of the same tissue induced to  develop callus growth 
in  vitro by  auxin.

M A T E R IA L S A N D  M ETH O D S

Rhizomes of Jerusalem  artichoke (Helianthus tuberosus L. var. Violet 
de Rennes) were uprooted in October, a t the beginning of w inter rest, and 
stored in plastic bags a t 4 °C for subsequent use. E xp ian ts  were made 
on an agar medium containing H eller’s inorganic salts, 4 %  glucose and 
5 X 10 6 M  a-naphthaleneacetic acid as auxin and  left for two days in 
culture.

The required milligram quantities of highly purified DNA were ex tracted  
from  the two tissues, resting rhizomes and  auxin-stim ulated  expiants, 
by  a recent technique (Jeannin  et ah, 1971). I t  involves disruption in

29



sodium lauryl sulfate and  d iethy l pyrocarbonate, removal of polysaccharides 
by 2-m ethoxyethanol, selective p recip ita tions w ith cetyl trim ethy l am m o­
nium brom ide and w ith isopropanol, RN ase trea tm en t and  final p reparative 
column chrom atography on hydroxyapatite .

Reassociation kinetics were determ ined following the s tandard  procedure 
as recom m ended by B ritten  an d  K ohne (1966). DNA in dilute saline-citrate 
was sheared a t  40,000 psi, concentrated  by lyophilization and  then  trans- 
ferred to  0-12 M phosphate (pH  6-8) by passing through Sephadex G-25 
equilib rated  in the  same buffer. Suitable concentrations were m easured 
by the  absorbance a t  260 nm , the  sam ples sealed in ampules, boiled in a 
w ater-bath  for 15 m in and incubated a t 60° for various periods of time. 
C0t values as defined (B ritten  and Kohne, 1966; B ritten , 1967) were used 
to  plot logarithm ically the  complex function of concentration and time. 
F or p ractical purposes we considered th a t  2 A 2eo units/m l incubated for 
1 h  gives a C()t of 1. The ex ten t of reassociation was m easured by  sep­
arating  single-stranded from double-stranded DNA on hydroxyapatite  
columns (1 -5 x 1  -5 cm) equilibrated  in 0-12 M phosphate a t 60 °C. Single- 
stranded  DNA is n o t retained, while double-stranded DNA is elu ted  by 
increasing the  m olarity  to  0-4 M. The q u an tity  of DNA in each of the  two 
fractions was estim ated a t 260 nm  and  reassociation expressed in term s 
of the  q u an tity  of double-stranded DNA as a percentage of to ta l DNA 
recovered from th e  colum n.

R E S U L T S  A N D  D ISC U SSIO N

The accom panying figure shows th e  com parative reassociation kinetics 
of th e  two D N A ’s determ ined under the  sam e conditions. B oth  curves 
are very heterogeneous, showing the presence of several families of repeated

C0t
Fig. 1. R eassocia tion  k ine tics o f D NA  ex trac ted  from  rhizom es and  

from  au x in -tre a ted  e x p ian ts  (see u n d er M ethods)
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DNA sequences as would be expected of any eucaryote (Fig. 1). However, 
significant differences in the DNA of tissues appear following the  activation 
o f grow th by auxin.

W e do no t yet have adequate experim ental d a ta  to  s ta te  w ith any pre­
cision th a t particu lar families appear or disappear. Indeed, the fact th a t  
such m odifications could arise is, by  itself, quite surprising since families 
o f repeated  sequences are believed to  arise by sa lta to ry  replication during 
the evolutionary history  of a species (B ritten  and  Kohne, 19696). So far 
there has been no indication th a t th e  physiological s ta te  of a tissue or the 
onset of differentiation could be reflected in such a change, although it 
can be im agined th a t eventual polyploidy or gene am plification m ay per­
haps be discerned if  the  sensitivity  of the m ethod perm its it.

R epetitive DNA has been a ttr ib u ted  a role in the regulation of higher 
organism s (B ritten  and Davidson, 1969) b u t the  corresponding m odulation 
is held to  occur through transcrip tion, since experim ental evidence now 
available oidy shows th a t d ifferent repeated  sequences are transcribed 
in different tissues of the  sam e species. M odulation of the  DNA itself 
is not usually m entioned in polite biological society; it would understandably  
involve the  concept of a “ m etabolic” DNA th a t  features a certain  turnover. 
F o r instance, in the  scheme proposed by B ritten  and D avidson one m ay 
en terta in  th e  idea th a t  the sensor genes could be amplified under given 
circum stances. W ould it therefore be so far-fetched since these specific 
sequences are supposed to  be the  binding sites of inducing agents and 
horm ones of which auxin is the outstanding  exam ple in the  system  we have 
adop ted  ?

SUMMARY

Grow th induction by auxin in expiants of Jerusalem  artichoke tissue is 
accom panied by a m odification in the  reassociation kinetics of the DNA.

This s tu d y  w as su p p o rted  b y  th e  C entre  N a tio n a l de la  R echerche  Scien tifique 
^E quipe de R echerche N o. 88).
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R A PID L Y  LA B ELLED  DNA-RNA COM PLEX 
IN  R A D ISH  SEED LIN G S

by

R. J u l ie n  and Y. G u it t o n

CENTRE UNIVERSITAIRE, PERPIGNAN, FRANCK

The occurrence of rap id ly  labelled DNA-RNA complexes in p lants has 
already  been reported  (Cherry, 1964). Since the complex appears to  be 
present in a wide varie ty  of p lan t m aterial, including storage tissues, 
hypocotyles, and unicellular algae (Cherry, 1964; Ingle et ah, 1965; Galling 
and  R ich ter, 1966), its occurrence does not seem to depend on cell division. 
Some au thors have suggested th a t the occurrence of DNA-RNA complex 
in p lan t m aterial m ight be due to  bacterial contam ination (Hock, 1967). 
A lthough it is difficult to  rule o u t entirely  this possibility, in most cases 
bacterial contam ination does not seem to explain the experim ental findings 
(Julien, 1971). In  the  root, the DNA-RNA complex appears in the  phase 
of cell elongation and m atura tion , which follows the  first cell divisions 
tak ing  place during gem ination. The physico-chemical and  biological 
I import ies of the complex suggest th a t it probably plays a role in the 
initiation of RNA synthesis which is highly active in this period of devel­
opm ent .

ISO L A T IO N  O F T H F  C O M PLEX

By MAK chrom atography of a to ta l nucleic acid ex tract from 48-hour-old 
radish seedlings incubated for 2 hours in 32P, one can observe th a t a radio­
active nucleic acid is elu ted  som ewhat before the  DNA peak (Fig. 1). The 
DNA peak itself is m ade up not exclusively of DNA. D egradation tests 
(Table 1) show the presence of a radioactive complex containing bo th  RNA 
and DNA. This complex appears to  be a real hybrid  molecule because the 
rad ioactiv ity  contained by the  R N A  can be solubilized bv  R N ase only 
a fte r therm al dénatu ration  of the  complex.

Three fractions can be distinguished in the region of the  complex: (a) a 
DNA fraction, (b) a DNA /RNA hybrid and  (c) an RNA fraction which 
is no t hybridized w ith DNA.

The relative am ounts of the three fractions are not constant as shown 
by the kinetics of degradation by  nucleolvtic enzymes (Fig. 2).

In  seedlings incubated for 30 m inutes in a solution of 32P  the ra tio  of 
newly synthesized RNA/DNA was 1/1. A pproxim ately half of the  RNA 
and DNA was present in hybrid  form. W ith  longer incubation times the 
DNA/RNA ratio  increased and  the extent of DNA-RNA hybridization 
decreased m arkedly.
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Fig. 1. C hrom atograph ic  sep a ra tio n  o f  nucleic acids from  48-hour - 
old rad ish  seedlings. 50 seedlings w ere incuba ted  for various tim es 
in  a  so lu tion  o f  32P  (100 /rCi/ml). The nucleic acids ex trac ted  
(approx . 4 m g) w ere analysed  b y  M A K  colum n ch rom atog raphy . 
The nucleic acids w ere e lu ted  b y  a  NaCl g rad ien t (0*3 M— 1*3 M) 
a t  p H  8*5. 3*5 m l frac tio n s w ere collected. N ucleic acids e lu ted  
a t  NaCl co n cen tra tions low er th a n  0*6 M are  no t show n in th e  
figure. 30 m in  incu b a tio n ; о  - - - О - - о , 2 h in cu b ­

a tio n ; и - - и - - и, 2 h incubation  and  2 h chase

T able  1
E nzym atic  and alkaline hydrolysis o f the 32P  labelled 

D N A -R N A  complex isolated by M A K  colum n  
chromatography 

(2  h incubation )

Treatment
Acid précipitable 

radioactivity in 
cpm/O. 1). units

% degradation

Control 2894
К Nase 2171 25
RNase -f- RNase T,
RNase, dénaturation a t 100 °C and new

2180 25

RNase treatm ent 1S52 30
DNase 1042 64
KOH 1845 36
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Fig. 2. T he sen s itiv ity  o f  th e  D N A -R N A  com plex to w ard s 
R N ase and  D N ase as a  fu n c tio n  o f tim e. The D N A -R N A  
com plex  o f  rad ish  seedlings, isolated b y  M A K  colum n 
ch ro m ato g rap h y , w as exposed to  th e  ac tion  o f p an c rea tic  
R N ase and  D N ase a f te r  th e rm a l d é n a tu ra tio n . T he seedlings 
w ere in cu b a ted  in a  so lu tion  o f  32P  (100 [i( 'i n 11 ). о  - - 

- - о , D N ase; DNase a f te r  th e rm a l d én a ­
tu ra tio n ; д  - - д - - д , R N ase; ▲ - - A - - A.  R N ase  a f te r  

th e rm a l d én a tu ra tio n

PH Y SIC O -C H EM IC A L P R O P E R T IE S  O F T H E  RN A

W hen the  RNA in the  complex is hybridized to  a large ex ten t, it has a 
high guanine content. This means th a t the DNA of the  hybrid  is excep­
tionally  rich in cytosine. B y contrast, when the rad ioactiv ity  is chased, 
the RNA of the  complex becomes highly enriched in UM P (Table 2).

The DNA-RNA hybrids obtained “ in v itro ” as well as “ in vivo” rem ain 
annealed a t high ionic strength . Thus, the DNA-RNA hybrid  was exam ined 
by density  grad ien t centrifugation in Cs2SO ;1 (Fig. 3).

In a cesium sulfate gradient of a medium  density  of 1-535 the nucleic 
acids are separated  into tw o bands: one consisting of RNA, located a t
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higher densities, and ano ther consisting o f DNA, located close to  the top 
of the  gradient. One can see (Fig. 3) th a t  the radioactive fraction eluted 
from  the MAK column a t a NaCl concentration of n-6 M separates

0-2 4 3 -

* iR

gggSSSggggggggSSW'
•,q

? *• °<

0-2

15 25
Fractions

Fig. 3. CsjSO (d en s ity  g rad ien t cen trifu g a tio n  
(average d en sity  1 *535) o f  th e  D N A -R N A  
com plex iso lated  from  a  M AK colum n. 
48-hour-old seedlings w ere in cu b a ted  w ith  
32P (100 /(Ci/ml) for 2 h . The D N A -R N A  com ­
p lex  w as sep a ra ted  from  th e  re s t o f nucleic 
acids by  M AK colum n ch rom atog raphy . 
C en trifuga tion  for 60 h a t  37,500 rpm , 
20 °C, ro to r  No. 50 in  a  Spinco p rep a ra tiv e  
u ltracen trifu g e , (a) B efore tre a tm e n t w ith  
R N ase  (b) a f te r  tr e a tm e n t w ith  RNa.se. 
(c) A fte r hea t d é n a tu ra tio n  an d  tre a tm e n t 
w ith  R N ase, о - - о  - - о , rad io ac tiv ity ; 

•  abso rbance

in the gradient into two bands. 
The m ajor p art of the radioac­
tiv ity  rem ains associated with 
the DNA peak the position of 
which was determ ined  by m eas­
uring UV absorption. W hen nucle­
ic acids trea ted  w ith RNase 
had been subjected to  u ltracen­
trifugation (Fig. 3b) the second 
band which sedim ents a t a density  
higher th an  DNA disappeared. 
Furtherm ore, when the  trea tm en t 
with RNase had been carried out 
a fte r therm al dénatu ration  the 
specific ac tiv ity  of DNA decreas­
ed (Fig. 3c) indicating th a t RNA 
had  been associated very strongly 
w ith DNA during centrifugation 
in cesium sulfate, i.e. the nucleic- 
acid in question is DNA-RNA 
hybrid. The nucleotide composi­
tion of the hybrid  fraction, as 
assayed bv alkaline hydrolysis, 
is characterized by high guanine 
content, which is, however, lower 
th an  the guanine content of the 
free RNA (Table 3).

PH Y SIC O -C H EM IC A L 
P R O P E R T IE S  O F T H E  DNA

The DNA of radish seedlings 
can be separated  into two com ­
ponents by isopycnic centrifuga­
tion in a cesium chloride gradient. 
The m ajor com ponent has a 
buoyan t density  of 1-696, w here­
as the  m inor com ponent has a 
density  of 1-720. W hen a fte r pulse 
labelling of the seedlings w ith 32P  
the DNA of the complex and  the 
rest of the  DNA had  been sepa­
ra ted  by MAK column chrom a­
tography and  com pared by cesium 
chloride density  gradient cen tri­
fugation, we found th a t the  radio-
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activity cosedimented with the satellite DNA (1-720), whereas the  rest of the 
DNA rem ained unlabelled (Fig. 4). This means th a t the synthesis of the  DNA 
of the  complex proceeds independently  from  th a t of the  bulk of DNA. W ith 
o ther words, the synthesis of the complex is no t coupled to  cell division.

T able 2
D istribution  o f 32P  among the monoribonucleotides 

o f the B N  A  o f the D N A -B N A  complex

Labelling,
h

( /’hase, 
h

Before 1 ; Nase

A f te r  K N a s e

10-4
10-8
17-3
15-6
13-8

9-1
8- 2

21
17-3
1(1-4

IIS-3
(17-1
37-6
27-3
47-3

12-2
13-9
24
39-11
28-5

Fig. 4. C en trifugation  in  a  p rep a ra tiv e  cesium  chloride 
g rad ien t o f  th e  D N A  o f tissues and  th e  D N A  o f th e  com ­
plex . The D N A  o f th e  rad ish  seedlings, a f te r  incubation  in  
a  so lu tion  o f 32P , w as ex trac ted  accord ing  to  M arm ur (1961 ). 
C en trifugation  a t  25,000 rp m  in  th e  ro to r  N o. 30 o f th e  
S p in co  p rep a ra tiv e  u ltracen trifu g e  a t  25 °C for 96 h .—  -, 
absorbance: in cu b a tio n  for 2 h  in  32P  ( 100
gCi/m l); о - - о  - - о , 14 h incubation  in  32P (100 pCi/ml)



Table 3
D istribution  o f 3-P  among the monoribonucleotides 

of K N A  after gradient centrifugation on C siS O i gradient

AMP CMP CMP UMP

KNA associated with DNA 141 10-2 46-9 2s-s
KNA not associated witli 
DNA

13-5 8-0 76-9 1-5

F ig . 5. C hrom atograph ic  sep a ra tio n  o f  th e  bu lk  o f th e  D NA  o f th e  
tissues an d  o f th e  D N A  o f th e  com plex a t  various stages o f g e r­
m ination . (a) T hym id ine  3H ; on ly  th e  chrom osom al D N A  incorpo­
ra te s  th is  p recu rso r, (b) P hosphate  32P. F irs t phase  o f germ ina tion  
(0— 12 h): •  3 h im bib ition  in  th e  presence o f 50
/ i d  3H  or 2 mCi 32P ; 6 h  im b ib ition  in  th e  p re ­
sence o f 50 f i d  3H o r  2 mCi 32P . Second phase of germ ina tion  (48 h): 

o - - o - - 0 - - o , 2 h  in cu b a tio n  in  th e  presence o f 1 /(Ci :iH o r 100 
/tC i32P ; о . . О .,  о . . о , 14 h in cu b a tio n  in  th e  presence o f l /(Ci
3H  or 100 //Ci 32P : — ----------, absorbance. G rad ien t e lu tion ,

0-3 M— 3-0 M N aCl, p H  8-5



Table 4
Base com position o f the hulk o f D N A  

o f the tissues and that of the D N A  o f the 
complex ( enzym atic hydrolysis)

DNA
of the tissues

DNA
of the complex

Deproteinization

Chloroform I Phenol | Chloroform

A 30-9 32-9 21-2
T 30-9 16-3 19-8
G 19-1 3<>-8 20-4
C 1 (i-2 14-0 32-6

5MeC 2-9
GC 38-2 50-8 59 0
A/T 1 2 0 1
G/C 1 2-6 0-8

N um ber of experim ents: 2.

The buoyan t density  of the DNA of the complex is significantly higher 
th an  th a t of the bulk of DNA. This is probably due to  a higher G +  C 
content. The determ ination of the  base composition of the DNAs, indeed, 
revealed a m arkedly higher G + C  content (59%) for the DNA of the complex

Fig. 6. M A K  colum n ch rom atog raphy  
o f th e  D N A -R N A  com plex a f te r  double 
labelling  for tw o hou rs w ith  u rid ine-14C 
and th y m id in e -3H . G rad ien t elu tion , 
N aC l 0*3 M -  1-3 M, p H  8*5. T he o p ­
tic a l d en sity  o f each frac tio n  w as d e ­
te rm in ed  a t  2(50 nm  and  th e  ra d io ­
a c tiv ity  o f 3H and  14C w as m easured
selectively  in a liquo t s a m p le s .----- ---- ,
op tica l den sity  a t  260 nm : о -----
о - - - о , rad io ac tiv ity  o f 14C, 
•  - - - • ---- • , ra d io a c tiv ity  o f 3H F r o c t i  о п з
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as com pared to  the bulk of the DNA of the tissues (38%). Also, the DNA 
of the  complex was shown to  contain less m ethylcytosine (Table 4).

The two different DNAs also differ in the natu re  of their precursors. 
W hereas the bulk of DNA, under norm al conditions, incorporated th y m i­
dine (Fig. 5), the DNA of the  complex utilized uridine as a precursor. The 
label appeared in the  cytosine and thym ine of the DNA molecule. T hym i­
dine was not utilized as a precursor. Bv contrast, uridine was not a precursor 
of th e  bulk of DNA (Fig. (5).

I t seems th a t the  utilization of uridine as a precursor is closely associated 
w ith the  polym erization of the  DNA molecule of the complex. Otherwise, 
the  bulk of DNA should have incorporated the 14G label of the uridine as well.

The results described (presence of dC-rich zones in the DNA of the com ­
plex, the dem onstration dC-rG hybrids, as well as the  special type of m eta­
bolism of pyrim idine precursors) underline the im portance of pyrim idine 
sequences in the DNA of the complex. This is confirmed by the  investigation 
of the  effect of phenol on the complex. In  fact, th is deproteinizing agent 
induces a selective loss of cytosine and  thym ine from the DNA of the 
complex. The new com plem entarity of the bases observed (Table 4) suggests 
th a t the pyrim idine bases of the DNA of the complex are organized in 
special chain sections. These results, which are in line w ith those obtained 
by Skinner and T rip lett, (1967) on the  satellite poly d(AT) of crab, suggest 
th a t the DNA of the DNA-RNA complex isolated from radish seedlings 
also exhibit a special structure .

C O N C LU SIO N S

In the  cells of radish seedlings, during differentiation, two different 
kinds of DNA syntheses take place: (a) DNA synthesis in the  cells, which 
corresponds to  cell replication and precedes cell division, (b) DNA synthesis 
in the absence of cell division, a process which seems to  correspond to  the 
am plification of particu lar zones of the “norm al” tissue DNA responsible 
for transcrip tion. This p articu lar DNA, called “ m etabolic D N A ” by some 
au thors, appears as a DNA-RNA complex in the cells of radish  seedlings.

The synthesis of the DNA of the  complex appears to  depend on a DNA 
polym erase different from  the  enzyme synthesizing “ norm al” tissue DNA. 
Both the pool of precursors (particularly  th a t of the pyrim idines) and  the  
tem plate  utilized might be different. I t  has been shown (Spiegelman et ah, 
1970) th a t a dC-rG ty p e  hybrid  is able to  direct very effectively the  synthesis 
of DNA. U nder these conditions m éthylation and am ination can play a role 
in the (qualitative and  quan tita tive) regulation of inform ation transfer. 
A pparently , the presence of DNA-RNA complexes is not restric ted  to  
the  p lan t kingdom. DNA-RNA complexes of a sim ilar nature have been 
described also from H e La cells (Szaparv-W inckelm ans et ah, 1968).
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T U R N IP  YELLO W  MOSAIC V IR U S-R N A  SY N TH ESIS IN  T H E  
PLASTIDS: PA R TIA L PU R IFIC A T IO N  OF A V IR U S-SPEC IFIC . 

D N A -IN D EPEN D EN T ENZYM E-TE .M PL AT E CO VI PL E  N

by
C o l e t t e  Bő vé , В. M o c q u o t  and J. M. Bővé

STATION DE PHYSIOLOGIE ET DE BIOCHIMIE VÉGÉTALE I. N. 1!. A.,
CENTRE DE RECHERCHES DE BORDEAUX, 33, PONT-DE-LA-MAYE. FRANCE

P R O P E R T IE S  O F T H E  C E L L -F R E E  P R E P A R A T IO N  “ 100 P .  10,000” IN  T H E  
SY N T H E S IS  OE R N A  I X  V IT R O , A N D  N A T U R E  O F T H E  PR O D U C T S FO R M E D

Chinese cabbage ( Brassica chinensis L.) infected w ith -fuTnip yellow mosaic 
virus (TYMV) has been one of the  very firs t plant-system s w ith which 
v iral R N A-synthesis could be studied in  vitro (Bové et al., 1965; Bővé, 
1966; R alph  and W ojcik, 1966). In the last few years most of our work 
has been done w ith a cell-free preparation from  Chinese cabbage leaves, 
100 P 2 10,000, described previously (Bové et al., 1965). It is derived from 
a filtered  leaf-hom ogenate and  contains essentially th e  cell-constituents 
which sedim ent between 100 and  10,000 g. The filtra te  is first centrifuged 
a t 100 g; the  su p ern a tan t is then  subm itted  to  10,000 g for 15 min. The 
resuspended pellet is taken up w ith pH  9 buffer (Bové et al., 1965) and 
centrifuged a t 10,000 g; the resuspended pellet, brought up with pH  9 
buffer to  one ten th  of the volume of the initial filtrate , represents the  cell- 
free preparation  100 P 2 10,000. We have carried ou t most of our work 
w ith such preparations because practically  all the R N A-svnthesizing 
activ ity  present in the initial leaf-hom ogenate ends up in 100 P 2 10,000.

The RN A -synthesis is m easured by incubating the  cell-free preparation 
in the  presence of a reaction m ixture containing the  four ribonucleoside-5’- 
triphosphates one of which, GTP or UTP, is labelled with 32P  in the  alpha- 
phosphate, a phosphorylating system , P E P  -f- py ruvate  kinase, magnesium 
and  potassium  ions, beta-m ercaptoethylam ine, and  Tris-HCl buffer (Bové 
et al., 1965; Bové et al., 1968). The reaction is stopped w ith trichloroacetic 
acid (TCA) a t a final concentration of 10%, and  the rad ioactiv ity  of the 
washed acid-insoluble precipitate is determ ined. P rio r to  the addition 
of TCA, the  reaction m ixture can be d ilu ted  w ith SSC buffer (1-OxSSC 
is 0-15 M NaCl -j- 0-015 M N a-citrate, pH 7), and  the  ribonucléase (RNase) 
resistance of the  synthesized RNA can be determ ined.

Two RNA synthesizing activities have been detected  in the course of 
this work. The first can be inhibited to  less th an  10% by the presence of 
DNase I  or actinom ycin-D  in the reaction m ixture, and represents DNA- 
dependent RNA-polym erase activ ity ; as expected, the product of the  re­
action is single-stranded RNA, entirely  sensitive to  pancreatic or T x ribo­
nucléase even when the RNase test is carried out a t  high ionic streng th  
(1-0 xSSC). The RNA-polym erase activ ity  is present as well in the  cell-free 
preparation  obtained from  healthy  Chinese cabbage leaves, 100 P 2 10,000 
(H), as in th a t from  TYM V-infected leaves, 100 P 2 10,000 (Y). The DNA- 
tem plate  required for the  RNA-polym erase ac tiv ity  is p a r t of the  cell-free 
preparation  100 P 2 10,000 (H) or (V); no increase in ac tiv ity  is obtained 
by the  addition of DNA to  the  reaction m ixture. The RNA-polym erase
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molecules m ust thus be bound to  chrom atin, which can, indeed, be shown 
to  be present in 100 P 2 10,000 a fte r staining with the Königen or Brachet 
reagent (Bővé, 1967a).

The second R N A-synthesizing ac tiv ity  which has been studied is only 
present in the cell-free preparation 100 P 2 10,000 (V), isolated from TY.MV- 
infected Chinese cabbage leaves. I t  could be detected  because, contrary  
to  the R N A - polym erase activ ity , it is no t inhibited  by the presence of 
DNase I or actinom ycin D in the  reaction m ixture. The RN A -product 
of this DNA independent reaction has been studied extensively (Bővé, 
1967a and b ; Bové et al., 1969; G uschlbauer et al. 1968; Dupont et al.. 
1971). A fter phenol trea tm en t of the reaction m ixture a t the end of the 
incubation, the  nucleotidyl residues incorporated by the DNA-independent 
enzyme-svstem  into RNA can be shown to  be p a rt of the  TYMV-specifie 
double-stranded RNA (dsRNA). Specific dilution experim ents have shown 
th a t a t  least 80%  of the  labelled product is RNA of the  viral or “ plus” 
type (Bővé, 1967a and b). Optical properties of the  dsRNA have been 
determ ined (Guschlbauer e t ah, 1968). The double-stranded structures 
have a length of 1-95 p, a sedim entation coefficient of 17-0 S, a m olecular 
weight of 4-1x10° daltons, tw ice th a t of the  single-stranded viral RNA 
and they  have a helical structu re .

I t can be shown th a t the  cell-free preparation  100 P 2 10,000 (V) contains 
a  great proportion o f the “ m inus” , TYM V-RNA com plem entary, strands 
present in the whole leaves. Since the  product of the  in vitro DNA-inde- 
pendent reaction is RNA of the  “plus” or viral type, and since for ac tiv ity  
no “m inus” strands need to  be added to  the  reaction m ixture, it  can be 
assum ed safely th a t  the  tem plate-m olecules on which the  synthesis of this 
R N A  occurs, are the  “ m inus” strands present in, and  firm ly bound to. 
the  cell-free preparation. Thus, in th is system  the synthesis of RNA of 
the  viral type seems to  represent addition of nucleotidyl residues to  viral 
RNA-chains, the form ation of which had already been in itia ted  in vivo 
a t the  tim e when the  leaves were used for homogenization. The DNA- 
inclependent enzyme-system  present in 100 P 2 10,000 (V) is thus of th e  holo- 
enzyme type, composed of the  enzyme associated w ith its tem plate. I t 
could be the viral RNA replicative complex, the enzyme itself being the 
v iral RNA-replicase. I f  so, one should expect th a t besides double-stranded 
R N A -product, single-stranded viral RNA would also appear in the reaction 
m ixture in the  course of the  reaction. However, so far the RNA -product 
of the reaction has been found to  occur only as double-stranded RNA, even 
before phenol extraction, a procedure which is supposed to  favour annealing 
of com plem entary R N A -strands, and  thus the  form ation of dsRN A  (Feix 
et al., 1968). E ven  though the cell-free system  is certainly not entirely 
free of endogeneous ribonucleases, the  absence of single-stranded RNA 
of the  viral ty p e  does no t seem to be due to  such RN ase ac tiv ity  since the 
single-stranded product of the RNA-polvm erase system  does accum ulate 
in the course of the  reaction. The inability of the  D N A -independent enzyme- 
system , at least under the  conditions used in our experim ents, to  tu rn  out 
single-stranded RNA of the  v iral type, could eventually  m ean th a t the 
system  is a repair-enzym e ra th e r than  a RN A-replicating one. This possi­
b ility  is presently  being considered.
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A n o th er property  of the 100 P 2 10,000 (V)-system lies in the fact th a t 
in th e  course of the reaction the  R N A -product of the  DNA -independent 
system  does not become fi'ee: it rem ains bound to  the  cell particles or par­
ticle-fragm ents of the  cell-free preparation. This behaviour is in contrast 
to th a t  of the single-stranded R N A -product of the  RNA-polym erase 
system  also present in 100 P., 10,000 (V), as illustrated  by the results of 
Table 1. In  th a t experim ent 100 P 2 10,000 (V) or 100 P„ 10,000 (H) were 
used for RN A -svnthesis in the presence or in the absence of actinom ycin D.

T able I
R N  А -synthesis with cell-free preparation 100 1 'г 10,000 followed by 

centrifugation o f reaction m ix ture; distribution of radioactive product between 
pellet ( R t) and supernatant ( S 3)

Reaction
mixture

100 P 2 10,000 (H) 
írom healthy leaves

100 P , 10,000 (V) 
from TYMV-infected leaves

Radioactivity 
(cpm) 

in pellet 
1\ (H)

Radioactivity
(cpm)

in supernatant 
S3 (Ы)

Radioactivity 
(cpm) 

in pellet 
P3 (V)

Radioactivity 
(cpm )

in supernatant 
S3 <Y>

Complete 89 7,226 8,210 1 1,829

(1%) (99%) (41%) (■'>9%)
Complete -f- ] 15 560 7,949 1.151
Actinomycin D (8 6 % ) (14%)

A fter 30 min at 30 °C the reaction m ixture (0-4 ml) was diluted w ith 7-6 ml of 0.05 SSC 
and centrifuged for 10 min a t 25,000 g.

At the end of the  incubation the  respective reaction m ixtures were cen tri­
fuged for 10 min a t 10,000 g to  yield pellet P 3 and  supernatan t S3. I t  can 
be seen th a t 99%  of the product ob tained  with 100 P 2 10,000 (H) was 
present in the supernatan t S3 (H), and th a t the synthesis of this product 
was decreased to  less th an  10%  by the presence of actinom ycin D in the 
reaction m ixture. On the contrary , with 100 P 2 10,000 (V), 41%  of the 
product rem ained bound to  the pellet P 3 (V). F urtherm ore, the presence 
of actinom ycin D in the  reaction m ixture did not appreciably decrease 
the am ount of p roduct bound to the pellet, bu t it did result in a 90%  
decrease o f the product in the su p ern a tan t S 3 (V). This experim ent shows 
th a t the  product of the  actinom ycin D-sensitive. host RNA-polym erase 
system  becomes free and ends up in the  superna tan t S 3 (H) or S3 (V), 
but th a t  the  product of the actinom ycin-D -resistant, virus-specific system  
rem ains bound to  the pellet P 3 (V). Because of this p roperty , Lafleche and 
Bővé were able recently to  determ ine bv autoradiography and electron 
microscopy of u ltra-th in  sections of pellet P 3 (V), the  natu re  of the  particles 
in the pellet to  which the tritium -labelled R N A -product of the replicase 
system  was bound. As Fig. 1 shows, it tu rn ed  out to  be the chloroplast 
ou ter-m em brane system  (Bové et al., 1969; Lafleche and  Bővé, 1970, 
1971« an d  b). I t  should be noted in this connection th a t TYMV-infection 
is precisely associated with dram atic  m odifications of the  plastids, and 
especially w ith the developm ent of num erous double-m em brane vesicles
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connected to  the  p lastid ial envelope (Lafleche and  Bővé, 1969). Since 
th e  p roduct of the  replicase-system  does no t become free a t any tim e 
during the  reaction, b u t rem ains bound to  a specific site in the p lastids, 
i t  follows th a t the very  site to  which it is bound m ust also be the  site where 
it is being synthesized and  thus th e  site where the D N A -independent 
enzym e system  is located, nam ely the  chloroplast ou ter m em brane-system . 
A utoradiography studies w ith uridine-3H  in filtra ted  leaf discs have s tren g th ­
ened th e  view th a t  th is p lastidial m em brane-system  is involved in the 
replication of TYMV-RNA, not only w ith 100 P 2 10,000 (V) in vitro, but 
also in vivo (Lafleche and Bővé, 1968; 1970; 1971a and  b).

Knowing th a t w ith in  100 P 2 10,000 (V) the  virus-specific, DNA-inde- 
penden t system  was bound to  a cell-membrane, experim ents were u nder­
taken  to  solubilize and  purify  th e  enzym e complex. The system  could 
indeed be purified approxim ately  100 times, and  obtained  free of RNA- 
polym erase activ ity , as shown in this com m unication.

A CTIN O M Y C IN  D -R E SIST A N T  R N A -SY N T H E SIS  W IT H  C E L L -F R E E  
P R E P A R A T IO N  100 P s 10,000 (V): E X P E R IM E N T S  ON L O O SE N IN G  

T H E  M E M B R A N E -B O U N D  R N A -PR O D U C T

Since a fte r purification, the  p roduct of the  actinom ycin D -resistant 
R N A-synthesis w ith 100 P 2 10,000 (V) is always found to  be associated 
w ith its tem plate  — the “ m inus” s tran d  w ithin a  double-stranded 
structure , it seemed likely th a t  a t the  end of the  reaction, before purification, 
the  product should also lie associated w ith its tem plate, w ithin the  enzyme- 
tem plate  complex. I t  was hoped th a t  conditions under which the  product 
of the reaction could be detached  from the  m em brane sites, would also 
liberate the  enzym e-tem plate complex itself. Therefore, the following 
experim ents were undertaken.

Effect of various buffers
In  th e  experim ent o f Table 2, a f te r  30 min a t 37 °C the reaction m ixture 

was dilu ted  w ith buffers of low (0-1 X SSC) or high (LO X SSC, 4-0 x  SSC, 
0-5 M K 2H P 0 4) ionic strength . The presence of actinom ycin D in the re ­
action m ix ture prevented the functioning of the  RNA-polym erase system . 
The dilu ted  reaction m ixtures were centrifuged for 15 min a t 25,000 g. 
The acid-insoluble rad ioactiv ity  of th e  su p ern a tan t S3 (V) and of the  pellet 
P 3 (V), resuspended in 0-1 x  SSC or 1-0 X SSC buffer, was determ ined

Fig. 1. A u to rad io g rap h y  an d  elec tron  m icroscopy o f  u ltra th in  sections th ro u g h  pelle t 
P 3 (V) ob ta ined  by  cen trifu g a tio n  o f reac tio n  m ix tu re  a f te r  in vitro RNA  syn thesis  
w ith  th e  cell-free p rep a ra tio n s  100 P 2 10,000 (Y) (A) or 0 I’ 1,000 (V) (B) in cu b a ted  
for 10 m in  a t  30 in  th e  presence o f  actinom ycin  D ( tr it ia te d  nucleo tide : U T P ). 
Cell-free frac tio n  О P  1,000 (V) w as th e  resuspended  pelle t ob ta ined  by  cen trifu g in g  
th e  filte red  le a f hom ogenate  fo r 15 m in  a t  1,000 g. O nly ch lo rop lasts (A an d  B) and  
d e tach ed  ch lo rop last m em branes (C) w ere found  to  be labelled.
N ote  th e  p resence o f num erous double  m em brane  vesicles on th e  in n e r face o f  th e  
ch lo rop last envelope (A and  B). T hey  rem ain  bound  to  th e  p la s tid ia l envelope a f te r  
its  d e tac h m en t (C) (from  L afleche an d  B ővé, 1971a)
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Table 2
R N  А -synthesis w ith  cell-free preparation 100 P 2 10,000 ( V ) .  

D istribution  o f radioactive product between pellet P 3 ( V ) and supernatant 
S 3 ( V ) : In fluence  o f buffer used to dilute reaction m ixture before 

centrifugation, and ribonucléase resistance o f product in  pellet and supernatant

Pellet P3 (V) Supernatant S3 (V)

Buffer used to 
dilute reaction 

mixture

Radioactivity (epm) after treatment 
with or without RNase

Radioactivity (epm) after treatment 
with or without RNase

— RNase 
(in

1-OxSSC)

+ RNase | 
(in

0-1 xSSC)

-  RNase 
in

1-0 xSSC)
RNase

+ RNase 
(in

0-1 SSC)

4- RNase 
(at high 

ionic 
strength)

3,958 2,408 3,773 1,138 329 1,049*
0-1 xSSC (100%) +  01%) (95%) (2 2 % ) (8 % ) (22% )**

(100%) (29%) (92%)**
3,901 3,578 1,140 1,080

1-OxSSC (100%) (90%) (29%) (27%)
(100%) (90% )

3,077 3,798 1,303 979
4-0 xSSC (100%) (#100% ) (37%) (27%)

(100%) (12% )
3,010 3,920 1,512 1,435

0-5 M KoHPOj (100%) ! (#100% ) (42%) (40%)
(100%) (95%)

A fter 30 min a t 37 °C, the  reaction m ixture (0-4 ml) was diluted w ith 3-2 ml of the 
respective buffers and centrifuged for 15 min at 25,000 g. The pellets were resuspended in 
0*1 XSSC or in 1-OxSSC buffer as indicated.

All reaction m ixtures contained actinom ycin D (0*05 mg/0-4 ml).
* RXase resistance was tested  after addition of 2 0 XNSC to  final concentration of

1-0 XSSC.
** T he % figu res o f a g iven line o f th e  tab le  m u s t be com pared  to  th e  100°,, 

v a lu e  ind ica ted  on th e  le f t o f th e  sam e line.

T ab le  3
R N А -synthesis w ith  cell-free preparation  

100 P 2 10,000 ( V ). Resuspension o f pellet 
P 3 ( V ) and centrifugation: D istribution  of 
radioactive product between pellet P t ( V )  

and supernatant S  4 ( V )

Buffer used to 
resuspended pellet 

P3 (V)

Radioactivity (epm) in

Peilet P, (V) Supernatant

0-1 xSSC 3,171 380
1-OxSSC 3,306 590
4-0 xSSC 2,830 990
0-5 M K..HPO, 2,890 939

Pellet P 3(V) (see Table 2) was resuspended w ith the respective buffer and centrifuged 
for 15 min a t 25,000 g.
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a fte r a 30 min incubation a t 37 °C in the presence or in the absence of p an ­
creatic ribonucléase (0-05 mg/ml).

As seen in Table 2, the  use of 4-0 X SSC or 0-5 M K 2H P 0 4 increased 
th e  am ount of p roduct in su p ern a tan t S3, b u t it never reached m uch more 
th an  40 % in the best case. Essentially  the  same results were obtained 
when the  pellet P 3 was centrifuged again a fte r resuspension w ith one of 
the  previous buffers (Table 3).

Table 2, as well as Table 4, shows th a t th e  p roduct in the  supernatan t 
S3 was en tirely  R N ase-resistant a t high ionic strength , b u t largely RNase- 
sensitive a t  low ionic strength , in agreem ent w ith  a double-stranded na tu re

T able 4
B N A -syn lh e s is  w ith cell-free preparation WO l \  10,000 ( V )  at various 
tem peratures; distribution  of radioactive product between pellet ( V )

and supernatant S :í ( V  ) and В  N ase resistance
0)*- Pellet P3 (V) Supernatant S3 (V)

Radioactivity (cpm) after treatment with 
or without RNase

Radioactivity (cpm) after treatment with 
or without RNase

c £ о
— RNase

(in 0-05 X SSC)
RNase

(in 0-05xSSC)
+  RNase 

(in 2-OxSSC)
RNase

(in 0-05xSSC)
4- Rnase 

(in 0-05 X SSC)
% RNase 

(in 2-0 X SSC)

3,023 1,791 2,842 83 79 5
1 0  °c (100%) (59%) (94%) (3%)

(97%)
5,979 4,229 6,001 433 218 430

20 °C (100%) (66%) (#1 0 0 % ) (7%)
(93%)
7,412 4,851 6,878 1,239 253 1,091

30 °C (100%) (65%) (93%) (100%) (20%) (88%)
(86% ) (14%)
8,459 5,028 8,172 1,672 0 1,574

37 °C (100%) (59%) (97%) (100%) (0%) (94%)
(«3%) (17%)

At th e  end of incubation, th e  reaction m ixtures (СГ4 ml) were diluted w ith 7*6 m l of 
0-05XSSC and  centrifuged for 15 min a t 25,000 g. The pellets were resuspended w ith 8 ml 
of 0-05XSSC or 2-OxSSC buffer as indicated. The concentration of SSC buffer in super­
n a ta n t was left a t 0-05XSSC or ad justed  to  2-OXSSC w ith  20 XSSC buffer.

of this p roduct. The p roduct in th e  pellet P 3 was also R N ase-resistant a t 
high ionic streng th  (1-0 X SSC) b u t a t low ionic streng th  (0-1 xSSC) it 
was still appreciably R N ase-resistant (61%). We have shown previously 
th a t  th is residual RN ase-resistance could be abolished, and  the product 
in the  pellet rendered entirely  R N ase-sensitive a t  low, b u t not a t high 
ionic strength , by  freezing and thaw ing th e  resuspended pellet before 
carrying out the  R N ase -test (Bové e t al., 1968). Also, th is trea tm en t 
rendered the  product sensitive to  R N ase I I I ,  an enzyme which hydrolyses 
specifically dsRN A  (R obertson  et ah, 1967), under conditions where 
pancreatic R N ase was w ithout effect (Bové e t al., 1968). This establishes 
th e  double-stranded n a tu re  of the product in the  pellet.
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The residual RNase-resistance of approxim ately  60%  which is observed 
a t low ionic streng th  could be due to  the association of the product with 
a m em brane, and/or the protection offered by the m em brane bound enzyme 
itself if it covers up p arts  of the  newly synthesized RN A -product.

Effect of température of reaction
In  the experim ent of Table 2 the  RN A -synthesis was carried out at 

37 °C. In  those of Table 4 the reaction was allowed to  occur a t 10, 20, 
30 and  37 °C. The reaction m ixture was d ilu ted  w ith 04)5 X SSC buffer 
p rior to  centrifugation. I t  can be seen th a t the am ount of p roduct th a t 
ended up in the  supernatan t S 3 increased with increasing tem peratures 
of reaction. At the  tem peratu re  of 30 °C a t which m ost experim ents have 
been done, the  percentage of product in the  supernatan t S3 varied approx i­
m ately  from 15 to  20%.

The results concerning the  RN ase-resistance of the product in the pellet 
or in the  su p ern a tan t are the  sam e in Table 4 and in Table 2: they  were 
not influenced by the tem peratu re  of reaction w ithin the  limits studied.

E F F E C T  O F V A R IO U S M E M B R A N E -D IS P E R S IN G  A G EN TS ON RNA- 
S Y N T H E S IS  W IT H  100 P ,  10,000. SO L U B IL IZ A T IO N  O F T H E  TY M V - 

S P E C IF IC , D N A -IN D E P E N D E N T  RN A -SY N TH  E S IZ IN G  SY STEM

The previous experim ents have shown th a t  d ilu ting the reaction m ixture 
with various buffers, washing the pellet P 3, or carrying out the  reaction 
a t  high ra t lier th an  low tem peratures, did not detach  the  bulk  of the 
TYMV-specific p roduct from the m em brane system . Therefore, various 
m em brane-dispersing agents were tried: sodium  dodecyl sulfate (SDS), 
sodium  deoxycholate (DOC), digitonin, T riton  X 100, Brij 35 and Lubrol W. 
Table 5 shows th a t the presence of these agents in the reaction m ixture 
did no t appreciably inhibit R N A -synthesis by 100 P 2 10,000 (V).

In the experim ent of Table 6 the p reparation  loo P 2 10,000 (YT) was first 
trea ted  for 5 min a t  20 °C w ith various agents a t two concentrations. 
The m ixture was then  centrifuged for 10 min at 30,000 g. The supernatan t
5 30.000 and the  pellet, resuspended in pH  9 buffer, were tested  for their 
ab ility  to  support RNA-synthesis. Table 6 shows th a t in the absence 
of a m em brane-dispersing agent no RNA-synthesizing ac tiv ity  ended up 
in the  supernatan t: both  the  D N A -dependent and  the DN A -independent 
activities rem ained associated w ith  the  pellet. A fter trea tm en t of 100 P 2
10.000 (V) with one of th e  detergents, and especially when they  were used 
a t  a concentration of 0-5% , large am ounts of R N A-synthesizing activ ity  
were detached from  the  m em branes and occured in the  supernatan t. 
In  all cases, except w ith 0-5%  DOC, th e  activ ity  which ended up in the 
su p ern a tan t was found to  be actinom ycin D resistant.

The same results were obtained with the  neutra l detergent Lubrol YV 
(Im perial Chemical Industries, Providence, R hode Island), which was used 
most extensively in these studies, and  which led to  the following solubiliza­
tion procedure.

F ive percent Lubrol \Y7 was added  to  100 P 2 10,000 to  a final concentrat ion 
of 0-5 %. A fter 10 min a t 15 °C the  m ixture was centrifuged in the  cold 
for 60 min a t 60,000 g in a swinging bucket rotor. The following zones
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Table 5
E ffect of various membrane dispers ina agents on H N  A -syn thesis  

with cull-free preparation 100 1 \  10,000 ( V ) in  the presence 
or absence of act / пот у cin D

R a d io a c t iv i t y  ( е р ш )  o f  a c id - in s o lu b le  
p r e c i p i t a te

Reaction
mixture RNA-synthesis in 

the absence of 
actinomycin D

RNA synthesis in 
the presence of 
actinomycin I)

1 (0-05 mg/0‘4 ml)

Complete 20,301 9,768
Complete •SDS (01% ) 25,201 (5,833
Complete -f  DOC (0-1%) 2(5,914 7,659
Complete +  Digitonin (01% ) 20,404 9,598
Complete Triton X 100 (0*1%) 17,198 8,487
Complete +  Brij 35 (0-1%) 21,2(53 9,327
Complete 32,063 10,083
Complete* <| L ubro lW  (0-5%) 30,648 13,445

After lő  min at 30 °C, the reaction was stopped w ith 3 ml of 15% TCA.

T able 0
Centrifugation of cell-free preparation  100 P 2 10,000 ( V ) after treatment 

with various membrane dispersing agents: D istribution  of proteins and  
E N A  -synthesizing activities between pellet and, supernatant

T r e a tm e n t  o f  
1 0 0  P 2 1 0 ,0 0 0  ( Y ) 

f o r  5 m in  a t  
20  ( ' w i th :

A c t in o m y c in  D  
in  r e a c t io n  
m ix tu r e  fo r  

R N A - s y n th e s is

P r o te in S P h te n t a n d  R N A - s y n th e s iz in g  a c t iv i t i e s  
( r a d io a c t iv i t y  i n c o r p o r a t e d )  of

P e l le t S u p e r n a t a n t

m g  p r o t . /m l c p m m g  p r o t . /m l c p m

h 2o 170 18,325 1 - 8 564
10,664 69

DOC (0-1%) 10-0 10,822 7-3 4,548
3,955 4,449

DOC (0-5%) 10-0 4,670 12-0 22,496
A 1,324 6,883

T rito n X 100 (0-1%) 12-5 15,287 3-8 730
8,1 10 835

Triton X  100 (0-5%) 12-3 7,731 (5-2 4,620
A- 3,585 4,849

Brij 35 (0-1%) 114 14,201 4-3 1,655
+ 8,782 1,348

Brij 35 (0-5%) — 12-2 7,228 9-1 5,777

+ 3,575 6,548

After treatm en t of 100 P , 10,000 (V) witli the respective agents, the m ixtures were 
centrifuged for 10 min at 30,000 g. The supernatants, S 30,000, and the pellets resuspended 
in pH  9 buffer, were tested  for protein content and RNA -synthesis in the presence or 
absence of actinom ycin I).
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Сп

Table 7
R N A  -synthesis by various cell-free preparations derived from 100 P 2 10,000 by treatm ent with Lubrol W : Solub ilisa tion

o f replicase activity

E x p .
T y p e  o f  

le a f
m a te r i a l

u s e d

R a d i o a c t i v i t y  ( c p m ) o f  a c id - in s o lu b le  p r e c ip i ta te  a f t e r  R N A - s v n th e s is  in t h e  p r e s e n c e  o r  a b s e n c e  o f  a c t i n o m y c in  0 w ith :

100 P 2 1 0 ,0 0 0  
—  L u b r o l  W

1 0 0  P 2 10 ,0 0 0  
- f  L u b r o l  W o  60,000 C  20 ,000 ^  200,000

—  a c t. +  a c t . —  a c t . - f  a c t . —  a c t . - f  a c t . —  a c t . +  a c t . —  a c t . +  a c t .

313 Healthy 1 7,875 1,421 13,823 1,384 600 361 580 550 535 560
313 TYMV-infected 32,063 10,083 30,648 13,445 10,649 11,415 5,560 5,470 2,390 2,640
321 H ealthy - 190 27 0 - 0
321 TYMV-infected — 1,372 1,360 616 58
344 TYMV-infected 13,452 4,563 — 4,160 3,585 2,443 2,533 229
3.H2 TYMV-infected 40,905 15,357 24,950 10,400 6,390 6,450 4,270 3,990 343 408
383 TYMV-infected 29,762 12,146 26,600 12,700 8,030 7,140 3,470 3,680 257 196
385 TYMV-infected 22,786 7,052 11,300 6,220 4,960 4,420 2,670 2,300 630
388 TYMV-infected 27,263 9,580 19,500 9,150 12,396 10,693 6,250 6,160 1,805 1,725
403 TYMV-infected 54,558 1 1,892 25,800 9,810 10,170 8,320 4,108 3,460 479 450

The cell-free p reparations were o b ta ined  as follows: L ubro l W (5%) was added to 100 P 2 10,000 to  a final concentration of 0*5%, 
and a fter 10 min a t 15 °C the m ixture (“ 100 P., 10,000 -) Lubrol W” ) was centrifuged at 00,000 g for 00 m in ; the supernatan t, 
S 00,000, was centrifuged again for 120 m in a t 200,000 g to  yield pellet О 200,000 and supernatan t S 200,000. The sign ” m eans 
th a t th e  experim ent was not performed.



were obtained: a clear, pale-yellow, upper superna tan t (Seoooo) am ounting 
to  2/3 of the  to ta l volume, a dark-green lower su p ern a tan t (1/3 of th e  vo­
lume), and  a white pellet covered by more or less well-packed green m aterial.

E xperim ents 313 and 321 of Table 7 show th a t  when th is procedure 
was applied to  the  cell-free p reparation  isolated from  hea lthy  leaves, 
100 P 2 10,000 (H), practically  no R NA-synthesizing ac tiv ity  ended up 
in the clear su p ern a tan t, S60>000 (H): the DNA -dependent R N A-polym erase 
system  was n o t solubilized by the  detergent. On the contrary, w ith the 
preparation from  the TYM V-infected leaves, 100 P 2 10,000 (V), large 
am ounts of activ ity , and more precisely DMA-independent R N A -synthe­
sizing activ ity , appeared in supernatan t S 60 000 (V): the  D N A -independent 
system  was solubilized by  Lubrol W.

In  the experim ents of Table 7 all reactions were carried ou t w ith an  am ount 
of cell-free preparation  corresponding to  0-15 ml of the initial 100 P 2 10,000 
preparation. Thus, the figures for each experim ent are directly  com parable. 
I t  can be seen th a t from  one experim ent to  the o ther, the specific ac tiv ity  
of su p ern a tan t SB0 0n0(V) varied from 50 to  100% of th a t of the  initial 
100 P 2 10,000 (V) preparation. I t  averaged around 70 to  80%.

Table 8 illustrates some of the properties of fraction S60 000 (V). The 
am ount of R N A  synthesized was proportional to  the volume of Seoooo (V) 
used in the  reaction m ixture. The reaction was linear w ith  tim e for the  
first ten  m inutes. Practically all of the ac tiv ity  was of the  DNA -independent 
type. No added tem plate  was needed for activ ity . Table 9 shows th a t 
the product of the  reaction was 100 % R N ase-resistant a t high ionic strength , 
and  p a rtly  R N ase-sensitive a t low salt concentration. The residual RNase- 
resistance a t low ionic streng th  m ight be due to  protection of the  newly 
synthesized RN A  by  the  enzyme.

T able 8
R N A -syn th e s is  with the cell-free preparation  iS'60 000 ( V  )

V o lu m e  ( m l)  of 
s  6 0 ,0 0 0  in 

0-4 m l  of 
r e a c t io n  m ix tu r e

T im e  o f 
r e a c t io n  
a t  30  °C 

( m in )

.R a d io a c t iv i ty  ( c p m )  o f  a e id - in s o lu b  
p r e c ip i t a te

R N A - s y n th e s is  in  
t h e  a b s e n c e  o f  

a c t .  D

R N A - s y n th e s is  
t h e  p r e s e n c e  

a c t .  D

0 05 0 292
0-05 15 4,226 4,935
0-10 0 2 22 —

0-10 15 9,467 9,161
0-20 0 227 —

0-20 15 17,416 17,056
015 0 246 —

0-15 1 1,001 733
0-15 2 2,134 2,325
0-15 4 4,878 5,337
01.) 8 10,317 10,370
015 1.5 14,101 13,456
0-15 30 16,326 14,994

" — experim ent not performed.
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Table 9
N N  А -synthesis with the cell-free preparation  

S K„ 0(M1 ; ribonucléase resistance of synthesized N X  A

M e d iu m
R N a s e  

(1 0  g g /m l)

R a d i o a c t i v i t y  ( c p m )  o f  a c id - in s o lu b le  
p r e c ip i t a te

f o r
R N a s e - te s t R N A - s y n th e s is  

i n  t h e  a b s e n c e  
o f  a c t .  D

R N A - s y n th e s is  
in  t h e  p re s e n c e  

o f  a c t .  I)

0 -lxS S C 13,043 13,360
0-1 XSSC + 8,786 5,741
1-OxSSC - 12,845 13,147
1-OxSSC + 13,238 13.129

A fter 15 min a t 30 °C the reaction m ixture (0-4 ml) was diluted w ith 7-6 ml of 0-1 XSSC 
or 1-OxSSC buffer. A fter addition of w ater ( -  RNase) or of pancreatic ribonucléase 
(-f- RNase) to  the final concentration of 10 fig/nil and incubation for 30 min at 30 °C the 
reaction was stopped w ith  0.9 ml of 100% TCA.

T able  10
P artia l purifica tion  of the T Y M V  specific, actinom ycin D -independent 

N N  A  -synthesizing system

C e ll- f re e
f ra c t io n

V o lu m e
(m l)

P r o te in s
( m g /m l)

R a d io a c t iv i t y  ( c p m )  
in c o r p o r a te d  

( a c t in o m y c in  D  
in d e p e n d e n t )

S p e c if ic
a c t i v i t y

c p m /m g
P r o t .

1 P u r i f i c a t io n  ! Y ie ld  
f a c t o r  %

p e r  0 -15  m l t o t a l

Filtra te 500-0 8-3 232 772,000 186 1 100
100 P 2 10,000 46-5 150 1,783 554,000 794 4 72
® 6 0 ,0 0 0 370 3-0 1,861 460,000 4,150 22 1 60
Green zone 29-0 16-8 1,872 207,000 426

 ̂ 2 0 0 ,0 0 0 3-7 8-0 17,200 424,000 14,350 77 1 55
S  2 0 0 ,0 0 0 36-5 1-7 136 33,000 535
Pooled sucrose

gradient fractions 270 0-45 951 171,500 14,100 76 22
(Enzyme “R ” )

Sucrose gradient
fraction n° 27 2-4 0-44 1.495 24,000 22,600 121 3

P A R T IA L  P U R IF IC A T IO N  O F T H E  D N A -IN D E P E N D E N T  
R N A -S Y N T H ES IZ I NO SYSTEM

The D N A -independent R NA-synthesizing system  present in S 00>000 (V) 
could be concentrated  by a tw o-hour centrifugation a t 200,000 g. Table 7 
shows th a t  the  activ ity  was recovered in the  resuspended C 200 00fl (V) 
pellet, and th a t in most experim ents very little  rem ained in the S 200000 (V) 
supernatan t.
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The resuspended C200000 (V) pellet was layered on a 5 —20%  sucrose 
grad ien t, and  centrifuged a t 23,000 rpm  for 11 hours in a  Spinco SW25-1 
ro to r. One ml fractions were collected and  aliquots were used to  tes t for 
th e  presence of the D N A -independent activ ity . Fig. 2 shows the  d istribution 
o f the enzyme ac tiv ity  in the sucrose grad ien t and  the recorded optical 
density  of the gradient. G rad ien t fractions 7 to  13 were pooled and  frozen 
or dialyzed overnight against p H  9 buffer. The pooled gradient fractions 
were designated as enzym e “ R ” .

Table 10 sum m arizes the purification achieved from the  initial filtered 
leaf-hom ogenate to  enzyme “R ” . In  th a t  experim ent a purification factor 
of 76 was obtained. The highest purification was shown by fraction  27, 
corresponding to  the m axim um  of the sucrose grad ien t peak.

RNA-SYNTHESIS WITH THE PARTIALLY PURIFIED 
ENZYME-SYSTEM “R ”

Table 11 illustrates some of the RNA-synthesizing properties of enzyme- 
system  “ R ” . The am ount of RN A  synthesized w as proportional to the 
am ount of enzyme “R ” used. No reaction occurred in the  absence of ATP,

Fig. 2. Sucrose g rad ien t cen trifu g a tio n  o f 
resuspended  p e lle t C 200;000 (V): reco rd ing  o f 
o p tica l d en sity  a t  260 m /i and  replicase 

ac tiv ity  o f  th e  collected frac tions

Fig. :i. Sucrose g rad ien t cen trifu g a tio n  o f 
th e  labelled dsR N A  p ro d u c t o f  th e  100 
1’;, 10,000 (V) reac tion  (- +  - -  +  -) and  th a t  

o f  th e  enzym e “ R ” reac tio n  (------ • ------ )



CTP and  GTP. Actinom ycin D had no effect. The synthesis was linear for 
the first 15 min. No added tem plate  was required for activity .

Table 12 indicates the RNase-resistance of the synthesized RNA. A t high 
ionic strength  (1-0 X SSC) the product of the  reaction was 100% RNase- 
resistan t, b u t if it had  been heated  for 10 min a t 120 °C, followed by  rapid 
cooling, only 6%  RN ase-resistance were left. At low ionic strength  RNase- 
resistance was reduced to  10%  or less in one experim ent (Table 12, Exp. 
370). In  another (Table 12, Exp. 345) it rem ained a t a level of abou t 50%. 
In  th is connection it m ight be re levant to  note th a t in experim ent 370 
the sucrose grad ien t fractions containing enzyme “ R ” were frozen before 
being pooled and  used.

The labelled R N A  product of the  enzyme “R ” reaction was purified 
by two phenol extractions, chrom atography on Sephadex G-50 and  on 
cellulose-CFll (Franklin, 1966), and precipitation w ith  ethanol. The purified 
product was R N ase-resistant in 1-0 X SSC, and RNase-sensitive in 0-1 X 
SSC buffer. F o r comparison, the  labelled ds RNA - product of the  100 P 2 
10,000 (V) reaction was purified in th e  sam e way. The tw o products were 
analysed by 5—20%  sucrose gradient centrifugation a t 23,000 rpm  for 
16 hrs in the Spinco SW25-1 rotor. Fig. 3 shows th a t  the  p roduct of the 
enzyme “ R ” reaction sedim ented slower th an  th e  17S dsRN A  product 
of the 100 P 2 10,000 (V) reaction. The estim ated S value for the  enzyme 
“ R ” product was of the order of 10 to  12. I t  thus seems th a t the product 
of the  enzyme “ R ” reaction is definitely sm aller th an  the  17S dsRNA 
from the 100 P 2 10,000 (V) reaction.

As m entioned before, enzyme “R ” or S eo ooo (V), ju st as 100 P 2 10,000 (V) 
required  no added tem plate  for activ ity . In  the  case of 100 P 2 10,000 (V) 
we have shown th a t the synthesized R N A  belongs to  the  “p lus” strand , 
and  th a t  the com plem entary “ m inus” s tran d  needed as tem plate, was 
present w ithin preparation  100 P 2 10,000 (V) (Bővé, 1967« and  b). No 
added tem plate was necessary because the  enzyme was already associated 
w ith  its tem plate, the  “ m inus” strand . The same situation  m ust also be 
true  w ith S60000 (V) and  enzyme “R ” , since they  originate from  the  p re­
paration  100 P 2 10,000 (V) as a result of Lubrol W  trea tm en t. In  o ther 
words, the  enzyme-system  in S 60000 (V) or in enzyme “R ” m ust represent 
the enzyme bound to  its tem plate. I f  so, the  enzyme ac tiv ity  peak (enzyme 
“ R ” fractions) obtained by sucrose grad ien t centrifugation of pellet C200>000 
(V) (Fig. 2) should coincide w ith the tem plate-R N A  distribu tion  peak. 
This could be shown to  be tru e  indeed in the following wav: instead of sub­
m itting  100 P 2 10,000 (V) to  the  Lubrol W trea tm en t im m ediately, the  cell- 
free preparation  was first used for a D N A -independent RNA-svnthesis, 
and  only then  trea ted  w ith the detergent to  prepare S 60000 (V) and  C200 000 
(V). D uring these steps the  rad ioactiv ity , initially bound to  100 P 2 10,000 
(V) as a result of the  R N A-synthesis prior to  the  Lubrol W  trea tm en t, 
ended up precisely in the  same fractions as the D N A -independent RNA- 
synthesizing activ ity , determ ined a t the  sam e tim e in a parallel experim ent. 
F inally , the  radioactive peak obtained upon sucrose gradient centrifugation 
of th e  labelled C200000 (V) pellet, was located a t the  same position as the 
enzyme ac tiv ity  peak, nam ely in the  10—12S region. This is also the  po­
sition a t  which the  dsRNA product of the enzyme “R ” reaction travels 
(Fig. 3).



Table 1L
U N Л -synthesis w ith the partia lly  p u r ified , T УM V -spec ific , 

actinom ycin D -independent R N A  synthesizing  system  
(enzym e “ R " )

V o lu m e  (m l)  
o f  e n z y m e  “ R ”  

in  0-8  m l o f 
r e a c t io n  m ix tu r e

R e a c t io n
m ix t u r e

T im e  of 
r e a c t io n  
a t  30  °C  

(m in )

R a d io a c t iv i t y  
( c p m )  o f  

a c id - in s o lu b le  
p r e c ip i t a te

0-1 complete 10 2 0 2

0 - 2 complete 10 365
(1-4 complete 10 724
0-4 ATP, OTP, GTP 10 63
0-4 - f  act. I) 10 726
0-4 1 complete 0 72
0-4 complete 5 469
0-4 i complete* 10 724
0-4 i complete 2 0 1,224
0-4 complete 60 1.785

T able  12
R N  А -synthesis with enzym e “R ” : Ribonucléase resistance o f synthesized R N A

E x p .

T im e  of 
R N A - s y n th e s is  

a t  30  °C

B u f f e r  f o r  d i lu t io n  
o f  r e a c t io n  m ix tu r e  
a f t e r  R N A - s y th e s is

R a d i o a c t i v i t y  ( c p m )  o f  a c id - in s o lu b le  p r e c i p i t a te  
a f t e r  in c u b a t io n  o f d i lu te d  r e a c t io n  m ix t u r e  w i th  

o r  w i th o u t  R N a s e
(m in )

К  N a se +  KN -ase

345 I D 0 -lxS S C 507 ( i o o % ) 284 (57%)
345 60 0-lxS S C 1,182 (100%) 525 (45%)
345 1 6 1-OxSSC 464 (160%) 578 (100%)
345 60 1-OxSSC 1,334 (100%) 1,379 (100%)
345 10 16-6 XSSC 442* (100%) 18* (4%)
370**A 30 0 - 1  XSSC 92 (10%)***
370**B 30 0-1 XSSC 54 (6%)***
370**A 36 1-OxSSC 975 (100%) 1,160 (100%)
370**B 36 1-OxSSC 949 (100%) 919 (97%)

A fter RNA-synthesis, the reaction m ixture was diluted 10-fold (Exp. 345) or 20-fold 
(Exp. 370) w ith 0.1 or 1-OxSSC buffer. A fter addition of w ater (—RNase) or pancreatic 
ribonucléase ( -  RNase) to  the final concentration of 10 pg/ml (Exp. 345) or 50 ugfml 
(Exp. 370), and incubation a t 30 °C for 15 min (Exp. 345) or 30 min (Exp. 370), the reaction 
was stopped w ith TCA to  the final concentration of 10%.

* The two reaction m ixtures, adjusted to  1-OxSSC with 10-OxSSC buffer, were 
heated in sealed tubes for 10 min at 120 °C and rapidly  cooled, prior to  addition of w ater 
( — RNase) or RNase (-f- RNase).

** In Exp. 370, the sucrose gradient fractions containing enzyme R  were kept frozen 
before being pooled and used.

*** Percentage based on the value of 975 taken as 100% (Exp. 370 A, ROXSSC).



CONCLUSION

I t  was concluded from  previous experim ents th a t the DNA -independent, 
TYMV-specific R N A -synthesizing system  present in 100 P 2 10,000 (V), 
and  more precisely in the  p lastidial elem ents of this p reparation, as we have 
found recently, had to  be a complex in which the  enzyme was already 
associated w ith its tem plate, the “ m inus” strand . This conclusion arose 
from  the fact th a t  no tem plate  needed to  be added to  the  reaction m ixture, 
even though the  product of the reaction was a very specific RNA, nam ely 
RNA of the “plus” or viral type. The experim ents presented here strongly 
suggest th a t  it is this enzym e-tem plate complex which could be detached 
from  the  p lastidial elem ents of 100 P 2 10,000 (V) bv  the  use of a detergent, 
and which is responsible for the ac tiv ity  of p reparation S 60 0()0 (V), C200 000 (V) 
and  enzym e “ R ” .

The fact th a t  the  solubilized enzyme ac tiv ity  could be sedim ented into 
pellet C200 000 (V) and  fu rth e r centrifuged on sucrose gradients, is very 
probably  due to  the  presence of a ra th e r large R N A  tem plate  in the  enzyme 
complex. However, in com parison w ith the  RNA tem plate  present in 100 
P 2 10,000 (V) and  from  which a ITS dsR N A  is usually isolated, the  RNA 
tem plate  of the sucrose grad ien t enzyme, enzyme “ R ” , tu rns ou t to  be 
sm aller, as judged for instance by the 10— 12S dsRNA which can be isolated 
from it. This is probably  the  result of some break-dow n during the  steps 
following the detergent trea tm en t.

The ITS dsRN A  has a  molecular weight of 4-1 X 10° daltons, just twice 
th a t of in tact single-stranded TYMV-RNA. This p roperty  suggests th a t 
each of these dsRN A  structu res contains a t least one full-length RNA 
strand , probably the  “ m inus” strand . The 10 12S dsRN A  from the solu­
bilized enzym e complex, is too sm all to  contain a full-length RNA chain. 
Since the  solubilized enzyme system  is found to  be active, full-length, 
in tac t strands do not seem to  be a requirem ent of the system . In ta c t strands 
would not be required if only elongation (or repair!) of pre-existing chains, 
b u t not in itiation of new RNA chains, did occur.

In  com parison w ith the ra th e r crude 100 P 2 10,000 (V) preparation, the 
more purified fractions do not exhibit new properties except th a t  they  
are free of DNA -bound RNA-polym erase. In  particu lar, neither w ith 100 
P 2 10,000 (V) nor w ith the  solubilized fractions, was it possible, under the 
conditions used, to  obtain single-stranded RNA-produet. Unfitness of the 
R N A -tem plate in the cell-free preparations could explain this inability. 
We have not entirely  proved, bu t it is ra th e r probable, th a t in our cell-free 
preparations the  R N A -tem plate occurs essentially as a double-stranded 
structu re . There are indications from the bacteriophage work th a t in rico 
the  “ m inus” s tran d  tem plate occurs predom inantly  as a single-stranded, 
but not double-stranded, form. I t  could thus be visualized th a t w ith our 
cell-free preparations, the  enzyme would stop functioning as soon as it 
would encounter double-strandedness along the tem plate; only the few 
single-stranded regions, probably  a t the  enzym e-attachm ent sites, would 
be used as active tem plate.

F inally , a t  th is stage, it cannot be excluded th a t the enzym e system  
th a t  we are studying is involved in repairing ra th e r th an  in replicating RNA.
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NUCLEIC ACID AND PR O T E IN  SY N TH ESIS 
IN  GERM INA TING SEEDS

by

G. R . B a r k e r  and C. M. B r a y

D E P A R T M E N T  O F  B I O L O G I C A L  C H E M I S T R Y ,  T H E  Г  N I  V E R S I T  Y , M A N C H E S T E R ,  Г .  K .

I t  has been em phasised (Koller e t ah, 1962) th a t the macroscopic changes 
accom panying the germ ination of seeds represents the  final stages in a 
process which m ay well begin as early  as fertilization. I t  is proposed to  
discuss the  sequence of events occurring during germ ination, which, for 
th is purpose, will be regarded as beginning w ith im bibition of the  seed.

Germ ination, by its nature , implies a  sudden onset of grow th and  differ­
entiation, and  a corresponding bu rst o f m etabolic acivity. P ro tein  synthesis 
and other related  anabolic processes feature largely, bu t catabolic processes

T able 1
Incorporation o f [ UCJ leucine into  

soluble protein o f cotyledons of 
P isu m  sativum  during im bibition

P e r io d  o f 
im b ib i t io n  

(h)
[ l,(,’jleucine incorporated 

(cou nts/mi n/cotyledon 
pair)

2 4
2 2 -2 4

4,445
5,730

I

are also involved. In  our experim ents w ith germ inating peas, it is not 
possible to  discern a phase, from  th e  inception of im bibition, in which 
protein synthesis, as m easured by incorporation of [14C] leucine, is not 
operative (Table 1). During the  early stages of germ ination, a num ber of 
enzymic activities develop. Some of these are synthesized de novo, including 
a-am ylase in barley (Filner and  Varner, 1967), isocitrate lyase in peanuts 
(G ientka-R ychter and  Cherry, 1968) and  acid phosphatase in peas (Barker 
et ah, 1971a). The relationship of the initiation of nucleic acid and  protein 
synthesis is therefore im portan t in the biochem istry of germ ination.

M arcus and  Feelev (1964) have shown th a t  cell-free preparations from 
im bibed peanuts incorporate [14CJ leucine into protein whereas sim ilar 
preparations from  dry  seed are inactive. The inactiv ity  was shown to be 
due to  inadequacy of the  particu la te  com ponent of the  system  because 
supernatan t fractions from  im bibed and  unim bibed seed were equally 
active. Im bibition  was accom panied by the  form ation of polyribosomes 
by association of monoribosomes w ith either pre-existing or newly synthe-
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sized m -RNA (Marcus and  Feeley, 1965). Sim ilar results were obtained 
w ith peanuts by Jachym czyk and Cherry (1968) and  in our own laboratory  
we have found th a t polyribosomes appear in pea cotyledons during im ­
bibition (B arker and  Rieber, 1967). A num ber of claims have been made 
th a t protein synthesis in germ inating seed involves the  partic ipation  of 
pre-existing m -RNA b u t m uch of the evidence has been shown to  be in ­
conclusive (B arker e t ah, 19716). W e have shown th a t incorporation of 
[3H | uridine into RNA can be detected  a t an early  stage in the im bibition 
of pea seed (Table 2), and  it is therefore impossible to  decide whether 
synthesis of RNA precedes th a t of protein in this system.

Ihle and  Dure (1969) have recorded some elegant experim ents in which 
im m ature cotton em bryos were germ inated before com pletion of ripening 
of the  seed. Such em bryos develop a protease activ ity  when germ inated 
and  it was found th a t developm ent of enzyme was inhibited  by actinom ycin

T able 2
Incorporation o f [ :iH  ] urid ine  into 

R N A  o f cotyledons of P  i su  m  sativum  
during im bibition

Period of [3H]uridine incorporated
imbibition (counts/min/cotyledon

(h) pair)

0 -  1 819
0 2 1.472
2 4 21,780

D in em bryos taken  a t a very early stage. The drug was w ithout effect 
in em bryos taken  a t  a la ter stage and  it was concluded th a t, a t the  la ter 
stage, m-RNA necessary for protease synthesis was already present, although 
the  ripening of the  seed was not complete. However, i t  cannot be concluded 
th a t m-RNA synthesised in the  im m ature seed is the  same m aterial which 
controls protein synthesis on germ ination of ripe seed. Our experim ents 
lead us to  the view th a t the  question regarding long-lived m -RNA in seed 
cannot be properly answered and th a t germ ination should be regarded 
as in itiating the acceleration of m etabolic processes which are not com pletely 
abolished during the resting stage.

In  view of the  difficulty  of establishing the  sequence of events at the 
very earliest stage of germ ination, we have a ttem p ted  to  investigate the 
relationship of protein and nucleic acid synthesis by  studies of the  events 
leading to  loss of v iab ility  of seed.

Seed of P isum  arvense re ta in  96%  germ ination in norm al storage for 
th ree  years, a fte r which th is drops to  86%  and 6%  in the fourth  and  fifth  
years respectively. We have carried ou t some experim ents w ith natu ra lly  
aged seed. Owing to  the  relative inaccessibility of such m aterial, some 
experim ents have been perform ed w ith  seed artificially  aged using the 
m ethod of R oberts and A bdalla (1968), although the possibility m ust be 
borne in m ind th a t  such m aterial m ay no t be equivalent in all ways to 
natu ra lly  aged seed.



During germ ination, pea seed exhib it increases in ribonucléase (RNase) 
and acid phosphatase activities. The form er ac tiv ity  shows a biphasic 
developm ent (Fig. 1) and we have shown th a t the early RN ase does not 
arise by de novo synthesis since the enzyme produced in seed germ inated 
in 80%  D 20  exhibits norm al buoyan t density  on centrifugation in caesium 
chloride (Figs 2a and  b). Autolysis of hom ogenates of cotyledons of peas 
im bibed for 17 h  produces an increase in RNase activ ity . Acid phosphatase 
shows a single phase of developm ent (Fig. 3) and is form ed by de novo 
synthesis since an  increase in buoyan t density  is produced by germ inating 
the seed in D 20  (Figs 4a and b). I t  has proved difficult to  m aintain ger-
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initiating peas in D 20  long enough to  allow a decision to  be reached as to 
w hether the  late phase of RN ase developm ent arises by de novo synthesis, 
b u t th e  balance of evidence favours this. Thus the  late  phase of RNase 
developm ent is abolished by  cycloheximide (Fig. 5). This is in con trast to  
th e  early enzyme which is unaffected, bu t sim ilar to  the case of acid 
phosphatase developm ent (Fig. 6). A lthough the two phases of RNase 
developm ent differ in their origins, they  appear to  be subject to  the same

Fig. 3. D evelopm ent o f acid p h o sp h a tase  a c tiv ity  in 
th e  co ty ledons o f V isu m  arvense d u rin g  germ ination

F ig . 4. E q u ilib riu m  d en sity  g ra d ie n t cen trifu g a tio n  in  caesium  
chloride o f acid  p h o sp h a tase  from  co ty ledons o f P isu m  arvense 

grow n (a) in  H .,0  fo r 4 days, (b) in  80%  D ,0  for 7 d ay s
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controls linked to  the  developm ent of the  p lan tlet: seed germ inated a t 
2—4 °C show a biphasic developm ent of RNase, which, although operating 
on a different tim e-scale, is related  to  the  developm ent of the  p lan tlet in a

F ig . 5. T he effect o f cyclohex- 
im ide on  ribonucléase develop­
m en t in  th e  co tyledons o f g e r­

m in a tin g  P isu m  arvense
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О

Fig. 6. T he effect o f cyclohex- 
im ide on  acid phospha tase  deve l­
o p m en t in  th e  co ty ledons of 

g erm in a tin g  P isum  arvense
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sim ilar way to  th a t  obtaining under norm al conditions of germ ination 
(Fig- 7).

W hen pea seeds exhibiting no t more th an  6 % germ ination are m ain tained  
under norm al germ inating conditions, i t  is found th a t the  im bibed seeds

F ig . 7. D evelopm ent o f 
ribonucléase a c tiv ity  in 
th e  co ty ledons o f  P isum  
arvense d u ring  ge rm in a­

tio n  a t  2— 4 °C

Days

Fig. 8. D eve lopm en t o f  
ribonucléase a c tiv ity  in  
th e  co ty ledons o f  (a) n o r ­
m a i seed m a in ta in ed  a t  
20 °C, (b) n a tu ra lly  a g e d  
seed u n d er th e  sam e c o n ­

d itions

6 6



have approxim ately  twice the norm al ac tiv ity  of R N ase and  a fu rth e r 
rise to  a m axim um  is observed a fte r two days (Fig. 8). However, no late 
phase of ac tiv ity  is observed. I t  thus appears th a t  developm ental control

T able 3
Incorporation o f [ UC ] leucine into  
protein of cotyledons of artific ia lly  

aged seed of P isu m  sativum

Percentage
[14C]leueine incorporated 

(percent of control)
germination Total

homogenate
12,000 g 

supernatant

88 100 100
(Control)

49 25 24
0 0-2 0-1

T able 4
Incorporation  of / 4  / ] urid ine into 

U N A  of artific ia lly  aged seed of 
P isu m  sativum

Percentage
germination

[3H]uridine i 
(percent о

icorporated
control)

Cotyledons Embryo

79 100 100
(Control)

0 22 99

of the release of R N ase from  inactive protein is not obligatory and  th a t 
production of the second phase of ac tiv ity  is abolished. Incubation  of a r ti­
ficially aged pea seed w ith  [14C] leucine results in v irtually  no incorporation 
of label into p ro te in  (Table 3) which is in accord w ith the  assum ption th a t 
late-phase R N ase arises by de novo synthesis. In contrast to  the  results 
w ith [14C] leucine, incorporation of [3H ] uridine into RNA of artificially  
non-viable seed is m aintained a t 22%  of th a t  in un trea ted  seed (Table 4). 
I f  the reverse had  been the  case, it would have provided presum ptive 
evidence for the  presence of active species of R N A  in the  absence of syn­
thesis, b u t, on the  evidence available, no conclusion can be reached re ­
garding p ro te in  synthesis in absence of RNA synthesis in pea seed either 
during germ ination or during loss of viability. I t  has no t yet been estab ­
lished w hat species of R N A  become labelled in non-viable seed, b u t it 
appears th a t tran sla tio n  is abolished earlier th an  transcrip tion  during 
loss of viability .
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IN T R O D U C T IO N

M éthylation of nucleic acids occurs principally  w ith tR N A  and  DNA. 
I t  consists of an enzym atic recognition of a special site and  incorporation 
of a m ethyl radical into a preform ed polymer. The enzymes are specific 
for tR N A  or DNA, specific for the  nucleotide m ethy lated  and for the  site 
of nucleotide w ithin the polynucleotide chain. The donor of the  m ethyl 
radical is S-adenosylm ethionine.

Till now m ost of the  research on m éthylation was carried out on bac teria  
like E. coli. Biological significance of the m éthylation of nucleic acids 
is well known only for the  m éthylation of DNA in E. coli and some bacterio­
phages, where it is in d irect relation w ith host determ ined modification- 
specificity (Arber and  Dussoix, 1962; De W aard, 1971). A bacterial host 
strain  can be successfully infected only w ith  a bacteriophage carrying 
the  DNA modified by th a t particu la r strain , a property acquired through 
prior grow th on the  sam e strain . Infection of o ther hosts, leading to  in ­
appropriate  or no m odification of DNA leads to  restriction, i.e. breakdown 
of the invading DNA. Some work has recently been done on anim al cells: 
tR N A  m éthylation  by Tenebrio molitor (Baliga et al., 1965), by em bryos 
of mice (R ennert, 1970), m odification of the  m éthylation level of tR N A  
afte r M arek disease (Mandel et ah, 1969), and  by  hum an cells during 
carcinogenesis (Srinivasan and  Borek, 1964) have been studied.

The present work is a sum m ary of our studies on the  m éthylation  and 
other m odification of tR N A  and DNA by higher plants.

M A T E R IA L S  A N D  M ETH O D S

M  aterials:

D E P, d iethyl pyrocarbonate (Baycovin from Bayer); PVS, polyvinyl- 
sulphate; IPA , 6-(yy-dim ethylallylam ino)-purine; Y PH C14, Y east p ro tein  
hydrolysate, C14 labelled, from  Schwarz or CEA; (Methyl C14)-S-adenosyl- 
L-m ethionine 50 mC/mM, from  Schwarz or ICN; L-cystine-S35 from CEA; 
E. coli К 12/161 RCrel m et-  resistan t to  phage T r ; E. coli В  and  E. coli 
K12 58/161 RCrel m et-  Cys- .; Nicotiana tabacum  L., Brassica oleracea L., 
Corylus avellana L. and  Valerianella olitoria Poll.

D N A extraction: from  bacteria, following the technique of M arm ur, 
(1960); from  plants, following the  m ethod of Guille et ah, (1967), Q uetier 
et ah, (1968).
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tR N A  extraction : from  bacteria  w ith phenol or isoam yl alcohol (Ram m ler 
et ah, 1965); from  p lants, using D E P  (Solymosy e t ah, 1968).

Tracer techniques : tR N A méthylation : 10 /mioles of Tris buffer, pH  8-0; 
4 «moles of MgCl2; 2 //moles of 2-m ercaptoethanol; 1-2 //g of PVS; 0-5 //(' 
of C14-C H 3-SAM; IO //OH2(i0 o f tR N A ; enzymes; to ta l in 0-25 ml.

D N A  méthylation: tR N A  replaced by DNA; to ta l in 0-25 ml. 
tR N A  aminoacylation (B urkard, 1970): cacodylate buffer, pH 7-0, 50 

//M; KC1 5 //M; MgCl, 5 //M ; 2-m ercaptoethanol 2 //M ; ATP 2 /L\ 1; PVS 
0-0007 mg; tR N A  10 //О Н 2в0; labelled am ino acids and  enzym es; to ta l 
in 0-25 ml.

tR N A  thiolation: Tris buffer, pH  7-5 20 //M; ATI4 2 («M ; MgC'l2 2 //M; 
pyridoxal phosphate 0-002 //M : cystine S35 0-2 //M ; tR N A  10 / / ОI) :  
enzym es; to ta l in 0-25 ml.

RESULTS

M ethylating enzymes are easily ex tracted  and partia lly  purified from 
bac teria  following th e  m ethod of Svenson (1963). The same m ethod is not 
applicable for p lan ts, because the DNA m ethylating enzymes from plan ts 
are easily sedim ented a t low speed centrifugation following the  homogeniza­
tion of p lan t m aterial. The ex tracts  from  bacteria m ethylated  both  DNA 
and  tR N A  b u t w ith p lan ts to  obtain  active system s we had to  apply  two 
different specific techniques.

tR N A  méthylation
Our m ethod of purification of tR N A  m ethylases from  p lan ts  was based 

on the  work of H all and  Tao (1970), b u t we included some im portan t m odi­
fications: 10 g of fresh m ateria l was homogenized a t 4 °C w ith  30 ml H E P E S  
buffer, pH  7-6, 0-05 M, d ith io threito l, 0-004 M, and  potassium  m etabisulfite, 
0-1% . The hom ogenate was filtered through cheese-cloth and  centrifuged 
a t  105,000 g. P roteins were precip ita ted  from the  supernatan t, a t pH  5-0 
and  the  enzym e-containing fraction was centrifuged a t  12,000 g.

Table 1 shows an exam ple of testing  the  enzyme activ ity . Table 2 shows 
th e  im portance of H E P E S  buffer, and  Table 3 the influence of th e  con­
centration of enzymes.

T able 1
M éthylation  o f tR N A  of E . coli w ith  enzym es from  tobacco

tRNA, E . c o l i 58/161 Enzymes,
tobacco cpm uuM i«CH3

0-5 mg 1-6 mg 2.51 98
I 280 110

0-5 mg after incubation 1-0 mg 103 40
117 44

E x ten t of m éthylation of tR N A : 156 cpm or 62 /li/hM.
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Table 2
E ffect o f H E P E S  buffer on the m éthylation o f tR N A

tux A .
K . co li 58/161

E n z y m e s ,
to b a c c o

c p m fJL/AM »CH,

0-5 mg 1-5 mg 406 158
431 167

0-5 mg after incubation 1 - 5  m g 158 62
168 65

E x ten t of m éthylation of tR N A : 256 cpm or 100 yyM .

T able 3
E ffect o f enzyme concentration in  the méthylation  

o f tR N A

tR N A , E n z y m e s , c p m juuM “CH3
E . co li 58 /161 to b a c c o

0-5 mg 7*5 mg 658 256
0-5 mg after incubation 7-5 mg 283 110

E x ten t of m éthylation of tR N A : 375 cpm or 146 ilи M.

T able 4
In h ib itio n  o f the m éthylation o f tR N A  by p H  ö 

supernatant

tR N A ,
E . co li 0*5 m g

Precipitated
proteins

Supernatant
proteins cpm fxpi M

Incubated 2 1 358 139
292 113

Added after incuba- 2-1 157 61
tion 167 65

Incubated 2 1 2-8 173 67
149 59

Added a fter incuba- 2 1 2-8 146 56
tion 145 56

E xten t of m éthylation  of tR N A  w ith the precip itate: 163 cpm; w ith th e  precip itate 
plus supernatan t: 16 cpm.

The tem p era tu re  optim um  was 30 °C. D uring 10 hours of incubation 
th e  incorporation continued. I t  was possible to  inhibit the  m éthylation 
w ith  some products contained in the  pH  5 superna tan t (Table 4).

I )N A  méthylation
Because of the rap id  sedim entation of DNA m ethvlases from  p lan ts 

a fte r low speed centrifugation, it is difficult to  s tudy  the properties of these
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enzymes. However, experim ents carried out w ith crude ex tracts dem on­
s tra te  t he existence of DNA m ethylases in higher plants.

Our a ttem p ts  to  purify  these enzymes failed.

I B N  A  l/i inlation
M éthylation is not the  only enzym atic m odification process of nucleic 

acids. Thiolation of tR N A  is known w ith bacteria, and  specific enzymes 
catalysing this process are present in cell-free ex tracts (H ayw ard and 
Weiss, 1966; Lipsett and  Peterkofsky, 1966). Harris et al. (1969) using a 
special m u tan t of E . coli, К  12 58/161 m et“  cys“ , have been able to  in ­
corporate radioactive sulphur into tR N A  ex tracted  from  the sam e strain . 
The enzymes responsible were present in the  same cell-free ex tract.

F o r p lants, we dem onstrated  the existence of enzymes th io lating tR N A  
from  plan ts and  tR N A  from  an E. coli strain  deficient for cystine. Our 
technique em ployed for the ex traction  of enzymes will be published else­
where (Janssens de Varebeke et al.).

Table 5
I n  vitro m éthylation o f tR N A  w ith I P A

IPA 4- IPA

tRXA from E . coli and enzymes from 3.55 ■S 30
E. coli 428 894

Controls with IPA 178
199

tRNA from tobacco and enzymes 174 215
from E. coli 1(57 327

Controls with IPA 88
136

tRNA from tobacco and enzymes 171 218
from tobacco 179 203

Controls with IPA 115
127

Table 6
M éthylation  in vitro o f tR N A  w ith I P A .  

Com parison of values calculated for 1 mg of tR N A

I P A  1 -  I P A

tRNA from E. coli and enzymes from E. coli 71° 1660
856 1968

tRN A  from tobacco and enzymes from E. coli 090 ( 1308
008 I 80)0

tRNA from tobacco and enzymes from tobacco 1 368 1744
1432 1624

All values are in cpm.
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Influences of cytokinins on the méthylation and aminoacylation of tR N A
The cytokinins, more particu larly  6-(yy-dim ethylallylarnino)purine, a 

n a tu ra l one, play an  im portan t role in cell differentiation. In  v itro  action 
o f IP A  on m éthylation  and am inoacylation is presented in Tables 5 to  10.

IP A  increased the  ex ten t of m éthylation for all tR N A -enzym e com bina­
tions tested. The efficiency of IP A  was, however, d ifferent in d ifferent 
system s (Tables 5 and  6). In  contrast, IP A  decreased the  ra te  of am ino­
acylation.

Some effect of IP A  on the hydrolysis of tR N A  in the  incubation m ixture 
has also been observed (Abeels and  M ontasser K ouhsari, 1971).

T able 7
A m inoacyla tion  of tR N A  from  

E . coli w ith  enzym es from  E . coli 
in  the presence and absence o f I R A

Treatment cpm n if ig  YPH “ C

W ith IPA 111 2,264
13(1 2,774

W ithout IPA 490 10,123
339 7,015

Controls 101 2,060
110 2,244

T able S

A m inoacyla tion  of tP N A  from  
E . coli w ith  enzym es from plants 

in  the presence and absence o f I P A

Treatment cpm m/ig Y P U  “ С

W ith IPA 458 1-78
433 1-68

W ithout IPA 6601 25-61
6835 26-52

Controls 70 0-27

T able 9
A m inocyla tion  o f tR N A  from  

p lants with enzym es from  p lan ts  
in  the presence and absence o f 1 P A

Treatment

W ith IPA 

W ithout IPA

cpm mf i g  YPH

322 1-25
372 1-44

1185 4-59
900 3-48

70 0-27Controls



Table 10
A m inoacyla tion  o f tR N A  from  

p lants w ith enzym es from E . colt 
in  the presence and absence of I P  A

T r e a t m e n t c p m m /ig  Y P H  “ C

j
W ith 1 PA 986 3-82

1022 3-96
W ithout IPA 571 2-20

655 2-54
Controls 559 2-16

CONCLUSIONS

The presence of tR N A - and  DNA -m ethylases as well as tR N A  thiolases 
was dem onstrated  in p lants. Our results show th a t  species homologous 
and  developm ent heterologous m odifications are possible in higher p lants. 
Previous results indicated  variations in the  m éthylation p a tte rn  during 
developm ent. I t  appears th a t  the  m odification of tR N A  and DNA is in 
relation  to  cell d ifferentiation and  developm ent. Research along these 
lines is continued in our laboratory  to  throw  some light on the role of nucleic 
acid m odification in cell differentiation.
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U SE OF B EN TO N ITE IN  T H E  ISOLATION 
OF tR N A  FROM  PLA N T LEAVES

b y

D. B. D unn  «mi I. H . F lack

JOHN INNES INSTITUTE, COLNEY LANE, NORWICH, NOR 70F, U. K.

F or chemical studies we were in terested  in isolating com paratively large 
am ounts of tR N A  from  p lan t leaves. Isolation of to ta l R N A  w ith phenol 
followed by fractionation by sa lt p recipitation had  been used to  isolate 
tR N A  from  w heat germ (Giitz and  Dekker, 1963) b u t in our experience, 
application of th is m ethod to  tissues such as leaves which contain com ­
paratively  large am ounts of ribonucléase can result in tR N A  m arkedly 
contam inated w ith  degradation products of ribosom al RNA. To avoid 
th is it is preferable to  rem ove ribosomes in tac t and inhibit ribonucléase 
a t the  earliest possible stage. During work on the  purification of p lan t 
viruses (Dunn and H itchborn, 1985) it was observed th a t bentonite, largely 
in the  magnesium  form, would adsorb ribosomes and  m ost proteins from 
leaf sap (Fig. 1). U nder sim ilar conditions RNA was not adsorbed. As 
bentonite is a p o ten t inhibitor of ribonucléase (Brownhill e t al., 1959; 
Fraenkel-C onrat e t al., 1961 ; H u p p ert and Pelm ont, 1962) it seemed possible 
it m ight prove useful in preparing undegraded tR N A  from  leaf tissue.

In itia l experim ents w ith Chinese cabbage indicated  th a t R N A  could be 
isolated from  bentonite trea ted  sap following trea tm en t w ith phenol and 
chrom atography on D E A E  w ith sim ilar conditions to  those used by  Holley 
e t ah, (1961). However, it was necessary to  have ED TA  present in the 
solution used to  dissolve the ethanol precipitate , as th is contained a large 
am ount of otherwise insoluble magnesium phosphate. The resulting white 
p roduct was found to  contain RNA w ith sim ilar proportions of m inor 
nucleotides to  RNA isolated from  the  105,000 g su p ern a tan t of sap from  
sim ilar leaves (Table 1) (Dunn, 1965). A pplication of this and  slightly m odi­
fied m ethods to  leaves from o ther species (Fig. 2), particularly  tobacco and 
French beans, resulted  in products (Fraction IV) highly contam inated 
by  polyphenols. The addition of KCN (10~3 M), avoiding contact w ith iron 
and homogenising the  preparation  below 5 °C, all reduced polyphenol form a­
tion, b u t did no t m arkedly reduce the  contam ination of the  tR N A . A ttem pts 
to  remove the polyphenols from  the  R N A  using “ Polyclar AT” (Loomis 
and B attaile , 1966), differential adsorption onto charcoal (D u tta  et ah, 
1953), extraction w ith m ethoxyethanol (K irby, 1956), or chrom atography 
on D EA E using urea (Cherayil and Bock, 1965), were all unsuccessful and 
em phasized the sim ilar properties of the polyphenol-containing m aterial 
to  the  tR N A . W hile the affin ity  of tR N A  for D EA E does not vary  very 
m arkedly over the  p H  range 7—4, it was found th a t  th e  polyphenol- 
containing m aterial lost its affinity  as the  pH  was reduced. This indicated  
th a t  the  polyphenols were not adsorbed onto the RNA bu t onto polymers



containing carboxylic acid groups, probably  acidic polysaccharides. This 
observation was the basis o f a  m ethod for removing th e  contam ination.

Cherayil and  Bock (1965) had chrom atographed tR N A  on D EA E a t 
pH  4 and  th e ir observations were useful in devising a suitable separation

Fig. 1, E ffec t o f m agnesium  b en to n ite  on lea f sap  from  C hinese cabbage. Schlieren 
u ltracen trifu g e  p a tte rn  a t  35,600 rp m ; b o tto m : sap  expressed from  C hinese cabbage 
leaves: to p : th e  sam e sap  a f te r  tre a tm e n t w ith  25 m g/m l m agnesium  b en to n ite  in

presence o f 5 mM  M gSO ,



Table 1
Chinese cabbage leaf tR N A  

M in o r nucleosides in  T r is -D E A E  F raction I V .  
Separate batches o f leaves were used for the 3 preparations. 

Values are mole/100 mole uridine

N  u c le o s id e C e n t r i f u g a t io n
p r e p a r e d

B e n to n i t e  p r e  
(2  s a m p le t

p a re d
i)

Pseudouridine 15-3 150 140
5-Methyluridine 4-2 0-3 3-2
5-Methylcytidine 4-2 4-3 4-0
1 -Methyladenosine 3-4 3-3 2 0
1 -Methylguanosine 2 0 2-0 2-2
X2-Methylguanosine 1 1 1-2 0-6
X2, N2-Dimethylguanosine 2-6 3-3 2 1

7-Methylguanosine 1-5 2-3 1-4

Terminal groups
Guanosine diphosphate 4-7 4-7 4-6
Adenosine 2-6 3-8 6-9

technique. This was finally achieved using form ate buffer pH  3 and  0-3 M 
NaCl to  elute the  brown m aterial w ithout any of the R N A  (Fig. 3). W hile 
the m ajor p a r t was elu ted  in th is way, some rem ained on the  D EA E and 
in order to  reduce contam ination of the  tR N A  to  a  m inim um , the  la tte r  
was elu ted  a t p H  5 w ith  the m inim al salt concentration (0-6 M NaCl) needed

T O B A C C O  t R N A  

С З О О д  L E A F )
DEAE-Tris-NaCl ' d B  cm

O'D-280

•*-0-1M NaCl — ► -*0-2M NaCl-*“*-0-3 M NaCl------------------ ► -«— 1-0 M NaCl-----------►•*-0-1M NaOH
0G2MTris 0-Q2MTris 0-05MNaAcpH5 Q-Q5M NaAc pH 5

pH 7-5 pH 7-5
0-02 MEDIA 0-01MEDTA

Fig. 2. T ris-D E A E  ch ro m ato g rap h y  o f tR N A  p re p a ra tio n  from  tobacco  leaves. E th a ­
nol p re c ip ita te  m ad e  a f te r  successive tre a tm e n ts  w ith  b en to n ite  anil phenol used. 
R ecord ing  o f ex tinc tion  a t  280 m /t o f  e fflu en t from  colum n. The tR N A  is con ta ined

in Fraction IV



T O B A C C O  t R N A  F R A C T I O N  IV

0. U.280
(1500g

DEAË
LEAE~100mgRNA)
formafe-NaCl

-0  05 M NHi, fo rm a te  pH3- -------0 05M NoAc pH 5 --------------------------- ►

(НИМ MgClj— »-

Fig. 3. F o rm ate -D E A E  ch ro m ato g rap h y  o f tR N A  p rep a ra tio n  from  tobacco  leaves. 
T ris-D E A E  F rac tio n  IV  used. R ecord ing  o f  ex tinc tion  a t  280 m /i o f  e ff lu en t from  

colum n. Po lypheno ls e lu te  in frac tio n  1, tR N A  in frac tio n  2

when 0-01 M MgCl2 was also presen t. Some 10%  of the  tR N A  rem ains on 
the D E A E  and  can be elu ted  w ith M NaCl only a fte r the  M g++ is rem oved 
by  trea tm en t w ith ED TA  in Tris buffer, pH  7-5. W hen refractionated  on a 
D EA E form ate column th is RNA elutes in fraction 2 and  analysis (Table 3, 
fraction 3) shows th a t  it has a sim ilar composition to  the  bulk  of the  tR N A .

I t  is possible th a t  th is behaviour 
results from  aggregation of the 
tR N A  induced by the  low pH  and 
presence o fM g ++ (Zachau, 1968).

Even a fte r th is step  the tR N A  
still contains traces of the  brown 
m aterial. D uring a ttem p ts  to  re­
move these from  the Tris-D EAE 
F raction  IV we tested  separation 
on an A liquat 336 (tricaprvlyl- 
m ethyl am m onium  chloride) — 
Freon — Chromosorb W  column 
of Weiss andK elm ers (1967). The 
low capacity  of the column resu lt­
ed in satu ra tion  w ith our im pure 
preparation b u t it was noted th a t 
the  brown m aterial was retained 
in preference to  the RNA. I t  has 
proved possible to  use A liquat 
336 dissolved in tetrach loroethy- 
lene in a tw o phase system  to 
achieve the final purification of 
the tR N A . As shown in Fig. 4. 
tR N A  is elu ted  from the  organic- 
phase by 0-3 M NaCl, while the

O.D.

10% Alíquaf 33G in Tetrachoroethylene 

0-01 M TRIS pH 7-5 0-01 M MgC[2

NaCl (M)
Fig. 4. A bso rp tion  o f tR N A -like  frac tio n  of 
y e a s t R N A  by  A liq u a t 336 in  te trach lo ro - 
e thy lene. E x tin c tio n  a t  260 m ц  o f  aqueous 
phase  w ith  v a ria tio n  o f  N aC l concen tra tio n



residual polyphenol-containing polysaccharide requires 0-5—0-6 M NaCl. 
The effect on th e  purification  of the  tR N A  is illustra ted  by th e  spectra  
in Fig. 5. As the aqueous phase acquires some u ltrav io let absorption due 
to  th e  organic solvent, th e  correct spectrum  of the RNA is on ly  seen 
afte r it has been p recip ita ted  w ith  ethanol and redissolved in aqueous 
solution (Fig. 5, curve 5).

T O B A C C O  t R N A

Fig. 5. S pec tra  o f  aqueous so lu tion  show ing p u rific a tio n  o f tobacco  
tR N A  b y  A liq u a t 336 -te trach lo roethy lene . To em phasise th e  a b ­
so rp tion  due to  th e  po lypheno ls a  T ris -D E A E  F ra c tio n  IV  sam ple 
w as used ra th e r  th a n  th e  fo rm ate -D E A E  frac tio n  2 n o rm a lly  used

1. In itia l R N A  in  0*1 M N aCl-Tris-M gC l2
2. 1 a f te r  t r e a tm e n t w ith  A liq u a t-te trach lo ro e th y len e
3. 0 -3 M NaCl-Tris-M gClo e x tra c t from  organic  phase  o f 2
4. CKi M NaCl-Tris-M gCU e x tra c t  from  organic  phase  o f 3
5. 3 a f te r  e th an o l p rec ip ita tio n , redissolved in  T ris buffer

In  order to  com pare the  yield and  com position of the bentonite prepared 
tR N A  w ith  th a t isolated from  th e  105,000 g supernatan t, leaves from  
tobacco were employed. H a lf of each leaf was used for the tw o m ethods 
and  sim ilar purification w ith  phenol and  D EA E chrom atography to  isolate 
F raction  IV  was used. There was no significant difference in the  yields 
obtained by  the two m ethods and  as shown in Table 2 the  proportions 
of m inor nucleotides in the R N A  samples were very similar. E xam ination  
of the  term inal nucleosides, however, indicated  th a t whereas the  sam ple 
isolated by centrifugation had  bo th  adenosine and cytidine term inal 
groups, only adenosine was found in the bentonite  prepared sample. We
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conclude th a t in  vivo all the  tR N A  is term inated  w ith adenosine b u t th a t  
during th e  isolation procedure using centrifugation enzymic rem oval of 
some term inal adenosine groups occurs.

T able 2
Tobacco leaf tR N A

M inor' nucleosides in  T r is -D E A E  F raction I V .
The same batch o f leaves was used for t/ье two preparations. 

V alues are mole/100 mole urid ine

N u c le o s id e C e n t r i f u g a t io n
p r e p a r e d

B e n to n i t e
p r e p a r e d

Pseudouridine 13-3 12(i
5-Methyluridine 4-4 441

5-Methylcytidine 3-7 34)

1 -Methyladenosine 3-8 3-8
1 -Methylguanosine 1-9 1-9
N 2-Methylguanosine 1-2 11
N2, N2-Dimethylguanosine 2-7 2-3
7-Methylguanosine 11 1-3
Inosine 0-5 0-6

Terminal groups
Guanosine diphosphate 7-3 5-9
Adenosine 4-8 0-3
Cytidine 1-4 —

T able 3
A nalyses o f D E A E  fractions , tobacco leaf tR N A ;  values are molejlOO mole

urid ine

N u c le o s id e
T r is

D E A E
I V

F o r m a te
D E A E

A f te r
A l i q u a t  336  
- te t r a e h lo r o -  

e th y le n e

F o r m a t e
D E A E

F o r m a te
D E A E

4

Pseudouridine 14-9 14-6 10-2 15-8 10-3
5-Methyluridine 4-0 5-3 0-2 0-4 2-7
1 - Methyladenosine 3-9 4 1 3-4 3-7 1 - 8

1 - Methylguanosine 2-7 2-5 2-5 2-5 10
N2-Methylguanosine 1-3 1-2 04) 1-0 0-3
N2, N2-Dimethylguanosine 21 2 2 2-3 2-9 0 - 8

7-Methylguanosine 1-5 14) 1-7 1-0 0-5
Inosine 0-6 0-6 0-7 0-2

Form ate-D E A E  3 represents RXA eluted w ith M NaCI after Tris-EDTA trea tm en t of 
th e  DEA E column.

Form ate-D E A E  4 represents ItN A  eluted w ith 0*1 N N aOH  from a form ate-D EA E 
column not trea ted  w ith Tris-EDTA, so will include some E N A  norm ally in fraction 3.
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The proportion of m inor nucleotides in various fractions from  the ben­
ton ite  m ethod are shown in Table 3. F raction  4 which is elu ted  w ith 0-1 M 
N aO H  probably represents high molecular weight R N A  together w ith the 
add itional 10%  of tR N A  which was not rem oved from  the  D E A E  bv 
Tris-ED TA  trea tm en t before this particu lar sam ple was eluted. The origin 
of the  high molecular weight RN A  which is elu ted  from  both  the  Tris- 
D E A E  and form ate-D EA E columns is still obscure. A possibility th a t  
it  originates from  ribosomes cannot be entirely  discounted as we have 
observed th a t when purified ribosomes are adsorbed onto bentonite, RNA

T able 4
Release o f R N A  from  bean leaf ribosomes 

P u rified  ribosom es (0-5 m g/m l) in 5 niM  M g S 0 4, 10 m M  N a /К  p h ospha te , 
p H  7'4 w ere tre a te d  w ith  5 m g/m l o f m agnesium  ben to n ite . Im m ed ia te ly  
o r a f te r  th e  in cu b a tio n  show n, th e  b en to n ite  w as rem oved b y  cen trifug ­
in g ,a t  15,000 rpm . for 10 m in  a t  0°. V alues rep resen t th e  ex tin c tio n  
a t  260 m  [I o f su p e rn a ta n ts  expressed as p ercen tages o f th a t  o f a  sam ple 
w hich con ta ined  no ben to n ite . R ibosom es p rep a red  by  m eth o d  o f D unn  

an d  H itch b o rn  (1965)

Treatment
Temperature

0° 20°

Centrifuged im mediately 5 15

Incubated without bentonite 3-5 h, then bentonite 
added and centrifuged immediately 6 24

Incubated 3 —5 h with bentonite before centrifu­
gation

24 46

T able 5
Incorporation o f UC-leucine into tR N A  using reticulocyte enzym es

tR N A . a d d e d C p m C p m /m g  R N A m g  m o le  
L e u c in e /m g  R N A

N one 36
20 y g  Yeast 258 11,120 0-82
20 /A g  R abbit reticulocyte 443 20,370 1-50
20 /A g  Tobacco leaf 1 425 19,450 1-43
20 y g  Tobacco leaf 2 351 15,790 1-16
20 y g  Tobacco leaf 3 261 11,260 0-83
20 / i g  French bean leaf 305 13,490 0-99
20 [ i g  Tobacco 1 -{- NaOH incubation 10

Incubation  m ixtures (0-2 ml) contained 0-1 ml enzyme and 0-1 fiC 14C-leucine, 10 //M 
each 19 amino acids, 5 mM ATP, 0-1 mM CTP, 3 mM m ercaptoethanol, .8 mM MgAc2, 
100 mM KC1, 20 mM Tris, pH  7-8. Incubation a t 36° for 25 min. IlN A  precip itated  w ith 
СТАВ a t pH  5 w ith  addition of 1 mg yeast RNA.
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is slowly released even a t  low tem peratu re  (Table 4). This release is depend­
en t on salt concentration and  is slower a t pH  6-5 (the pH  of bentonite- 
trea ted  sap) th an  a t pH  7-4 shown in Table 4. In  order to  te s t whether 
th is bentonite-induced degradation of ribosomes was occurring in our 
tR N A  preparation  m ethod, we incubated the  hom ogenate for different 
lengths of tim e a t 2 °C prior to  rem oving the  bentonite by centrifugation. 
The am ount of R N A  in the  supernatan t was not found to  increase with 
tim e, indicating th a t  our preparations are probably no t contam inated  with 
ribosom al RNA.

The yield of tR N A  m ade from  leaves of tobacco and beans by  the ben­
ton ite  m ethod am ounted  to  2— 4 m g/100 g leaf tissue. I t  was found to  have 
a  S 20 w of 4-0 and was tested  for am ino acid acylation using a crude enzyme 
prepara tion  from  rab b it reticulocytes (Table 5). Incorporation in the 
absence of added RNA was due to  a small am ount of tR N A  in th e  enzyme 
preparation. More leucine was incorporated into the  leaf tR N A  preparations 
th an  into a yeast tR N A  preparation  and  the  best tobacco preparation  ex­
hib ited  a sim ilar incorporation to  th a t of reticulocyte tR N A . Controls 
incubated w ith alkali were included to  ensure th a t  all the  rad ioactiv ity  
was due to  am inoacylation ra th e r th an  protein  synthesis.

As m uch of the  isolation procedure is carried out a t room tem perature, 
and some of the  am inoacylation experim ents were perform ed on preparations 
stored for over 12 m onths, it  seems certain  th a t th e  preparations are com­
pletely free of ribonucléase.

As th e  m inor nucleotide Y recently  identified as a guanine derivative 
(Nakanishi e t ah, 1970) occurs in wheat germ tR N A Phe (Dudock et ah, 1968) 
as well as in yeast tR N A phe (R ajB handary  e t ah, 1967) it seems probable 
th a t  it is present in tR N A  from  other p lants. As the  free base of this nucleo­
tide is released from  RNA by incubation a t  pH 2'9 (Thiebe and  Zachau,
1968) it seems likely th a t  one defect of our m ethod will be the  inactivation 
of tR N A Phe by th e  pH  3 trea tm ent.

A b rie f accoun t o f  th e  b e n to n ite  m eth o d  h a s  p rev iously  been  pub lished  (D unn  and  
F lack , 1970). The am inoacy la tion  experim en ts  w ere carried  o u t in  th e  D e p a rtm e n t 
o f  B iochem istry  o f th e  U n iv e rs ity  o f  C am bridge. W e w ould like to  th a n k  D r. R . J .  
Jack so n  for h is advice on these  experim en ts  and  P ro fesso r F . G. Y oung fo r allow ing 
one o f us (D .B .D .) to  spend a  period  in h is lab o ra to ry .
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N E W  ASPECTS OF T H E  A PPLICA TIO N  OF D IE T H Y L  
PYROCARBONATE IN  N U CLEIC ACID R ESE A R C H
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and
I .  F e d o r c s á k

DEPARTMENT OF GENETICS, EÖTVÖS I.OKÁND UNIVERSITY, BUDAPEST, HUNGARY

D iethyl pyrocarbonate (D EP; Mwt. 162, sp. gr. 112) is a  colourless clear 
liquid w ith  a very  low solubility in w ater. A sa tu ra ted  D E P  solution 
is 40 m il  w ith respect to  D E P .

D E P  decomposes rapidly in w ater (tx/ 2 1 hour a t  20 °C and  10 min
a t 37 °C) w ith the form ation of ethanol and carbon dioxide:

0  0
Il II

C ,H 5 0  C - 0 — C—O- C ,H 5 +  H , 0 ------------- -- 2 C ,H 5OH +  2 CO,

In  th e  presence of reactive groups, such as p rim ary  or secondary am ines, 
SH or OH groups, it gives rise to  carbethoxylated  products, e.g.

0 0 0

R , \ n h  +  C .H ,
II

- 0 — с  ()
II

C— 0
R .

C „ H ------- » > N -
II
C-

r / r /
+  C ,H .O H  +  CO,

Since in proteins all the above reactive groups occur, it  is not surprising 
th a t D E P  reacts w ith  proteins. The reaction leads to  dénatu ration  of the  
protein. I t  was suggested some years ago (Fedorcsák and  E hrenberg , 1066) 
th a t  th e  reaction between proteins and  D E P  should be exploited by  using 
DEP as a  nuclease inhibitor in the  ex traction  of undegraded nucleic acids. 
The idea was correct, and  we succeeded in developing a  m ethod based on 
the  use of D E P  as a nuclease inh ib itor for the  ex traction  of undegraded 
nucleic acids from  p lan t tissues (Solymosy e t ah, 1968; Solymosy e t ah, 
1970; Bagi et ah, 1970). The m ethod has since been applied by a num ber 
of investigators for the extraction of undegraded nucleic acids from  bac­
te ria  (Summers, 1970), fungi (Chet and Rusch, 1970a, 1970b; Melera e t  ah, 
1970), anim al (Zsindely e t ah, 1970) and  hum an (Abadom and Elsőn, 1970) 
tissues. W ith  m itochondrial ribosomes th e  D E P  m ethod seems to  be the 
only procedure by which undegraded rRN A  can be ex trac ted  (Forrester 
e t ah, 1970; Anonym , 1971; Lizardi and  Luck, 1971).

W ith  respect to  bo th  the  yields and  the  ex ten t of degradation of the  
nucleic acids isolated the  D E P  m ethod proved to  be superior to  the  con­
ventional phenol m ethod. All nucleic acids ex tracted  by the  D E P  m ethod 
from  different sources wTere analytically  indistinguishable from  nucleic 
acid preparations ob ta ined  by th e  phenol m ethod (sedim entation properties,
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Fig. 1. E ffec t o f tr e a tm e n t w ith  D E P  on th e  U V  ab so rp tio n  sp ec tra  o f deoxyribonu- 
cleoside 5 ’ p h o sp h a tes . To O'O m l o f  a  7 X 10 _4 M so lu tion  o f each deoxyribonucleoside
5 ’ p h o sp h a te  in  5 m i l  p h o sp h a te  bu ffer, p H  7, 35 fi 1 D E P  (............) or 28 /Л abs. e thano l
( ---------) w as 'ad d ed  an d  th e  m ix tu re s  w ere shaken  for 6 h  a t  37 °C. A fte r incubation
th e  sam ples w ere d ilu ted  w ith  5 mM  p h o sp h a te  bu ffer, p H  7, to  give a  read in g  o f ab o u t 
0-5 a t  200 n m  in  cells o f 1 cm  ligh t p a th . T he U V  ab so rp tio n  sp ec tra  w ere recorded  

in a  C ary  15 reco rd ing  sp ec tro p h o to m ete r
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electrophoretic m obility, behaviour on М АК columns, hybrid ization with 
DNA1.

W ith respect to  the  biological ac tiv ity  of the  RNAs ex tracted  by the 
D E P m ethod it should be em phasized th a t D E P  as used under the conditions 
of the extraction procedure does not influence essentially the  biological 
ac tiv ity  of RNAs (Fedorcsák e t al., 1969; Abadom  and  Èlson, 1970). On 
the  o ther hand, exhaustive treatment with D E P  of isolated biologically active 
R N A  does lead to  the  loss of the biological ac tiv ity  of RNA as shown for 
TMV-RNA by Gulyás and Solymosy (1970) as well as by Oxelfelt and  
A rstrand  (1970), and  for single stranded  poliovirus RNA by Öberg (1970).

The underlying mechanism  of the  inactivation  by D EP of infectious 
R N A  is m ost probably  the  carbéthoxylation by D E P  of the  bases, as shown 
for adenine by L eonard et al. (1970). C arbéthoxylation of nucleic acid 
com ponents, w hether separately  or in a polynucleotide chain, is reflected 
by  characteristic changes in the UV absorption spectra of D E P -trea ted  
bases, nucleosides, nucleotides (Fig. 1) and nucleic acids (Fig. 2), respec­
tively.

An interesting aspect of the carbéthoxylation of polynucleotides is th a t 
D E P  appears to  react only w ith single stranded  nucleic acids bu t not w ith 
double stranded  ones. This is shown by  the following observations:

1. N either th e  transform ing ac tiv ity  of bacterial DNA (Fedorcsák and 
T urtóczky, 1966), nor the  transfectiv ity  of double stranded  phage DNA 
(Kondorosi e t al., 1971) is influenced by D E P -treatm en t.

2. D E P  inactivates the  in fectiv ity  of single stranded  poliovirus RNA 
b u t n o t th a t  of the  double s tran d ed  replicative form (Öberg, 1970).

Since (a) D E P  reacts only w ith  single stranded  nucleic acids (Öberg, 
1970) and  m ost probably  only w ith the  single stranded  regions of a  random  
coil s tructu re  (Öberg, 1971) and (b) this reaction is reflected by a charac­
teristic change in th e  UV absorption spectrum , it should be possible to  
determ ine the  ex ten t of single-strandedness of a  nucleic acid by  reacting 
it w ith D E P  and  tak ing  the  UV spectrum  of the  reaction product. A quan­
tita tiv e  param eter of the  observed spectral change is provided by  the  
decrease o f given absorbance ratios (A2C0 nm/A 230 nm; A 2fi0 nm/A 270 nm and  
A 2B0 nm/A28o nm) ° f  D E P -treated  nucleic acids as com pared to  the  controls 
(cf. Fig. 2). i f  the above correlation in fact exists, the  UV spectra of nucleic 
acids w ith a more ordered s tructu re  are expected to  undergo less change 
(i.e. there should be sm aller decrease of a given absorbance ratio) upon 
exhaustive D E P trea tm en t th an  those of nucleic acids w ith a less ordered 
structure .

Indeed, nucleic acids w ith a more ordered s tructu re  were found to  be 
less reactive tow ards D E P th an  those w ith a less ordered s tru c tu re  (com­
mercial yeast RNA >  highly polym erized RNA >  heavy rR N A  from 
barley >  tR N A  (Fig. 3). Additional proof for the  dependence of the  reaction 
on the secondary s tructu re  of nucleic acids was obtained by carrying out 
the  trea tm en t of one particu la r nucleic acid w ith D E P  in solutions of 
d ifferent ionic strengths (Fig. 4). I t  m ay be seen th a t increase in ionic- 
strength , resulting in a more ordered s tructu re  of nucleic acids, was asso­
ciated with a reduced reactiv ity  of the  nucleic acid preparations. This was 
shown even more conclusively by com paring the  reactiv ity  tow ards DEP 
of single stranded  DNA with th a t of double s tranded  DNA (Fig. 5).
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In  fu rth e r experim ents it was tested  w hether there is л  quantitative relation 
between th e  ex ten t of single strandedness of a given nucleic acid preparation  
and  the  decrease of absorbance ratios calculated from  th e  spectra of the  
nucleic acid subjected to  exhaustive trea tm en t with D EP. F or th is purpose 
DNA was isolated from  E. coli according to  Thom as e t al. (1966), and  half 
am ount of the  DNA preparation  (2-5 A 2eo nm units/m l) was heat denatured  
for 10 min a t  100 °C and  rap id ly  cooled in ice. This sam ple was designated 
denatu red  (D) DNA. The o ther half of the  DNA preparation  was kept 
in th e  native s ta te  (N). Then D and  N  were m ixed in different proportions 
as shown in Fig. 6, and  th e ir UV spectra taken . As seen in Fig. 6 increasing 
am ounts of D  in the  m ixtures led to  increased hyperchrom icity  a t 260 nm.

Fig. 2. E ffec t o f tre a tm e n t 
w ith  D E P  on th e  u ltrav io le t 
ab so rp tio n  sp ec tru m  o f com ­
m ercial y ea s t R N  A. C om m ercial 
y eas t R N A  (9 /(moles o f  nucleo­
tid e  residue/m l) w as dissolved 
in  4 m l ()• 15 M N aC l an d  shaken  
w ith o u t th e  ad d itio n  ( о  —  о) 
o r w ith  250 /Л D E P  (ab o u t 
11 -fold excess over sa tu ra tio n  
level) ad d ed  ( •  • )  on a  w ris t
ac tion  shaker for 8 h  a t  room  
te m p e ra tu re . T he sam ples w ere 
th e n  d ilu ted  100-fold and  th e ir  
u ltrav io le t ab so rp tio n  sp ec tra  

tak en

F ig . 3. T im e-course o f sp ec tra l changes 
in  nucleic acids up o n  tr e a tm e n t w ith  
D E P . R a te  o f decrease o f th e  A 360 
nm/A , 30 nm ra tio . N ucleic acids (9 //moles 
o f  nucleo tide residue/m l) w ere d issolv­
ed in 4 m l 0-15 M N aC l and  w ere shaken  
w ith  o r w ith o u t th e  ad d itio n  o f 
250 //1 D E P  (ab o u t 11 -fold excess over 
sa tu ra tio n  level) on a  w ris t action  
shaker for 8 h  a t  room  te m p e ra tu re . 
A t th e  tim e in te rv a ls  ind ica ted  a liquo ts  
w ere w ith d raw n , d ilu ted  100-fold and  
th e ir  u ltrav io le t ab so rp tio n  sp ec tra  
tak en . T he A 260 nm/A 230 nm ra tio s  are 
expressed in  percen tage  o f  th e  A..r,onm/  
A nm ra tio  o f th e  respec tive  con ­
tro l sam ple shaken  u n d e r th e  sam e 
cond itions in th e  absence o f D E P .

o , tR N A ; •  • , b a rley  heav y
tR X A : □ —  □, h igh ly  polym erized 
R N A ; д  —  д , com m ercial y eas t RNA

Wavelength (nm)
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The sam ples were th en  divided into th ree aliquots. One aliquot served for 
th e  determ ination  of the  am ount of native DNA in the  m ixtures by  a 
spectrophotom etric m ethod described by H irschm an and Felsenfeld (1966). 
This was necessary to  be able to  estim ate quan tita tively  th e  am ount of 
double stranded  structu res in D due to  renatu ration . To the  o ther aliquot 
(0-6 ml) D E P  was added a t a ra te  of 58 /d /m l (10-fold saturation). To the 
th ird  aliquot (0'6 ml) abs. ethanol was added a t a ra te  of 47 /tl/ml (con­
centration  of ethanol arising from  the  decomposition of D E P  a t a con­
centration of 58 /d/ml).

Fig. 4. D ependence of th e  reac tio n  o f com ­
m ercial y eas t R N A  w ith  D E P  on th e  ionic 
s tre n g th  o f  th e  m ilieu  as revealed  b y  changes 
in  th e  u ltra v io le t sp ec tru m . E x te n t  o f 
decrease o f th e  A.,60 nm/A 230 nm ra tio . C om ­
m ercial y eas t R N A  (9 p inoles o f nucleo tide  
residue/m l) w as dissolved in 4 m l o f 0-03 
M N aCl ( □ —  □), 0-15 M NaCl ( о —  o) 
or 0-05 M M gCl2 ( a  —  a ) and  shaken  on 
a  w ris t ac tion  shaker w ith  o r w ith o u t th e  
ad d itio n  o f 250 pi D E P  (ab o u t 11-fold ex ­
cess over sa tu ra tio n  level) for 8 h  a t  room  
tem p e ra tu re . T herea fte r th e  sam ples w ere 
d ilu ted  100-fold and  th e ir  u ltrav io le t sp ec tra  
tak en . T he A 2eo nm/A .,30 nm ra tio s  a re  ex p res­
sed in percen tage  of th e  respective  con tro l 
sam ple shaken  u n d er th e  sam e cond itions 
in  th e  absence o f D E P

------ I------------ ;------------ 1- - - - - -1----- 1------ г
0 2 4  6 8

Time ( h )

Fig. 5. R eac tio n  o f n a tiv e  and  den a tu red  
D NA  w ith  D E P  as revealed  b y  changes in  
th e  u ltrav io le t spectrum . R a te  o f decrease 
o f th e  A 260 nm/A 230 nm ra tio . D oub le-stranded  
( о —  о) or sing le-stranded  (• —  •) D NA  
in  4 m l o f  15 mM sodium  c itra te  (0-17 
pm ole nucleo tide  residue/m l) w as shaken  
w ith  or w ith o u t th e  ad d itio n  o f 250 pi 
D E P  (ab o u t 11-fold excess over sa tu ra tio n  
level) fo r 8 h  a t  room  te m p e ra tu re . The 
reac tio n  betw een  D N A  an d  D E P  w as fo l­
lowed as described in  th e  legend to  F ig . 3. 
S ingle-stranded  DNA w as p rep ared  by  h e a t 
d é n a tu ra tio n  o f na tiv e  D NA
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T reatm en t w ith D E P  of the  DNA sam ples containing different am ounts 
of D was carried ou t under continuous shaking for 6 hours a t 37 °C. U nder 
these conditions the  reagent added is practically  com pletely decomposed. 
The ethanolic controls were trea ted  under the  same conditions. The UY 
spectra  of bo th  the  D E P -trea ted  samples (Fig. 7) and th e  ethanolic controls 
were recorded im m ediately a fte r trea tm en t and several absorbance ratios
( ^ 2oo т п /^ г з о  пт' 260  n m /^ 27o nm ^ 2 0 0  m n/-^28o nm) weie calculated
from  th e  spectra. The above absorbance ra tios obtained from the spectra 
of the  ethanolic controls did  no t differ from those calculated from the  spectra 
of the  individual m ixtures before trea tm en t. The absorbance ratios of the 
D E P -treated  sam ples were expressed in percentage of the  corresponding 
absorbance ratios obtained w ith the  respective controls. These percentage

F ig . 6. U V  ab so rp tio n  sp ec tra  o f E . coli D NA  sam ples p rep a red  by  
m ix ing  n a tiv e  E . coli D N A  (N) w ith  h e a t d e n a tu ra te d  E . coli D NÀ  
(D) in  d iffe ren t p ro p o rtio n s  ■ - ■ - ■ -, only D ; □ - □ - □ 3
p a r ts  11 —f- 1 p a r t  N  ; л  - д  - д - , 1  p a r t  D  -j- 1 p a r t  N  ; о  - о - о , 

I p a r t  D  -f- 3 p a r ts  N  ; on ly  N

Wavelength (nm)

Fig. 7. U V  ab so rp tio n  sp ec tra  o f D E P -tre a te d  D N A  sam ples p re ­
pared  by  m ix ing  n a tiv e  E . coli D NA  (N) w ith  h e a t d e n a tu ra te d  E . 
coli D N A  (D) in d iffe ren t p ropo rtions . T re a tm e n t w ith  D E P  w as 
done as described  in  th e  T ex t. F o r  fu r th e r  ex p lan a tio n  see cap tio n

to  Fig. 6
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100 п F ig . 8. D ependence o f th e  d e ­
crease o f  som e abso rbance  ra tio s  
ca lcu lated  from  th e  U V  sp ec tra  
o f D E P - tre a te d  E . coli DNA

АО

and  expressed in  p e rcen tage  o f 
th e  correspond ing  abso rbance  
ra tio s  o b ta ined  w ith  th e  respec­
tiv e  contro ls, on th e  increase in  
th e  am o u n t o f  d e n a tu ra te d  D NA  
in th e  m ix tu res . T he a m o u n t o f 
d e n a tu ra te d  D N A  in  th e  m ix ­
tu re s  w as ex p erim en ta lly  d e ­
te rm ined  accord ing  to  H irsch ­
m an  an d  Felsenfeld (1900). N , 
n a tiv e  D N A ; D , d e n a tu ra te d  
D N A ; A 260 пт/Агзо nm:
X * X - X , A A.,60 nm/A 270 nnl;
О  -  О  -  О  -  О ,  А 26 0  п т / А - я о  п т260 11П1.

о пш '

3D 1D 1D
% N in the mixture

values are p lo tted  in Fig. 8 versus the  am ount of native DNA in the  m ix­
tures, as determ ined by  the  m ethod of H irschm an and  Felsenfeld (1966). 
I t  can be seen th a t the  ex ten t of decrease of all th ree absorbance ratios 
tested  was correlated w ith the am ount of single stranded  DNA (D) in the 
m ixture. This suggests th a t  D E P  m ay be a useful tool in th e  estim ation 
of the  single strandedness of DNA samples. E xperim ents are in course 
to  test the m ethod w ith DNAs of different base compositions.

P a r t  of the  results presented here have been described elsewhere (Soly- 
mosy et ah, 1971).

The diethy l pyrocarbonate (D EP) m ethod, developed in our laboratory  
fo r  th e  ex traction  of undegraded nucleic acids, is used in a num ber of 
laboratories and, as a rule, yields biologically active nucleic acid p rep ara ­
tions. U nder specific conditions (exhaustive trea tm en t of isolated nucleic 
acids), however, D E P  reacts w ith  single stranded  nucleic acids. The reaction 
is reflected in well pronounced spectral changes of the  trea ted  nucleic acid, 
and  th is can be useful in the  estim ation o f single strandedness of nucleic 
acid preparations as shown here for DNA samples containing different 
am ounts of single stranded  structures.

A b a d o m , P . N . a n d  E l s ő n , D . (1970): A p ro c e d u re  fo r  iso la tin g  t r a n s f e r  r ib o n u c le ic  
a c id  fro m  h u m a n  p la c e n ta .  B iochim . B iophys. Acta  199, 528 — 531.

A n o n y m  (1971): P u zz le  o f m ito ch o n d ria l ribosom es. N ature Nevr Biology 229, 129 — 130. 
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R N A  polym erases (1 an d  11) and  several p ro te in  frac tions (A, В and  C) from  th e  
chrom osom al acidic p ro te in s  o f coconu t endosperm  nuclei h ave  been iso lated . R N A  
po lym erase I  pu rified  th ro u g h  th e  Q A E -sephadex  step  gives a  single band  in  p o ly ­
acry lam ide  gel elec trophoresis. I n  gels con ta in ing  SDS, th is  enzym e show s m u ltip le  
b an d s in d ica tin g  its  su b u n it n a tu re , p H  o p tim a  fo r b o th  R N A  po lym erases a re  a t  
8’0. R N A  po lym erase  I  is m ax im ally  a c tiv a te d  by  M n2+; w hile I I ,  by  Mg2 + . The 
ac tiv itie s  o f  b o th  th e  enzym es a re  s tim u la ted  b y  frac tio n  B . A ll th e  frac tions excep t A 
a re  su b s tan tia lly  free from  nucleases. B o th  R N A  polym erases req u ire  an  ad d ition  
o f D N A  for ac tiv ity . F ra c tio n  В is ineffective e ith e r w ith  d en a tu red  coconut D NA  
or n a tiv e  X D NA. , ,

The role o f  p ro te in  F a c to r  В  and  C on R N A  syn thesis b y  R N A  po lym erase  I 
iso lated  from  chrom osom al non -h istone  p ro te in s  o f  coconut nuclei h as been stud ied  
fu r th e r . F a c to r  В h as been  im p lica ted  as th e  in itia tio n  fac to r on th e  experim en ta l 
evidences th a t  a )  in  its  absence, R N A  po lym erase I  shows on ly  m in im al a c tiv ity ; 
b) it  can  b ind  w ith  R N A  polym erase and  th e  enzym e-factor В com plex  th e n  b inds 
to  D N A , b u t F a c to r  В  alone can n o t b ind  to  D N A ; c )  i t  p rom otes th e  in co rpo ra tion  
o f ß,y— ‘32P — A T I’ in to  R N A  and  th is  s tim u la tio n  reaches a  p la te a u  ra th e r  quick ly  
w hile th e  in co rpo ra tion  o f  14C— A T P in  th e  in te rio r o f R N A  chain  con tinues; d )  it  is 
ac tiv e  w ith  n a tiv e  hom ologous D N A  as tem p la te , b u t n o t w ith  d en a tu red  or X DNA; 
e )  R N A  m olecules syn thesized  in  its  presence a re  o f h igher sed im en ta tion  value 
(10— 20S) th a n  th a t  syn thesized  in  its  absence (4S); f )  it  can  com pletely  co u n te rac t 
th e  in h ib ito ry  effect o f rifam pic in , w hich is know n to  in h ib it R N Â  syn thesis a t  th e  
in itia tio n  step .

F a c to r  C seem s to  fa c ilita te  th e  release o f syn thesized  R N A  from  th e  D NA  tem p la te  
since (i) it  s tim u la te s  R N A  syn thesis b y  po lym erase I  w hen added /on  to p  o f F a c to r  B, 
b u t in  absence o f F a c to r  В , C alone is inac tiv e  (ii) i t  can  re in itia te  R N A  syn thesis 
a f te r  th e  reac tio n  h as reached  a p la te a u  in  a  system  w here D NA  is lim iting , an effect 
sim ilar to  th a t  ob ta ined  a t  h igher ionic s tren g th . F a c to r  C, how ever, does n o t influence 
th e  m olecu lar size o f R N A  synthesized .

IN T R O D U C T IO N

The existence of ribonucleic acid polym erase (E.C. 2.7.7.6) has been re­
cognised first by  Weiss (1960) from  m am m alian tissue. The enzyme either 
in soluble or aggregate form has been reported  la ter from  bacteria  (H urw itz 
et al., 1960; Stevens, 1961; Ochoa et al., 1961), p lan ts (H uang et al., 1960) 
and anim al system s (Biswas and  Abrams, 1962). I t  was though t previously 
th a t  only the  aggregate form was prevalent in eucaryotic organism, bu t 
the  soluble form has also been isolated from  higher organisms (Ram úz et 
ah, 1965; F u rth  and  Loh, 1963). I t  seems th a t  bo th  the  soluble and  aggre­
gate forms exist in th e  eucaryotes, their concentration varies w ith  the  
physiological condition of the  cell (Ishiham a, 1967). Specific RNA poly­
merases have been dem onstrated  in chloroplasts (Surzycki, 1969: Tewari



and  W ildm ann, 1969) as well as in m itochondria (Shmerling, 1969). RNA 
polym erase from  these organelles are sensitive to  rifam picin while th a t 
from  the  nucleus are insensitive. There are two or th ree types of RNA 
polym erase in eucaryotic cells (W idnell and  T ata , 1964; Pogo et ah, 1967; 
Maul and H am ilton, 1967; R oeder and R u tte r. 1969; Kedinger et ah, 1969). 
They7 differ in m etal ion requirem ent for their ac tiv ity  (W idnell and  T ata , 
1964; Pogo et ah, 1967; M aul and H am ilton, 1967; Roeder and R u tte r,
1969) and  also in sensitivity  to  antibiotics (Kedinger e t ah, 1969; Mondai 
et ah, 1970). From  our laboratory  R N A  polym erases from  the chrom atin 
of coconut differing in m etal ion requirem ent and  in susceptibility7 to 
rifam picin have recently  been reported  (Mondai e t ah, 1970). W ith the  
discovery of in itiation factor (cr-factor) by Burgess et ah (1969) and  te r ­
m ination factor (^-factor) by  R oberts (1969), a  new facet of research on 
the  transcrip tional processes has been stim ulated . Before these discoveries, 
Н ага and Mitsui (1967), D avidson et ah (1969) and  Khesin et ah (1969), 
also isolated factors th a t  stim ulate  R N A  synthesis. B u t it is no t known 
w hether th is is sim ilar to  th e  cr-factor, la ter discovered by Burgess et ah 
(1969). A factor th a t  stim ulates RNA polym erase from  coconut nuclei 
has been found to  have a  definite role in in itiation (Mondai e t ah, 1970) 
A nother factor isolated from  the  acidic protein of chrom atin seems to  
influence the  release of RN A  synthesized as well as term ination  (Mondai 
et ah, in press). Some of these aspects are discussed in this lecture.

M A T E R IA L S  A N D  M E T H O D S

Green coconuts (Cocos nucifera) 4—5 m onths old were ob tained  from 
the local m arket. ATP, GTP, CTP, U T P  and ion-exchange resins were 
purchased from  Sigma Chemical Com pany, St. Louis, Missouri, U.S.A. 
H ighly polym erized calf thym us DNA was obtained from  W orthington 
Biochemical Corporation; rifam picin (Pitman-M oore, Division of the Dow 
Chemical Com pany, Indianapolis, U.S.A.) and  DNA were ob tained  as a 
gift from  Dr. S. Adhya, Bose In stitu te , C alcutta; 14C-ATP (160 mCi/m mole), 
1!C-GTP (17 mCi/m mole) and 3H -U T P (2Ci/m mole) were obtained from 
Radiochem ical Centre, Am ersham , England, and 32P-orthophosphoric acid 
was supplied by th e  D epartm ent of Atomic Energy, Trom bay, India. 
32P-pvrophosphate was prepared from  32P-orthophosphoric acid by7 the 
m ethod of Bergm an e t ah (1961). Nuclei were isolated from  the  coconut 
endosperm  by  the m ethod o f M ondai e t ah (1970). The crude chrom atin 
was isolated from  th e  nuclei by  the m ethod of Bonner and H uang (1963). 
RNA polym erases and  factors were isolated as described earlier (Mondai 
e t ah, 1972). Polyacrylam ide gel electrophoresis a t pH  8-0 followed 
the general m ethod of D avis (1964). Gels w ith added 8 M urea as described 
by Jov in  e t ah (1964) and  w ith 0-1%  SDS as described by  W eber and 
Osborn (1969), were prepared whenever necessary. The pyrophosphate 
exchange m ethod was followed for R N A  synthesis for prelim inary assay 
(K rakaw  and F ronk, 1969). E lectrophoresis of RNA was carried ou t in 
2-5%  polyacrylam ide gel according to  B ishop e t ah (1967). /?,y-32P-A TP 
was prepared  by  the  m ethod (Bergm ann e t ah, 1961) of 32PPj exchange 
into ß,y  positions of ATP in presence of am ino acids and  crude activating  
enzymes from  Azotobacter vinelnndii.
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RESULTS

Isolation and purification of R N A  polymerase

The acidic proteins were ex tracted  from  the  chrom atin as previously 
described and  this fraction was passed through CM cellulose and  the effluent 
was sa tu ra ted  w ith 30—55%  am m onium  sulphate. The precip ita te  was 
dissolved and  dialyzed against TME buffer (Tris 0-01 M, pH  8-0, m ercapto- 
ethanol, 0-001 M and  EDTA, 0-0001 M). The preparation was charged on

О

Fig. la .  E lu tio n  p rofile  o f R N A  po lym erases and  fac to rs from  D E A F  
cellulose colum n. T he 30— 55%  am m on ium  su lp h a te  frac tion  (27-5 mg) 
w as charged  on a  (2 5 x 0 -9  cm) D E A E  cellulose colum n. 1 m l frac tions 
o f  th e  KC1 e lu a te  (flow  ra te  1 m l/5  m in) w ere collected an d  O .D . 280 
m /i m easured  ( - • - • - • - ) .  T he po lym erase a c tiv ity  w as assayed  w ith  
each frac tio n  (- о  - о - о  -) b y  th e  p y ro p h o sp h a te  exchange m ethod  

(K rakaw  an d  F ra n k , 1969)

F ig . lb .  E lu tio n  p rofile  o f  R N A  po lym erase  I  from  Q AE Sephadex (A 50). 2 m l 
con ta in ing  2 m g o f  R N A  po lym erase I  ob ta in ed  from  cellulose colum n ch ro ­
m a to g rap h y  w as loaded on to  a  Q AE S ephadex  colum n (2 5 x 0 -9  cm ), 1 m l 
frac tio n s w ere collected a t  th e  ra te  o f I m l/5  m in  and  O .D . 280 rn/i w as
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DEAE cellulose column equilibrated  w ith  the  same TME buffer and eluted 
with a linear gradient of KC1 in the  sam e buffer. The RNA polym erase 
activities eluted a t 0-1 M KC1 and  0-2 M KC1 were designated as RNA 
polym erase I  and  II , respectively. Along w ith the polym erases th ree o ther 
fractions of proteins (A, B, C) were elu ted  a t  0-05 M. 0-55 M and 0-02 M 
KC1, respectively (Fig. la). RNA polym erase I  was rechrom atographed 
on a QAE Sephadex column and elu ted  w ith  a linear gradient of KC1 (Fig. 
1 h). RNA polym erase ac tiv ity  was detected  in the  first peak. Sum m ary 
of the purification of enzymes is given in Table 1. RNA polym erase I  and II 
are purified 170 and 70 fold, respectively, starting  from  the soluble chro­
m atin  w ith a recovery of 7 %  in the  form er case and 83%  in the la tte r  case.

T able L
Summary of the purification of RNA-polymerases

S te p
T o ta l

P r o te in  (m g )
S p e c if ic  
a c t i v i t y  

( U n i ts /m g ) a

T o ta l
U n i t s '3

1. 2M NaCl extracted soluble 
chromatin 502 14 7,028

2. Acidic protein 143 44 0,292
3. CM cellulose chrom atography 

a t pH  6-4 140 43 6,020
4. 30 — 55% (NH4)2S 0 4 fraction­

ation 27-5 250 7,040
5. DEAE cellulosec

A. F irst activity  peak (R .) 2-0 740 1,480
B. Second activ ity  peak (Rj , ) 6-0 972 5,832

В. QAE Sephadex (Rj) 0-213 2,340 514

a Enzyme activ ity  was assayed by  the incorporation of l4C-ATP into acid-insoluble 
products.

b One un it is defined as th a t am ount of enzyme which can incorporate 1 /immole of 
14C-ATP in 15 min under the assay conditions.

c A fter th is  step of purification factor В (the protein fraction in Fig. 1) was added to  
th e  assay system.

Requirements for R N A  polymerases

RNA polym erase I  displays m axim um  activ ity  w ith Mn2 + at a concentra­
tion  of 2 mM. P a rtia l ac tiv ity  w ith Mn2+ is m ain tained  a t a broader range 
(5— 10 mM). In  case of RN A  polym erase I I  m axim um  ac tiv ity  is recorded 
w ith Mg2+ a t a concentration of 10 mM b u t partia l ac tiv ity  is obtained 
w ith 2 mM of Mn2 + . Both polym erases exhibit an absolute requirem ent 
for DNA; denatu red  DNA is slightly effective. I f  fraction В is om itted  the 
ac tiv ity  decreases to  7— 10% of th a t w ith fraction  B. However, w ith de­
natu red  DNA or A DNA this decrease is not no ted  suggesting th a t fraction В 
acts only w ith  double stranded  DNA (Table 2). W hen fraction C is added 
a t  0 min, an inhibition in RNA synthesis is exhibited. However, no nuclease 
has been detected  in fraction В and  C. But fraction C added a fte r 10 min
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prom otes RNA synthesis. This aspect will be discussed later. The enzyme 
activ ities are influenced by th e  ionic streng th  as is usually observed w ith 
o th er R N A  polymerases. In  the  presence of 0-2 M KC1 an increase of 40— 
50%  in enzyme activ ity  is recorded. The ac tiv ity  of bo th  polym erases 
is m axim al a t pH  8-0.

T able 2
Requirem ents for R N A  polymerases

T he in c u b a tio n  system  w as th e  sam e as described u n d e r m a te ria ls  an d  m ethods 
(M ondai e t al., 1972); 250 fig o f R N A  po lym erase I , 250 fig o f R N A  polym erase 
I I  an d  30 fig each o f fa c to r В  an d  C o b ta ined  from  th e  D E A E  colum n (Fig. 1) w ere

used in  ap p ro p ria te  cases

C o n d i tio n s  o f  
t h e  e x p e r im e n t

14C -A T P  in c o r p o r a te d  
fi/мm o le s /m g  o f R N A  
p o ly m e r a s e  I  ( D E A E  

f ra c t io n s )

14C -A T P  in c o r p o r a te d  
ju /x m o les/m g  o f  R N A  

p o ly m e r a s e  11 
( D E A E  f ra c t io n s )

1 Complete system* 740 972
— Coconut DNA 0 0
— Factor В so 132
— Coconut DXA, — Factor B, -\- denatured

coconut DXA 51 90
— Coconut DXA, -|- denatured coconut DXA 50 137
— Coconut DNA, /  DNA, — Factor В 145 —

-  Coconut DNA, -f- X DNA, 180 —

— Coconut DNA, -)- Calf thym us DNA 632 901
-p Factor C 213 30 0
— Coconut DXA, -(- denatured DXA,
-(- Factor C 110 130
-  Mn2 + , +  Mg2+ 382 —

— Mg2 + , -  Mn2 + — 448
- f  0-2 M KC1 1,072 1,436

* Complete system  contains Factor В also.

Subunits of R N A  polymerase I

Polym erase I  a fte r purification w ith  QAE Sephadex (Aso), on polyacryl­
am ide gel electrophoresis exhibits a single band (Fig. 2a) nearer to  the 
cathode end. The sam e preparation, when electrophoresed in gels w ith  
added 8 M urea tends to  be dissociated in more th an  one band  (Fig. 2c), 
whereas in 0-1%  SDS gels the subunit s tructu re  is the most clear cut. The 
enzyme resolved in a t least 4 bands (Fig. 2b).

Role of Factor В

Of the  five protein  peaks obtained from  D EA E cellulose column, the  one 
eluted a t 0-55 M KC1 (fraction B) had a stim ulato ry  ac tiv ity  on the RNA 
polymerases. The ex ten t fo stim ulation depended on the  am ount of Factor 
В  added, when the  am ount of RNA polym erase I  was kept constan t.
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S aturation  was reached when th e  ra tio  of RNA polym erase I  to  F ac to r В 
was 10 : 1. The enzyme RN A  polym erase I  (and also RNA polym erase II)  
was alm ost incapable of i n  v itro  R N A  synthesis w ithout the  addition of 
F ac to r В (Fig. 3).

The mode of action  of F ac to r В on R N A  polym erase was fu rth e r eluci­
dated . F or th is purpose, th e  incorporation of ß,y-32P-A TP (which is a 
m easure of R N A  chain initiation) and  of 14C-ATP (which is incorporated 
in to  the  internucleotide linkages as well) into acid-insoluble products was

F ig . 2. P o ly acry lam id e  gel e lec­
tropho resis  o f R N A  po lym erase
J. (a) P o lyacry lam ide  gels, p H  
8-3, con ta in ing  5%  acry lam ide, 
and  0-133%  m eth y len e  b isacry l- 
am ide, w ere elec trophoresed a t  
4 m A  p e r  tu b e  fo r 21 h . R N A  
po lym erase  I  (Q A E frac tion ), 
10 fig in  50 ^1 w as app lied , (b) 
SDS gels, con ta in ing  0-1%  SDS, 
0-1 M sodium  ph o sp h a te , p H  
7-2, 5%  acry lam ide , and  0-135%  
m ethy lene  b isacry lam ide, w ere 
e lec trophoresed  a t  8 m A  p er tu b e  
for 4 h . Po lym erase  I  (QAE fra c ­
tion ), 20 fig in  0-1 m l o f ap p lica ­
tion  buffer con ta in ing  0-1 % SD S, 
1%  2-m ercap toethano l, 0-01 M 
sodium  ph o sp h a te , p H  7-2 10% 
glycerol, and  0-002% brom ophe- 
no l b lue, and  app lied  d irec tly  to  
the 'gels. (c) 8 M u rea  gels, p H  8-3, 
con ta in ing  5%  acry lam ide  in  th e  
ru n n in g  g e la n d 2 -5 % acry lam ide  
in th e  stack in g  gel, w ere e lec tro ­
phoresed  a t  3 m A  p e r  tu b e  for 2 h . 
Po lym erase  I  (Q AE frac tion ), 
20 fig in  50 fi\ o f 8 M u rea  con ­
ta in in g  1%  m ercap to e th an o l and  
0-0002%  brom ophenol b lue w as 
applied

F ig . 3. O p tim al concen tra tio n  
o f  F a c to r  В fo r R N A  po lym e­
rase I . The cond itions of th e  
exp erim en t w ere th e  sam e as in  
T ab le  3. The enzym e a c tiv ity  
w as assayed  b y  th e  p y ro p h o s­
phate  exchange m ethod as describ­
ed in  prev ious p a p e r  (M ondai 
e t ah , Í972) v a ry in g  co n cen tra ­
tio n s o f  F a c to r  В an d  50 fig o f 
po lym erase  I  (D E A E  frac tion ) 
w ere used in each se t o f th i s  
experim en t
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Fig. 4. K ine tics  o f in itia tio n  and  to ta l syn thesis o f  R N A . T he 
cond itions o f th e  exp erim en t w ere th e  sam e as in T able  1. 
/?,y-32P -A T P  (2 x  108 cpm //unole) w as used for de tec tion  o f th e  
in itia tio n  and  14C-ATP ( l x J O 7 cpm //nnole) w as used fo r d e ­
te rm in in g  th e  to ta l syn thesis. T em p era tu re  w as ad ju s ted  a t  
20 °C to  follow  th e  in itia l inco rpo ra tion ; 100 /ig o f p o ly m e­

rase  I  (D E A E  frac tion ) and  10 //g o f F ac to r В w ere used

F ig . 5. A c tiv ity  o f F a c to r  В  w ith  po lym erase  I  and  I I .  200 //g 
o f F ac to r В w as sep a ra ted  b y  5%  p o lyacry lam ide  gel elec­
tropho resis as described in  th e  te x t  (M ondai e t al., 1972) 
each 2 m m  slice o f  th e  gel w as ex trac ted  o v e rn ig h t w ith  0*2 m l 
TM EG  buffer. T hen , each ex trac ted  frac tio n  w as assayed  
sep a ra te ly  w ith  50 //g po lym erase  I  ( - • - • - • - )  and  50 //g 
po lym erase J I  (- о  - о - о -). The assay  m ix tu re  w as th e  

sam e as in  T able 1
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studied. W hen assayed a t 37 °C, it was found th a t  the  incorporation of 
ß,y-32-P-ATP was very fast and reached a plateau w ithin tw o minutes 
(results not given). To slow down this ra te , the  incubation was then  carried 
ou t a t 20 °C. In  this case, the  incorporation of /?,y-32P-ATP was linear 
from  the  beginning and reached a p lateau around 6 min. The incorporation 
of 1JC-ATP, on the o ther hand, was m uch slower at t lie beginning and  then 
increased linearly from  5— 10 min under the  assay conditions (Fig. 4). 
I t  appeared, therefore, th a t  F ac to r В m ight ac t as an  in itiation  factor. 
F u r th e r  evidence th a t  В acts as the in itiation factor came from the  experi­
m ents to  be described later.

As the  fraction В from  D EA E cellulose column was a m ix ture of proteins, 
as revealed by polyacrylam ide gel electrophoresis, we w anted to  see if the 
sam e protein was responsible for stim ulating the  ac tiv ity  of b o th R N A  
polym erases (I and  II)  or there  were two different factors. We, therefore, 
sub jected  fraction В to  polyacrylam ide gel electrophoresis, sliced the  gel 
an d  ex tracts of each gel slice were assayed for the stim ulato ry  ac tiv ity  
for bo th  RNA polym erase 1 and 11 R esults presented in Fig. 5 m ay indicate 
th a t  either the  sam e factor acts on both  polym erases or, a t least, the factors,

Slice number

F ig . 6. B ind ing  o f F a c to r  В w ith  po lym erase 1. A. 50 fig 
F a c to r  В  alone; B . 50 fig F a c to r  В  w ith  100 fig polym erase 
I  w ere e lee trophoresed  sep a ra te ly  on  5%  po lyacry lam ide  gel 
as described  in  th e  te x t  (M ondai e t ah , in  p ress).T he  gels w ere 
sliced, e x tra c te d  an d  assayed  as described. T he a c tiv ity  of 
F a c to r  В  in  Fig. A  w as assayed  w ith  50 fig po lym erase  I 

added  ex traneously
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if different, are closely sim ilar and cannot be separated  by this m ethod. 
L a te r F ac to r В was purified through QAE Sephadex chrom atography and  
resolved to  a single protein.

Complex formation of Factor В  with R N A  polymerase and D N A

I t  is known in the case of E. coli th a t  th e  a factor binds w ith th e  core 
RNA polym erase and  th e  enzym e-factor complex again binds w ith the 
tem plate  DNA (Burgess e t a l., 1969). A sim ilar situation exists in the  present 
case w ith the  coconut RNA polym erase and  F ac to r B. W hen the  crude 
Factor В preparation  was separated  by electrophoresis on polyacrylam ide 
gel and  the  slices were assayed for stim ulato ry  ac tiv ity  w ith added R N A  
polym erase I. the factor ac tiv ity  was located a t  slice No. 7 (Fig. 6A). But 
when a m ixture of R N A  polym erase I  and  factor В was run  and sim ilarly 
assayed w ithout any  ex ternal addition of enzym e or factor, the  ac tiv ity  
could be located in slice No. 3 (Fig. 6B). I t  was observed in separate ex ­
perim ents th a t  the ac tiv ity  of the  enzyme, when ru n  alone in electrophoresis, 
was also located in slice No. 3. I t  is clear from  these results th a t  under th e

300

E
iso a. 

A.

Fig . 7. B ind ing  o f R N A  polym erase I  and  fac to r В  w ith  D N A . A m ix ­
tu re  o f 100 fig o f  RN A  po lym erase  I  (D E A F  frac tion ) and  10 fig o f 
fa c to r В was cen trifuged  in  th e  presence o r absence o f 2 '0 O. D .2eo 
uni t s  o f coconu t endosperm  D N A  on a  5— 20%  linear sucrose g rad ien t 
in  0-01 M Tris, 0-1 M NaCl, p H  8-0 for 2 h  a t  37,000 rp m  in  th e  SW  
39 ro to r  o f Spinco m odel L-2 u ltracen trifuge . A fter th e  ru n , frac tions 
o f 15 d rops (ca. 0"25 ml) w ere collected from  th e  b o tto m  o f th e  tubes. 
T he frac tions w ere assayed  fo r R N A  po lym erase a c tiv ity  b y  32PPj ex ­
change. 1) O. D . a t  260 m fi o f D NA  on ly  ( - • - • - • - ) .  2) A c tiv ity  of 
R N A  polym erase ru n  w ith  D NA  and  F a c to r  В  ( - ▲ - £ - ▲ - ) .  3) The 
a c tiv ity  o f th e  sam e ru n  w ith  F B  only  (- д  - д - Д -). T he D NA  was 

added  ex traneously  in  th e  3rd se t for d e tec tio n  o f th e  a c tiv ity
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incubation conditions, F ac to r B associates w ith  R N A  polym erase I. The 
factor being presum ably of mucii sm aller molecular w eight th an  th e  enzyme, 
its  association w ith  the  enzyme does not appreciably change the  size or 
charge of the la tter.

W hen a m ix ture of R N A  polym erase I  and  F ac to r В was centrifuged 
along with DNA in a sucrose gradient, bo th  the enzyme and factor activities 
sedim ented a t  the  same region as DNA (Fig. 7). However, when RNA poly­
m erase I  and  F ac to r В were separately  centrifuged along wi111 DNA. it was 
found th a t th e  enzym e was bound to  DNA while the  factor rem ained a t 
th e  top  of the  gradient (results no t presented). These experim ents clearly 
show th a t  th e  enzym e-factor complex can bind to  DNA, though the  free 
factor cannot.

Inhibition  of R N A  'polymerase I  by rifam picin and its reversal
by Factor В

N uclear RNA polym erase system s from  eucaryotic cells have generally 
been found to  be insensitive (H artm ann  e t ah, 1967) to  the  drug rifam picin 
which inhibits RNA polym erase from  procaryotes a t  the  in itia tion  step 
(W ehrli e t ah, 1968; M auro et al., 1969). However, we found th a t of the  two 
enzym es from coconut nuclei, RNA polym erase I  was inhibited by the drug 
whereas RNA polym erase I I  was not (Mondai et al., 1970). F igure 8 shows 
th a t  m axim um  inhibition of RNA polym erase I  in the presence of sa tu ra ting  
am ounts of F ac to r В (5 yg) is ob tained  a t  a rifam picin concentration of

Fig. 8. M inim al concen tra tio n  o f rifam pic in  to  in h ib it th e  
R N A  sy n th esis  by  R N A  po lym erase  I . T he conditions 
o f th e  ex p erim en t w ere sam e as in  T able 3. R ifam p ic in  in 
v a ry in g  concenti a tio n  w as added  to  th e  in cu b a tio n  m ix ­
tu re s  befo re  F a c to r  В w as ad d ed  (5 fig) to  th e  R N A  

po lym erase  I  (50 fig) in  each experim en t
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The effect o f r ifa m p ic in  on R N A  polymerase I  
The in cu b a tio n  system  (e ither 0 5  m l or 0 2 5  ml) con ta in ing  
Tris-H C l, p H  8'0, 0 0 4  M; E D T A  0 ’2 mM ; 2-m ercap toethano l 
5 mM ; M nCl2, 0-002 M; K 2H P 0 4 0 '4  mM ; KC1 0-16 M; 
th e  four tr ip h o sp h a te s  each  0-15 mM , of w hich one was 
labelled (14C-A TI>, specific a c tiv ity  1 x 1 0 ’ cpm//«mole, or 
3H -U T P , specific a c tiv ity  4 x 1 0 °  cpm //im ole); coconut 
endosperm  D N A  40 /ig/rnl. 50 fig  po lym erase I , 5 fig F a c to r  
В and  rifam picin  4 /tg/ral w ere used in  each se t o f th is  
experim en t. The com ponents w ere added  in  specific o rder 

as described  below

Table 3

Order of addition “ C-TJTP
(jtijttmoles/mg)

NTP*, DNA, enz. I, rifam., Factor В 32
NTP, enz. I, Factor B, rifam., DNA 790
XTP, enz. I, Factor B, rifam., DNA 750
NTP, DNA, Factor B, rifam ., enz 1 52
DNA, NTP, enz. I, Factor B, rifam. 800
DNA, enz. I, Factor B, N TP, rifam. 740

* N TP means 4 nucleoside triphosphates including labelled ATP, before addition o f 
XT P the o ther components were added as m entioned above.

Pig. 9. C om petitive  effects o f rifam pic in  an d  F a c to r  В on th e  a c tiv ity  o f R N A  p o ly ­
m erase 1. T he conditions o f th e  experim en ts were th e  sam e as in  T able  3. I n  one se t 
o f experim en ts, 2 fig o f rifam p ic in  w as added  to  50 fig o f R N A  po lym erase 1 followed
b y  F a c to r  В  in v ary ing  co n cen tra tio n  ( - • - • - • ) .  The d o tted  line (---------------- )
ind ica tes th e  con tro l a c tiv ity  o b ta ined  w ith  50 fig o f po lym erase I  and  5 fig o f F ac t or В

in  th e  absence o f  rifam pic in

103



Table 4
E ffec t o f Factor G on in itia tion  and polym erization  

The in cu b a tio n  m ix tu re  (0'25 ml) con ta ined  th e  com ponents as described  in  T ab le  1. 
B oth  ß, y -32P -A T P  (2 X 108 cpm //nnole; 0-15 mM ) an d  3H -U T P  ( l X l O 7 с р т /д т о 1 е ; 
O'15 mM ) w ere used in these experim en ts. In  each  incuba tion , 50 yg  o f R N A  p o ly ­
m erase I  (QAE frac tion ) an d  5 yg  o f F a c to r  В  w ere added  a t zero tim e. T hen , 5 yg  
o f crude F a c to r  C (dialysed D E A E  frac tion ) o r pu rified  F a c to r  C (elu ted  from  gel 
a f te r  e lec trophoresis an d  corresponding  to  5 yg  o f crude C) w as added  a t  th e  specified 
period. A liquots from  th e  in cu b a tio n  m ix tu re  w ere soaked in W h a tm a n  3MM filte r 
p ap e r discs and  d ried . The discs w ere tr e a te d  w ith  10% TCA, w ashed w ith  5%  TCA 
con ta in ing  0 '25 M sodium  py ro p h o sp h a te , e th an o l and  finally  w ith  e ther. The discs

w ere th e n  dried  an d  coun ted

I n c u b a t io n
s y s te m

T im e  o f  
a d d i t i o n  o f  

F a c to r  G

T o ta l
in c u b a t io n

p e r io d

ß ,y - 32P -A T P
in c o r p o r a te d

3H - U T P
in c o r p o r a te d

M in u te M in u te p .jiim o le /m g m /x m o le /m g

Polymerase 1 - j -  Factor В 0 20 10 3-89
Polymerase I - j -  factor В 0 40 13 4 -09
Polymerase I —(— В —(- crude C 0 20 10 2-88

Polymerase I — | —  В — purified C 0 20 10 6-12

Polymerase I +  В +  purified C 20 40 23 8-96

Fig. 10. S canning  o f  F a c to r  C a c tiv ity  a f te r  gel e lec tropho re­
sis. 40 yg  o f F a c to r  C w ere su b jec ted  to  5%  po lyacry lam ide  
gel elec trophoresis as described in  th e  te x t. 2 m m  gel slices 
w ere e x trac ted  w ith  TM EC buffer and  each frac tio n  w as a s ­
sayed for a c tiv ity  w ith  50 yg  RNA po lym erase I  (QAE fraction) 
a long w ith  5 yg  F a c to r  В  added  a t  zero m in u te . T he assay  
m ix tu re  w as th e  sam e as described  in  th e  legend to  F ig . 5.
T he con tro l (---------------- ) con ta ined  all th e  ing red ien ts m inus

F a c to r  C
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2 (Ug/incubation volum e of 0-5 ml. Furtherm ore, it was interesting to  note 
th a t  rifam picin was effective only when it was added to  the  polym erase 
before the  addition of F acto r B. The effects o f the  different orders of 
additions of the  com ponents in the  incubation m ixture are presented in 
Table 3. This led us to  believe th a t rifam picin binds w ith RNA polym erase I  
probably a t  the sam e site where F ac to r В also can bind. This was borne 
ou t by the  fact th a t  the  inhibitory  effect of rifampicin could be com pletely 
reversed by higher concentrations of F ac to r B. Thus, the  effect of 2 fig 
of rifam picin could be com pletely nullified by  the addition of 40 fig of 
F ac to r B. The RNA polym erase ac tiv ity  in this case was equal to  the control 
value ob tained  w ith sa tu ra ting  am ounts of factor В (5 fig) in the absence 
of rifam picin (Fig. 9).

Role of Factor C

The protein  peak eluted from  DEAE-cellulose column a t 0-62 M KC1 
(a fte r exhaustive dialysis, fraction C) had an inhibitory  ac tiv ity  on RNA 
synthesis (Mondai e t al., 1970). However no RN ase or DNase could be 
detected  in this fraction (Mondai et al., 1972). L ater, it was found th a t 
the fraction was heterogeneous an d  contained m aterial absorbing UV 
a t 260 m n. W hen this UV-absorbing m aterial (presum ably nucleic acid) was 
isolated by deproteinization of fraction C and  added to  the  incubation 
m ixture, there was no inhibition of RNA synthesis (results no t presented). 
The inhibition by the crude fraction C m ay be due to  several reasons. One 
obvious possibility is th a t  the fraction C had some com ponent which m ight 
inhibit in itiation of RNA synthesis. R esults presented in Table 4 show 
th a t fraction C does not inhibit the  in itiation of RNA synthesis as m easured 
by  incorporation of /3,y-3JP-ATP. However, the  to ta l synthesis of RNA 
(as m easured bv the  incorporation of 3H -U TP) is inhibited. This indicates 
th a t  C has a com ponent th a t  inhibits RNA synthesis a t some point beyond 
initiation.

F ig . 11. R ole  o f  F a c to r  C on R N A  
syn thesis b y  R N A  po lym erase  I. The 
ing red ien ts o f th e  experim en ts w ere th e  
sam e as in  T able 3. A fter 20 m in in cu b a ­
tion  o f  50 fig o f R N A  po lym erase I  
(Q A E frac tion  w ith  5 fig o f F a c to r  B, 
5 fig o f  F a c to r  C (frac tion  C from  D E A E  
colum n ex h au stiv e ly  d ialyzed and  
purified  th ro u g h  gel electrophoresis) 
w as ad d ed  and  th e  reac tio n s w ere 
te rm in a ted  a t  various tim e  in te rva ls  
(- д  - д  - д  ). One se t (- о  - о - о  ) 
w as in cu b a ted  ex ac tly  as above w ith  
0 * 2  JV£ KC1 m inus F a c to r  C and  •
- •  -), th e  con tro l one w as in cu b a ted  
w ith o u t F a c to r  C and KC1
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N ext we a ttem p ted  to  purify  the  F ac to r C by polyacrylam ide gel electro­
phoresis and  the  ex trac t of gel slices was assayed for any inhib itory  or 
s tim ulato ry  ac tiv ity  during RNA synthesis by polym erase I  and  F ac to r It 
(Fig. 10). Curiously enough, in addition to  the inhibitory  band  a stim ulatory  
band of protein was also found. Our a tten tio n  was focussed on this band

Fig. 12. P o lyacry lam ide  gel e lec trophoresis o f  in  vitro syn thesized  R N A .T he  
in c u b a tio n -m ix tu re  con ta ined  all th e  com ponen ts as described in T able  3, 
excep t th a t  b o th  14C -G TP (spec. ac t. 17 m C/m m ole) and  3H -U T P  (spec, 
a c t. 2 C /m m ole) w ere used to  increase inco rpo ra ted  coun ts . 200 fig R N A  
po lym erase  I ;  30 fig F a c to r  В and  30 fig pu rified  F ac to r C w ere used in 
th e  ap p ro p ria te  eases. 1) (- о  - О - О -) w ith  bo th  F a c to r  В an d  C: 2) 
(- A - A - A -) w ith  F a c to r  В  only; 3) ( - • - • - • - )  w ith o u t a n y  added  
fac to r. Labelled  RNA  w as isolated from  th e  in cu b a tio n  m ix tu re  by  ho t 
phenol-SD S  and  p rec ip ita ted  by  e thano l in  th e  presence o f 500 fig o f  E . roli 
R N A  as ca rrie r. P rec ip ita ted  R N A  w as dissolved in  0"3 m l o f e lec trophoresis 
b u ffe r co n ta in in g  10% glycerol. Sam ples con ta in ing  8 x l 0 3 acid-insoluble 
co u n ts  w ere ru n  in  2’5%  po lyacry lam ide  gel for 1 h  a t  a  cu rren t o f 4 
m A /tu b e . D eta ils  o f  th e  elec trophoresis, gel slicing an d  coun ting  a re  given 
u n d e r M ateria ls  an d  M ethods (M ondai e t a l., in press). A rrow s m a rk  th e  

s ta in ed  E . coli R N A  bands

which stim ulates the  RNA synthesis by a com bination of polym erase I 
and  F ac to r B. However, in absence of F ac to r B, th is  protein had  no stim u­
lato ry  effect. I t  occurred to  us th a t  C m ight ac t on RNA chain te r ­
m ination and release from the  DNA tem plate  so th a t fresh initiation would 
be reflected in the  stim ulation. To tes t th is idea, we allowed RNA synthesis 
bv RNA polym erase I and F aco tr В in presence of lim iting am ount of DNA 
to  proceed up to  the  p lateau  point when all the DNA is held in the  enzyme- 
D N A -nascent RNA complex. I f  a t th is point, either fraction C eluted from 
tlie gel a fte r electrophoresis or 0-2 JV1 KC1 was added, a new spurt of RNA 
synthesis begins (Fig. 11). The reinitiation of RNA chain by F ac to r C is 
also indicated in Table 4. F rom  the  sim ilarity of action of high ionic strength  
and  F ac to r C, the ab ility  of F ac to r C to  release the  synthesized RNA from 
the complex is indicated.
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A nalysis of the R N A  product

The RNA synthesized by RNA polym erase I  alone and  by  RNA poly­
merase I  in presence of F  actor В and  C was then  analyzed by electrophoresis 
on 2-5%  polyacrylam ide gel. From  Fig. 12 it is clear th a t  in the  absence 
of any factor, R N A  polym erase I  synthesizes m ost probably, in a non­
specific m anner, sm all am ounts of RNA of very low molecular weight 
(4S and  smaller). In  the  presence of the  initiation F ac to r B, the synthesis 
is highly stim ulated  and  in this case R N A  of higher molecular weight 
(10—20S) is synthesized. However, there is no appreciable change in the 
size-distribution of RNA synthesized by the  sim ultaneous addition of 
F ac to r В and  C. Though, it cannot be said from  this experim ent w hether 
F ac to r В  initiates the  synthesis of specific types of RNA, a t  least it helps 
to  synthesize longer R N A  molecules.

D ISC U SSIO N

R N A  polym erase from  higher organism s has been reported  earlier bu t 
due to  some inherent difficulties w ith the system  this enzyme could not be 
purified  (Biswas and  Abram s, 1962). In  contrast, RNA polym erase from  
bacterial system s has been purified  extensively and  a homogeneous protein 
w ith  its subunits has also been characterized (Burgess et ah, 1969). I t  seems 
th a t th e  R N A  polym erase from E. coli contains the following subunits: 
oaxßß’ or ouxßß’w w ith  a and  p factor. However, in case of higher organisms, 
the  RNA polym erases have been resolved into two or th ree species and  the 
requirem ents of these species were shown to be different. F rom  ra t liver, 
RN A  polym erase 1 and  I I  have been reported  and  according to  the résolu- 
tion obtained through D E A E  Sephadex chrom atography, polym erase 1 
was Mg2+ and  I I  Mn2+ dependent, respectively (Roeder and R u tte r, 1970). 
The cata ly tic  properties of the  easily solubilized polym erase I I  (M u-T 
dependent) are, in general, sim ilar to  the properties described bv others 
for soluble enzymes derived from  several eucaryotic organisms (Roeder 
and  R u tte r, 1969; W idnell and T ata , 1966; Stein and  H ausen, 1970). 
In  the  present case, according to  the elution profik1 from  a D EA E cellulose 
column, coconut polym erase I  exhibits m axim um  activ ity  w ith  Mn2 + and 
I I  w ith  Mg2 + . In  case of sea urchin, th ree polym erases have been reported  
(Roeder and  R u tte r, 1970) and form I  and  i l  have some sim ilarities w ith 
the  two RN A  polymerases isolated from  the  present system . Since nothing 
is known about th e  hom ogeneity of their p reparation  the  requirem ents 
m ay vary  in details. W hat can be generalized is th a t  there are a t least 
tw o forms of RNA polym erase present in the  nuclei of eucaryotic cells. 
The earlier reports, however, suggest th a t one is associated w ith the  nucleolus 
and the  o ther w ith the  nucleoplasm (Roeder and  R u tte r, 1970). W ith the 
present system , two forms are isolated from  the  chrom atin  th a t includes 
the  nucleochrom osom al apparatus. N ot only the  R N A  polym erase bu t 
also two factors which can m odulate the ac tiv ity  are also detected  in the  
chrom atin. A t least 40%  of the  to ta l ac tiv ity  has been obtained in the so­
luble nucleoplasmic sap in the  present case and a fte r fu rth e r resolution
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of this ac tiv ity  two forms (I and  II)  have been isolated. This a t the  best 
suggests th a t  RNA polym erases as well as factors bound to  chrom atin 
m ay be in equilibrium  with the  free forms in the nucleoplasm. Comparison 
of our preparation w ith th a t  o f others m ay be fortu itous as in the  la tte r 
cases sonication or o ther drastic procedures are commonly used for solu­
bilization of polym erases. In  the present case RNA polym erase 1 has been 
purified to  hom ogeneity and  contains a t  least 4 subunits as evidenced 
from  gel electrophoretic p a tte rn  (Fig. 2). I ts  specificity for native  DNA 
from  homologous system  is established. DNA from calf thym us is less 
effective th an  coconut DNA when factor В is used. W ith  E. coli or A DNA 
there is no increase in RNA synthesis by addition of F acto r B.

In  view of the  com plexity of chromosomal transcrip tion , regulation 
of RNA synthesis by RN A  polym erase in the eucarvotic cell seems to be 
a p artia l process of the  whole control system . The role o f factors in RNA 
synthesis by E. coli RNA polym erase has already been elucidated (Travers 
and  Burgess, 1969; Sugiura et ah, 1970). The core enzyme binds with the 
initiation factor a and then  in teracts w ith the prom oter site of operon 
form ing an initiation complex. Synthesis of RNA s ta rts  from th a t point, 
extends through the  cistron and finally term inates w ith the help of о 
factor (Roberts, 1969). I t  has also been shown th a t either о or core poly­
m erase is changed w ith the  stages o f developm ent of phage T , in E. coll 
(Travers, 1969; Seifert e t ah, 1969). A sim ilar phenom enon has been re­
ported  in case of sporulation of Bacillus subtilis (Losick et ah, 1970). In ­
teresting  is the  case th a t a single a factor is present in E. coli suggesting 
no specificity of a for a particu lar gene or prom oter site. Very recently, 
Travers e t al. (1970) has discovered in E. coli another factor (ipr) which is 
required  in addition to  th e  a factor for the  transcrip tion  of ribosom al RNA.

However, nothing was known abou t in itiation or term ination  factors 
in eucarvotic cells. The report of a stim ulatory  factor for RNA polym erase 
isolated from  calf thym us has appeared (Stein and  H ausen, 1970). 
B ut the mechanism of stim ulation by this factor has no t been clarified vet. 
Our in tention was to  find ou t w hether RNA polymerases and the factors 
are associated w ith  the  chrom atin. Since chrom atin contains DNA, RNA. 
histone and non-histone proteins, it is pertinen t to  ask the  question whether 
the protein parts have any  role in R N A  synthesis. H istone has now been 
classified as general repressor for RNA polym erase (Georgiev, 1969). This 
repression can, however, be derepressed nonspecifically by  m any su b ­
stances (Frenster, 1965). Non-histone protein has been found to  have 
some role in derepression (Paul and  Gilmour, 1968). Does non-histone 
protein contain any RNA polym erase ac tiv ity?  Is it possible th a t  non­
histone protein in the  chrom atin can m odulate RNA synthesis in the 
eucarvotic cell by  changing its composition and  conform ation during the 
division cycle? The present findings show th a t RNA polym erases are 
present in the non-histone p a rt of chrom atin. Surprisingly it lias also been 
found th a t  bo th  in itiation  and term ination  factors are present in the  same 
fraction of chrom atin. T h a t F ac to r В in the present case acts as in itia tor 
has been supported  by  the following evidence: 1) I t  can form  complex 
w ith DNA and  RNA polym erase; w ithout RNA polym erase it cannot bind 
w ith DNA alone; 2) There is no prom otive effect of F acto r В when A DNA 
or E. coli DNA is used; native homologous DNA is more effective th an
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DNA from  thym us; 3) R ifam picin, which can inhibit in itiation  in case 
of E. coli RNA polym erase, also influences R N A  polym erase in the  present 
case if F ac to r В is added afte r the drug; 4) F ac to r В prom otes /?,y-3-P-ATP 
incorporation and reaches a p lateau quickly whereas the  extension of RNA 
chain continues linearly w ith an in itial lag (Fig. 4); 5) The product of the 
reaction w ithout Factor В indicates th e  presence of low m olecular weight 
(4S) RNA whereas the same with F ac to r В shows 10 20S RNA (Fig. 11).

I t  is known th a t RNA polymerases from nuclei of higher organism s are 
insensitive to  the antib io tic rifam picin, in contrast to  E. coli RNA poly­
merase (Mauro et ah, 1969; W ehrli e t ah, 1968). This inhibition by  rifam ­
picin in the la tte r case is a ttr ib u ted  to  the  in teraction  of the drug w ith the 
m inim al enzyme (Mauro et ah, 1969). The inhibition of RNA polym erase 
from  an eucaryotic cell (coconut R N A  polym erase I) has been first observed 
and reported  from  th is laboratory  (Mondai e t ah, 1970). I t  has also been 
found th a t if F ac to r В is firs t allowed to  form complex w ith polym erase I, 
followed by  the  addition of rifampicin, no inhibition occurs. The block 
m ay thus lie in the  form ation of F ac to r B-enzyme system . The resistance 
of the prein itiation complex to  rifampicin has been confirm ed in the  E. coli 
system  also (Bautz and  B autz, 1970; Sippel and  H artm ann , 1970). The 
inhibition by rifampicin of coconut RNA polym erase I  can be com pletely 
reversed by high concentration of F acto r В (Fig. 8). The present findings 
suggest th a t rifam picin probably  binds a t the  same site of RNA polymerase, 
where the in itiation  factor also can bind. The relative sensitiv ity  (or in­
sensitivity) of RNA polym erase from  different organisms m ay depend 
on the  relative affinities of the drug and  th e  factor for the  enzyme site. 
In  eucaryotic organisms, the  affinity  of the  factor for the enzyme m ay be 
m uch stronger th an  th a t  of rifam picin.

The question as to  the  action mechanism  of Factor C is, however, com­
plicated by the  fact th a t  when F acto r C is added a fte r a lapse of 10 min., 
prom otive effect is indicated. Bv analogy w ith R oberts’ g factor, inhibition 
can be explained if the  RNA synthesized in presence of F ac to r C records 
m olecular weight lower th an  th a t synthesized w ithout F ac to r C. However, 
no change in the p a tte rn  of RNA synthesis in presence or absence of F ac to r 
C could be dem onstrated  as is evident from  Fig. 11. The stim u lato ry  effect 
o f F ac to r C m ay be explained by the fact th a t  RNA synthesis would not 
proceed a fte r a certain period if this is no t term inated  and  dissociated from 
the  tem plate. A t th is point, should term inato r be added, there would be 
a sp u rt in the  RNA synthesis. In  fact, th is is the  case w ith F ac to r C and 
th is seems to  be very sim ilar to  the  effects caused by high ionic strength  
in the incubation m edium  (Fig. 10). A  priori assum ption in the case of 
F ac to r C is th a t w ithout term ination, dissociation of RNA from  the tem ­
plate  does no t occur. B ut the  increase which has been dem onstrated  in 
presence of F ac to r C is not adequate to  suggest th a t  F ac to r C sim ply acts 
as term inator. Since F ac to r C is not a homogeneous protein  there m ight 
be o ther com ponents th a t interfere w ith th e  reaction. In  view of this fact 
F ac to r C was subjected to  gel electrophoresis and  each fraction was analyzed 
for te rm inato r and inhibitor functions. I t  seems th a t there is another 
fraction in F ac to r C which can inhibit the polym erization (Fig. 9). All 
these facts tak en  together suggest th a t  F ac to r C acts as te rm inato r for 
RNA synthesis in the present case.

109



I t  is interesting to  note here th a t RNA polymerases are present in the 
chrom atin  of coconut nuclei and a num ber of p rotein  factors th a t  can 
m odulate RNA synthesis in  vitro are also bound to  the  chrom atin. RNA 
polym erases and the  factors m ay no t be solely bound to  the  chrom atin. 
There m ight be an equilibrium  between the  bound and  the  free forms since 
R N A  polym erase and  the  factors are to  be separated  from  the  chrom atin 
followed by reassociation in order to  recycle the  process in  vivo. I t  m ay 
also be expected th a t the  stru c tu re  of chrom atin itself during different 
stages of grow th m ay regulate RNA synthesis in eucaryotic cells.

U ntil very  recently, alm ost all th a t  could be said abou t the  m echanism  
of R N A  transcrip tion  both  in procaryotes and eucaryotes was th a t  it is 
catalyzed by  the  enzyme RNA polym erase. But it is now clear th a t  although 
the  basic enzyme possesses the  cata ly tic ac tiv ity  which synthesizes phospho- 
d iester bonds, the  in itiation  and  term ination  of transcrip tion  are assisted 
by protein factors. In  spite of various speculations a t  present on the  mode 
of action, recognition and  control exerted  by these factors on R N A  synthesis 
during different phases o f cell cycle, there is every reason to  th in k  th a t a 
universal concept will emerge.
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SECTION II

PROTEIN SYNTHESIS IN PLANTS
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R O LE OF PH Y TO C H R O M E IN  T H E  CONTROL OF ENZYM E 
ACTIVITY IN  H IG H E R  PLANTS: PHOTOM ODULATION 

AND PH O TO D ETERM IN A TIO N  OF ENZYM E SY N TH ESIS
by

P .  S c h ö p f e r

BIOLOGICAL INSTITUTE II, UNIVERSITY OF 78 FREIBURG I. BR., G. F. R.

IN T R O D U C T IO N

P fr, the  act ive species of the  phytochrom e system , is an effector of apparen t 
induction and repression of enzyme synthesis (Mohr, 1970). W ith  respect 
to  their control by P fr we find three types of enzyme in the  higher p lant:
(1) “ inducible” enzymes, (2) “repressible” enzyme and (3) enzymes whose 
ac tiv ity  is no t affected by P fr (Fig. 1). The existence of these th ree functional 
classes of enzyme is predicted by the  hypothesis of differential gene reg­
ulation (Mohr, 1966a, b) by  P fr which has been advanced and  supported  by  
Mohr and  associates in th e  last few years (Fig. 2). This model includes a 
“ p rim ary” differentiation of the  genome of a p lan t in at least 4 functional 
classes of gene: “ ac tiv e” genes, which are transcribed  in th e  same way 
either in the  presence or in the  absence of P fr, “po ten tially  ac tive” genes (P fr), 
which can be ac tiva ted  by  P fr, “ repressible” genes (P fr), which can be in ­
ac tiva ted  by  P fr, and  inactive genes, which are n o t transcribed  either in 
the  presence or in the  absence of P (r in the  developm ental stage under 
investigation. The p a tte rn  of functional gene types, which we call “ p rim ary” 
differentiation (or “p a tte rn  of com petence” ), is not fixed b u t is variable 
with respect to  tim e and  localization of the  cell in  the  developing plan t. 
Therefore P fr-m ediated responses usually show a strong dependence on 
the  developm ental stage and  are lim ited to  certain  tissues or organs of the  
m ulticellular p lan t. According to  th is model P fr exerts its function as a 
nonspecific “ trigger” molecule on a preform ed p a tte rn  of po ten tia l genetic 
ac tiv ity  to  bring abou t the P fr-m ediated photoresponses which we call 
“ secondary” differentiation.

The discovery of inducible enzymes, repressible enzymes, and  enzymes 
no t influenced by P fr provides strong evidence for the  hypothesis of differ­
ential gene regulation by  P fr. The double action mechanism  of “p rim ary” 
and  “secondary” differentiation (Oelze-Karow and  Mohr, 1970) appears 
to  be the  m ost logical explanation of the  m ultiplicity  (Mohr, 1966a, b), 
and  specificity (Mohr, 19666; Oelze-Karow and  Mohr, 1970) of P fr action, 
which are evident from  m any experim ents. However, this hypothesis offers 
only a general fram ew ork for th e  understanding of the P /r-m ediated pho to ­
morphogenesis. There are still m any holes in the model which need to  be 
filled by  experim ental evidence a t the  molecular level.
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^  induction o f 
enzyme synthesis

repression of 
* ” enzyme synthesis

p a tte rn  o f "primary" pattern of "secondary”
d iffe rentia tion  differentiation

Fig. 2. A general model illustrating the hypothesis of differential gene 
activation and repression as the mode of action in differential induction 

and repression of enzyme synthesis by Pfr. (After Schöpfer. 1967)

DEMONSTRATION OF PHYTOCHROME-MEDIATED ENZYME 
D E  N O V O  SYNTHESIS

One obvious prediction of the gene ac tiv ity  regulation hypothesis is 
the de novo synthesis of enzyme molecules under the  influence of P fr. 
Evidence for this comes m ainly from  experim ents w ith inhibitors of DNA 
transcrip tion  (Actinomycin D) and RNA translation  (Purom ycin, Cyclo- 
heximide) (Drum m  et ah, 1971; R issland and  Mohr, 1967). These inhibitors 
were shown to  reduce or prevent the effect of P fr on ex tractab le enzyme 
activ ity . However, these results are no t generally accepted as unam biguous 
evidence for enzyme de novo synthesis. Therefore we recently used density  
labelling to  approach more directly the problem  of de novo synthesis of a 
P fr-induced enzyme. This technique has been used successfully to  de­
m onstrate induced de novo enzyme synthesis in a num ber of p lan t system s 
(Filner et ah, 1969). The P fr-induced phenylalanine am m onia-lyase (PAL, 
cf. Fig. 1) of the m ustard  seedling appeared to  be well su ited  to  this experi-

Fig. 1. Examples representative of the thiee categories of enzyme observed in seedlings 
with respect to control by Pfr: a. induction of phenylalanine ammonia-lyase (PAL) 
(Mohr, 1970), b. repression of lipoxygenase (LOG) (Oelze-Karow et ah, 1970), e. lack 
of control by Pfr of isocitrate-lyase (ICL) (Karow and Mohr 1967). Enzyme activities 
were measured in extracts from mustard seedlings (S in a p is  alba L.) grown under 
standard conditions (Mohr, 1966«) in the dark for О (ICL) or 36 h (PAL, LOG) at 25 °C 
and then irradiated with continuous standard far-red light (Mohr, I 966«) (350 fi\V  cm-2). 
This irradiation establishes a low but virtually constant level of active Pfrin the tissue. 
According to Hartmann (1966) the Pfr functions under continuous irradiation in some 
short-lived excited state (Pfr*). Thus, in contrast to light pulse irradiation, continuous 
far-red irradiation virtually provides steady state conditions with respect to the active 
Pfr species and this allows the study of phytochrome-mediated responses undisturbed 

by changes in the concentration of the effector molecule
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m ent, since it  is an  extrem ely stable enzyme which does not show separation  
into isoenzymes on gelelectrophoresis (Fig. 3).

In  th e  density  labelling experim ent the  enzyme was ex tracted  from  co ty ­
ledons (which are v irtually  devoid of PA L in the dark, cf. Fig. 3) of seedlings 
grown in the presence of 80 per cent deuterium  oxide and  20 per cen t w ater

1 10 2 0 '3 0  40 50 50 70 80 90 100 1 10 20 30 40 50 80 70 80 90 100
О Fraction © © Fraction ®

Fig. 3. Polyacrylamide gel electrophoresis pattern of phenylalanine ammonia-lyase 
from the organs of dark-grown (60 h) and far-red-grown (36 h dark -j- 24 h far*red ) 
mustard seedlings. The enzyme always appears as a single band in this system (7% 
acrylamide) with a Rf value of about 0*19 (7% acrylamide). (After Schöpfer, 1971)

u nder far-red light. W hen th is enzyme preparation was subjected  to  an 
equilibrium  centrifugation on an isopycnic CsCl density  gradient, the  PAL 
ac tiv ity  was concentrated  a t a buoyant density  of 1272 kg d _1 while the 
enzyme from  th e  control p reparation  (seedlings grown on distilled water) 
was located a t about P257 kg • 1_1 (Fig. 4). From  the  L2 per cent increase 
of buoyant density  one can calculate th a t  abou t 1—2 deuterium  atom s 
were incorporated in each am ino acid of the  PA L  molecule. Since only 
am ino acids synthesized de novo in the  basic m etabolism  of the  cell can carry  
stable incorporated deuterium  label into newly synthesized proteins, and  
since it is likely th a t breakdow n of reserve proteins in the m ustard  coty-
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ledons provides th e  bulk of am ino acids for p rotein  synthesis, this relatively 
low degree of labelling is to  be expected. The experim ents clearly show 
th a t th e  PA L  ex trac ted  from  the  cotyledons of the  m ustard  seedling 
grown u nder the influence of P fr is no t the product of ac tiva tion  of a  “ pro­
enzym e” molecule preform ed in the  seed. The enzyme is ra th e r a product

F ig . 4. A c tiv ity  p ro files follow ing isopycnio d en sity  g rad ien t cen trifu g a tio n  in  CsCl 
o f p heny la lan ine  am m onia-lyase  ex trac ted  from  th e  co ty ledons o f  m u s ta rd  seedlings 
g row n  on SO p e r cen t d eu te r iu m  oxide (“ D -enzym e” ), an d  on d istilled  w a te r ("H - 
enzym e” ), respective ly . T he seedlings w ere grow n on H 20  (80 p e r cen t I )20 ) in  th e  
d a rk  fo r 36 h (85 h) an d  th e n  irrad ia ted  w ith  con tinuous far-red  ligh t for 16 h  (30 h) 

before ex tra c tio n  o f th e  enzym e. (A fter Schöpfer and  H ock , 1971)

of de novo protein synthesis from  am ino acids. These results suggest th a t  the 
term  “ induction of enzyme synthesis by P fr” m ay be justifiable also for 
o ther enzymes controlled by  P fr. B ut, of course, additional rigorous evidence 
is required to  support th is statem ent.

PHOTOMODULATION AND PHOTODETERMINATION OF ENZYME
SY N T H E SIS

F u rth e r inform ation on the  molecular mechanism of P fr-m ediated 
enzym e regulation can be obtained from  the s tudy  of the kinetics of enzyme 
ac tiv ity  a fte r P fr is form ed in and  a fte r P fr is rem oved from  the  tissue. 
I t  is a general experience w ith the  m ustard  seedling th a t under appropriate 
conditions (i.e. when the  lag phase is abolished by preirradiation) enzyme 
synthesis s ta rts  w ithin a  few m inutes when the seedling is irrad ia ted  w ith 
continuous far-red light (Mohr, 1970; R issland and  Mohr, 1967). Also 
repression of enzyme synthesis by  P fr is a very  rap id  process (cf. Fig. lb ).
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Figures 5 and 6 show the  time-course of am ylase and  glycolate oxidase 
form ation in the  cotyledons of the m ustard  seedling afte r th e  continuous 
far-red light has been tu rn ed  off. In  bo th  cases we observe a transien t 
phase of abou t 6— 8 h and  then  th e  am ount of enzyme in the  tissue 
remains a t a constan t level for a t  least a fu rth e r 20 h, suggesting th a t

36 h a fte r  sawing

Fig. 5. Time-course of amylase activity in the cotyledons of 
the mustard seedling in the dark, under continuous far-red 
light, and after transfer from far-red light to darkness (arrow). 

(After Druinrn et al., 1971)

the  enzymes are n o t subject to  turnover. The tran sien t tim e between the 
end of irradiation and attain ing  the  constan t enzyme level gives an  estim ate 
of the  velocity of decay of in term ediates which are involved in the  induction 
process. The P fr (ground state) rem aining in the  tissue a fte r the light has been 
tu rn ed  off drops to  an  ineffective level w ithin a sho rt time: тj  ca. 45 min

2

(Marine, 1969). However, th e  threshold  concentration of active Pfr ground state) 
which m ay vary  in different responses is no t yet known for the  two enzymes 
(Figs 5 and  6). The transien t tim e m ay also depend on the  lifetime of the 
m R N A ’s involved in the  synthesis of the  particu lar enzyme. From  the d a ta  
showm in Figs 5 and  6 it m ay be concluded th a t the effective lifetime of the 
m R N A ’s of am ylase and glycolate oxidase synthesis in the  m ustard  seedling 
is shorter th an  6—8 h under our experim ental conditions. This assumes 
th a t  transcrip tion  ceases a fte r P fr has become inactive and th a t there is 
no tu rnover of the  enzyme. Furtherm ore, the  time-courses shown in Figs 5 
and  6 indicate th a t the induction of these two enzymes is a fully reversible 
process. The in term ediates of the  m olecular path  P fr —> enzyme synthesis
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are relatively unstable and  disappear com pletely afte r a few hours. Following 
the  term inology of the  anim al embryologist P . Weisz (1967) we use the 
term  “ m odulation” for this ty p e  of response. Pfr-m ediated “photom odula­
tio n ” is a widespread phenom enon in the m ustard  seedling e.g. synthesis 
of anthocyanin (Lange e t al., 1971), ascorbic acid (Bienger and Schöpfer,

ЗБ h a f te r  sowing

Fig. 6. Time-course of glycolate oxidase activity in the cotyledons of 
mustard seedlings in the dark, under continuous far-red light, and after 
transfer from far-red light to darkness (arrows). (After Van Poucke and

B a r th e ,  1970)

1970) and carotenoids (Schnarrenberger and Mohr, 1970); repression of 
lipoxygenase synthesis (Oelze-Karow et al., 1970) and hypocotyl elongation 
(Schöpfer and  Oelze-Karow, 1971).

R ecently we investigated  a photoresponse of the m ustard  seedling which 
shows a com pletely different kinetic pa tte rn : the  P fr-m ediated increase 
of peroxidase activ ity . The appearance of this enzyme in the axis of the 
seedling (hypocotyl plus tap roo t =  rest seedling) is no t influenced by the 
presence of P tr (Fig. 7) up to  abou t 5—6 days afte r germ ination. (After 
th is tim e the  energy reserves of the  seedling are depleted and reliable results 
can no longer be obtained.) This means th a t the gene (or genes) responsible 
for peroxidase synthesis belongs to  the category of “ ac tive” genes (cf. 
Fig. 2) in the  seedling axis. In  th e  cotyledons, however, P fr form ed by 
continuous far-red light induces an increase in peroxidase ac tiv ity  (Fig. 8). 
Obviously the  peroxidase gene (or genes) belongs to  the  category of “ po­
ten tially  ac tive” genes (cf. Fig. 2) in the  cotyledons. R ed-far-red induction 
reversion experim ents (Table 1) show th a t the  operational criteria for the 
involvem ent of P fr in th is response are fulfilled.
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The ab ility  of th e  cotyledons to  produce peroxidase under the influence 
of P fr is strongly dependent on the  stage of developm ent: P fr is effective 
only when it is form ed before abou t 96 h a fte r sowing. However, per-

Fig. 7. Time-course of peroxidase activity in the seed­
ling axis (hypocotyl plus taproot =  rest seedling) of 
mustard seedlings in the dark and under continuous 
far-red light (onset of irradiation immediately after 

sowing)

oxidase ac tiv ity  can be increased only a fte r about 96 h a fte r sowing. 
The form ation of P fr in the  cotyledons leads to  enzyme synthesis in  a period 
during which th e  com petence to  respond to  P fr is already lost. Obviously 
the  induction process is clearly separated  in tim e from  the  realization of 
th e  response. F igure 9 shows th a t  form ation of P fr before 48 h  a fte r sowing 
is also ineffective in the  induction of peroxidase activ ity . However, if the 
seedlings are irrad ia ted  in th e  proper tim e of “p rim ary” differentiation 
(e.g. 24 u n til 72 h a fte r sowing, cf. Fig. 9) and  then  transferred  to  darkness, 
peroxidase accum ulates a t  the  same ra te  as under continuous far-red light 
for a t least 2 and  a h a lf days. Sim ilar results are obtained when the  irrad ia­

1 2 2



tion lasts for 48 h  longer before onset of darkness (120 h afte r sowing). 
The deviation of these far-red — dar k kinetics from the  far-red kinetics 
a fte r abou t 130 h is probably  an  artefact due to  reetiolation of the seedlings 
in the dark  which leads to  a faster exhaustion of reserve m aterials from 
th e  cotyledons.

Fig. 8. Time-course of peroxidase activity in the cotyledons of mustard seedlings in 
the dark and under far-red light (onset of irradiation at 0, 24, 48, 72, 96 h after sowing)

I t  appears from  these d a ta  th a t the  P fr-m ediated induction of increased 
peroxidase synthesis is a v irtually  irreversible process a t  least during the 
tim e in which the m ustard  seedling can be used for experim entation under 
our conditions. W e therefore use th e  term  “ determ ination” in con trast 
to  the rapidly reversible “ m odulation” to  characterize th is ty p e  of response. 
So far the  increased ra te  of peroxidase ac tiv ity  is the only response we know 
of th a t  is due to  “pho todeterm ination” by  P fr in the  m ustard  seedling. 
However, it has to  be em phasized th a t  reversible m odulation of the rate 
m ay lead to  an irreversible change in the  amount of the  product of a re ­
sponse, if the  product is stable. Thus “photom odulation” of the  ra te  of 
enzyme synthesis can resu lt in “pho todeterm ination” of the  am ount of 
enzyme present in th e  cell.

As to  the  m olecular mechanism, it is obvious th a t  we need a  more com ­
plicated  model for the  “photodeterm ination” th a n  we need for the  “p h o to ­
m odulation” of the  ra te  of enzyme synthesis. Since P fr rap id ly  disappears 
from  th e  system  in the  dark , we need a t least one stable interm ediate in
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Table 1
The control by Pir(ground state) ° l  peroxidase activity  in  the cotyledons 

of m ustard seedlings as shown by red-far-red induction reversion experim ents 
The data of two slightly different experim ents show that the effect of  short 
irradiations w ith red light can be reduced by im m ediately following short 

irradiations w ith far-red, light

Irradiation program
1

Peroxidase activity 
J n moles I I c o n s u m e d  ] 
L min-pair of cotyledons J

24 h  d a rk 0-0
144 h dark 14-3 ±  0-1
24 h d ark  -{- 5 m in  red - \ -  4 x ( l -  h d ark  -f 5 m in red) -(-

72 h d ark 21-9 zp 1-3
24 h dark  -|- 5 m in  far-red —(— 4 X ( 12 h  d a rk  -(- 5 m in far-red) -(-

72 h d a rk 14-8 zb 0-9
24 h d a rk  -f- 5 m in red -f- 5 m in far-red  -f- 4X (12  h d a rk  -|-

5 m in red - \ -  5 m in  far-red) —|— 72 h dark 18-0 zb 1-0
24 h d ark  -j- 48 h continuous red -f- 72 h d ark 24-7 zb 0-6
24 h  d a rk  ~p 48 h  continuous far-red  -p  72 h  d ark 33-7 ±  1-3

24 h d a rk  - p  3 m in  red  4X (12  h d a rk  -p 3 m in  red)
48 h  d a rk  10-94 ±  0-06

24 h  d a rk  -[- 10 m in far-red -j- 4X (12  h  d a rk  -)- 10 m in far-red) |
48 h  d a rk  9-47 zb 0-03

24 h  d a rk  3 m in  red -f- 10 m in  far-red -1* 4 x ( 1 2  h d a rk  ~p
3 m in  re d -p  10 m in  fa r-re d )-t 48 h d a rk  9-8-1 • 0 06

0 24 48 72 9E 120 [hi 144
J Time

sowing

Fig. 9. T im e-course o f p ero x i­
dase a c tiv ity  in  th e  co ty le ­
dons o f m u s ta rd  seedlings u n ­
der d iffe ren t periods o f far- 
red  irrad ia tio n  (onset o f i r ­
rad ia tio n  a t  24 h  a f te r  sow ­
ing; tra n s fe r  to  da rk n ess  
a t  48, 72, 120 h a f te r  sowing)
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the  m etabolic chain between P fr and  peroxidase synthesis which acts as a 
“ tran sm itte r” of the  prim ary effect of P fr to  the  peroxidase synthesizing 
mechanism. A pparently  the  “ tran sm itte r” can be formed in the presence 
of P fr only in an  early stage of “p rim ary” differentiation (about 48—96 li 
a fte r sowing) and can ac t only a t  a la ter stage of “p rim ary” differentiation 
(about 96 120 h a fte r sowing) resulting in an increased synthesis of per­
oxidase. At this la ter stage the “ tran sm itte r” apparen tly  cannot be formed 
any longer or is inactivated  rapidly  a fte r form ation. A relatively stable 
m RNA or a hormone-like substance are possible candidates for this “ tra n s ­
m itte r” . — At any event we can conclude from  these considerations th a t 
P fr can influence the  d ifferentiation of the  m ustard  seedling on the  level of 
enzym e synthesis in two different ways, by  “photom odulation” an d  by 
“ photodeterm ination” , and  th a t these two types of response cannot be 
produced by the  sam e m olecular mechanism.

S upported  b y  th e  D eu tsche  F o rschungsgem einschaft (SFB  46). T h an k s a re  due  to  
Mrs. C. P lach y  for perfo rm ing  th e  perox idase  experim en ts and  Dr. P. Q uail for help  
in  p rep a rin g  th e  E nglish  m an u scrip t.
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EN D -PR O D U C T R E PR E S S IO N  OF N ITRA TE 
REDUCTASE IN  L E M N A  M IN O R  L.
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SUM M ARY

T he p a t te rn  o f m etabo lic  con tro l reg u la tin g  th e  fo rm atio n  o f n it ra te  red u c tase  in  
Lem na  m inor  h a s  been s tud ied . T he in d u c tio n  o f  th e  enzym e is show n to  be in h ib ited  
b y  am m onia  an d  am ino  acids, these  com pounds w hen  ad d ed  to  induced  p la n ts  re su lt 
in  a  rap id  decrease in  enzym e level. I n  th e  case o f  am m on ia  and  asparag ine  i t  is show n 
th a t  th e y  a c t  a t  th e  cellu lar level ra th e r  th a n  by  in h ib itin g  n itra te  accum ulation . 
T he ra te  o f in d u c tio n  is show n to  be dep en d en t on th e  n itrogen  source, p la n ts  a re  
g row n  on, p rio r to  in d u c tio n . T hus th e  r a te  o f in d u c tio n  in  asparag ine  grow n p la n ts  
is five  tim es th a t  in  am m on ia  grow n p lan ts . T he k inetics o f rep ression  suggest an  
im m ed ia te  response to  th e  presence o f  th e  repressors, possible m echan ism s o f rep re s­
sion a re  discussed.

IN T R O D U C T IO N

The specific m echanisms regulating enzyme synthesis in higher p lan ts 
are  as y e t little  understood. R ecently  Glasziou (1969) has reviewed this 
field and  has suggested th a t  there is evidence for a t least five possible 
levels of control. These include various forms of transcrip tiona l control 
(e.g. thym idine kinase -  H o tta  and  S tern, 1965; acid phosphate — R eid 
and  Bieleski, 1970; n itra te  reductase — Ingle e t ah, 1966), transla tional 
control (e.g. invertase — Glasziou e t ah, 1966) and control over enzym e 
degradation (e.g. phenylalanine am m onia lyase — Engelsm a, 1966).

N itra te  reductase is of particu lar interest since studies w ith  a  v arie ty  
of higher p lan ts  indicate a rap id  substra te  (n itrate) induction which appears 
in m ost p lan ts  dependent upon m -RNA synthesis (see e.g. Beevers e t ah, 
1965; Ingle et ah, 1966). Such studies have been in terp re ted  as being 
indicative of a mechanism  sim ilar to  the  bacterial regulator-operator 
system  (Glasziou, 1969). In  the  absence of genetical evidence this hypo­
thesis is, of course, only speculative. In  fact one investigation suggests the 
increase observed in n itra te  reductase ac tiv ity  does not involve the  de novo 
synthesis of the  enzyme (Ingle, 1968).

A nother aspect of the  control operating over n itra te  assim ilation and 
one which has been stud ied  in less deta il is the  repressive or inhib itory  
effect of end products such as am m onia and amino acids. The first dem on­
stra tio n  th a t certain  am ino acids inh ib it the induction of n itra te  reductase 
in higher p lan ts was w ith culture tobacco cells (Filner, 1966).

Inh ib ition  of n itra te  reductase induction by am m onia has been observed 
in Lem na minor (Sims e t ah, 1968) and  the  re la ted  species Spirodella oli- 
gorrhiza (Ferguson, 1969). More recently  S tew art (1972) has shown a varie ty
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of am ino acids inhibit the  induction of both  n itra te  and  n itrite  reductase 
in Lemna minor.

The results described here concern the  role of am m onia and am ino acids 
in controlling the  level of n itra te  reductase in Lemna minor.

M ETH O D S

The experim ental m aterial used in these studies was a strain  of Lemna 
minor, raised from  a single p lan t. This s tra in  has been grown in axenic 
culture in the  laboratory  for a period of six years. The basal grow th medium 
and  conditions for grow th were those described previously (Stew art. 1972). 
In  the  induction experim ents the  p lan ts used were from  six day  cultures. 
I t  was found necessary to  use cultures of a fixed age since ra te  of induction 
and  m axim um  level of enzym e form ed are bo th  dependent on the  age of 
the culture (Orebam jo unpublished results). The m ethods for th e  extraction  
and assay of n itra te  reductase were as described previously (Stew art, 1972). 
The extraction, fractionation  and  determ ination of am ino acids were carried 
out according to  th e  m ethods of S tanley (1964). N itra te  was estim ated  as 
n itrite  a fte r enzymic reduction (S tew art and Orebam jo in preparation). 
The source of enzyme was a partia lly  purified preparation  of n itra te  reduc­
tase from  n itra te -ad ap ted  yeast (Torulopsis u tilis). Am m onia was estim ated 
by the m ethod of McCullough (1967).

N itra te  reductase activities are expressed as /< moles N 0 2 produced 
per hour per gram  fresh weight. The results are expressed on a fresh weights 
basis since previous studies have shown the protein conten t of p lan ts 
grown on various nitrogen sources is similar.

T able l
Effect  of am ino acids and am m onia  on nitrate reductase 

induction

Additions
11 moles X 0 2/h/g.f.w. 

(Nitrate reductase 
activity)

Growth as % of that 
on N 03

None 4-8 100
Ammonia 0-5 97
Alanine 0-8 70
Arginine 0-7 0
Asparagine 0-3 100
Aspartic 1-9 (10
G lutam ate 2 2 65
Glycine 0-6 68
Isoleucine 21 0
Threonine 1-0 0

P lan ts grown on 1 mM asparagine were transferred  to  m edium containing 0*5 mM nitra te  
and 5 mM amino acid (or ammonia) for 16 h prior to  extraction.
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RESULTS

A m ino  acids and ammonia as repressors of nitrate reductase

T he results in Table 1 show the  effect of am m onia and  several am ino 
acids on the  induction of n itra te  reductase. I t  is clear th a t  all the  compounds 
te s ted  exert an inhibitory  effect on the  induction. The inhibition is p a r tic ­
u la rly  m arked in the  case of am m onia, alanine, asparagine and arginine. 
T he effectiveness of these com pounds as inhibitors of the  induction does 
no t appear to  be directly  related  to  either th e  ex ten t to  which they  are 
u tilized  as sole nitrogen sources or the  ex ten t to  which they  inhibit growth. 
This is well illustrated  by arginine and isoleucine. N either of these is utilized 
as a sole nitrogen source, bo th  com pletely inhibit grow th on am m onia or 
n itra te  b u t while arginine inhibits the  induction by 80 to  90%  isoleucine 
inhibits the induction by  less th an  50%.

T able 2
Effect  of  am ino acids on nitrate 
reductase level in  indued p lants

Treatment g moles N 02/h/g.f.w.

Control 5 . 4

-j- 5 mM alanine 0-8
-f- 5 mM asparagine 0-7
-f- 5 mM glutamine 2-9
-f- 5 mM glycine 0-7

P lan ts grown for 24 h on 0*5 mM n itra te  were transferred  to  medium containing 0-5 mM
N 0 3 and 5 mM of appropriate amino acid for 24 h prior to  extraction.

F ig . 1. T im e course for 
am m onia  repression  of 

n it ra te  reduc tase  I 
P la n ts  w ere grow n on 
1 •() m l  n it ra te  for 24 h 

p rio r to  the] ad d itio n  o f 
7 • 5 m M  am m onia  ( NH ,C 1 ). 
• • N 0 3 1 mM; A A
N 0 31 mM  -  NH4C1 1 mM

9 1 2 9



A sim ilar effect of am ino acids has been noted by F ilner (1966) who in ter­
prets th is inhibition of induction as being evidence for repression bv the  
end  products of n itra te  assim ilation.

Am m onia and  am ino acids are also effective in reducing the level of n itra te  
reductase when added to  already induced cultures (Table 2 and  Fig. 1). 
The effectiveness of am ino acids in reducing the level of induced enzyme 
is sim ilar to  th e ir effectiveness in inh ibiting  the  induction. The tim e course 
of repression by  am m onia is shown in Fig. 1. There appears to  be an  im ­
m ediate response on adding am m onia and a fte r four hours the  ac tiv ity  
has decreased by  alm ost 20%.

T able 3
Concentration dépendance of asparagine 

and glycine repression

Concentration Nitrate reductase: /xmoles N 02/h/g.f.w.
repressor Asparagine Clycine

0 ( 1 mM N 0 3) 5-06 5-06
+  1 mM 1-64 1-83
- f  5 mM 1-24 1-29
-fin  mM 0-65 0-64

0 (5m M N O ,) 5-83 5-83
+  ."> mM 1-82 1-97
f lO m M 109 113

P lan ts were grown for six days on 1 mM asparagine prior to  transfer (see above for 
trea tm en ts). Enzym e activ ity  was determ ined after 20 h of induction.

In  Table 3 the  effect of varying concentrations of asparagine and glycine 
on th e  induction is shown. I t  is evident th a t the  ex ten t to  which they  in ­
h ib it th e  induction is dependent on the relative concentration of inducer 
and  repressor.

Effect of ammonia and asparagine on nitrate accumulation

The range of com pounds active as repressors of n itra te  reductase raises 
a  num ber of questions regarding th e ir mode of action and in p articu lar 
w hether or no t th ey  ac t th rough  a common mechanism. The sim plest 
m echanism which could account for their effect involves inhibition of n itra te  
up take. To investigate th is possibility the  effects of am m onia and asparagine 
on n itra te  u p take have been exam ined (Table 4). I t  is evident th a t  although 
am m onia and asparagine inh ib it the  induction of the  enzyme they  do no t 
inhibit th e  accum ulation of n itra te . The tissue concentration of n itra te  
is in fact higher in p lants grown for short periods in the  presence of am m onia 
and  asparagine. This effect is observed when either lim iting am ounts 
or an  excess of n itra te  is supplied.
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Previous experim ents (Stew art, 1972) which exam ined the effect of n itra te  
concentration on the  induction indicated th a t increasing the  n itra te  level 
above 0 2 5  mM resulted in little  increase in enzym e level. The tim e-course

T able 4
Effects of am m onia  and asparagine on intracellular 

nitrate level

A . P l a n t s  s u p p l ie d  w i th  2*0 g  m o le s N O * (1 m M ) f o r  24  h

Treatm ent /и moles NOg/g.f.w.
N itrate 0-70
N itrate -)- 5 mM ammonia 105
N itrate -j- 5 mM asparagine 1-00

Б .  P l a n t s  s u p p lie d  w i th  1 00  g  m o le s  . \ 0 3 (1 m M ) f o r  48 h

Treatm ent [i moles NOg/g.f.w.
N itrate 5-47
N itrate - f  5m M  ammonia 7-27
N itrate - \ -  о mM asparagine 6-15

A pproxim ately 0-3 g p lan t tissue (initial weight) trea ted  as described above.

F ig . 2. T im e course o f  n it ra te  red u c tase  induc tion  and  n itra te  
accum ulation

P lan ts  w ere grow n on  1 m M  asparag ine  p rio r to  tra n s fe r  to  5 
rv'M  n itra te . •  •  N itr a te  red u c tase : Я ■ N itra te  concen­

tra tio n

9* 131



of n itra te  reductase induction and  n itra te  accum ulation (Fig. 2) indicates 
th a t  an  increase in n itra te  level above 1 to  2 /.i moles per gram  fresh weight 
is no t reflected in a  corresponding increase in enzyme level. Thus the  n itra te  
reductase level reaches an  apparen t s teady-sta te  a fte r 8 to  10 h while 
n itra te  accum ulation continues beyond 20 to  24 h. These results together 
w ith those obtained previously (Table 3) suggest th a t it is relative in tra ­
cellular concentrations of inducer and  repressor(s) which ai'e im portan t 
in determ ining the level of n itra te  reductase.

Effect of pre-treatment of the kinetics of induction

The ra te  of induction shown in Fig. 2 is considerably faster th an  th a t 
reported  previously (Stew art, 1968). W hile one of the factors contributing 
to  this is the age of the  cultures used, another and  more im p o rtan t factor 
is the  nitrogen source the  p lan ts were grown on prior to  being transferred  
to  n itra te . I t  can be seen from  the results in Fig. 3 th a t the  initial ra te  of 
induction w ith  p lan ts pre-grown on asparagine is nearly  five-tim es as fast 
as th a t  in p lan ts pre-grown on am m onia. Since the  grow th ra te  and  general 
nitrogen s ta tu s  of the  p lan ts on am m onia and asparagine are sim ilar an 
explanation of these results in term s of am m onia “ to x ic ity ” is unlikely.

F ig . 3. T im e course o f n it ra te  red u c tase  in d u c tio n  o f p lan ts  
p reg row n  on am m on ia  o r asparag ine  

P lan ts  used in th is  ex perim en t w ere sub -cu ltu red  on  e ither 
1 mM  asparag ine  (• •) or 1 m M  NH,C1 (A —  ▲) for period
o f 30 days p rio r to  being tran sfe rred  to  5 m M  N 0 3. T he 
a c tu a l cu ltu res  used w ere 6 d ay s old. (U npublished  resu lts  

T. O. O rebam jo.)
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There would appear th en  to  be a carry  over effect in am m onia grown p lan ts 
which results in a slower ra te  of induction.

These observations m ay be re levant in considering the  n a tu re  of repres­
sion. I t  could be, for example, th a t  in p lan ts grown on am m onia th e  to ta l 
am ino pool is higher th a n  on asparagine or th a t  some specific pool com po­
nen t is higher, resulting in a  slower ra te  of induction.

The to ta l amino pool of p lan ts grown on n itra te , am m onia and  asparagine 
is shown in Table 5. Asparagine grown p lan ts contain the  highest soluble 
amino acid levels, g reater th an  th a t  on am m onia. I f  the  difference in ra te

T able 5
Total am ino acid levels

T r e a t m e n t [xg a - N H jN /g r a m  
f re s h  w e ig h t

Ammonia 468
Asparagine 584
N itrate 425

P lan ts were grown for six days on 2 mM of appropriate nitrogen source prior to  ex trac ­
tion.

of induction in am m onia and  asparagine grown p lan ts is no t related  to  the 
to ta l am ino pool levels th en  it seems probable th a t  some specific com ponent 
or com ponents m ight be responsible. Analysis of the  main com ponents 
indicates th a t  the  relevant differences appear to  be in the levels of am m onia 
and  arginine. On am m onia the  arginine level is Г85 и moles per gram  
fresh weight and  th a t of am m onia is 8'3 и moles per gram  fresh weight while 
on asparagine th ey  are 0'5 and  2‘9 /< moles respectively.

The effect of p re -trea tm en t w ith  o ther am ino acids prior to  induction 
has been exam ined (Table 6). These results indicate th a t  24 h pre-

T able 6
Effect  of  pre-treatment on rate 
o f nitrate reductase induction

T r e a t m e n t U n i ta /h

Asparagine (>  30 days) 950
Ammonia (12 h) 650
Ammonia (24 h) 300
Ammonia (5 days) 255
Ammonia (>  30 days) 200
Aspartic (24 h) 875
Arginine (24 h) 320
G lutam ate (24 h) 895

P lan ts pregrow n on 2 mM am m onia or amino acids for varying periods of tim e prior 
to  induction on 5 mM N 0 3. P lants used in these experim ents were grown on 1 mM aspara­
gine. One unit of enzyme represents an ac tiv ity  of 1 nm ole/h/g fresh weight. The initial 
ra te  of induction was determ ined from the increase in ac tiv ity  over the first six hours. 
(Unpublished results T. O. Orebamjo.)



trea tm en t w ith arginine m arkedly reduces the  ra te  of induction (by over 
50% ), relative to  th a t  of asparagine grown plants. A sim ilar p re-trea tm ent 
w ith  g lu tam ate and  asp a rta te  has little  effect on th e  subsequent ra te  of 
induction. I t  is interesting to  no te th a t  as the  length of p re-trea tm ent 
w ith  am m onia is increased there is a progressive decrease in the  ra te  of 
induction, suggesting th a t there is a build  up of some com pound which 
decreases the  ra te  of induction. From  the  effects of arginine p re treatm ent 
and  th e  p relim inary  d a ta  obtained from  the amino pool composition argi­
nine would seem a possible candidate for th is compound.

DISCUSSION

The results described here concern for the m ost p a rt the  p a tte rn  of m etab­
olic control regulating th e  form ation of n itra te  reductase ra th e r th an  the 
precise molecular m echanisms th rough  which such control is m ediated. 
In  relation to  such m echanism s the  results indicate th a t am m onia and 
asparagine a t least, ac t a t the  cellular level ra th e r th an  by inhibiting n itra te  
accum ulation and in th is way reducing the inducer pool. A sim ilar conclusion 
has been reached by  Ferguson (1969) and  by  H eim er and  F ilner (1970). 
Since am m onia and  asparagine are as effective as n itra te  when supplied 
as sole nitrogen sources non-specific effects arising from  toxicity  can be 
disregarded and  these com pounds can be regarded as end product repressors. 
In  the  case of am ino acids such as isoleucine and threonine which cannot 
be utilized as sole nitrogen sources and  are toxic to  plants grown on n itra te  
or am m onia, the possibility th a t  their inhib itory  effects on n itra te  reductase 
induction are non-specific, arising from  toxicity  cannot be elim inated. 
The question which arises in relation to  those am ino acids which inhibit 
th e  induction  b u t are n o t toxic is w hether the repression is really  m ulti­
valen t or is m ediated  th rough  a common m etabolite? The results from 
th e  p re -trea tm en t experim ents while by  no m eans unequivocal suggest 
the  possibility th a t  repression m ight be specifically m ediated by  compounds 
such as am m onia and  arginine. There are, however, difficulties in ex trap o la t­
ing th e  am ino pool d a ta  to  the  in  vivo s ituation  since such m easurem ents 
m ask any in tracellu lar com partm entation  and  hence the existence of a 
cytoplasm ic repressor pool. One approach currently  being used to  investigate 
the  problem  of m ultivalen t versus specific repression is to  s tu d y  the  kinetics 
of induction in th e  presence of d ifferent repressors. P relim inary  studies 
of the  tim e course of induction in the  presence of asparagine indicate the 
degree of inhibition is constan t at all tim es during induction. I f  these ob ­
servations can be confirmed w ith o ther amino acids then  their conversion 
to  a common repressor is unlikely. W hile m ultivalen t repression would 
seem to  perm it flexibility  in the  control of n itra te  assim ilation the possi­
b ility  th a t  a nitrogen-rich storage compound such as arginine is the  specific 
repressor is an  a ttra c tiv e  alternative hypothesis.

One feature of the  results from  the  represssion experim ents which seems 
of im portance in considering the level a t  which repression occurs is the 
im m ediate response in enzyme level on adding am m onia to  induced p lan ts 
(Fig. 1). Assuming th a t  the  increase in enzyme ac tiv ity  observed during 
induction represents de novo synthesis it is unlikely th a t m-RNA synthesis



is lim iting since a t the  tim e of am m onia addition the  enzyme is a t the  fully 
induced level. This being so it  is possible th en  th a t  repression could act 
a t  a post-transcrip tional step in protein  synthesis. One mechanism  which 
would account for repression m ight ac t a t th e  transla tion  step , inhibiting 
in some w ay the  form ation or release of th e  polypeptide. An a lternative  
possibility is th a t  the  repressors m ight ac tiva te  a protein  dependan t in ­
activation  system  sim ilar to  th a t described by  Travis, Jo rd an  and  H uffaker 
(1969) for the  dark  inactivation  of barley n itra te  reductase. F u rth e r studies 
on the ra te  of n itra te  reductase loss under different conditions should enable 
a  distinction to  be m ade between the  effects of repressors on enzyme for­
m ation and  those on enzyme stab ility .

I  w ould like to  th a n k  T. O. O rebam jo  for perm ission  to  use som e o f his unpublished  
re su lts  a n d  Jan ice  Coulson fo r h e r tech n ica l assistance.
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IN T R O D U C T IO N

P ro tein  synthesis can be influenced by m any types of reagent. A num ber 
o f antibiotics and several modified pyrim idine and  purine bases antagonize 
the  protein-synthesizing system  a t  an  early step, causing aberra tion  of the  
DNÄ replication or transcrip tion  processes. By contrast, ano ther group of 
substances influence protein  synthesis either by  lim iting the  supply of 
am ino acids or by restric ting their incorporation into polypeptide chains. 
Substances of this la tte r  type are norm ally called am ino acid analogues. 
To be effective, an analogue molecule should possess a s tru c tu re  closely 
akin to  th a t of one of the tw en ty  norm al constituents of protein. Ideally, 
an  analogue should be an ‘isostere’ (Richm ond, 1962) of a protein amino 
acid, and  possess alm ost identical pK  values. Chemists have ‘custom -built’ 
m any substances to  fit these criteria and one of the most successful molecules 
has been p-fluorophenylalanine; the  substitu tion  of a single F  atom  for 
an arom atic proton leaves the  molecule inappreciably larger th an  phenyl­
alanine, and  the ionization of the  d istan t am ino and carboxyl groups is 
hard ly  affected. Analogues m ay affect the  size of m etabolic pools by com ­
peting for sites on the  perm ease enzym e system s governing the  up take 
of the  norm al amino acid into cells or by acting as ‘false’ feedback inhibitors 
or repressors of key enzymes involved in am ino acid biosynthesis. A lter­
natively, p ro tein  synthesis can be im paired by analogues functioning as 
com petitive substrates, or occasionally as inhibitors, of p articu lar amino- 
acyl-tR N A  synthetases: such com petition can lead to  either fewer protein 
molecules being com pleted, or to  th e  production of anom alous protein  
molecules, containing analogue residues, having im paired biological func­
tion (Fowden et ah , 1967).

P lan ts  synthesize a great varie ty  of amino acids, and a recent estim ate 
places their num ber a t alm ost 200 (Fowden, 1970). I t  is then  not surprising 
th a t w ith so m any p lan t am ino acids available, some of the  molecules 
should behave as analogues. F o r example, detailed investigations have 
been m ade of canavanine antagonism  of arginine m etabolism , of ethionine 
and selenom ethionine in teraction with system s utilizing methionine, and 
of the  com petitive behaviour observed for 2-amino-4-methylhex-4-enoic 
acid and  azetidine-2-carboxylic acid w ith enzymes im plicated in phenyl­
alanine and  proline metabolism , respectively (Fowden et ah, 1967). We 
now wish to  present new d a ta  concerning naturally-occurring imino acids 
th a t act as proline analogues and also some prelim inary inform ation 
regarding the  amino acid substrate  specificity of preparations of glutam vl- 
tR N A  synthetase obtained from different p lants.
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STUDIES W IT H  PR O L IN E  ANALOGUES

Azetidine-2-carboxylic acid, the  lower homologue of proline, was one 
of th e  earliest described exam ples of a n a tu ra l am ino acid exhibiting 
analogue behaviour. This im ino acid occurs fairly  widely, and  in high 
concentration, in species assigned to  the fam ily Liliaceae (Fowden and 
S tew ard, 1957). I t  strongly  inhibits the  grow th of seedlings, which do not 
them selves synthesize the  im ino acid (Fowden, 1963), and also restricts 
the  grow th of cultures of Escherichia coli (Fowden and  Richm ond, 1963). 
The ex ten t of grow th inhibition  was correlated w ith  the percentage re ­
placem ent of proline residues in cellular p rotein  by those of azetidine-2- 
carboxylic acid. Sim ilar observations have been recorded with a chemically- 
synthesized analogue of proline, nam ely 3,4-dehydroproline (Fowden et al. 
1963). However, azetidine-2-carboxylic acid is not a  com ponent of p rotein  
molecules in p lan ts producing th e  imino acid. This difference was shown 
to depend upon the  differential abilities of the pro lv l-tR N A  synthetase 
to  ac tiva te  proline and its analogue molecules. E nzym e from  a p lan t 
such as Phaseolus aureus, whose grow th is strongly  inh ibited  by  both  
azetidine-2-carboxylic acid and  dehydroproline, a c tiv a ted  these imino 
acids a t ra tes (determ ined a t  enzym e-saturating concentrations of the 
substrates) of 38 and  57 %, respectively, of th a t  determ ined for proline. 
The prolyl-tRNA. synthetase from  Convallaria m ajalis (another azetidine-2- 
carboxylic acid-producing species) behaved sim ilarly, b u t the  enzyme 
from  Asparagus officinalis, a liliaceous p lan t th a t  does no t produce azeti- 
dine-2-carboxylic acid, could be likened to  th a t  from  Phaseolus, i.e. it 
ac tiv a ted  the  analogue (Peterson and Fowden, 1965); azetidine-2-carboxylic 
acid also m arkedly inhibited  the  grow th of seedlings of Asparagus. These 
results strongly suggest th a t  an  evolutionary m utation , affecting the 
conform ation of the  active site of p rolyl-tR N A  syn thetase  molecules, has 
occurred in those species producing azetidine-2-carboxylic acid; as a result,

the  m odified enzyme 
can selectively discrim  
inate against azeti- 
dine-2-carboxylic acid 
and  so p ro tect these 
species against an  o th ­
erwise toxic product
(Fig- 1).

In  the  past two years, 
interesting isolations of

COOH

L-Azetid ine-2- 
corboxylic acid

COOH

3A -D ehydro-L -
proline

COOh

L-Thiazolidine-4- 
carboxylic acid

CH2

Exo (cisb3A-methano- L-Pipecolic
L-proline acid

Fig. 1. Im in o  acid  s tru c tu re

azetidine- 2 -carboxylic 
acid have been m ade 
from  seedlings of the 
legume, Delonix regia 
(Sung and Fowden. 
1969) and  from the 
nitrogenous fraction 
obtained during the 
bulk processing of sug­
ar beet (Knobloch and

138



Fowden, unpublished results). We also have established th a t  azetidine-2 
-carboxylic acid forms a m ajor constituen t of seedlings of four o ther legume 
genera, including Parkinsonia. The imino acid generally cannot be detected  
in the d ry  seeds of these legumes using norm al chrom atographic procedures: 
th is is also tru e  for sugar beet ex tracts, where azetidine-2-carboxylic acid 
is only present a t  abou t onefiftie th  of the  concentration of proline and 
therefore is detected  only a fte r considerable fractionation  of th e  am ino acid 
complex has been accomplished. These identifications in p lan ts to ta lly  
un re la ted  to  the  Liliaceae have enabled us to  ex tend  our com parative 
stu d y  of prolyl-tR N A  synthetase enzymes from  different azeíidine-2-car- 
boxylic acid-producing species.

On a priori grounds, two distinct prolyl-tR N A  synthetases m ight exist 
in the  legume species — the enzyme located in the d ry  seed, which lacks 
azetidine-2-carboxylic acid, m ight resemble th a t of Phaseolus and  activate  
azetidine-2-carboxylic acid significantly, whilst th e  prolyl-enzvm e syn ­
thesized during the  grow th of seedlings presum ably would discrim inate 
against the  imino acid, now rapidly  accum ulating in the  p lan t tissues. 
However, purified preparations of prolyl-tR N A  synthetase obtained from  
Delonix or Parkinsonia  failed to  ac tiva te  azetidine-2-carboxylic acid, 
irrespective of w hether the enzyme originated from  dry  seeds or from 
seedlings (Table 1). Obviously, evolutionary  processes have elim inated 
the  ancestral-type enzyme capable of ac tiva ting  azetidine-2-carboxylic 
acid (which presum ably  could have functioned satisfactorily  in relation 
to  p ro te in  synthesis in th e  developing seed), and  have led to  the  sim plest 
s ituation  in which a single azetidine-2-carboxylic acid-resistant enzyme 
serves to  ac tiva te  proline th roughou t the  p lant.

Table 1 also presents kinetic param eters for p reparations of prolyl-tR N A  
synthetase obtained from  several o ther species, including seedlings of sugar 
beet (Beta vulgaris, var. media). The enzyme from  the  la tte r species ac tiv ­
a ted  azetidine-2-carboxylic acid very  significantly in com parison w ith 
the  norm al substra te  proline (Vmax for azetidine-2-carboxylic acid was "3%  
o f the sim ilar value for proline); the  slightly lower affin ity  of the  enzyme 
for azetidine-2-carboxylic acid th an  proline is confirm ed by the relative 
K m values. These kinetic d a ta  show a very  close sim ilarity  w ith those 
determ ined for prolyl-enzym e from  other species lacking detectable azetidine- 
2-carboxylic acid, e.g. P. aureus, Hemerocallis fulva, and Ranunculus bul- 
bosa. Therefore, a lthough Beta vulgaris is able to  synthesize azetidine-2- 
carboxylic acid, the  p lan t apparen tly  has not a need for a specialized prolvl- 
enzvme capable of discrim inating against the  analogue, because azetidine- 
2-carboxylic acid never reaches concentrations wit!)in the  p lan t’s cells 
th a t  would lead to  effective com petition w ith proline a t the  active sites 
of th e  synthetase.

D a ta  obtained for several o ther proline analogues are also given in Table 1. 
Prolyl-enzym es prepared  from  th e  three azetidine-2-carboxylic acid-pro­
ducing p lan ts ac tiva ted  3,4-dehydroproline; in each case, th e  m axim um  
reaction rates determ ined w ith th is analogue were slightly less th an  50%  
of the  corresponding Vmax value determ ined for proline. P lan ts  having 
prolyl-tR N A  synthetases capable of using azetidine-2-carboxylic acid as 
a substra te  ac tiva ted  dehydroproline som ew hat more effectively, and 
\  m ax and K m values closely approached those determ ined for proline. e.g.



о Tabló 1
Kinetic parameters determined for protine and several of its analogues using prolyl-tHNA synthetase preparations fn/m

various higher plants

AH d a ta  are ca lcu la ted  from  reac tion  ra te s  d e term ined  using  ATP-32PPj exchange p rocedu res  based on m e th o d s  described
by P e te rso n  an d  Fow den (1965) and  A nd erso n  and  F ow den (1970)

Plant species Pro Л20 DHPro iV-MeGly .Y-EtCly JV-MeAla MPro TPro

* Parkin son ia Km 4-35X 10~4 oo 2-2x10-3 4-5X10-3 7-1 X IO"3 —6X10-3
aculeata (seed)  ̂max inn n 49 22 <3 5 + 42 ~70

* Delon ix Km 1-82X10-4 oo 7-8 X 10—* 3X 1 0 -1 4-6x IO“ 3
regia (seed) Vmax 100 0 49 15 4 3+ 22 —66

*Co?irallaria Km 4-5 XlO“4 oo 1-4X10“3 — —2-5X10-3
ma jo lis  (seed) Vmax 100 0 44 19 + <3 <3 —36

Beta vulgaris Km 4-5 X in-4 2-2 X 10-3 5-0 X 10—4
(seedling) Vmax inn 73 89 ~50 3+ 10+ <3+ 22*f

Hemer ocallis Km 6-25x10—4 5-ЗхЮ -3 7-4 X 10—4 1-0x10-' -
fu lva  (leaf)  ̂max 100 75 87 74 —4 11 + < 3

Phaseolus Km 1-37 X 10~4 1-43Х1П-3 2-8 X 10“4 6-7X10-3 —2X10-3 — 7X10-3 oo 2 IO“ *
aureus (seed) V max 100 55 93 80 —5 17 0 — 35

Ranunculus Km 2-9 X Щ—4 2-0X10-3 3-6 x io -4 1-43 X 10—1 OO oo
bulbosa (leaf) V max 100 66 73 80 0 10 0

K ey  to  substrate  abbreviations: Pro, L-proline; A2C, L-azeticline-2-carboxylic acid; D H Pro, DL-3,4-dehydroproline; A7-MeGly, 
N  - m et hylglycine ; Af-EtGly, A7-ethylglycine; A’-MeAla, A’-m ethyl-L-alanine; MPro, exo(cis)- 3,4- m ethano-L-proline; TPro, 
L-thiazolidine-4-carboxylic acid (L*thioproline).
K m values are expressed as molar concentrations; the K m for dehydroproline is expressed w ith respect to  the L-forrn.
Vmax values are expressed as percentages of the values determ ined for proline.
* P lan ts  characterized by high concentrations of azetidine-2-carboxylic acid.
+ For these determ inations, saturating substra te  concentrations m ay not have been reached.



for enzym e from Beta vulgaris, the Vmax value for dehydroproline was 
89%  of th a t for proline, whilst the respective K m values were 5-0 X 10 1 
and  4-5 X 10 1 M.

iV-Metliylalanine and  several AT-alkylglveines acted  as substra tes for a 
prolyl-tR N A  synthetase prepared from  E. coli by Papas and Mehler (1970). 
These substances show some analogy to  proline by possessing an imino-N. 
whose a ttached  carbon atom s m ay a tta in  a configuration resem bling a 
proline molecule having an unclosed heterocyclic ring. We have tested  
th ree of these ./V-substituted com pounds as substrates for the  prolyl-enzym es 
obtained  from  our range of higher p lan t species. E nzym e-substrate affin i­
ties, as reflected in K m values (Table 1), were relatively low, bu t 
the  values were of the same order as those determ ined by Papas and 
Mehler (1970) for E. coli enzyme (e.g. 2 -5 x 1 0  ' M for .V-methylglycine). 
There is an  indication th a t these N -substitu ted  derivatives (which, like 
dehydroproline have molecules th a t are sm aller th an  proline) are ac tiva ted  
m ore effectively, relative to  proline, by prolyl-enzymes from  species failing 
to  d iscrim inate against azetidine-2-carboxylic acid.

Table 1 also illustrates our findings for two analogues, thiazolidine-4- 
carboxylic acid (thioproline) and exo(ci,%-3,4-metlianoproline, th a t have 
slightly larger molecules th an  proline. Thioproline is an exam ple of a 
chem ically-synthesized analogue, th a t  has not been dem onstrated  as a 
n a tu ra l constituen t of higher p lants. C г я - 3,4 - met hano pro line is a m ajor 
com ponent of the soluble nitrogen pool of seeds of Aesculus parviflora 
(Fowden et ah, 1969). I t  has recently been synthesized, together w ith the 
trans isomer, by Fujim oto  et al. (1971). B oth substances were ac tiva ted  
by selected prolyl-tR N A  synthetase preparations and, in general, th io ­
proline was the b e tte r substra te  for individual enzymes. W hen Vmax values, 
relative to proline, are com pared for enzym e preparations from  the two 
types of p lan t, it is clear th a t the behaviour of these larger analogue mole­
cules contrasts sharply  with th a t determ ined for analogues sm aller than  
proline: bo th  3,4-m ethanoproline and  thioproline were ac tiva ted  b e tte r 
by  prolyl-enzym es from  species th a t discrim inated against azetidine-2- 
carboxylic acid, th an  by enzymes th a t ac tiva ted  the  la tte r  imino acid.

By extending these ideas, one m ay logically propose th a t the geom etry 
of the  active sites of prolyl-tR N A  synthetases discrim inating against 
azetidine-2-carboxylic acid, e.g. those from  Delnnix or Convallaria, is such 
th a t binding of molecules som ewhat larger th an  proline is possible; however, 
by displaying this flexibility, the fit of small analogues, of which azetidine- 
2-carboxvlic acid is the  smallest of those being considered, is presum ably 
too loose and  inaccurate for firm  binding to  occur. Conversely, the  active 
sites of the  prolyl-enzym es from species activating  azetidine-2-carboxylic 
acid are presum ed to  be smaller, thereby  facilitating the  form ation of 
appropriate  ligand bonds to  azetidine-2-carboxylic acid, whilst restric ting 
the  binding of larger analogue molecules.

Our colleagues, T ristram  and  co-workers, have perform ed related  studies 
on th is range of proline analogues, being especially concerned w ith  in te r­
action upon the  processes of proline up take and  biosynthesis in bacterial 
system s. Azetidine-2-carboxylic acid and dehydroproline bo th  cause 
inhibition of grow th of bacterial cultures and  they  strongly  antagonize, 
by  com petition, the  up take of 14C-proline into cells of E. coli (Tristram
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and  Neale, 1968); bo th  analogues also ac t as feed-back inhibitors of the  early 
steps in the enzymic synthesis of proline from g lu tam ate (Tristram  and 
T hurston, 1966). More recently, this group of workers have dem onstra ted  
th a t cis-3,4-m ethanoproline exhibits these same properties, m arkedly 
inhibiting growth and  lim iting 14C-proline up take of bacterial cells and 
effectively inhibiting the  proline biosynthetic pathw ay  in selected strains 
of E. coli. The Irans isomer shows these properties to  a lesser degree, whilst 
pipecolic acid has never been observed to  ac t as a proline analogue (Rowland 
and  T ristram , 1972).

ST U D IE S  W IT H  GLU TAM IC A C ID  A N A LO G U E S

Num erous p lan t products m ay be regarded as being glutam ic acid hom o­
logues or substitu ted  derivatives. ж-Aminoadipic acid, the  sim plest of these 
compounds, occurs fairly widely in p lan ts b u t only in quite low concentra­
tions. Various у-substitu ted  glutam ic acids accum ulate to  m uch higher 
concentrations in particu la r species. F o r example, threo-y-hydroxyg 1 utam ic 
acid occurs sporadically am ong species of the  Liliaceae, including Hemero- 
callis (Fowden and  Stew ard, 1957), and  it has also been isolated from 
various ferns (V irtanen and  H ietala , 1955): the  erythro-isomer is no t known 
as a  higher p lan t constituent. B ranched-chain Ce am ino acids re la ted  to 
g lu tam ate are represented by:

(a) y-M ethyleneglutam ic acid, and its amide y-m ethyleneglut amine, 
which occur sporadically am ong m embers of the  Legum inosae and 
Liliaceae and  also in selected fern genera.

1Ы Erythro-y-mei hylglutam ic acid, which has a very sim ilar d istribution 
to  the  com pounds in (a), although usually in lower concentration: 
this com pound, however, accum ulates in P hyllitis scolopendrium  
(Blake and Fowden, 1964) and reaches a rem arkable concentration 
in seed of Caesalpinia bonduc (W atson and Fowden, unpublished).

(c) y-H vdroxy-y-m et hylglutam ic acid exists as the  2(S),4(S)-isomer in 
certain  legumes (Sung and  Fowden, unpublished), in Pandam is 
(Jado t et ah, 1967), and in ferns (Blake and  Fowden, 1964), whilst 
th e  diastereoisom eric 2(S),4(R)-form has been isolated from  the 
fungus Ledenbergia (Jad o t et ah, 1967).

(d) Cis- and trans-forms of a-(carboxycyclopropyl)glycine, i.e. compounds 
th a t can be regarded as m odifications of glutam ic acid by the  sub­
stitu tion  of an additional —C H 2— group across the  ß  and y carbon 
atom s: these cyclopropane derivatives have been isolated from  a 
num ber of genera of the  Sapindaceae and from  some species of 
Aesculus (Fowden e t ah, 1969).

C ertain species producing y-m ethyleneglutam ic acid and  y-m ethylene- 
glutam ine also contain y-ethylideneglutam ic acid (Fowden, 1966; Gmelin 
and  Larsen, 1967); th e  related  y-ethylglutam ic acid occurs in seed of C. 
bonduc (W atson and  Fowden, unpublished). The structu res of some of these 
am ino acids are shown below as their Fischer projections (Fig. 2).

W hen we commenced our studies on the  g lutam yl-tR N A  synthetase, 
no definitive inform ation abou t this enzyme had  been published for p lan t
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Fig. 2. S u b stitu ted  g lu tam ic  acid s tru c tu re s

system s. Almost all studies surveying the  levels of individual am inoacyl- 
tR N A  synthetases in various p lan t tissues had  recorded either very low 
o r zero activities for the  glutam yl-enzym e; such results are difficult to 
rationalize w ith the  high conten t of g lu tam ate in m any p lan t proteins. 
Our initial experim ents provided an explanation for m any of the  previous 
negative findings, for we observed th a t  passage o f buffered p lan t ex tracts 
through columns of Sephadex G-25 caused a preferential re ta rdation  of 
the  g lutam yl-tR N A  synthetase peak, in relation to  the  m ain protein  band  
which elu ted  earlier and  contained alm ost all o ther am inoacyl-tR N A  
synthetases. Clearly, in m any earlier studies the glutam vl-enzym e has been 
discarded in fractions from Sephadex G-25, no t expected to  contain enzymes. 
A fu rther com plication lies in the  relative instab ility  of the  enzyme, a feature 
detrim ental to  the  enhancem ent of the  enzym e’s specific ac tiv ity  by  frac­
tionation  procedures.

D a ta  relating to  the  am ino acid specificity of the  g lutam yl-tR N A  syn the­
tase are given for th ree p lan t species in Table 2. The p lan ts studied are 
(i) P. aureus, in which there is no record of occurrence of any of the  sub­
s titu ted  glutam ic acids described above, (ii) H. fulva, a liliaceous species 
producing /Areo-y-hydroxyglutamic acid, and (iii) C. bonduc, a legume 
whose seed contains erythro-y-m ethyl-, y-ethylidine- and  y-ethyl-glutam ic 
acids. The results clearly show th a t enzymes from  species producing p a r­
ticu lar g lu tam ate analogues fail to  ac tiva te  the  p lan t’s own products, e.g. 
//ireo-y-hydroxyglutamic acid shows no substra te  ac tiv ity  for the glutam vl- 
enzym e from  Hemerocallis, whereas the  enzyme obtained from  P. aureus
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Table 2
Kinetic parameters determined for glutamic acid and severed of its analogues 

using glutam yl-tRNA synthetase preparations from various higher plants 
All d a ta  a re  ca lcu la ted  from  reac tion  ra te s  d e te rm ined  using  ATP-32PPj 

exchange p rocedures based  on m eth o d s described by P e te rso n  and  F ow den (1965) 
an d  A nderson  an d  F ow den  (1970)

Substrate

P la n t  sp ecies

P h a se o lu s  a u re u s  i 
seed

H e m e ro c a llis  f u i r a  
leaf

C a e sa lp in ia  boruluc  
seed

L-Glutamic acid Кщ 7-21 X 10~3 5-24 X 10~3 9-3 x  10-3
V max 100 100 100

Eryth ro - y ■ m e t h y 1 - L - K m 1-55 X 10~2 2-81 X 10~2
glutamic acid V max 681 40-2 0

Threo-y-methyl-DL- K m —
glutam ic acid Vmax 55-2 (75 mM) 0 20-1 (75 mM)

77/reo-y-hydroxy-L- K m 2-11 X lO -2 oo 5-21 X 10“ 2
glutamic acid V max 54-7 0 23-6

Eryt Л г о - y - h y dr oxy - D L - Km — OO
glutamic acid V max 58-2 (75 mM) 34-2 (75 mM) 0

2(S), 4(S)-y-hydroxy-y- K,„ 3-43 X 10—! 1-25 - 1 0 - ' TSO

methyl-L-glutamic acid Vmax 42-2 Calculated as 10*2 0
2(S), 4(R)-;>-hydroxy-y- K m

methyl-L-glutamic acid Vmax 38-2 (75 mM) 0 0

The following analogues of glutam ic acid were also tested at concentrations of 75 mM, but 
no pyrophosphate exchange was detected: y-m ethylene-D L-glutam ic acid, y-ethyl-L-gluta- 
mic acid, y-ethylidene-L-glutam ic acid, y-ethyl L-glutam ate, /7-met hyl 1)1,-glut amic acid. 
/1-hydroxy-DL-glutamic acid, D L-a-am inoadipic acid, cis-L-a-(carboxyeyclopropvl)glycine, 
<rans-L-a-(carboxycyclopropyl)glycine.
K m values are expressed as molar concentrations w ith respect to  the  L-form.
Vmax values are expressed as percentages of the values determ ined for glutam ic acid.

shows an affin ity  for a varie ty  of y-hydroxy and  y-m ethyl su b stitu ted  
glutam ic acids. The discrim inatory behaviour shown by p articu lar enzymes 
seems to  be stereospecific, for er y  thro-y - hydre ) x ygl u t a m i e acid does serve 
as a  substra te  for the  Hemerocallis enzyme. The same type of stereospecific 
discrim ination is observed for the glutam yl-enzym e from  C. bonduc, which 
fails to  ac tiva te  the n a tu ra l erythro-y-m ethylglutam ic acid isomer, but 
shows an affin ity  tow ards the  non-natural threo-isomer. An enzyme th a t 
fails to  ac tiva te  the  threo-y-hydroxy derivative, also will not utilize the 
threo-y-m ethyl isomer (see Hemerocallis)-, similarly, failure of the  C. bonduc 
enzym e to  accept its own product, erythro-y-m ethylglutam ic acid, as a 
su b stra te  is coupled w ith the  non-utilization of en///(ro-y-hydroxyglutam ic 
acid. The sizes of hydroxy and  m ethyl groups are closely alike and  p re­
sum ably the  substitu tion  of either group a t an  appropriate  position on the  
glutam ic acid molecule m ay cause complete steric hindrance of su b stra te  
binding a t the enzym e’s active site. oc-Aminoadipic acid and  several su b ­
s titu ted  glutam ic acid derivatives, including those possessing larger su b ­
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s titu en t groups a t the  y-position, or others having a  /З-substituen t, were 
not ac tiva ted  by  any of the g lu tam yl-tR N A  synthetases.

These prelim inary  studies concerning the  g lutam yl ac tiva ting  enzyme 
from  p lan ts  provide ano ther exam ple of an  enzyme th a t has probably been 
su b jec t to  conform ational m odification in particu lar species to  ensure the  
exclusion of particu lar substrates from its active site. E nzym e from  P . 
aureus m ight be considered as an ancestral ty p e  associated w ith the  lowest 
order of substra te  discrim ination. The two o ther species studied in Table 1 
th en  m ight produce m u tan t forms of glutam yl-tR N A  synthetase, whose 
molecules show subtle changes of conform ation (possibly caused by su b ­
stitu tio n , deletion, or addition of am ino acid residues in the  polypeptide 
chain); these m odified enzymes then  discrim inate more precisely between 
various am ino acid substrates and  fail to  bind those molecules th a t are 
norm al products of the p lan t under investigation.

SUMMARY

F o r m any years, the  non-protein am ino acids have been regarded merely 
as a fu rth e r group of unusual secondary products of p lants. Certainly, 
m any aspects of their behaviour and  role in p lan ts are still little  understood, 
b u t th e ir adoption in analogue studies has given them  a new im portance 
in recent years, and  we m ay confidently  expect th a t their increasing use 
in  th is way will provide fu rther insights into the  mechanisms controlling 
am ino acid and  protein biosynthesis.
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THE ROLE OF ATP SULPHURYLASE IN THE BIOSYNTHESIS 
OF CYSTEINE IN HIGHER PLANTS
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J. W. A n d e r s o n  and W. H. S h a w

BOTANY DEPARTM ENT, LA TROBE U N IV ERSITY , BUNDOORA, VICTORIA, 3083,
AUSTRALIA

IN T R O D U C T O R Y  R E V IE W  O F S U L P H A T E  M ETA B O LISM  IN  
H IG H E R  PL A N T S

Inorganic su lphate is the  prim ary  source of sulphur utilized by p lan ts 
for the  biosynthesis of all the  sulphur-containing com pounds found in 
p lants, the  m ost im p o rtan t being th e  am ino acids cysteine and  methionine. 
The synthesis of cysteine and  m ethionine from  sulphate b y  p lan ts and  
micro-organisms is of g reat biological im portance since anim als are de­
pendent on p lan ts and  microorganisms for their supply of cysteine and 
m ethionine. Animals, however, do have a lim ited capacity  to  synthesize 
cysteine from  sulphate, b u t the  sulphate in tu rn  originates from  th e  ox ida­
tion  of su lphur containing substrates of p lan t and  m icrobial origin (Roy 
and  Trudinger, 1970).

The pathw ay  of assim ilatory sul[ hate m etabolism  is now fairly íveli 
established in yeast and  E. coli thougn the  details of the  reactions involving 
the  enzyme complexes PA PS* reductase and  sulphite reductase are still 
no t com pletely understood. The pathw ay  of sulphate incorporation into 
cysteine has recently  been reviewed in detail (Roy and  Trudinger, 1970); 
the  pathw ay  is sum m arized in Fig. 1 using the nom enclature of B andurski 
(1965).

The incorporation of sulphate-sulphur into cysteine has been dem onstra t­
ed in a varie ty  of photosynthetic  and  non-photosynthetic p lan t tissues 
(Wilson, 1962; Ellis, 1963; Thom pson, 1967) b u t the pathw ay  of sulphate 
m etabolism  in higher p lan ts is not yet clear. The role of sulphite and  sul­
phide as in term ediates in the  biosynthesis of cysteine from  su lphate in 
p lan ts has been deduced from  nu trition  experim ents (Wilson, 1962; R oy 
and Trudinger, 1970) and  is consistent w ith the  rudim ents of th e  p athw ay  
of sulphate m etabolism  described in yeast. The enzyme serine sulphydrase 
has been described in spinach leaf tissue (Brüggem ann et al., 1962; Brügge­
m ann and  W aldschm idt, 1962) an d  Ellis (1963) has repo rted  th a t serine 
enhanced the  synthesis of cysteine in beetroot slices, thus dem onstrating 
the role of th is enzyme in the  biosynthesis of cysteine in vivo. Sulphite 
reductase activ ity  has been ex tracted  and purified from p lan ts (Tam ura, 
1965; Asada, 1967; Asada et ah, 1969) and some progress has been m ade 
on characterizing th e  sulphite reductase complex and  the  na tu re  of the 
electron donor (Asada et ah, 1969). M ayer (1967) has reported  th a t sulphite 
reductase ac tiv ity  is associated w ith  chloroplasts.

* A bbrev ia tions: A PS , adenosine 5 '-su lp h a to p h o sp h a te ; A PSe, adenosine 5 '- 
se len o p h o sp h a te ; P A P S , adenosine 3 '-p h o sp h a te  o '-su lp h a to p h o sp h a te .
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Cysteine

Fig. 1. P a th w a y  o f a ss im ila to ry  su lp h a te  m etabo lism  in y e a s t (adap ted  from  B an- 
d u rsk i, 1965). F ra c tio n  C is a  h ea t-s ta b le  low m olecu la r w eigh t p ro te in

Considerable u ncerta in ty  surrounds the earlier p a rt of the pathw ay 
in p lants. In  yeast, the  enzyme ATP: sulphate adenylyltransferase (trivial 

nam e ATP sulphurylase) catalyzes the  form ation of APS from ATP and 
sulphate:

ATP +  SO.,-“  . APS +  PP,

A nother enzyme, ATP adenylylsulphate 3’-phosphotransferase (trivial 
nam e APS kinase) catalyzes the  activation  of APS by ATP to form PAPS:

APS +  ATP МЬг2+ . PAPS +  AD F

The synthesis of [35S]APS has been dem onstrated  in isolated illum inated 
chloroplasts (Asahi, 1964) and in ex tracts  of various p lan t tissues (Ellis, 
1969) using [35S]sulphate as substrate . Adams and  Johnson  (1968) and 
Adams and R inne (1969) have reported  ATP sulphurylase ac tiv ity  in crude 
ex tracts  of several p lan t species using the m olybdate substra te  m ethod 
of W ilson and  B andurski (1958) bu t th is m ethod only provides indirect 
evidence for ATP sulphurylase ac tiv ity  and  supplies very little  inform ation 
abou t the  properties of the enzyme. PA PS reductase ac tiv ity  and  synthesis 
of PA PS have been reported  in Chlorella (W edding and  Black. 1960: Levin- 
th a l, 1967; Hodson et ah, 1968) b u t there is considerable u ncerta in ty  
w hether PA PS is an in term ediate in sulphate m etabolism  in higher p lants. 
M ercer and Thom as (1969) reported  th a t  unillum inated chloroplast frag ­
m ents synthesized bo th  APS and  PA PS when incubated w ith pyrophospha­
tase isolated from  yeast. Asahi (1964) and B alharry  and Nicholas (1970) 
on the  o ther hand, did not detect the synthesis of PAPS in illum inated 
chloroplasts though Asahi (1964) concluded th a t  PA PS is an interm ediate 
in sulphate m etabolism  in spinach leaf because chloroplasts were unable
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to reduce sulphate to  sulphite unless ATP sulphurvlase and APS kinase 
from  yeast were added to  illum inated ehloroplasts.

The problem  of w hether PA PS is an  in term ediate in the  m etabolism  of 
su lphate has also been encountered in Salmonella pullorum ; in this organism , 
APS, but not PA PS, was synthesized from  sulphate whilst the organism  
incorporated sulphate-sulphur into cysteine (Kline and  Schoenhard, 1968). 
S. pullorum, however, contains a  powerful 3 ’-nucleotidase which would 
hydrolyze PA PS to APS and orthophosphate. By including a 3’-nucleotide 
(e.g. 3’-AMP) to  act as a substra te  of 3’-nucleotidase whilst m onitoring 
for APS kinase activ ity , then  the synthesis of PA PS was detected. 3’- 
nucleotidase lias been recorded in several p lan t species (Sung and  Las- 
kowski, 1962: W alters and  Loring, 1966: H anson and  Fairley, 1969) and 
it is possible th a t the  ac tiv ity  of this enzyme m ight have confounded 
a ttem p ts  to  detect PA PS in p lan t tissue, though Ellis (1969) found th a t 
p lan t ex tracts  fortified w ith ex tracts of a bacterial m u tan t (E. coli, 4—2), 
which lacks ATP sulphurvlase bu t contains APS kinase, synthesized 
PAPS. Since PA PS accum ulated, Ellis reasoned th a t  enzymes degrading 
PA PS were absent from  the p lan t ex trac t used. A nother in terp re ta tion  
could be th a t PAPS only accum ulated  because the ra te  of synthesis of 
PA PS by the p lant plus bacterial system  exceeded the  ra te  of degradation 
o f PAPS. I t  m ay be significant th a t the  synthesis of APS by p lan t ex tracts  
bears no relation to  the synthesis of PAPS by  p lan t ex tracts fortified w ith 
the  m utan t bacterial ex trac t (Ellis, 1969). The action of a sulphatase 
(Roy and Trudinger, 1970) in p lan t ex tracts  which hydrolyzes the  P -0  — S 
bond of sulphatophosphates bearing a З’-phosphate group (e.g. PAPS) 
could also explain the  failure to  detect PAPS in p lan t ex tracts. We are 
currently  conducting experim ents sim ilar to  those of K line and  Schoenhard 
(1968) in an  a ttem p t to  resolve w hether З’-nucleotidase ac tiv ity  is con­
founding a ttem p ts  to  dem onstrate th e  synthesis of PA PS in ex tracts  of 
higher plants.

Our main in terest in the sulphate pathw ay in p lan ts to  da te  has been 
to  obtain direct evidence for the occurrence of ATP sulphurvlase in p lant 
tissues, to  purify the  enzyme and  to  study  its properties w ith special 
reference to  substra te  specificity. Our in terest in substra te  specificity 
arose in the  first instance from  ecological and  physiological studies which 
established th a t some soils of northw estern  Queensland (Australia) and 
W yoming (U.S.A.) contain high concentrations of selenium and support 
p lan t species which accum ulate selenium (e.g. N eptunia amplexicaulis and 
Astragalus racemosus) which in tu rn  are toxic to  stock th a t graze on these 
species (McCray and  Hurwood, 1964; Rosenfeld and Beath, 1964; Shrift, 
1969). Studies w ith non-accum ulator species have shown th a t  th e  selenium 
of selenate is incorporated into cysteine and m ethionine in lieu of su lphur 
(Peterson and  Butler, 1962) resulting in the synthesis of inactive proteins 
when the  selenoamino acid analogue is incorporated in to  protein. Accu­
m ulator species on the  o ther hand  characteristically  synthesize derivatives 
of selenocysteine (Shrift, 1969) e.g. Se-m ethylselenocysteine. W hilst it has 
been argued th a t the  synthesis of com pounds such as Se-m ethylseleno­
cysteine are detoxification mechanisms (Peterson and  B utler, 1962), there 
are m any reports of reactions in selenium accum ulator species involving 
selenoamino acids for which the reaction w ith the  corresponding sulphur
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am ino acid has no t been detected, i.e. enzymes of selenium accum ulator 
species d ifferentiate between selenium com pounds and  the corresponding 
sulphur analogue (Shrift, 1969). We wondered w hether the ATP sulphury- 
lases of selenium accum ulator species m ight also d ifferentiate between 
su lphate and selenate since W ilson and  B andurski (1958) have reported  
th a t b o th  selenate and  su lphate are substrates of yeast ATP sulphurvlase. 
An exam ple of differentiation between a  n a tu ra l substra te  and  a toxic 
analogue is afforded by  the  prolvl-tR N A  synthetase from Polygonatum  
multiflorum  (Liliaceae) which differentiates between proline and  azetidine- 
2-carboxylic acid whereas the  prolvl-tR N A  synthetases from  non-liliaceous 
species are unable to  d ifferentiate between these two compounds; azetidine- 
2-carboxylic acid is toxic to  those species in which the prolvl-tR N A  sy n th e­
tase  is unable to  d ifferentiate azetidine-2-carboxylic acid from  proline 
(Peterson and  Fowden, 1965).

ST U D IE S  O F S P IN A C H -L E A F  A T P  S U L P H U R V L A S E  B Y  T H E  
P Y R O P H O S P H A T E  E X C H A N G E  ASSAY

Asahi (1964), Ellis (1969) and  Mercer and  Thom as (1969) have all reported  
th e  synthesis of APS from  sulphate either in chloroplasts or crude plant 
ex tracts; these au thors used [35S]sulphate as substra te  and  separated  
[35S]APS from  sulphate by  chrom atography. The yield of APS in all cases 
was very low and  suggests th a t  assay m ethods based on the  m easurem ent 
of APS production are unsuitable for m onitoring ATP sulphurvlase activ ity . 
W ilson and B andurski (1958) reported  th a t the  equilibrium  of the reaction 
catalyzed by  yeast ATP sulphurvlase lies strongly tow ards ATP and sul­
phate  (AG =  + 1 1  kcal/mol); this would explain the  low yields of APS 
reported  in studies of the  forw ard reaction even when the forw ard reaction 
was m easured in the  presence of either an  endogenous or exogenous pyro­
phosphatase. Clearly then, assays based on the  reverse reaction, or studies 
a t equilibrium  (AG =  0), m ust be more sensitive th a n  assays based on 
the forw ard reaction given the  premise th a t only tru e  substrates of the 
reaction catalyzed by ATP sulphurylase are to  be used.

M arcus (1959) reported  th a t when MgSO, was used in lieu of MgCl2 
as a source of Mg2+ for studying the am inoacyl-tR N A  synthetases of spinach- 
leaf tissue bv the  [32P ]P P r ATP exchange assay, m uch higher endogenous 
exchange was observed. W e reinvestigated  th is report and confirm ed th a t 
crude dialyzed ex tracts of spinach-leaf tissue catalyze sulphate-dependent 
incorporation of [32P]pyrophosphate into ATP (Shaw and  Anderson, 1971). 
This observation is consistent w ith the  operation of the back reaction of 
ATP sulphurylase:

[32P ]ATP +  S 0 42- . Mg2+ APS +  [32P ]P P ,

The sulphate dependent P P r ATP exchange assay for m easuring ATP 
sulphurylase has m any advantages over the  various m ethods em ploying 
the  forw ard reaction: pyrophosphatase is not required, the  correct substrates 
are employed, very  short incubation tim es are required  and  the  m ethod 
is extrem ely  sensitive. The stim ulation of А Т Р -Р Р ( exchange by  sulphate

150



an d  the sensitivity  of th e  assay w ith crude dialyzed spinach ex tracts is 
illu stra ted  in Fig. 2. B alharrv  and Nicholas (1 9 7 0 ,  1971) have described 
an o th er technique for m easuring A T P  sulphurylase which utilizes the  back 
reaction; the  m ethod involves the  form ation of A T P  (m easured by the 
luciferin-luciferase assay) from  A P S .  The m ethod of B alharrv  and  Nicholas 
(1 970 ,  1971) is probably  even more sensitive th an  the  A T P - P P j  exchange 
assay b u t requires more sophisticated equipm ent and  cannot be used to  
stu d y  the  kinetics of sulphate nor to  study  sulphate analogues. Both m ethods 
are  well su ited  for m onitoring ac tiv ity  during purification.

The A T P - P P j  exchange assay is not w ith o u t its problem s. Fluoride 
stim ulated  sulphate-dependent pyrophosphate exchange of crude ex tracts 
approxim ately  2 to  3-fold. Since fluoride is a  p o ten t inhibitor of Mg2+ de­
pendent alkaline pyrophosphatase and spinach-leaf tissue contains a very  
active pyrophosphatase (E l-B adry and  Bassham , 1970), then  this suggests 
th a t  th e  endogenous pyrophosphatase interferes w ith the pyrophosphate 
exchange assay of ATP sulphurylase. This conclusion was confirm ed by 
a  stu d y  of the  effect of pyrophosphate concentration, w ith and  w ithout 
fluoride, on sulphate-dependent incorporation of pyrophosphate into ATP 
(Fig. 3). Sulphate-dependent pyrophosphate incorporation was approxi­
m ately  m axim al a t  2 to  4 nuM pyrophosphate. A t low concentrations of 
pyrophosphate in the absence of fluoride, pyrophosphate incorporation 
was m uch less th an  in the  presence of fluoride. Sulphate-dependent py ro ­
phosphate incorporation in the absence of fluoride, relative to  the  exchange 
w ith  fluoride, gradually  increased as the  concentration of pyrophosphate 
was increased un til a t 4 mM the two exchange rates were approxim ately  
equal.

ATP sulphurylase of spinach was purified approxim ately  1000-fold and 
separated  from  pyrophosphatase by a  com bination of am m onium  su lphate

F ig . 2. E ffec t o f con cen tra tio n  o f crude 
d ia lyzed  sp inach  ex tra c ts  upon  su l­
p h a te -dependen t ATI ’-PPj exchange( A). 
S tan d a rd  assays w ere conducted  a t  
35 °C for 15 m in and  con ta ined  2 //mol 
N a .,K 2A T P, 10 /«mol M gCl2, 2 //m ol 
[32P ]N a 4P 20 -  (ap p ro x im a te ly  0-5 //Ci), 
40 //m ol K 2S 0 4, 1 0 //m o lN aF , 100//mol 
tris-H C l b u ffe r (pH  7'8) and  enzym e 
in a  to ta l  volum e o f 1 m l. A ctiv ities 
w ith  (•) an d  w ith o u t ( o) K 2S 0 4 are  
also included. A concen tra tio n  o f  0 4  m g 
p ro te in  p e r  assay  rep resen ts  th e  p ro te in  
e x tra c te d  from  ap p ro x im ate ly  40 m g 
fresh  w eigh t o f tissue. [32P ]A T P  w as 
iso lated  an d  m easured  as described by  
Shaw  and  A nderson (1971). A T P  sul- 
p h u ry la se  a c tiv ity  w as ca lcu la ted  by  
th e  m eth o d  o f D avie, K oningsberger 
an d  L ip m an n  (1956) and  is expressed 
as  su lp h a te -d ep en d en t p y ro p h o sp h a te  
exchange in  nm ol/m in  (A TP su lp h u ry ­
lase un its). U nd ia lyzed  e x tra c ts  co n ­
ta in ed  negligible su lp h a te -d ep en d en t 

p y ro p h o sp h a te  exchange
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Fig . 3. E ffec t o f  co n cen tra tio n  o f [32P ] 
sod ium  p y ro p h o sp h a te  (of c o n s ta n t spe­
cific rad io ac tiv ity ) up o n  A T P  su lphu ry l- 
ase a c tiv ity  o f c rude  d ialyzed sp inach 
e x tra c ts  w ith  ( A)  and  w ith o u t (•) sodium  
fluo ride  (10 //m ol). A ll o th e r conditions 
o f th e  assays w ere as described  in  F ig . 2

fractionation, gel filtra tion  on Se- 
phadex G-200 and  chrom atography 
on DEAE-cellulose (Table 1, Fig. 4). 
Pyrophosphatase activ ity , in add i­
tion to  ATP sulphurylase activ ity  
with and w ithout fluoride, was 
m onitored a t  each stage of purifi­
cation. The higher ac tiv ity  of ATP 
sulphurylase in the  presence of fluo­
ride was closely correlated w ith 
pyrophosphatase activ ity . P urified  
enzyme contained no pyrophospha­
tase ac tiv ity  and  was v irtually  insen­
sitive to  fluoride.

G. W. Skyring and P. A. Trudinger 
a t  the  Baas Becking Geobiological 
L aboratory , C anberra (personal com ­
m unication), have found th a t  p u ri­
fied ATP sulphurylase, p repared by  
the  m ethod described in Table 1, 
contains one m ajor pro tein  band 
which is associated w ith ATP sul­
phurylase ac tiv ity  and four minor 
bands, some of which m ight be 
isozymes. Gel filtration  on Sephadex 
G-200 indicates th a t  the  enzyme 
has a m olecular weight between 

200,000 and  300,000 bu t we have no detailed  inform ation about the  exact 
m olecular weight and  sub-unit com ponents to  d a te  though Tweedie and

T able 1
T yp ica l purifica tion  of A T P  sulphurylase from spinach and separation  

from  pyrophosphatase

A T P su lphury lase  ac tiv itie s  are  show n using su lp h a te  (40 mM ) and  se lenate  (40 mM ) 
as su b s tra te s  w ith  an d  w ith o u t 10 m M -sodium  fluoride. N o py ro p h o sp h a tase  a c tiv ity  
w as de tec ted  in  a n y  frac tio n  in th e  presence of 10 m M -fluoride. V irtu a lly  no su lpha te - 
dependent. p y ro p h o sp h a te  exchange w as de tec ted  in und ia lyzed  crude e x tra c ts . 
A T P  su lphury lase  an d  py ro p h o sp h a tase  ac tiv itie s  w ere assayed  as described in

F ig . 1 and  Fig. 4 respective ly

T r e a t m e n t P r o t e i n
(m g )

A T P s u lp h u r y la s e ( u n i t s /m g  p r o te in ) P y r o ­
p h o s p h a t ­

a se
( u n i t s /m g  
p r o te in  )

w i th  s u lp h a t e w i th  s e le n a te

w i th
f lu o r id e

w i th o u t
f lu o r id e

w i th
f lu o r id e

w i t h o u t
f lu o r id e

Dialyzed crude extract 2750 4-67 3-23 1-44 0-70 0-42
(NH4)2S 0 4 fraction 143 25-1 3-99 0-31 0-31 0-80
Sephadex G-200

(ATP sulphurylase peak) 26-2 105 105 29-5 29-7 0-04
DEAE-cellulose 0-75 4300 4040 1290 1300 0
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F ig . 4. S epara tion  o f  A T P  su lphu ry lase  and  p y ro p h o sp h a ta se  ac tiv itie s  o f sp inach  by  
gel f i l tra tio n  on S ephadex  (1-200. S u lp h a te -d ep en d en t PPj-ATP exchange ( 4 ) ,  

se lena te -dependen t PPj-ATP exchange ( д), p y ro p h o sp h a tase  a c tiv ity  ( o) and  p ro te in  
(•). A ssay cond itions for th e  p y ro p h o sp h a te  exchange ac tiv itie s  w ere as described 
in  F ig . 2 excep t th a t  sod ium  fluo ride  w as om itted  and  se lena te -dependen t exchange 
w as d e te rm ined  using p o tassiu m  se lenate  (40 /n n o l) in lieu o f p o tass iu m  su lp h a te . 
P y ro p h o sp h a ta se  assays w ere conducted  a t  35 °C fo r 15 m in  an d  con ta ined  5 //m ol 
N a 4P 20 j ,  20 //mol MgCl», 100 //m ol tris-H C l (pH  8-0) and  enzym e in a  f in a l volum e 
o f  1 m l. A c tiv ity  is expressed as //m ol o rth o p h o sp h a te  re leased/m in (p y rophospha tase  

un its); p h o sp h a te  w as m easured  by th e  m e th o d  o f A llen (1940)

Segel (1971) have reported  th a t the  ATP sulphurylase from  Pénicillium  
chrysogenum  has a molecular weight of 440,000 and  is com prised of 8 sub­
units. P urified  spinach enzyme requires either Mg2+ or Co2 + (10 mM) for 
optim um  activ ity ; Mn2 + , Ni2+ and  Zn2+ were less effective. The pH  optim um  
of the enzyme was 7-5 to  9-0 and  the  enzyme was virtually  insensitive to 
sulphydrvl group reagents.

N either crude ex tracts nor purified  enzyme catalyzed A D I'-if  exchange 
dem onstrating th a t spinach-leaf tissue does no t contain A D P sulphurylase 
ac tiv ity  as reported  in yeast (Robbins and  L ipm ann, 1958«) nor an enzyme 
catalyzing A D P-Pj/sulphate exchange as also reported  in yeast (Grunberg- 
M anago e t ah, 1966). Purified  enzyme also does not catalyze pyrophosphate 
exchange w ith AMP, ADP, or GTP, nor orthophosphate exchange with 
ATP, ADP, AMP, deoxyATP or GTP. P urified  enzyme, however, catalyzed 
deoxyA TP-PPj exchange; the  synthesis of [32PJdeoxyATP was confirmed 
by  chrom atography. The affin ity  of ATP sulphurylase for deoxyA TP 
(K m (Г84 mM) was less th an  for ATI1 (K m 0'35 mM) and V (deoxyATP) was 
30%  V (ATI1) indicating th a t  ATP is the preferred substrate . Com petition 
experim ents w ith deoxyA TP and  ATP dem onstrated  th a t deoxyATP com ­
peted w ith ATP for the  same active site on the enzyme (Fig. 5). Asahi
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(1964) and B alharry  and 
Nicholas (1970) have de­
m onstrated  th a t ATI’ 
sulphurylase is a chloro- 
p last enzyme; since chlo- 
roplasts are the main sites 
o f ATP synthesis in leaf 
tissue then, taken  collec­

tively, the evidence sug­
gests th a t  ATP is the 
preferred  substra te  in  
vivo.

The affin ity  o f ATP 
sulphurylase for sulphate 
is no t high (K m 3‘1 mM) 
and suggests th a t  quite 
high concentrations of 
sulphate m ust be located 
in the  chloroplast for APS 
synthesis to  proceed in  v i­
vo. Sulphate is the only 
form of sulphur activated  
by ATP sulphurylase; 
sulphite, thiosulphate, 
dithionate, persulphate, 
d ith ionate and  m etabi­
sulphite were no t ac tiv ­

ated. Selenite was also inactive. The only tru e  alternative substra te  of sul­
p h ate  in the pyrophosphate exchange assay was selenate as instanced by the 
constan t ratio  of sulphate- to  selenate-dependent pyrophosphate exchange 
during purification (Table 1, Fig. 4). The affinity of ATP sulphurylase 
for selenate (K m 1-0 mM) was greater th an  for sulphate (K m 3-1 mM) 
though V (selenate) was only 30%  V (sulphate). The kinetics of sulphate/ 
selenate com petition experim ents (Fig. 6) are consistent w ith the  kinetics 
of tw o substrates com peting for one enzyme (Pocklington and  Jeffery, 
1969). The synthesis of [32P]A T P using selenate as substra te  was confirmed 
by  chrom atography; no unlabelled AMP was detected. W ilson and  Ban- 
durski (1958) reported  th a t m olybdate was an analogue of sulphate in the 
ATP sulphurylase assay. P urified  spinach leaf enzyme did no t catalyze 
m olybdate-dependent pyrophosphate exchange b u t substan tial am ounts 
of AMP were synthesized. M olybdate inhibited  sulphate-dependent pyro­
phosphate exchange thus confirming W ilson and  B andursk i’s hypothesis 
th a t  m olybdate com petes w ith  sulphate and  th a t a stable adenylate of 
m olybdate is no t formed.

Spinach leaf ATP sulphurylase has m any properties in common w ith 
th e  ATP sulphurylases of yeast (Robbins and  L ipm ann, 19586; Wilson and 
B andurski, 1958) and  Pénicillium  chrysogenum (Tweedie and Segel, 1971). 
All th ree enzymes are stable, require either Mg2+ or Co2 + as cofactors, 
have sim ilar broad pH  optim a and the  yeast and  spinach enzymes are 
insensitive to  sulphydrvl group reagents. The three enzymes differ from

F ig . 5. E ffec t o f concen tra tio n  o f deoxvA T P  on su l­
p h a te -d ep en d en t p y ro p h o sp h a te  exchange in  th e  p re s ­
ence o f  0 5  mM  ( a ),  an d  1-0 mM  A TP ( A)  and  in  
th e  absence o f A T P  (•) using  p u rified  enzym e in th e  
absence o f sod ium  fluo ride . All o th e r cond itions of 

th e  assay  were as described in  Fig. 2
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F ig . 6. D ouble recip rocal p lo t o f 
th e  effect o f co n cen tra tio n  of 
p o tassiu m  su lp h a te  [&] on  th e  
a c tiv ity  o f  pu rified  A T P  su lphur- 
y lase (г>) in  th e  presence of 
(>125 mM  (A), 0-5 m M  ( д),
2 m M  (I), 20 mM  ( n ) ,a n d  40 mM  
p o tass iu m  se lenate  ( o) and  in  th e  
absence o f se lenate  (•). A ll o th e r 
cond itions o f th e  a ssay  w ere as 
described  in  F ig 2 excep t th a t  

fluo ride  w as om itted

the  ATP sulphurylases from  anim al tissues which are labile and sensitive 
to  su lphydryl group reagents (Panikkar and  Bachhawat. 1968; Levi and  
Wolf, 1969)'.

SYNTHESIS OF APS BY COUPLING P U R IF IE D  ATP SULPHURYLASE 
W IT H  Mg2+ D E PE N D EN T  ALKA LINE PYROPHOSPHATASE

A ttem pts to  synthesize APS from  ATP and  [35S]sulphate using highly 
concentrated  purified ATP sulphurylase were unsuccessful, presum ably 
because of the  very unfavourable free energy change. Accordingly, we 
prepared  partia lly  purified Mg2 + dependent alkaline pyrophosphatase from  
spinach (free from  ATP sulphurylase activity). Addition of pyrophosphatase 
to  assays containing ATP, [35S]sulphate, Mg2+ and ATP sulphurylase 
resulted  in the  synthesis of a [35S]-labelled product which was absorbed by  
ac tiva ted  charcoal; th e  product was elu ted  w ith O l M N H 3 in 50%  (v/v) 
ethano l and subjected to  chrom atography. The product ran  w ith R F iden­
tical to  APS (Fig. 7); th is result was confirm ed by rechrom atographv in 
several solvents. Thus we were able to  utilize the  absorption of APS by
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charcoal to  separate APS from  sulphate and to  quan tify  the  synthesis 
of APS by radiochem ical procedures. We propose to  use this technique 
with ["5Se]selenate as su b stra te  to  establish whether APSe is synthesized.

The requirem ents for the  synthesis o f APS in the  coupled enzyme system  
are shown in Table 2; ATP, Mg2 + , ATP sulphurylase and  pyrophosphatase 
are all required. Fluoride, an inh ib itor of pyrophosphatase, inhibits the

Fig. 7. R ad ioch rom atog ram  tra c e  o f  th e  [3äS ]-p roduc t syn thesized  in a s ta n d a rd  coupled 
enzym e system . A ssays w ere conducted  a t  35 °C for 60 m in and  con ta ined  40 //m ol 
[35S ]K 2S 0 4 (50 //Ci), 20 //mol MgCl... 10 //mol N adW A T R , 100 //m ol tris-H C l (pH S-0), 
50 u n its  pu rified  sp inach -leaf A T I’ su lphury lase  and  1 u n it Mg2+ d ep en d en t a lkaline 
p y ro p h o sp h a tase  (pa rtia lly  pu rified  from  spinach) in a final volum e o f 1 m l. The reac ­
tio n  w as te rm in a ted  by  h ea tin g  (100 °C for 1 m in) and  th e  rad io ac tiv e  p ro d u c t was 
adso rbed  to  charcoal. The p ro d u c t w as e lu ted  from  charcoal w ith  Ovi M -N H a in e th a ­
nol (50% , v/v), app lied  to  ch rom atog ram s and  developed in p ro p a n - l-o l —  am m on ia  — 

w ater (6 : 3 : 1) fo r 24 h ; m a rk e r  spo ts o f A TI’, su lp h a te  and  A PS a re  show n

T able 2
Effect  of  om itting com ponents of the standard assay and the effect of  including  

sodium  fluoride (10 m M ) on the synthesis o f A P S  in  the coupled enzyme
system

R e su lts  are  expressed  as a  percen tage  of th e  s ta n d a rd  assay  for each experim en t. 
T he abso lu te  a c tiv itie s  o f th e  s ta n d a rd  assays for ex perim en ts  1, 2, 3 and  4 were 
23-8, 44-1, 33-2 an d  33-3 nm ol/h  respective ly . A ssays w ere as described in Fig. 7

E x p t .  1 E x p t .  2 E x p t .  3 E x p t .  4

Standard m inus ATP
sulphurylase 0 0 0 0

Standard minus pyrophosphatase 0 0 3 0
Standard minus ATP 0 0
Standard minus Mg2 + — 3
Standard plus fluoride 15 IS 50 45



synthesis of APS, confirming the 
requirem ent for pyrophosphatase and 
not some con tam inan t in the  py ro ­
phosphatase preparation. Mg2+ de­
pendent alkaline pyrophosphatase, 
like ATP sulphurylase, is a chloroplast 
enzym e (E l-B adry and Bassham ,
1970) and  we conclude th a t one of 
the  m any functions of pyrophos­
phatase is to  hydrolyze pyrophos­
phate  as it is form ed in the chloro­
plast to  augm ent the  yield of APS by 
lessening the  free energy change for 
the synthesis of APS by  approxi­
m ately  7 kcal/mol.

The concentrations of ATP and 
su lphate required for m axim um  ra te  
of production of APS are high (Figs 
8 and 9) and  are consistent w ith  the 
studies of ATP sulphurylase by  the 
PPj-A TP exchange assay; taken  col­
lectively, th is datum  implies th a t  
high concentrations of sulphate 
and  ATP are required, probably  in
the chloroplast, for APS synthesis in  vivo. U p take of su lphate  by green 
leaf tissue has been reported  (P en th  and  Weigl, 1969) b u t we have been 
unable to  find any  published d a ta  on the  concentration of sulphate in 
chloroplasts. B radfield et al. (1970), however, have repo rted  th a t mvcelia 
of Aspergillus nidulans grown in 0-5 mM su lphate accum ulated sulphate

Fig. 9. E ffec t o f co n cen tra ­
tio n  o f A TP on  th e  syn thesis 
o f  A PS in th e  coupled en zy ­
m e system . A ll o th e r cond i­
tions o f th e  assay  w ere as 

described  in  Fig 7

Fig. 8. E ffec t o f  co ncen tra tion  o f  p o ta s ­
sium  su lp h a te  on th e  syn thesis o f  A PS in 
th e  coupled  enzym e system . A ll o th e r 
cond itions o f th e  assay  w ere as described 

in  Fig. 7



equivalent to  43 mM in terna l concentration. Asada et al. (1968) have re ­
ported  th a t  sulphate (1 100 mM) inhibits photophosphorylation of isolated
spinach-leaf chloroplasts b u t does no t inhibit pho tosyn thetic  electron 
tran sp o rt; the  inhibition of photophosphorylation by  sulphate was re ­
versible. W hilst the  uncoupling effect of sulphate on isolated chloroplasts 
could be an  artifac t of ex traction , it is possible th a t the  inhibition of ATP 
synthesis by sulphate could be due to  the  u tilization of electron flow to 
generate a chemiosmotic gradient which is expended on accum ulating 
su lphate ions. ATP levels inside the chloroplast could also be depleted 
by  sulphate activation. Failing these alternatives, then  the  whole concept 
of the  chloroplast as the  site of sulphate activation  m ust be seriously 
questioned. Ellis (1963) has reported  th a t  beetroot slices incorporate 
su lphate-sulphur into cysteine, thereby  im plying ATP sulphurylase activ ity  
in non-photosynthetic tissue. Subsequently, Ellis (1969) has rei>orted the 
synthesis of APS in tom ato  root ex tracts. I t  would be very  interesting to 
know the  subcellular location and  properties of the  ATP sulphurylase(s) 
of non-photosynthetic p lan t tissues.

A TP S U L P H U R Y L A S E  A N D  SE L E N A T E  M ETA B O LISM

Selenate is clearly a su b stra te  of ATP sulphurylase from  spinach (a non- 
accum ulator of selenium); we are curren tly  try ing  to  establish w hether 
APSe is synthesized when selenate is used as substra te  in lieu of su lphate 
in the  coupled enzyme assay. Selenate competes very  favourably  with 
sulphate in the  pyrophosphate exchange assay (Fig. 6). Since the  sulphate 
u p tak e  mechanism  of p lan ts  will also tak e  up selenate (Leggett and  E pstein . 
1956), then  the  synthesis of APS under field conditions will be decreased 
bv ex ternally  available selenate. I t  rem ains to  be seen w hether APSe is 
synthesized in non-accum ulator species and  then  m etabolized in lieu of 
APS to give rise to  th e  selenium analogues of cysteine and  m ethionine.

We have commenced a stu d y  of the  ATP sulphurylases of Astragalus 
species grown in soil of uncontrolled sulphate and selenate sta tu s; these 
studies have been lim ited to  crude ex tracts  to  date. Crude ex tracts of leaf- 
tissue from  A . sinicus and  A . hamosus (non-accum ulators of selenium) 
catalyze sulphate- and  selenate-dependent pyrophosphate exchange and 
the  kinetics of these reactions appear to  be very sim ilar to  the  kinetics 
of the  purified ATP sulphurylase from  spinach leaf; K m (sulphate) approx. 
3—4 mM, K m (selenate) approx. 1 mM, V (selenate) approx. 28—33%  V 
(sulphate). E x trac ts  of leaf-tissue from  A . bisulcatus and  A . racemosus 
(selenium accum ulator species) also catalyzed sulphate- and selenate- 
dependent pyrophosphate exchange and  the  affinities for sulphate and  
selenate were sim ilar to  the  affinities of the non-accum ulator species. 
However, the V (selenate)/ V (sulphate) ratios of A. bisulcatus and  A . race­
mosus were slightly  less th an  the ratios of non-accum ulator species 
suggesting th a t  the  yield of APS relative to  APSe a t specified concentrations 
of su lphate and  selenate would be g reater in leaf-tissue of accum ulato r 
species. E xperim ents are in progress to  purify the ATP sulphurylases from 
accum ulator and  non-accum ulator species of Astragalus so th a t  the  kinetics 
an d  su b stra te  specificities of the  enzyme(s) from each species can be exam ­
ined in detail.



SUMMARY

APS, bound-sulphite and  sulphide are interm ediates in the  incorporation 
o f sulphate-sulphur into cysteine in p lants; it  is not y e t know n w hether 
PA PS is an in term ediate  in the  m etabolism  of sulphate in higher p lants. 
ATP sulphurylase, th e  enzyme catalyzing the  synthesis of APS, was de­
tected  in spinach-leaf tissue by a pyrophosphate exchange assay. The 
enzym e was purified  1000-fold and some properties of the  purified enzyme 
are reported . Selenate is an a lternative  substra te  (in lieu of sulphate) of 
spinach-leaf ATP sulphurylase; this suggests th a t  selenate, if available 
to  the  p lan t, could be incorporated in lieu of sulphate to  synthesize the  
selenium analogues of cysteine and  methionine.

Synthesis of APS from  sulphate and  ATP was dem onstrated  in  vivo by 
coupling purified  ATP sulphurylase w ith partia lly  purified Mg2+ dependent 
alkaline pyrophosphatase; some kinetic param eters of the  coupled system  
are reported. Synthesis of APS in leaf tissue probably  occurs in chloroplasts 
b u t there is evidence th a t APS is also synthesized in root tissue.

ATP sulphurylase ac tiv ity  was detected  in crude ex tracts  of leaf-tissue 
from A stragalus bisulcatus and  A . racemosus, species which characteristically  
accum ulate selenium from  soil and  synthesize derivatives of selenocysteine. 
The kinetics of the  ATP sulphurylase from accum ulator species were sim ilar 
to  the  enzymes from  non-accum ulator species of Astragalus  as well as spinach 
except th a t  V  (selenate)/ V  (sulphate) ra tios in the  accum ulator species 
were slightly lower th an  the  ratios in leaf-tissue of non-accum ulator 
species. This suggests th a t  the  yield of APS relative to  APSe a t specified 
concentrations of su lphate and selenate would be greater in leaf-tissue of 
selenium accum ulator species.
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PLASTID SPECIFIC TRANSFER RIBONUCLEIC ACIDS 
IN P H A S E O L U S  V U L G A R IS

by
G . BURKARD, P. GuiLLEMAITT anti J .  H. W E IL

L A B O R A T O I R E  D E  C H I M I E  B I O L O C x I Q U E ,  U N I V E R S I T É  L O U I S  P A S T E U R ,  R U E  D E S C A R T E S .  

E S P L A N A D E ,  6 7 - S T R A S B O U R G ,  F R A N C E

In  p lants, protein biosynthesis can take place in the cytoplasm , in the 
chloroplasts and in the  m itochondria. We have begun a com parative 
study  of the  first steps of protein synthesis, the  reactions leading to  the 
a ttach m en t of the am inoacids to  their cognate tR N A ’s, in these 3 system s. 
We have shown th a t N -form yl-m ethionyl-tR N A  is present in bean chloro­
plasts, b u t not in the  cytoplasm  (B urkard et ah, 1969). We are reporting 
here th e  results of experim ents showing th a t bean chloroplasts contain 
o ther specific tR N A  species which are not found in the cytoplasm , are 
only am inoacvlated by chloroplast enzyme preparations, and  are prefer­
en tially  synthesized upon exposure of dark-grown p lan ts to  light.

MATERIAL AND METHODS

French  bean p lan ts (Phaseolus vulgaris) were grown from seeds for 10 
to  12 days, then  placed in the  dark  for 2 days (to deplete the leaves of starch) 
and  the  young leaves were harvested . The leaves were washed, the  mid-ribs 
and  la tera l veins were removed, and the leaves were freeze-dried a t — 25° 
for 48 hrs. The chloroplasts were then  ex tracted  by the nonaqueous tech ­
nique o f Charlton e t al. (1967). Controls of our preparations by electron 
microscopy showed th a t we had  in tact chloroplasts, w ithout appreciable 
cytoplasm ic contam ination and  w ith negligible contam ination by  m icro­
organism s (B urkard et ah, 1970).

E tiop lasts were obtained from  etio lated  leaves (after grow th for 2 —3 
weeks in the  dark) by the  same technique, except th a t som ewhat higher 
densities (1-35 and 1-37 instead of 1-32 and 1-34 respectively) had, to  be 
used in order to  collect the  etioplasts.

The preparation  of the  tR N A ’s and of the  am inoacvl-tR N A  synthetases 
from  th e  cytoplasm , th e  chloroplasts or the etioplasts and the  a ttachem en t 
o f am inoacids to  tR N A ’s were perform ed by m ethods previously described 
(B urkard  e t ah, 1970). The 14C- or 3H -am inoacyl-tR N A ’s were fractionated  
by  reverse-phase chrom atography using either RPC-2 (Weiss and Kelmers, 
1967) or RPC-5 (Pearson et ah, 1971) system.

RESULTS

W hen the  capacity  of chloroplast tR N A  to accept leucine is determ ined, 
th e  results differ according to  the  source of the  enzyme used in the  assay: 
w ith  a homologous enzyme preparation  (ob tainedfrom  chloroplasts) 2-25
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nmoles of leucine can be a ttach ed  per mg of tR N A  whereas w ith a cytoplasm ic 
enzym e preparation only 1-30 nmoles of leucine are a ttach ed  (B urkard 
e t ah, 1970). This lower fixation is no t the  consequence of lim iting enzyme 
concentration or of lim iting incubation time: even if the  enzym e con­
centration (Fig. la ) or the  incubation tim e (Fig. lb) is increased, the  a tta c h ­
m ent of leucine to  chloroplast tR N A  in th e  presence of cytoplasm ic enzy­
me never exceeds 60%  of th a t  obtained in the presence of chloroplast en ­
zyme. These results could be explained if some tR N A Ieu species present in 
the chloroplasts could be charged only by chloroplast enzym atic p repa­
rations and  not by  cytoplasm ic ones. In  order to  test th is hypothesis we 
undertook the  fractionation  of cytoplasm ic and chloroplast tR N A leu.

A co-chrom atography of leucyl-tR N A ’s from  hypocotyls (cytoplasm ) 
and  from leaves (cytoplasm  -f- chloroplasts) shows th e  existence of a small 
extra-peak present in leaf tR N A ’s b u t n o t in hypocotyl tR N A ’s (Fig. 2), 
which suggests th a t  this extra-peak represents chloroplast tR N A leu.

As chloroplast tR N A ’s represent only a small proportion of to ta l leaf 
tR N A ’s, chloroplast specific tR N A ’sleu could no t be conveniently studied 
in such a m ixture; we therefore com pared the  elution profiles of cytoplasm ic

Ea

Fig. 1. A tta c h m e n t o f 
leucine tof ch lo rop last 
tR N A ’s ca ta lyzed  b y  cy ­
top lasm ic  enzym e 
( •  • ) ,  o r ch lo ro ­
p la s t enzym e ( •  - - •  ), as 
a  func tion  o f enzym e 
co n cen tra tio n  (a) and  o f 

tim e  (b)
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leucybtR N A ’s (charged w ith a cytoplasm ic enzyme preparation) and  of 
chloroplast leucyl-tR N A ’s (charged w ith a chloroplast enzym e preparation). 
As can b e  seen on Fig. 3, there are 2 peaks of cytoplasm ic leucyl-tRNA, 
and  6 peaks of chloroplast leucyl-tRNA.

In  the  cytoplasm ic tR N A ’s, there are only 2 leucyl-tRNA peaks, no 
m a tte r which enzyme is used for the  am inoacylation (Fig. 4). But from  
th e  6 leucyl-tRN A  peaks found in the chloroplast tR N A ’s, only th e  firs t 
2 peaks can be charged by the cytoplasm ic enzyme (those which are super­
im posable to  the 2 cytoplasm ic leucyl-tR N A  peaks), whereas th e  o ther 
4 peaks can only be charged by  a chloroplast enzyme preparation  (Fig. 5).

A som ewhat sim ilar situation  is observed w ith  valine: whereas a  chloro­
p last enzym e preparation  allows 1-95 nmoles of valine to  be a ttach ed  per 
mg of chloroplast tR N A , only 0-70 nmole can be a ttached  per mg of chloro­
plast tR N A  when a cytoplasm ic enzyme is being used (B urkard  et ah, 
1970). C hrom atography of cytoplasm ic valyl-tR N A  charged w ith a  cy to ­
plasmic enzyme preparation reveals 3 peaks, while 5 peaks can be seen 
in the  elution profile of chloroplast valyl-tR N A  charged w ith a  chloroplast 
enzym e preparation  (Fig. 6). From  these 5 peaks, 2 are superim posable to  
cytoplasm ic valyl-tR N A  peaks.

As it has been suggested th a t there m ay be a control of cellular differ­
en tiation not only a t the  level of transcrip tion, b u t also a t  the  level of 
translation, and as it has been postu lated  th a t tR N A ’s m ay play a role

Fig. 2. R everse phase 
ch rom otog raphy  (R PC  2) 
o f lea f and  h y poco ty l leu ­
cy l- tR N A ’s. •  - - - •  lea f 
140  leu cy l-tR N A ’s ch a rg ­
ed w ith  lea f enzym e 
•  •  hypoco ty l 3H
leu cy l-tR N A ’s charged 
w ith  h y p o co ty l enzym e 
NaCl g rad ien t from  0-25 
to  0 7  M in sodium  ace­
ta te  buffer O01 M (pH  

4-7) M gCl2 0-01 M
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in regulation a t  th e  transla tional level, it was of in terest to  s tudy  the 
possible qualita tive or q u an tita tiv e  changes in tR N A ’s during  the d if­
ferentiation of etioplasts into chloroplasts. The elution profiles a fte r co­
chrom atography of chloroplast and  etioplast leucyl-tR N A ’s are shown on 
Fig. 7. The (i peaks of leucyl-tRNA are present in bo th  types of plastids,

Fig. 3. R everse phase ch ro m ato g rap h y  (R PC  2) o f cy top lasm ic 
and  ch lo rop last leu cy l-tR N A ’s. A A cy top lasm ic  3H leucyl- 
tR N A ’s charged w ith  cy t’oplasm ic enzym e; •  - - •  ch loroplast
14 ' leu cy l-tR N A ’s charged  w ith  ch lo rop last enzym e- N aCl 
g ra d ie n t from  0-35 to  0 7  M in sodium  a c e ta te  buffer 0 -0 1 M 

(pH  4-7) MgCh 0-01 M

b u t their relative levels are different. I f  peak I  (which is present in the 
cytoplasm  and  in bo th  types o f plastids) is taken as a reference and  if the 
ra tio  of the levels tR N A  chloroplast/tR N A  etioplast for this peak is con­
sidered to  be 1, it can be seen th a t the  level of leucyl-tRNA in chloroplasts 
is sm aller (as com pared to  th a t  in the etioplasts) for peak 11, bu t is higher 
in peaks I I I  and  IV  (taken together), as well as in peaks V and  VI,

The elution profiles a f te r  co-chrom atography of chloroplast and etioplast 
valy l-tR N A ’s are shown on Fig. 8. The five peaks are present in both  
types of plastids, b u t here also their relative levels are different. Here 
peak I I  was taken  as a reference, as it is present not only in th e  plastids 
b u t also in the cytoplasm . I f  the ra tio  of the  levels tR N A  chloroplast/tR N A  
etioplast for this peak is considered to  be 1, one can see th a t the  level of
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Fig. 4. R everse phase  
ch ro m ato g rap h y  (R FC  2) 
o f  cy top lasm ic  leucyl- 
tR N A 's . •  - - - •  c y to ­
p lasm ic 3H leucy l-tR N A ’s 
charged  w ith  cy top lasm ic  
enzym e; Д  _Д c y to ­
plasm ic IJ( ' leu cy l-tR N A ’s 
charged  w ith ch lo roplast 
enzym e. NaCl g rad ien t 

as in Fig. 3

Fig. 5. R everse phase ch ro ­
m ato g rap h y  (R FC  2) o f ch lo ­
ro p las t leucy l-tR N A ’s.
•  - - - •  ch lo rop last 3H  leu- 
cy l- tR N A ’s charged  w ith 
ch lo rop last enzym e; ▲ A 
ch lo rop last 14C leu cy l-tR N A ’s 
charged w ith  cy top lasm ic 
enzym e. N aC l g rad ien t as 

in Fig. 3
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valyl-tR N A  in the chloroplasts is higher (as com pared to  th a t in the  etio- 
plasts) for peaks I  and  V.

These results suggest th a t  in a  higher p lan t such as Phaseolus vulgaris 
light can stim ulate  the synthesis of plastid-specific tR N A  species. Our 
results can be com pared to  those of B arn e tt e t al. (1969) and  Reger e t al.

Fig. 6. R everse phase  ch ro m ato g rap h y  (R PC  5) o f cy top lasm ic
an d  ch lo rop last v a ly l-tR N A ’s. д ______д cy top lasm ic 3H valyl-
tR N A ’s charged  w ith  cy top lasm ic  enzym e; • ---- •  ch loroplast
14C v a ly l-tR N A ’s charged w ith  ch lo rop last enzym e. N aCl g rad ien t 
from  0-4 M to  0-8 M in sodium  a c e ta te  buffer 0-01 M (pH  4-7) 

MgCUO-OlM

(1970) who have reported  the existence of light-induced tR N A ile and  
tR N A phe species in algal chloroplasts. F u rtherm ore W illiams and Williams 
(1970) have observed th a t only certain  tR N A leu isoacceptors are synthesized 
preferentially  upon greening o f etio lated  leaves. More recently  Merrick 
and  D ure (1971) have reported  an increase in certain  isoaccepting tR N A met, 
tR N A val and tR N A ile of cotton seedlings, and have suggested th a t  th e  
species which increase in relative concentration m ay be localized in the  
chloroplasts. O ur experim ents, perform ed w ith tR N A ’s obtained from 
isolated chloroplasts and etioplasts, dem onstrate a preferential synthesis 
of plastid-specific tR N A  species upon greening.

In  sum m ary, we have shown th a t in bean chloroplasts there are some 
tR N A leu and  tR N A val species which co-chrom atography w ith the  cy to ­
plasm ic species, and some species which are plastid-specific and  can only 
be charged by  th e  chloroplast enzymes. The cytoplasm ic and  chloroplast
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leucyl-tR N A  synthetases have different specificities and  m ust therefore 
be different; this is also true  for cytoplasm ic and  chloroplast valvl-tR N A  
synthetases. ,,j

F ig . 7. R everse  phase  ch ro m ato g rap h y  (R PC  2) o f  ch lo rop last and  e tio p las t leucvl-
tR N A ’s. • ---- •  ch lo rop last 3H  leu cy l-tR N A ’s charged  w ith  chloroplast enzym e;
▲ ___A e tio p la s t I4C leu cy l-tR N A ’s charged  w ith  e tio p las t enzym e. N aCl g rad ien t

as in  F ig . 3

Fig. 8. R everse phase  ch ro m ato g rap h y  (R PC  5) o f  ch lo rop last and 
e tio p las t va ly l-tR N A ’s. •  - - - •  ch lo rop last :lH  valy l-tR N A ’s charged  
w ith  ch lo rop last enzym e; A A e tio p las t ,4G v a ly l-tR N A ’s

charged  w ith  e tio p las t enzym e, NaCl g rad ien t as in Fig. G
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A com parison of the relative levels of plastid-specific tR N A val and 
tR N A leu in th e  chloroplasts and in the  etioplasts has revealed differences 
which suggest th a t  the plastid-specific tR N A ’s are preferentially  synthe- 
tized upon greening.
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SOME PRO BLEM S OK PH E N Y L A L A N IN E  POLYM ERIZATION 
IN  POLY-U D IR E C T E D  W HEAT GERM  SYSTEM

by

A. B. L e g o c k i

DEPARTMENT OF BIOCHEMISTRY. COLLEGE OF AGRICULTURE, POZNAN, POLAND

A t least th ree enzym atic reactions are involved in polypeptide chain 
elongation in the protein  biosynthesis in eucarvotic cells. These are: a) the 
am inoacyltransferase I (TI, bindig enzyme) catalyzed binding of am inoacyl- 
tR N A  molecule to  the  ribosom al acceptor site (A site); b) the peptide 
bond form ation between the  am ino group of the  newly bound am inoacyl- 
tR N A  and  the  carboxyl group of the peptidv l-tR N A  occupying the  ribo­
somal donor site (P site), which is catalyzed by  peptidyltransferase; and 
c) the am inoacyltransferase 11 (T il, translocase) catalyzed translocation 
of the  newly lengthened peptidyl-tR N A  from  the  A site to  the  В site.

W hereas considerable inform ation has been obtained on the  mechanism  
of the  chain elongation in m am m alian system s, the system atic analysis 
o f th is reaction in p lan t system s is still only beginning.

As it was showed in 1969 the polyuridilic acid-dependent phenylalanine 
incorporation into ribosom e-bound peptide in in  vitro p lan t system s re ­
quires two soluble factors (App, 1969; Jerez e t ah , 1969). In  1970 Legocki 
and Marcus developed a procedure for resolving the w heat germ super­
n a ta n t fraction into tw o com plem entary transfer factors T I and  T I I  bo th  
of which were required for poly U -catalyzed form ation of polyphenylala- 
nine.* F ac to r T I was characterized as a b inding enzyme and  factor T i l  
as a translocase.

This com m unication describes the  im proved m ethod of purification of 
bo th  elongation factors T I and  T II  from w heat germ and  presents some 
proper! ies of the  enzym atic binding reaction in poly U -directed  system .

In  these studies phenylalanine-tR N A  molecules (phe-tRN A ) were used 
as am ino acid precursors for the binding and polym erization assays. The 
ribosomes were prepared from the  wheat germ  microsomal pellet resulting 
from  the  160,000 g centrifugation during purification of the transfer factors 
and  were purified as previously described (Legocki and  Marcus, 1970).

The purification of both  elongation factors is sum m arized in Table 1. 
The purification of factor T I involves four fractionation steps and  provides 
50-fold purified enzym e with re la tively  good yield. Our d a ta  suggest th a t  
in the  w heat system  a single soluble protein is involved in th e  enzym atic 
binding reaction. Its m olecular weight according to  prelim inary estim ations 
is about 200,000.

* In th e  referred  p ap e r TI was defined as T I and  T I I  as T2.
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T able 1
The purifica tion  o f factors T I  and T i l

F a c to r
P r o te i n

m g
S p e c if ic
a c t i v i t y

u n i ts /m g

Y ie ld
о/о

FACTOR T I
Germ supernatant 3400 2-8 100
(N H 4)2S 0 4 2 5 -6 5 % 1416 4-8 84
Sephadex G100 82 62-3 54
DEAE-cellulose 64 720 40
H ydroxy lapatite 22 140-0 32
FACTOR T il
Germ supernatant 3050 2-8 100
(NH4)2S 0 4 35 — 60% 1280 51 76
DEAE-cellulose 275 191 62
(NH4)2S 0 4 25 — 45% 72 59-7 41
H ydroxylapatite 9 367-3 37

F ac to r T II  was purified by a sim ilar procedure. The m olecular weight 
of the  130-fold purified p repara tion  is about 80,000. At the  mom ent we are 
try ing  to  purify  bo th  factors to  the  homogeneous state .

The ac tiv ity  of the  binding enzyme was routinely  expressed as the  in­
crease in the am ount of 14C phe-tR N A  bound to  the  ribosomes in the  pres­
ence of binding enzyme in s tan d ard  reaction m ix ture (for the details see 
Legocki and Marcus, 1970).

The activ ity  of the  translocase can be defined by th e  m easure of overall 
polypeptide elongation, i.e. by  the  factor T I-dependent incorporation of 
14C phenylalanine from  phe-tR N A  molecules into growing polypeptide 
chains in the presence of poly U. The ano ther reaction  which was generally 
em ployed to  assay the  translocation, is th a t  w ith  purom ycin. The reaction 
is based on the assum ption th a t purom ycin reacts only w ith peptidyl- 
tR N A  bound a t the  ribosom al P  site. The facilitation of the  reaction of 
ribosom e-bound am inoacyl-tR N A  w ith purom ycin by  am inoacyltrans- 
ferase I I  (and GTP) has been in terp re ted  on the basis of intraribosom al 
translocation of the  am inoacyl-tR N A  from  the A site to  the  P  site where 
it reacts w ith  purom ycin, forming the purom ycin peptide (B rot et al., 1968).

In  the  w heat system , as it was shown earlier, th e  binding reaction a t 
low Mg2 + concentration (about 5 mM) is absolutely dependent upon the 
enzyme while a t  higher concentrations, of the m agnitude of 15- 22 mM 
Mg2 + , the  binding is enzyme independent (Legocki an d  Marcus, 1970). 
An advantage was taken  from th is  observation to  dem onstrate some func­
tion of factor T i l  in the purom ycin reaction. The following experim ent 
was undertaken: 14C phe-tR N A  was bound non-enzym atically to  ribosomes 
a t 20-5 mM Mg2 + , then  incubated w ith factor T II  in the presence of GTP 
a t low Mg2+ concentration (6-5 mM) and subsequently re incubated  w ith 
purom ycin. Table 2 shows th a t in the  presence of factor T II  and  GTP there 
is a  m arked stim ulation  of the reaction of ribosom al bound phe-tR N A  
with purom ycin. In  the  absence of T II  no purom vein-peptide was formed.
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Also, purified factor TT could not replace T II  (translocase). The form ation 
of a purom vcin product was dependent upon the presence of ribosomes 
and  poly U in the binding reaction (1st incubation). U nder the  conditions 
used abou t 40—55 p er cent of the  phe-tR N A  present in the  first incubation 
m ix ture was bound to  the  ribosomes a t  the  m om ent of purom vcin addition.

T able 2
Requirements for the form ation o f purom ycin  peptide

F ir s t in cuba tion : B IN D IN G  — vol. 0 '2  m l; (i m in, 20 °C. 50 m l  
T ris -ace ta te  p H  8'0; 4 mM  P E P ; 16 /<g P K in ase ; 71 m i l  KC1;
20‘5 m M  M gA c2; 2'2 mM  d ith io th re ito l; 10 fig poly  U ; 0 '24  m g 
ribosom es; 18 fifi moles 14C phe-tR N A  (7800 cpm ).
Second incubation : TR A N SLO C A TIO N  — vol. 0 '6 m l; 5 m in,
30 °C. 20-5 m M  M gAc2 6 ‘5 mM .
A dded: 30 p.M G T P; 71 mM  KC1; (i fig  T II .
T h ird  incubation : PU R O M Y C IN  R E A C T IO N  -  0-62 m l; 30 m in,

30 °C. A dded: 5 mM  pyrO m ycin

O m iss io n  f ro m  
1 s t  i n c u b a t io n

O m iss io n s  f ro m  
2 n d  in c u b a t io n

P u r o m v c in
p e p t id e *
/x /xm oles

None None 2-95
None None 0 CC 016
— Ribosomes None 0
- Poly U None 00 5

None T II 0
None - GTP 0-10
None -  T II  +  TI 0-03
None -  T II - f  20-5 mM Mg2+ 0-25

*The values w ere co rrec ted  fo r ex tra c ta b le  rad io a c tiv ity  (0.00 ,(«/(moles) observed  
in  th e  absence o f  pu rom ycin .

A sim ilar experim ent w ith phe-tR N A  non-enzym atically bound has been 
perform ed in E. coli system , except th a t  the high Mg2 + concentration was 
m aintained through all the th ree incubations (Brot e t al., 1968). In  the 
w heat germ system , if the Mg2+ concentration was not lowered during the 
incubation w ith the  translocase, less th an  10 per cent of purom ycin product 
was formed. Such difference between the w heat and E. coli system s m ay 
suggest different Mg2+ optim a for the  translocation  reactions. Now we are 
exam ining th is question in more detail.

As already noted above, the enzym atic binding reaction requires GTP. 
The involvem ent of GTP in the  enzym atic binding was first established 
in reticulocyte system  by A rlinghaus et al. (1964). In  bacterial system s 
GTP is also required  for the binding of am inoaeyl-tR N A  to the  ribosome- 
m RNA complex and  its cleavage m ay be a prerequisite for peptide bond 
form ation (Ono et al., 1969).

In  order to  ascertain  w hether the binding per se requires hydrolysis 
of GTP, 5’-guanyl-m ethylene-diphosphonate (GM PPCP) was used in these 
studies as a GTP analogue which cannot undergo enzym atic cleavage to 
GDP and  P ,. However, the results of enzym atic binding in the presence
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of GM PPCP are not univocal. GM PPCP gives in reticulocyte system , 
for instance, less th an  10 per cent of the  ac tiv ity  of GTP (Lin Syr-Yaung 
et ah, 1969), whereas in bacterial system s it  can su b stitu te  for GTP in the 
enzym atic binding (Ravel, 1967). In  th is case, however, peptide bond 
form ation does no t take  place, while in the presence of GTP it does (Ono et 
ah. 1969).

We have perform ed some prelim inary studies w ith GM PPCP in the 
w heat germ system . We already ascertained th a t  enzym atic binding is 
catalyzed by GM PPCP in the  presence of the purified factor T I. Figure 1 
presents the  effect of various concentrations of GTP and  GM PPCP on t Ire

Fig. 2. Tlic effec t o f G T P  and  G M P-PO P on th e  r a te  o f enzym atic  b ind ing
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ra te  of enzym atic binding. K m values were calculated: (5-7 x lO  " M for 
GM PPCP and 2 x 1 0  0 M for GTP. The binding ability  in the  presence of 
GM PPCP a t the optim al Mg2 + concentration, 4-5 mM, (for polym erization, 
6-7 mM Mg2+) is about 40 per cent of th a t with GTP. However, the  kinetics 
of binding in the presence of GTP and its analogue is quite different ( Fig. 2). 
These kinetics m ight suggest a rap id  equilibrium  in the GM PPCP reaction. 
On the  o ther hand, no increase in binding was observed in the  experim ents 
with twofold am ounts of GM PPCP of ribosomes. I t is possible th a t  GM PPCP 
is a ttached  stoichiom etricallv to  binding enzyme and blocks fu rther binding. 
We would like to  exam ine th is point more directly.

In  order to  determ ine w hether the  binding in the  presence of GM PPCP 
does not lead to  the  form ation of short peptides the reaction product was 
identified a fte r hydrolysis with IN  N H 4OH by paper chrom atography. 
In  th e  presence of either GTP or GM PPCP 95 per cent of UC phenylalanine 
bound to  the  ribosomes was recovered in the  region corresponding to  
m onophenvlalanine. Thus, it can be concluded th a t factor T I in presence 
of GM PPCP catalyzes the  real binding of phe-tR N A  to  w heat germ  ribo­
somes.

Sum m arizing the  above considerations we suggest tw o possible ways 
of in terp re ta tion  of the involvem ent of GM PPCP in enzym atic binding:
a) the  norm al binding reaction involves two steps of which only the  first 
one m ight be catalyzed by GM PPCP, or b) the  possibility of the  existence 
of tw o binding sites on p lan t ribosomes, which cannot be excluded, sim ilarly 
to  the  reticulocyte system  as postu lated  bv Culp et al. in 1969. To answer 
the  above m entioned problem s more detailed studies are required  and  there 
are now in progress in our laboratory.

T he a u th o r  is g ra te fu l to  P ro fesso r J .  Paw elkiew icz fo r va luab le  discussion d u rin g  
th e  p re p a ra tio n  o f th is  m an u sc rip t. Some o f th e  experim en ts p resen ted  here  w ere 
perform ed in D r. A. M arcus’ lab o ra to ry  a t  th e  In s ti tu te  fo r C ancer R esearch  in 
P h iladelph ia .
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INFLUENCE OF TRANSFER RNAs OTHER THAN tRNAPhe 
ON POLY-U DIRECTED SYNTHESIS OF POLYPHENYLALANINE 

IN A WHEAT EMBRYO SYSTEM*

by
G. A. L a NZANI, L . A. M a NZOCCHI and F. M e n e g u s

LABORATOR10 VIRUS E B IO SIN T ESI V K dETA LI, С. X. R ., MILANO. ITALY

W e have studied the  influence of the concentration ra tio  of tR N A  to  ribo- 
som al R N A  on th e  ra te  of polyphenylalanine synthesis, using a system  
from  w heat embryos.

Anderson (1969) has already investigated  th is problem  w ith an  m  vitro 
system  from E . coli, and  found th a t  the  ra te  of polyphenylalanine synthesis 
was dependent on phe-tR N A phe concentration.

We ex tracted  ribosomes by  the  m ethod of Allende and  R ravo (1966) 
from  viable w heat em bryos prepared  according to  Johnston  and S tern 
(1957), and  stored them  in liquid nitrogen. The su p ern a tan t was purified 
by  precip ita tion  w ith (N H 4)2S 0 4, between 40 and 80%  sa tu ra tion , passed 
through  a Sephadex G 25 column and  stored  a t — 20 °C. The unfractionated  
transfer RNA used was ex tracted  from  commercial wheat germs by the  
phenol m ethod (Monier et al., 1960) and accepted about 40 pmoles phenyl­
alanine per O.D..,6n nm unit.

The polym erization of phenylalanine in our system  was com pletely 
dependent on the addition of tR N A , as one can see from Table 1.

T able 1
Characteristics o f phenylalanine  

poly mer izating system from wheat 
embryos

System Cpm

Complete 4170
W ithout tRNA 24
W ithout ribosomes 32
W ithout poly U .78
W ithout supernatant 37

The incorporating system  contained in a final volume of 1 ml; 50 micromoles Tris-HCl, 
pH  7-5; 25 micromoles KC1; 7*5 micromoles MgGl.,; 1 micromole ATP; 0*5 micromoles GTP; 
5 micromoles phosphoenolpyruvate; 10 micrograms pyruvate  kinase; 10 milimicromoles 
14C-phenylalanine (specific ac tiv ity  20 microcuries/micromole); 1 micromole 2-mercapto* 
ethanol; poly U (0*12 micromoles P); 5 O .D .260 un its  ribosomes; 200 micrograms proteins 
of the 100,000 g X supernatan t; 100 micrograms of w heat embryo to ta l transfer RNA.

The m ixture was incubated for 30 min a t 32 °C, then  added w ith 2 ml of 10% TCA; 
th e  hot-TCA insoluble m aterial was collected and washed on millipore filters (0-45 micron 
pore diam eter).

* W ith  th e  technical a ss is iance o f C. G reger.



ОСгбопт of ribosomes

Fig. 1. D ependence o f th e  ra te  o f po lypheny la lan ine  syn thesis on tra n sfe r R N A /ribo- 
som al R N A  ra tio , using un frac tio n ed  tR N A . T he in co rp o ra tin g  system  w as th e  sam e 
as described  in  T able  1, excep t th a t  increasing  q u an titie s  o f  ribosom es and  tw o d iffe ren t
am o u n ts  o f u n frac tioned  tR N A  were used, a) о ------о 100 m icrogram s unfrac tioned

tR N A ; b) X ------X 800 m icrogram s un frac tioned  tR N A :

In  Fig. 1 the  am ount of polyphenylalanine (polyphe) formed using u n ­
fractionated  tR N A  is p lo tted  against different ribosom al levels. It is evident 
th a t  the  optim al conditions depend on the  tR N A /ribosom al RNA ratio. 
W ith  quantities of ribosomes lower th an  7-5 O .D .2no nm /tes t the  polyphe 
form ed was larger w ith 100 micrograms tR N A  th an  w ith 800 m icrograms 
tR N A /test. W e m ade th e  sam e experim ent using tR N A phe purified by 
benzovlated D EA F cellulose ( B.D.cellulose) chrom atography (Gillam et 
ah, 1967) and  reverse phase (R .P.) chrom atography (system No. 4 o f Weiss 
e t al. (1968), accepting 1,500 pmoles phenylalan ine/O .D .,60 nm unit. 
As shown in Fig. 2, a t  ribosome concentrations lower th an  4 O.D. units/test 
no difference was seen between the  q u an tity  of the  polyphe form ed w ith 
two different concentrations o f tR N A phe; w ith higher ribosome concentra­
tions, the  polyphe form ed was dependent on the concentration of tR N A phe.

The different results obtained w ith pure tR N A phe and  w ith unfractionated  
tR N A  a t  low ribosome concentrations induced us to  th ink  th a t an  inhibitor 
of polyphe synthesis was present in th e  unfractionated  tR N A  preparations. 
We, therefore, checked the  influence of different fractions obtained bv 
B.D. cellulose chrom atography of the  to ta l tR N A  on polyphe synthesis
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F ig . 2. D ependence o f  th e  r a te  o f po lypheny la lan ine  syn thesis on tra n sfe r RNA/'rifco- 
som al R N A  ra tio , u sing  pu rified  tRNAphe. T he in co rpo ra tion  system  w as th e  sam e as 
described in T able  1, excep t th a t  increasing  q u an titie s  o f ribosom es w ere added , and  
th e  u n frac tio n ed  tR N A  w as rep laced  b y  tRNApbe, p u rified  as ind ica ted  in  th e  te x t 
an d  accep ting  1,500 pnroles p h e /O .D .260 u n its  w hen te s ted  under th e  conditions in d i­
ca ted  in  T able  2. о- о  2 m ic rcg rrrn s  tRNAphe; x —  X i 2 m icrcg ram s tRNAphe

using purified tR N A phe in the incorporation m ixture (Fig. 3). Only fraction 
IV  showed a considerable inhibition.

The fact th a t  only one fraction from  the  B.D. cellulose chrom atography 
is inhibitory in our system  indicates th a t this phenom enon is not merely 
an aspeeific effect, as it would be, fo r instance, in the case of m odification 
of cation concentration by large am ounts of RNA in the  incorporating 
m ixture. The inhibition by increasing concentrations of fraction  IV is shown 
in Fig. 4.

F raction  IV  contains a very small am ount of tR N A phe and  some tR N A phe 
lacking th e  term inal CCA: the  inhib itory  effect could very well be due 
to  th is  last com ponent. We chrom atographed fraction IV on a R .P . column 
(Weiss et ah, 1968), checking phe acceptance by using bo th  a partia lly  
purified phe tR N A -synthetase devoid of CCA pvrophosphorylase (Man- 
zocchi, Lanzani, Menegus, unpublished results) and a crude enzyme con­
ta in ing  CCA pyrophosphorylase activ ity . As shown in Fig. 5, the fractions 
w ith  inhibitory  ac tiv ity  were different from those containing tR N A phe 
lacking the term inal CCA.
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F ig . 3. B enzoy la ted -D E A E  cellulose ch ro m ato g rap h y  o f w h ea t germ  tra n sfe r R N A  acy- 
la ted  w ith  14C phe. 50 m g o f tR N A  w ere in cu b a ted  w ith  14C -phenylalan ine in  a  5 m l 
in co rp o ra tin g  m ix tu re  w ith  th e  sam e com ponen ts as ind ica ted  in  T able  2, w ith  100 
u n its  o f pu rified  phe  tR N A  sy n th e ta se  (90 un its/m g) p ro te in ) (M anzocchi, L anzan i, 
M enegus, unpub lished  resu lts). A fte r th ree  pheno l tre a tm e n ts  and  p rec ip ita tio n  w ith  
e thano l, th e  tR N A  w as dissolved in  2 m l buffer 0-05 M N a a ce ta te  p H  5, 0-45 M NaCl, 
0 -01 M M g S 0 4, an d  p u t  on a  B .D . cellulose colum n (cm 3 x 1 0 0 )  cond itioned  w ith  
th e  sam e buffer. T he f i rs t th ree  U . V . p eak s  w ere e lu ted  w ith  a  2 1 g r a d ie n t , 
0 '45— 0-7 M, o f N aCl; th e  fo u r th  one w as e lu ted  w ith  500 m l I  M NaCl, and  th e  f if th  
p eak  (con tain ing  14C-phe tR N A ) w ith  1 M N aCl p lu s 15%  e thano l, alw ays in th e  sam e 
buffer. F ou r groups o f frac tio n s w ere collected and  co n cen tra ted  in an  A m icon u l t r a ­
f i ltra tio n  cell (m em brane UM  10), d ialyzed  ag a in s t buffer w ith o u t N aC l an d  a liquo ts 
con ta in ing  50 m icrogram s R N A  w ere te s ted  in  th e  in cu b a tio n  m ix tu re  fo r p o ly p h en y l­
a lan ine  syn thesis as described  in T able  1, excep t th a t  u n frac tio n a ted  tR N A  w as
rep laced  by  pu rified  tRNAphe (50 m ic ro g ra m s / te s t ) .--------- A bsorbance a t  260nm ;
............ R ad io ac tiv ity  (14C p h e-tR N A ) c p m ; ...............P e rcen t o f inh ib ition  o f  p o ly ­

ph en y la lan in e  syn thesis

The inhibitory  fraction from  R .P . chrom atography did  no t show any 
fluorescence at the w avelength characteristic of the  base Y of the  tR N A phe, 
and therefore it does no t contain fragm ents of tR N A phe w ith the  fluorescent 
base; m oreover one single, sym m etrical peak is obtained when it is chro­
m atographed on a Sephadex G-100 column, and  this indicates th a t  neither 
sm all RNA fragm ents nor 5S RNA are present.

We tested  the  charging of either unfractionated  tR N A  or the  R .P . 
inhibitory  fraction w ith 17 different am ino acids using a crude synthetase 
preparation  from w heat em bryos (Table 2). The to ta l am inoacid acceptance 
accounted for 591-2 pmoles/O.D. un it for unfractionated  tR N A , and  for 
3.55-4 pmoles/O.D. un it for the  R .P . fraction. The transfer RNAs enriched
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Fig. 4. In h ib itio n  o f p o lypheny la lan ine 'syn thes is  by  in creas­
ing a m o u n ts  o f th e  in h ib ito ry  frac tio n  (fraction  IV  from  
B. D. cellulose ch rom atog raphy ). The sam e po lyphe  syn thesis 
sy s tem  as in  T able  1 w as used, excep t th a t  u n frac tio n a ted  
tR N A  w as rep laced  b y  50 m icrogram s o f pu rified  tRNAphe

in the  R .P . fraction in com parison to  the  unfractionated  tR N A  were those 
of arginine, asparagine and  m ethionine.

We decided to  study  the effect of charging each one of the  th ree enriched 
tR N A s present in the R .P . inhibitory fraction w ith its own am ino acid; 
a fte r charging th ree aliquots of the  inhibitory fraction, one w ith  arginine, 
a second one w ith asparagine and a th ird  one w ith m ethionine, we checked 
them  in our system  for polyphe synthesis. Since we w anted to  elim inate 
the discharging operated by the  enzymes of the  su p ern a tan t in the  phe- 
polimerizing system , we used a lim iting am ount of supernatan t. However, 
since there лгав the  possibility of a deficient charging of th e t R N A phe under 
these conditions, we added partia lly  purified phe-synthetase (1-57 units) 
to  the  incorporating m ixture.

As one can see from Table 3, in the  absence of phe-tR N A  synthetase, 
th e  charging of the  R .P . fraction w ith arginine and  asparagine did no t
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m odify the inhibitory effect on polyphe synthesis, while the charging 
w ith m ethionine increased the inhibition from 55-4%  to  68%.

Much to  our surprise, the  phe-tR N A  synthetase addition inhibited by 
itself 70%  of the phe-polym erization.

In  the  presence of phe-tR N A  synthetase, the inhibition by uncharged 
fraction IV was 48% ; charging w ith either arginine /or asparagine did not
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Table 2
Charging with different u C-am inoaeids o f 

unfractioned tR N  A  and of inhibitory R .P . 
fraction by a crude am inoacyl-tR N A  synthetase

A m in o a c id
t e s t e d

U n f r a c t io n e d  
t R N A 

p m o le s /O D

I n h ib i to r y  
R . P .  f r a c t i o n  

p m o le s /O D

Glycine 53*2 0*704
Alanine 16*4 1*22
Valine 3(5*6 7*40
Methionine 24*8 51*00
Serine 22*8 2*08
Threonine 51*8 3*46
Asparagine 20*4 680
Lysine 127*0 20*4
Histidine 24*8 0*53
Arginine 30*4 174*0
Tyrosine 1 * 6 8 0*65
Tryptophan 8*25 3*8
Cystine 20*2 6*50
Proline 19-7 0-54
Isoleucine 87*2 8*2
Leucine 1*98 1*22
Phenylalanine 38*4 1*22

The incubation m ixture for amino acid acceptance contained in a final volume of 0*12 
ml: 6 micromoles Tris-HCl, pH  7*8; 1*8 micromoles MgCl2; 4-8 micromoles К  Cl; 0*48 micro­
moles 2-m ereaptoethanol; 24 micrograms bovine serum album ine; 0-12 micromoles ATP; 
28 micrograms crude am inoacyl-tR N A  synthetase from w heat germ ; 1*2 micromoles of 
14C aminoacid (specific ac tiv ity  20 microcurie/micromole) and 1-2 O .D .260 un its of RNA. 
A fter incubation a t 32 °C for 20 m inutes, a 0*1 ml aliquot was p ipetted  onto a W hatm an 
3 MM filter paper disk (22 mm diam eter) and cold tricloroacetic acid insoluble radioactiv ity

w as cou rted .

F ig . 5. R everse-phase ch ro m ato g rap h y  o f th e  in h ib ito ry  frac tio n  (F rac tio n  IV  from  
B. D. cellulose ch rom atog raphy ). 390 O. D .260 u n its  o f frac tion  TV from  В . I), cellulose 
in 30 m l o f b u ffe r 0*01 M N a a c e ta te  p H  5, 0*01 M M gCl2, 0*45 M NaCI, w ere charged 
on a  R . P . colum n, sy s tem  4 o f W eiss e t al. (1968) (cm 1 X 24; t°  =  24 °C), and  e lu ted  
w ith  a 2 1 g rad ien t, 0*45—0*7 M, o f N a d  in th e  aforesaid  buffer. E igh t g roup  o f fra c ­
tio n s  w ere collected, co n cen tra ted  in an  A m icon u ltra f i ltra t io n  cell (m em brane UM 10) 
and  te s ted  fo r inh ib ition  on po lypheny la lan ine  syn thesis , as p rev iously  described,, 
using 50 m icro g ram s o f  pu rified  tRNAphe an d  50 m icrogram s o f th e  frac tio n s p e r 
te s t (Fig. la ) A) T hick  line: A bsorbance a t  260 nm ; vertica l bars: p e rcen t o f in h ib ition . 
T he accep tance  for ph en y la lan in e  o f each frac tio n  w as checked as described in T able  2 
b o th  w ith  a  p u rified  p h e  tR N A  sy n th e ta se  (specific a c tiv ity  90 u n its /m g  p ro te in ) (7) 
and  w ith  a  crude enzym e (Fig. lb )  B) T hick  line: A bsorbance a t  260 nm ; v e rtic a l 
bars : 14C -phe charg ing  w ith  crude enzym e (em p ty  area) and  w ith  pu rified  enzym e

(shaded area)
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change again the  inhibition; charging w ith m ethionine decreased the in­
hibition from  48%  to  28-6%, exactly  the opposite effect of the  charging 
w ith m ethionine in th e  absence phe-tR N A  synthetase.

E ven  though our results are too scan ty  to  give a clear explanation of 
these data , we can a t least a ttem p t an  in terp re ta tion . The polvphe synthesis 
system  from wheat em bryos at 7-5 mM Mg2 + could be sim ilar to  tlie one 
from  reticulocites (H ardesty  e t ah, 1969), in which the in itiation is operated  
by  uncharged tR N A phe. Accordingly, in wheat em bryo system  the un-

T able 3
Inh ib ition  of polyphenylalanine synthesis by the inhibitory II.P . fraction  

charged w ith different am inoacids, with and without purified  phen/ylalanil-tPX  A
synthetase added

I n h ib i to r

— P h e - tR X A  s y n th e t a s e — P h e - tR N A  s y n th e t a s e

Cpm %  o f 
in h ib i t io n Cpm " o  O f

i n h ib i t i o n

4717 0 1413 0
Uncharged 2102 55-4 745 4 S I
Charged with methionine 1508 68-0 1037 28-5
Charged with asparagine 1935 59-8 677 52-0
Charged with arginine 1984 57-9 647 54-1

Three aliquots of 50 O .D .260 units of the R. P. inhibitory fraction were incubated in 
th ree  incorporating m ixtures of 2-5 ml final volume, w ith the same com ponents in the 
concentrations described under Table 2, containing respectively 3H arginine, 3H methionine 
and 3H asparagine ( 10— 4 M, specific activ ity  600 mierocuries/micromole). A fter 30 m inutes 
incubation , the m ixtures were trea ted  three times w ith  phenol, the RNAs were precipitated 
w ith ethanol, dissolved in Mg acetate 10“ 4 M, К  acetate 10“ 4 M, pH  5, and washed in an 
Amicon u ltrafiltra tion  cell (membrane UM 10) to  elim inate ATP со-precip itated  w ith 
ethanol. 50 micrograms were tested  for inhibition in a polyphe incorporating system  as 
described under 'Table 1, w ith 50 micrograms purified tRNAphe and 25 micrograms protein 
of th e  supernatan t. To the tes ts  w ith phe-tRN A  synthetase, 1-57 units (one unit is the 
am ount of enzyme which catalyzes the incorporation of 1 nanomole phe into tR N A /m in 
at 32 °C) of purified phe tR N A  synthetase (specific ac tiv ity  90 units/m g protein) were 
added. (Manzocchi, Lanzani, Menegus, unpublished results)

charged tR N A met could com pete for th a t  site, while charged tR N A met 
would be less com petitive: this would also explain the inhibition by the phe- 
tR N A  synthetase, which, charging com pletely and recharging continuously 
th e  tR N A phe, would nearly  elim inate the  uncharged tR N A phe necessary 
for initiation.

I t  would also be interesting to  know which of the two tR N A met species 
known to be present in w heat em bryos (Tarrago e t ah, 1970) is present in 
the  inhibitory fraction.

1 S 2
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2-(4-M ETHYL-2,6-D lN ITROANILINO)-N-M ETH YL

PR O PIO N A M ID E: AN IN H IB IT O R  OF P R O T E IN  SY N TH ESIS 
IN H IG H E R  PLANTS

by
R . B a x t e r

WOODSTOCK AGRICULTURAL RESEARCH CENTRE, SHELL RESEARCH LTD. 
SITTINGBOURNE, KENT, Г. K. 

and
D. P. W e e k s

THE INSTITUTE FOR CANCER RESEARCH, FOX CHASE, PHILADELPHIA, 
PENNSYLVANIA 1Й111, U. S. A.

INTRODUCTION

The com pound is one of a class of dinitroanilines designed for use as p re­
emergence herbicides.

I t  is a derivative of the  am ino acid alanine and  posseses, therefore, an 
assvm etric carbon atom  (Fig. 1). Of the two possible optical isomers, one,

Fig. i .  2-(4-m ethyl-2,(>-dinitro 
an ilino)-N -m ethyl p rop ionam ide

the  D-foftn, is much more active th an  the L-form  when looked upon as a 
seed germ ination inhibitor. I t  should perhaps be noted th a t it is the  L-form  
of am ino acids which predom inate in p lan t proteins, D-am ino acids are 
not incorporated into protein to  any  appreciable extent.

inhibition of growth

The D-form is a powerful pre-emergence herbicide. F o r exam ple, the 
concentration required  to  inhibit the  germ ination of half the  seeds in a 
lentil germ ination tes t is 5X 10  7 M. Grow th inhibition is not confined 
to  higher p lants, as growth of yeast and the fungus Piricularia oryzae 
is inhibited bv low concentrations of the compound.

In  contrast, bacterial grow th is no t affected by  the presence of the 
compound. The natu re  of this resistance is being examined.

INHIBITION OF AMINO ACID INCORPORATION

I t  seemed th a t, because of the ra th e r rap id  effect on a varie ty  of eucaryotic 
organisms, th e  com pound was inhibiting a fundam ental process, possibly 
protein synthesis.



F ig . 2. T he effect o f  th e  com ­
p o u n d  on th e  inco rpo ra tion  
o f 14C-L-leucine in to  theT C A - 
insoluble frac tion  o f  w heat 
em bryo . E m bryos (100 mg), 
excised from  d ry  w h ea t seed, 
w ere in cu b a ted  in 0-01 M so­
d ium  a ce ta te  (pH  7-5), 1% 
sucrose, 0-02%  ch lo ram p h e­
nicol, and  com pound w here 
necessary , for 4 li a t  30° w ith  
shaking . In cu b a tio n  in fresh 
buffer-sucrose com pound 
solutioix, con ta in ing  0-31 
f i d  "O -L-leucine (344 gCi/ 
/тю к*), followed for 1-5 h. 
F inally , th e  em bryos w ere 
in cu b a ted  for l -5 h in  b u f­
fered sucrose con ta in ing  u n ­
labelled, leucine, (OH M), a f ­
te r  w hich th e  rad io ac tiv ity  
associa ted  w ith  th e  TCA- 
p rec ip itab le  frac tion  w as es­
tim a te d . S tan d ard  erro rs
(th ree  rep lica tes) a re  in d i­

ca ted

T able 1
The effect of the I)-form  of the compound 

on the in  vitro incorporation 
of liC-L-leucine into jwotein by a 

microsomal ( poly somot ) fraction from  
maize p lum ules

C o n c e n t ra t io n  
o f  c o m p o u n d  

( D - fo rm )

L e u c in e  
in c o r p o r a te d  

( p  m o le s  p e r  45 
m in /m g  o f  

m ic ro so m a l  p r o te in )

F r a c t i o n  o f  
a q u e o u s  c o n tr o l  

(%)

Experim ent 1 
Control 40-4 100
1 X 1 0 -6 M 49-5 107
1 X10- 5 M 47-9 103
1 X 10^4 M 40-6 8 8

Experim ent 2 
Control 45-1 100
1 X IO -4 M 49-7 110
5X 10~4 M 48-7 108
1 X 10 -3 M 42-6 95

Polysome and supernatan t fractions, and incubation conditions, were essentially those 
used by Mans and Novelli (1964). Supernatan t protein per reaction: 0-15 mg. Polysomal 
protein: О 0-42 mg. 1 — 14C-L-leucine (1 y  Ci. 50 ц  Ci/^/mole) was used.
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W e exam ined the effect of the  com pound on p lan t tissue which was 
actively incorporating am ino acids into a TCA-insoluble product. M arked 
inhibition was found in several species and  tissues and can be illustra ted  
in the w heat em bryo system . This system  was inhibited by purom ycin 
and cycloheximide, bu t to nowhere near the  same degree bv the L-form 
of the  com pound (Fig. 2.). We are a t present exam ining the  p a tte rn  of polv- 
some form ation in wheat em bryos im bibed in the  presence and  absence 
of the compound, in an  a ttem p t to  determ ine w hether or not the com pound 
prevents the  form ation of polysomes from  stored ribosomes and messenger 
RNA.

In vivo experiments

In  vitro experiments

Prelim inary experim ents w ith the  maize plum ule cell-free system  of 
Mans and Novelli (1964) indicated th a t th e  com pound had no effect upon 
the incorporation of leucine in to  the protein associated w ith a preform ed 
polysom al complex (Table 1). This was later su b stan tia ted  using the wheat 
em bryo cell-free system  (Fig. 3.). This indicated  th a t am ino acid activation, 
the form ation of am ino-acyl-tRN A , and peptide chain elongation, were not 
being affected.

I t  was found, however, th a t  when the initiation complex (ribosome- 
m-RNA complex) had to  form prior to am ino acid incorporation, as in 
the case of the TM V-RNA-m ediated system , the com pound inhibited sub ­
sequent leucine incorporation. This indicated th a t the  com pound was 
interfering w ith the  form ation of an active messenger RNA-ribosome 
in itiation complex (Fig. 3.). The L-form of the com pound was inactive 
in th is system.

Fig. 3. Inco rp o ra tio n  
in to  a  TCA -insoluble p ro d ­
uc t, o f 14C-L-leucine as 
m ed ia ted  b y  (a) w heat 
em bryo  polysom es, (b) 
t  obacco m osaic v irus R N A  
w ith  w h ea t ribosom es. 
Iso la tio n  o f polysom es 
(W eeksand  M arcus, 1969), 
ribosom es, post-ribosom al 
su p e rn a ta n t frac tions 
(M arcus e t  a l., 1969) and  
tobacco  m osaic v iru s 
(TM V )R N A (M arcus, 1970) 
w ere essen tia lly  as p re ­
v iously  rep o rted . In c u ­
b a tio n  cond itions w ere 
as fo r M arcus (1970) C o ncen t ra t ion  o f  D - f o r m  ( log M )
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T h at the  inhibition was relatively specific was indicated by the fact 
th a t the  analogous system  using the artificial “ messenger” molecule, poly 
1 \  was not affected by the com pound (Table 2). A ttachm ent of the polv Г 
to  the ribosome is non-specific, and  does not require the  m ediation of ini­
tiation factors in order to  function (Staehelin, 1970). I t  m ay be noted th a t 
the poly U -stim ulated incorporation of phenylanine in cell-free E. coli 
system s was also insensitive to  the compound.

T able 2
P oly U  stim ulated incorporation of 

liC -L-phenyl(danine by wheat 
embryo ribosomes. E ffect of the

D -form  of the compound

T r e a t m e n t

P h e n y la l a n in e  
i n c o r p o r a t io n  
( p  m o le s /m g  
m ic ro so m a l  

p r o te in /1 5  m in s )  
( m e a n  o f  2 e s t im a t io n s )

None 15*2
D-form (M)

10_e 201
10~5 20-2
Ht-4 18*7
10-3 18-4

Poly U absen t 01
Ribosomes absen t 3-4

Ribosomes and post-ribosom al supernatant fractions were obtained as for Marcus (1970), 
as were incubation conditions. Reaction volumes (0*20 ml) included: 1*20 mg supernatant 
protein. 0*28 mg ribosomal protein, 20 //g poly U and 0*08 //Ci ,4C-L-phenylalanine (0-04 n 
moles).

CO N CLU SIO N

The com pound (2-(4-m ethyl-2,6-dinitroanilino)-N-m ethyl propionam ide) 
is a po ten t inhibitor of germ ination when in the D-form. One of its m ajor 
sites of action is clearly on the protein synthesizing system  of eukaryotic 
organisms. More specifically, the  com pound appears to  interfere w ith the 
form ation of an active messenger RNA-ribosome complex.

All inves tiga tions w ith  th is  com pound w ere based upon a  g round-w ork  perform ed 
on th is  and  re la ted  com pounds by  th e  s ta f f  o f th e  Shell R esearch  L ab o ra to ries  at 
S ittingbou rne . In  p a r tic u la r  th e  skilled assistance  o f  Miss V. 0 . K nell is acknow ledged.
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T H E  CONTROL OF R I BOSOM A L RNA SYNTHESIS:
T H E  TR A N SC R IPTIO N  PRODUCTS OF T H E  RIBOSOM AL GENES 

IN  LEAVES AND ROOTS

by

U. E. Lo ening , D. Grier so n* and J . Gr essel**
DEPARTMENT OF ZOOLOGY, UNIVERSITY OF EDINBURGH, U. K.

INTRODUCTION

Most organism s contain m ultiple copies of the  genes which code for ribo- 
som al R N A  (rRNA). The num ber of these genes in higher p lan ts varies 
from  about 160 to  28,000 per diploid cell in different species (Birnstiel 
e t ah, 1970). Such a m ultip licity  is required to  allow the very high ra te  
of ribosome synthesis in a rap id ly  growing cell, perhaps 100 ribosomes 
per second or 5 to  10 million per cell cycle. A study  of these genes provides 
an opportun ity  to elucidate some of the basic mechanisms of gene action 
and  of the  control of RNA synthesis. In  this com m unication we show 
th a t the  product of these genes (the precursor ribosom al RNA. pre- 
rRNA) varies in properties in d ifferent tissues of the same plant.

The s tru c tu re  of the  ribosom al genes and  the synthesis and  m aturation  
of the pre-rRN A  have been extensively reviewed (Birnstiel et ah, 1970: 
Maden, 1971; Loening, 1970). W e give here an outline of those features 
which are of im m ediate relevance. The ribosom al genes are clustered in the 
nucleolar organiser and  the DNA is concentrated  in the  central fibrillar 
region of a functioning nucleolus. The repeating un it or ribosom al RNA 
cistron is a DNA sequence which contains the  s tru c tu ra l genes for the 
18S and  28S rRN A  and some so-called spacer DNA. The spacer DNA is best 
defined as th a t region which is never transcribed. I t  is frequently  taken, 
however, to  include regions adjacent to  the 18S and 28S ribosom al RNA 
regions which are transcribed. The ribosom al R N A  is transcribed  as a poly- 
cistronic precursor molecule (pre-rRNA) which contains the sequences of 
the  RNA of the large and  sm all ribosom al sub-units together w ith some 
additional sequences; these la tte r  are discarded during m atura tion  to 
rRNA. As far as is known the m ultiple gene copies are identical to  each 
o ther in the  ribosom al regions w ithin the  limits detectable by present 
m ethods. (This presents som ething of a puzzle since no mechanism is known 
by which individual genes can be prevented from  gradually  evolving aw ay 
from  each other.) T here is, however, some evidence th a t the  regions of 
non-transcribed spacer DNA could vary  in length as shown by  the beautiful 
pictures presented by Miller an d  B ea tty  (1969). We have also suggested

* P re sen t address: U n iv e rs ity  o f  N o ttin g h am , School o f A gricu ltu re , D e p a rtm e n t 
o f P la n t Physio logy , S u tto n  B on ing ton , N o ttin g h am , U .K .

** V isiting  from  T he W eizm ann  In s ti tu te  o f Science, D e p a rtm e n t o f  P la n t G enetics, 
R eh o v o th  Israel.
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th a t  the  ribosom al RNA precursor is heterogeneous, suggesting th a t some 
of the  RNA w hich is discarded during m aturation  m ay vary  in length 
(Loening. 1970; Rogers et ah, 1970).

Most of the work on the  ribosom al genes has been done in Brown’s and  
B irnstiel’s laboratories on X enopus. Very little  indeed is known about 
the  s tructu re  of these genes in p lan ts or in mam m als. On the  o ther hand, 
m ost of tlie detailed work on the pre-rR N A  and its m atu ra tion  has been 
done on m am m alian cells, especially the  H eL a cell, and com parisons have 
been m ade w ith o ther species. We ourselves (Loening et ah, 1969) and  
P erry  et ah (1970) have shown th a t the  m olecular w eight of the  ribosom al 
precursor varies from about 2-3 million in some plants to  4-4 million in 
mammals. I t  was especially striking to  find th a t the  am ount of the  excess 
RNA which is discarded during m atura tion  is very m uch greater in the  warm 
blooded anim als, m am m als and birds, th an  in any other organism . However, 
am ong the  cold blooded anim als and th e  p lan ts the  am ount of excess RNA 
varies considerably between differen t species, and no simple correlation 
between m olecular weight and  evo lu tionary  s ta tu s  could be made. Indeed 
differences between closely re la ted  species m ay be as large as between 
d is tan t ones; for exam ple we found about twice as m uch excess RNA in 
the  bean pre-rRN A  as in th a t o f  the  pea. We suggested th a t the  length 
of the  pre-rRN A  could vary  w ith a shift in the  in itiation or the  term ination  
sites of the nucleolar RNA polym erase on the DNA (Loening et ah, 1969). 
The changes in apparen t size w ith  evolution would then  n o t represent 
any  basic change in the s tructu re  of the  gene b u t only in the am ount of the 
spacer DNA which is transcribed. Since such a shift occurs so readily and  
since the  ribosom al R N A  precursor appeared to  be heterogeneous, it is 
possible th a t no t all the  products of the  m ultiple ribosom al genes are iden­
tical. I t  seems conceivable to  us th a t a differentiating organism  could make 
use of such differences in its developm ental processes and therefore it was 
not unreasonable to  search for differences in the ribosomal RNA precursor 
between different tissues of the  same species. We show in this paper th a t  
such differences can inde ed be found between the leaves, roots and hypo- 
cotyls of the  m ung bean Phaseolus aureus.

We have previously proposed a schem e for the synthesis and  processing 
of the  ribosom al RNA precursor of th e  cytoplasm ic (not the  chloroplast) 
rR N A  in the  mung bean leaf (Grierson et ah, 1970 and in prep.). This scheme 
is sum m arised in D iagram  1. The evidence for scheme is based m ainly on 
the  m olecular weights and  the  rates of labelling of th e  com ponents of 
RN A  determ ined hy  gel electrophoresis, on th e ir 32P  base compositions, 
and on the  ab ility  of ribosomal RNA to  com pete with the precursors during 
hybrid isation  to  DNA. The stages of processing are sim ilar (with very 
d ifferent m olecular weights) to  those proposed for the  H eLa cell by  W ein­
berg and P en m an  (1970) and they  differ from th e  scheme proposed for rat

D iagi am  1. P roposed  step s o f  processing o f 
th e  p re -rR N A  in th e  m ung  bean . R N A  
com ponen ts w hich can  be d e tec ted  by  gel 
e lec trophoresis a re  ind ica ted  by  th e ir  m olec­
u la r  w eights in  m illions; th e  arrow s ind ica te  
th e  proposed re la tionsh ip  betw een  th em  

(G rierson et. ah , 1970 and  in p rep .)
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tissues by Egaw a and  Busch (1971). This difference m ay be explained by 
differences between these m am m alian species (Grierson et ah, 1970). 
We m ust stress, however, th a t  this scheme is not proved and  th a t  there is 
much conflicting d a ta  about the  arrangem ent of the different com ponents 
in the precursor bo th  from  different laboratories and in different species. 
We do no t know w hether there is an underlying arrangem ent and scheme 
of processing which is common to all eukaryotes; nothing is known abou t 
the function of the  excess RNA which is discarded during processing (in 
most organism s and  in most situations th is R N A  has such a short h a lf 
life in the  cell th a t i t  cannot be detected); and  it is no t known definitely  
which is the  5’ end of the  molecule or on which end the  term inal piece of 
excess R N A  occurs. In  the  m ung bean leaves we were fo rtu n a te  in being 
able to  find an RNA com ponent w ith a molecular weight o f abou t 0-45 
million which was rap id ly  labelled an d  could be hybridised specifically 
to  the isolated ribosom al genes (Grierson e t ah, 1970). These properties 
suggest th a t the molecule is the  piece of excess RNA which is first cleaved 
from  the  ribosom al R N A  precursor as show n in the  diagram . Sim ilar 
experim ents w ith the mung bean root failed  to  show such a com ponent 
and  prom pted  a d irect comparison between the leaf and  the root.

R E S U L T S

Figure 1 shows a separation by gel electrophoresis of the  RNA from  
leaves labelled w ith 32P  and RNA from roots labelled w ith 3H. The optical 
density  scan shows the  two ribosom al RNA com ponents w ith molecular 
weights of 0-7 million and  1-3 million. N ext to  these are sm all am ounts 
of chloroplast R N A  w ith weights of 0-56 and  Ы  million. In  these young 
leaves and  in roots we usually  see a m inor com ponent w ith  a m olecular 
w eight of 1-0 million which m ay be m itochondrial RNA. The chloroplast 
R N A  does not become labelled during a pulse incubation a t this stage. 
The rad ioactiv ity  scan of the leaf RNÀ labelled w ith 32P  shows th e  com ­
ponents which were described in th e  diagram  above. A com parison of th is 
to  the  scan of the 3H  rad ioactiv ity  of the  root RNA shows the  following:
(1) The m obility of the root pre-rRNA is slightly  greater th an  th a t  of the 
leaf, w ith an  apparen t m olecular weight of about 2-7 million. (2) The piece 
of excess RNA (molecular weight of 0-45 million) which is found in leaf is 
missing from  the  root RNA. (3) All the  o ther com ponents, i.e. the  im m ediate 
precursors to  the  m ature ribosom al RNA and  the  ribosom al R N A  itself, 
are identical in leaf and  root.

A lthough these results suggest th a t  the  molecular weight of th e  pre-R N A  
in the root is lower th an  th a t in the  leaf one could question the  valid ity  
of the  relationship between electrophoretic m obility on gels and  molecular 
weight. Some differences in the conform ation of the R N A  molecules could 
account for the  difference, especially as these com ponents m igrate on gel 
electrophoresis as broad bands — as broad indeed as the differences being 
m easured. It is also possible th a t the  differences between th e  leaf and  the 
roo t are a function of the  tim e of labelling. Indeed  a recent paper by Tiollais 
e t al. (1971) has shown th a t there are small differences in the  apparen t 
molecular w eight o f the  pre-rR N A  in H eL a cells w ith tim e of labelling.
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Such differences could be due to  changes in the  length of the  molecule 
or to  changes in its conform ation. W e have therefore repeated  the  experi­
m ent described in Fig. 1 under m any  different conditions using different

CM migrated

F ig . 1. F rac tio n a tio n  o f a  m ix tu re  o f  pulse-labelled leaf and  roo t R N A . The 
leaves o f 3 d a y  old m ung  b ean  seedlings w ere labelled w ith  32P  by  d irec t 
app lica tio n  o f  th e  iso tope to  th e  lea f surface. R oo ts o f seedlings 30 h  old 
w ere labelled w ith  3H -u rid ine  b y  ad d in g  isotope to  th e  sand in w hich th e  
seedlings w ere grow ing. L abelling  w as for l 1/ ,  h in each  case. T he roo ts and 
leaves w ere th e n  m ixed  and  th e  to ta l  cell R N A  e x trac ted  an d  analyzed  
b y  e lec trophoresis on a  2-4%  po lyacry lam ide  gel. T he m olecu lar w eights 
w ere d e te rm in ed  from  th e  m ob ilities using  th e  rR N A  as s ta n d a rd s  (Loening, 

1969), an d  a re  ind ica ted  in m illions.

— o p tica l d en sity

3H  rad io ac tiv ity

321> rad io ac tiv ity

labelling times, w ith the  isotopes reversed and by electrophoresis in o ther 
buffers containing either a low salt concentration or magnesium ion. These 
experim ents are described elsewhere (Grierson and  Loening, 1972). In  every 
case we obtained the same result and  we are therefore confident th a t we 
are observing a tru e  difference of molecular weight of the  precursor between 
leaf and root. I t  remains, of course, possible th a t the  molecular weight of 
th e  precursor which we observe is no t in fact the  prim ary  transcrip tion  
p roduct a t all. It is quite conceivable th a t  cleavage of the molecule could 
begin at one end while synthesis is still continuing a t the  other. In  such a 
case the  excess RNA to be cleaved would have to  be a t  the  5’ end of the 
molecule and  any  fu rth e r cleavage would be delayed un til some tim e afte r
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synthesis was com pleted, since the  molecule w ith m olecular weight of 
2-7 million is observed. We th in k  th a t th is in terp re ta tion  is unlikely, 
especially as it would suggest th a t th e  prim ary  transcrip tion  product

Fig. 2. R N A  from  hypoco ty ls com pared to  th a t  from  roo ts . M ung 
bean  seedlings w ere grow n fo r 2 d ay s in th e  d a rk  followed by  
2 d ay s in th e  ligh t. H y p o co ty l segm en ts 2-5 cm  long w ere excised 
and  in cu b a ted  in  3H -urid ine  fo r i y 4 h . R o o ts  w ere labelled w ith  
32P  fo r 1 Yi h  by  d ipp ing  in ta c t seedlings in th e  isotope. R N A  w as 
ex trac ted  from  th e  2 tissues sep a ra te ly  an d  R N A  from  6 h ypoco ty ls  
and  2 ro o ts  m ixed  and  analyzed  b y  elec trophoresis on a  2-4% 

po lyacry lam ide  gel ; only  th e  to p  4 cm  o f  th e  gel a re  show n

3H  rad io ac tiv ity 32P

m ay never be observed in m any tissues, even in the  presence o f inhibitors 
which prevent cleavage. However, a  final p roof th a t the tru e  pre-rR N A  
in leaf and  root is different m ust aw ait the  identification of th e  5’ end of 
the  molecule in each case.

We have also exam ined the labelled RNA of the hypocotyls from  the 
same bean seedlings. The separation shown in Tig. 2 suggests th a t  the 
ribosom al R N A  precursor is in th is case more complex th an  th a t  of the  
leaf or root. I t  appears to  include the  same com ponents as in the  leaf w ith 
molecular weights of abou t 2-9 and 2-5 million, b u t there also seems to  be
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a range of in term ediate com ponents. We do no t know w hether all these 
com ponents occur in a single cell type w ithin the hypocotvl.

Obviously we were in terested  to  see to  w hat ex ten t these differences 
could also be found in o ther p lan t species, and  have briefly exam ined the 
pulse-labelled R N A  of wheat, tobacco, sunflower and  french bean. In  all 
cases, except perhaps tobacco, b u t including the  secondary and  te rtia ry  
leaves of the F rench bean, the  leaf pre-rRNA had a slightly higher m olecular 
weight th an  th a t in the root. We have not yet exam ined the  lower m olecular 
weight regions to  investigate th e  pieces of cleaved excess RNA.

D ISC U SSIO N

These results taken  together suggest th a t  there is a tru e  difference of 
m olecular weight between the pre-rR N A  molecule synthesized in the  leaf 
and th a t  in the  root. The m olecular weights suggest th a t  the difference 
is around 600 nucleotides out of a to ta l length of somewhat less th an  9,000. 
The 2-5 million com ponents and  all the  o ther com ponents appear to  be iden­
tical in bo th  tissues except th a t  the  root does not contain the  0-45 million 
piece of excess RNA. Therefore we suggest th a t  the  difference is due entirely  
to  a  sm aller am ount of excess R N A  a t one end of the  molecule in the  root, 
(this piece of excess R N A  in the  root would have a m olecular weight of 
abou t 0-2 million and  this w ould be difficult to  detect unless it had a long 
half life). Thus root and leaf differ in the  same way as closely re la ted  species, 
and  we suggest th a t  th is is brought about by a shift in the  in itiation  or 
term ination  sites of transcrip tion. This im m ediately leads to  a question 
abou t th e  heterogeneity of the  ribosom al genes: (1) e ither the  re-iterated  
genes are not identical and  a  different group of these genes is active in the 
leaf from  th a t in the  root or (2) th ey  are identical b u t there is more th an  
one in itiation  or term ination  site on each DNA stre tch  and  different control 
elem ents are active in the  tw o tissues. Any fu rth e r in terp re ta tion  of the 
results m ust depend on which of these possibilities is correct b u t the second 
one is a ttra c tiv e  and  some simple models can be constructed  around it. 
One could, for exam ple, suggest th a t  the  initiation or term ination  of tra n ­
scription in th e  roo t and the  leaf are controlled by different sigma or rho 
factors which alter the  specificity of a ttach m en t of the polym erase. In  this 
case, stim ulation  of ribosom al RNA synthesis by, for exam ple, a hormone 
would lead to  the  synthesis of ribosom al RNA and  to  the  production 
of the  piece of cleaved excess RNA. The concentration of the  la tte r  would 
depend on the  ra te  of RNA synthesis and  on its half life; its specificity or 
m olecular weight, however, would vary  w ith the tissue. This molecule th ere­
fore has exactly  th e  properties one would expect for a com ponent which 
co-ordinates the  synthesis of ribosomes w ith o ther functions and  these 
functions would differ in d ifferent tissues. In  o ther words a single hormone 
could be m ade to  stim ulate grow th as well as developm ent in different 
directions depending on a  previous production of polym erase factors. I t  is 
tem pting  b u t p rem ature to  suggest models like this. Clearly we need more 
evidence abou t the  na tu re  of the ribosom al genes before we can in terp re t 
the  results any  further.
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RNA SY N TH ESIS IN  ISOLATED CHLOROPLASTS
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Chloroplasts are sem i-autonom ous cell organelles which synthesize DNA, 
RNA and  proteins. In  m any respects th ey  resemble prokaryotic system s 
more closely th a n  th ey  do the  eukaryotic cells of which they  are a p a r t 
(sensitiv ity  to  certain inhibitors, s tructu re  of ribosomes, DNA n o t asso­
ciated w ith histons, etc.). Therefore, i t  is o f in terest to  ask, w hether this 
analogy could be extended to  the  RNA-synthesizing system . The findings 
known h itherto  on the  na tu re  of the RNA polym erase in chloroplasts are 
contrad ictory . U ntil now it was not possible to  isolate and  enrich RNA 
polym erase from  plastids. However, com parative investigations on the  
action of transcrip tion  inhibitors could provide inform ation about existing 
differences between nuclear and chloroplast polym erase and abou t sim i­
larities to  the  p rokaryo tic  polym erase.

In  this connection such inhibitors are in teresting which inhibit specif­
ically either the eukaryo tic  nuclear polym erase (a-am anitin) or the  p ro ­
karyotic enzyme (rifampicin). Some investigations have been already done 
abou t the  action of rifam picin on the  RNA synthesis in chloroplasts, b u t 
they  gave both  positive (Bogorad and W oodcock, 1971; Galling, 1971; 
Surzycki, 1969; Surzycki e t ah, 1970) and  negative (Bottom ley et ah, 1971; 
Spencer e t ah, 1971) results.

The problem  of the  inform ation con ten t in the  chloroplast DNA is also 
widely an  open one. I t  was shown by hybrid ization experim ents w ith in vivo 
synthesized RNA, th a t chloroplasts are able to  synthesize rR N A  and  
tR N A , coded by the  own DNA (Tewari and W ildm an, 1970). But the  real 
capacity  of the  chloroplasts to  synthesize d ifferent RNA sepcies can only 
be solved by experim ents w ith isolated chloroplasts. A lthough the capacity  
for D N A -dependent RN A  synthesis has been reported  in purified  chloro­
plasts, th e  inform ation on the na tu re  of the  in v itro  synthesized RNA is 
m eagre (Spencer and  W hitfeld, 1967; Spencer e t ah, 1971; Tewari and  
W ildm an, 1969; 1970).

This paper reports results from  experim ents, aim ed to  show, which species 
of R N A  are made by  the  isolated chloroplasts from  tobacco leaves and sec­
ondly to  receive more inform ation on the  action of rifampicin on the RNA 
polym erase in plastids.
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METHODS

Isolation of chloroplasts

Y oung leaves (3 5 cm) from  Nicotiana rustica p lan ts were homogenized
in a m ortar in the  following ex traction medium: 0-07 M Tris-HCl, pH  7-8; 
0-5 M sucrose; 0-01 M MgCl2; 0-01 M KC1; 0-004 M m ercaptoethanoi. The 
hom ogenate was filtered  th rough  6 layers of m uslin and then  centrifuged 
for 5 min at 200 X g to  pellet s tarch  and  most of the in tact nuclei. The 
su p ern a tan t was centrifuged for 10 min a t 2000 X g- The chloroplast 
pellet was resuspended in th e  extraction  m edium  and centrifuged 10 min 
a t 2000 X g- This pellet was suspended in two volumes of Tris-Mg-SH- 
m edium  (0-05 M Tris-HCl, pH  7-8; 0-01 M MgCl2: 4 m.M m ercaptoet hanoi) 
and  was centrifuged again a t  2000 X g (crude chloroplast fraction).

F or fu rth e r purification the  chloroplast suspension (5 ml, before washing 
w ith Tris-M g-SH-medium) was layered on top of discontinuous sucrose 
gradients consisting of 10 ml 60% , 10 ml 45%  and  10 ml 35%  sucrose in 
ex tracting  medium. A fter 20 m in centrifugation a t 4000 X g the  fraction 
of in tac t chloroplasts was collected, d ilu ted  w ith ex traction  medium  and 
centrifuged. The pellet was washed w ith Tris-M g-SH medium.

To get m ost purified chloroplasts the chloroplast fraction from  the  sucrose 
g rad ien t (w ithout washing w ith Tris-M g-SH medium) was suspended in 
ex traction  medium. 2 ml were mixed w ith  a  solution consisting of 5-5 ml 
glycerol and  2-5 ml sucrose (1-3 g sucrose dissolved in 0-07 M Tris-HCl, 
pH  7-8) and centrifuged for 30 min a t  35 000 rpm  in the  SW 40 rotor 
(Spinco L2-65 B). The highly purified chloroplasts from the  top  of the  tube 
were washed w ith Tris-M g-SH medium.

A ssay  for R N A  synthesis

The standard  assay for RNA-polym erase contained crude or purified 
chloroplasts (0-1 mg chlorophyll) in 0-15 ml Tris-M g-SH medium together 
w ith 0-125 p mo les each of GTP, CTP and U TP; 0-125 uC 14C-ATP (spec, 
ac tiv ity  30 mC/mM); 2-5 »moles phosphoenolpyruvate; 10 pg p y ruva te  
kinase. In  some experim ents 11C-UTP was used instead of 14C-ATP. After 
20 min of incubation a t 25 °C the  reaction was stopped by adding 1 ml 
0-2 N HC10, -f- 2%  sodium pyrophosphate. A fter standing 30 min. a t 0 °C 
the  sedim ent was collected on filter paper discs and  washed several times 
w ith HC104-pyrophosphate, 70%  alcohol and  ether. The discs were dried 
and  th e  rad ioactiv ity  was m easured in a P ack ard  liquid scintillation 
spectrom eter.

Other methods

F u rth e r details were described elsewhere (Wollgiehn and  Munsche, 
1972). The m ethods for in vivo incorporation experim ents and the  analytical 
m ethods have been described previously (Munsche and  W ollgiehn, 1970; 
W ollgiehn, 1968; W ollgiehn and  Ruess, 1968).
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RESULTS AND DISCUSSION

Characteristics of the R N A  'polymerase in  chloroplasts

The chloroplast RNA polym erase is stric tly  dependent on the presence 
of all four nucleoside triphosphates and  Mg2+ (Table 1). The omission 
of an  A TP-regenerating system  and m ercaptoethanol from the assay and 
of KC1 from  the homogenization medium causes a clear reduction in activity . 
The polym erase is inhibited  by DNase and  RNase. These characteristics

Table 1
Som e characteristics oj chloroplast B N  A  

polymerase

S y s te m  14C -A T P  in c o r p o r a t io n
(c p m /a s s a y )

Complete system 4050
Omit GTP, CTP, U TP 117
Omit P E P  and pyruvate  kinase 1330
Omit Mg2+ 270
Omit Mg2+, add Mn2+ 070
Omit KC1* 2230
Omit m ercaptoethanol 1100
Add DNase (10 yg/ml) 71
Add RNase (10 yg/m \) 400

* O m itted during chloroplast isolation.

suggest th a t  the  reaction is DNA dependent and  th a t the product is RNA.
Figure 1 shows some characteristics of the polym erase reaction in purified 

chloroplasts in more detail. The 14C-ATP incorporation increases linearly 
w ith tim e for approxim ately  20 m inutes, however, th e  newly synthesized 
RNA is very  quickly degraded by  endogeneous RNase. The enzyme reaction 
is strongly dependent on the  tem peratu re  and the pH . The optim al tem ­
peratu re  was found to  be 25 to  30 °C and the  pH  optim um  7-8 to  8-2. 
10 mMolar Mg2+ concentration is necessary for op tim al activ ity .

We have tested  the polym erase ac tiv ity  w ith  chloroplasts a fte r different 
purification steps. A high degree of purification, i.e. a com plete rem oval 
of nuclei and  nuclear fragm ents by sucrose g rad ien t centrifugation or o ther 
techniques, has only a small influence on the  polym erase activ ity , because 
the  nuclear polym erase ac tiv ity  is very low under our s tan d ard  assay 
conditions, com pared w ith  the  ac tiv ity  of the  p lastid  polym erase. Only 
10 per cent of the  to ta l polym erase activ ity  in a 2000 X g fraction containing 
chloroplasts and nuclei was found in the nuclei. The reason for the  lim ited 
ac tiv ity  of th e  nuclear polym erase of higher organisms is the  association 
of the  tem plate-D N A  with histones. In  contrast, bacterial as well as chloro­
plast DNA are not associated w ith such proteins (Tewari and  W ildm an,
1969) and are therefore much more available to  the  enzyme.
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Kig. 1. T im e course, te m p e ra tu re , p H  and  Mg2+ dependence of th e  R N A  
po lym erase  reac tio n  in p u rified  ch lo rop lasts

In  purified chloroplasts th e  to tal, or the  m ain p a r t of the  polym erase 
is bound to  m em branes and  sedim ents by centrifugation even a fte r d is­
rup tion  of the  chloroplasts by 1%  T riton X  100. Nevertheless, it is probable 
th a t during isolation and  purification some free polym erase is washed out. 
This can be explained by  th e  fact th a t  a fte r addition of pure tobacco 
DNA the R N A  synthesis is m arked ly  stim ulated  in non-washed chloro­
plasts, b u t scarcely in highly purified ones.

Size of the R N A  synthesized in  vitro

The previous experim ents w ith isolated chloroplasts failed to  determ ine 
which types of RNA can be synthesized in isolated chloroplasts. In  the 
experim ents of Tewari and  W ildm an (1969, 1970) and Spencer e t al. (1967,
1971) th e  RNA synthesized in vitro  was very heterogeneous and  ranged 
in size from  4 S to  30 S, w ith a m ajor peak a t abou t 11 S (Spencer and 
W hitfeld, 1967; Spencer et ah, 1971). According to  the  in terp re ta tion  of 
the  au thors the  chloroplasts m ay be able to  synthesize all th ree forms 
of RNA, i.e. transfer, ribosom al and  messenger (10 S to  12 S) RNA.
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Fig. 2. М А К -colum n ch ro m ato g rap h y  (A, B), sucrose d en sity -g rad ien t 
cen trifu g a tio n  (C, I)) and  po lyacry lam ide  gel e lec trophoresis (E , F) o f 
R N A , iso lated  fro m  ch lo rop lasts a f te r  20 m in in cu b a tio n  w ith  14C -U TP. 
A, C, E : In cu b a tio n  in  presence o f b en to n ite  (1 ing/m l). B, D , F: 
In c u b a tio n  u n d er s ta n d a rd  assay  conditions. A fte r incubation , leaf 
hom ogenate  w ith  non-labelled  R N A  as a  ca rrie r w as ad d ed  p rio r to  

ex trac tio n  w ith  phenol-sod ium  dodecy lsu lphate
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We have also analyzed the  RNA which was synthesized by isolated 
chloroplasts, under nearly the  same assay conditions, by  M AK-chrom ato- 
graphy, sucrose-gradient centrifugation and  PAA gel electrophoresis. We 
have obtained closely the sam e results (Fig. 2, B, D, F). The RNA is very 
heterogeneous in size w ith  a main peak  a t  about 10—12 S.

However, we supposed, th a t  this analysis does not show the  ac tua lly  
synthesized chloroplast RNA, b u t only the degradation products. Therefore, 
we added bentonite (1 mg/ml) as an RN ase inhibitor to  the incubation 
m edium . Now, we have isolated from  the  chloroplasts a quite different 
radioactive product. The М А К -column analysis showed a profile of rad io ­
ac tiv ity  (Fig. 2 A) which corresponded to  the  analysis of to ta l RNA and 
chloroplast RNA, rapidly labelled in vivo (Wollgiehn and Ruess, 1968). 
Also the  labelling p a tte rn  obtained a fte r fractionation on the  sucrose 
grad ien t shows, th a t  the  RNA is not very heterogeneous, the rad ioactiv ity  is 
concentrated  in the  region of the rR N A (Fig . 2 C). P articu larly  convincing are 
the  results of polyacrylam ide gel electrophoresis. We could dem onstrate  th a t 
the  isolated chloroplasts have synthesized 16 S and 23 S (Ы  and 0-56 XlO6 
daltons) RNA, i.e. the  characteristic chloroplast ribosom al RNA (Fig. 2 E). 
We were not able to  show with certa in ty  the  synthesis of low m olecular 
weight R N A  in the  region of transfer RNA. The very lim ited synthesis 
of tR N A  in isolated chloroplasts m ay be explained by the  fact, th a t  only 
0-4—0-7 per cent of the chloroplast DNA is com plem entary to  tR N A  
(Tewari and  W ildm an, 1970).

I t  is very difficult to  decide w hether in isolated chloroplasts o ther types 
of RNA are also synthesized. Some of the new synthesized RNA fractions 
are difficult to  identify: 1. the  small fractions of low m olecular weight 
RNA, 2. the high molecular weight RNA, which was elu ted  from  th e  
M AK column a f te r  th e  ribosom al RNA, and 3. the  radioactive fraction in 
the  18 S and 25 S (1-3 and 0-7 X 10® daltons) region of the  PAA gel p ro ­
file. I t  rem ains open, w hether these fractions contain messenger R N A  or 
high m olecular weight ribosom al precursor RNA. I t  is not y e t clear, 
w hether chloroplasts synthesize also o ther types of rap id ly  labelled R N A  
perhaps on repetitive DNA sequences.

The action of inhibitors on the R N A  synthesis 
in  isolated chloroplasts

RNA polym erases of different origin differ in their sensitivity  to  inhibitors. 
All polym erases are inhibited by actinom ycin, b u t only the  prokaryotic 
and not the  nuclear polym erases are sensitive to  rifam picin (H artm ann  
et ah, 1967: W ehrli e t ah, 1968). On the  o ther hand, a-am anitin  specifically 
inhibits some eukaryotic nuclear polym erases (Kedinger et ah, 1970; 
Lindell e t ah, 1970).

No uniform  results were obtained, by using rifam picin, on th e  R N A  
synthesis in chloroplasts, un til now (Bogorad and Woodcock, 1971; Bottom - 
ley et ah, 1971; Spencer et ah, 1971: Surzycki, 1969; Surzycki et ah, 1970), 
although one should assume, th a t  in th is respect, the  p lastid  polym erase 
corresponds to  prokaryotic polymerases.
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A t first we have tested  the  action of actinom ycin, a-am anitin  and  rifam - 
picin on the  RNA synthesis in young tobacco leaves in vivo. The leaves 
were preincubated  for 12 h w ith solutions of the inhibitors (a-am anitin  
and rifam picin are active only a fte r long preincubation) and  th en  incubated 
for one hour w ith 32P. Actinom ycin in high concentrations inhibits nearly

10 20 30 40
Fraction No.

Fraction No. Fraction No.
Fig. 3. The effec t o f  rifam pic in , ac tinom ycin  and  a -am an itin  on th e  R N A  syn thesis 
in  tobacco  leaves. T he leaves w ere p re in cu b a ted  for 12 hours w ith  so lu tions o f  th e  
in h ib ito rs  (AD 50 gg/m l; rif. 300 ug/rnl ; a -am  30 /fg/ml) and  th a n  incuba ted  fo r 1 ho u r 

w ith  32P . M A K  colum n analysis o f  th e  R N A

com pletely the  synthesis of all RNA fractions to  the  sam e degree (Fig. 3 C). 
R ifam picin also inhibits all RNA fractions, b u t even in very  high con­
centrations (300 pg/ml) not more th an  by 30 per cent (Fig. 3 B). We believe 
th a t only the  synthesis of chloroplast R N A  is inhibited, a-am anitin  in ­
hibits the 32P  incorporation particu larly  into the  high m olecular AU -type 
R N A  and not into the ribosom al RNA (Fig. 3 D).

These positive results obtained in vivo stim ulated  us to  investigate 
also th e  effects of inhibitors on th e  RNA synthesis in isolated chloroplasts. 
The purified plastids were preincubated for 10 min w ith the  inhibitors and 
th an  incubated under s tan d ard  assay conditions w ith 14C-ATP. Actinom ycin 
in higher concentrations inhibits the  RNA synthesis nearly  com pletely
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(Table 2). a-am anitin  has no inhibitory effect in plastids even in very high 
concentrations. I t  inhibits, on the o ther hand, the  Mn2+ stim ulated  RÍVA 
synthesis in nuclei (Bottom ley et al., 1971). This resu lt was expected, 
because a-am anitin  inhibits RNA synthesis neither in bacteria  (Jacob et ah,
1970) nor in m itochondria (Tsai e t ah, 1971), and in nuclei it affects only 
the nucleoplasmic b u t not the  nucleolar, ribosom al RNA synthesizing 
polym erase (Kedinger et ah, 1970; Lindell et ah, 1970). This corresponds 
to  our results obtained in vivo (Fig. 3 D).

T able 2
The effect o f inhibitors on the /'.V .Í 

synthesizing  activity  o f isolated chloroplasts 
The purified  chloroplasts were preincubated  

with the inhibitors for 10 m inutes before H A  A  
synthesis was started

Inhibitor L,C-.VTP incorporation
as percentage of control

Control 100
Actinomycin D (50 /tg/ml) 12
a-Am anitin (20 fig/ml) 100
Rifampicin (100 /ig/ml) 98

C ontrary  to  our expectation rifam picin has no inhibitory effect on RNA 
synthesis in purified chloroplasts under our stan d ard  assay conditions. 
This failure of rifam picin to  inhibit plastid  polym erase could thus be due 
to  the inherent insensitivity  of the  enzyme. The results of the in vivo experi­
m ents contradict to  this opinion. On the o ther hand, the  p lastid  polym erase 
could be indeed sensitive to  rifam picin, b u t we m ust search for more fa ­
vourable experim ental conditions.

The inhibition of RNA synthesis by  rifampicin in bacteria is possible 
only if the synthesis begins w ith the binding of the  enzym e to the DNA. 
because all the  following steps of synthesis are insensitive to  the antib io tic 
(Sippel and H artm ann , 1970). Chloroplasts m ust contain free polym erase 
as well as free tem plate  DNA in order to  in itia te  new RNA chains. But 
DNA and also the  polym erase could be lost during preparation  of the 
chloroplasts, so th a t the observed RNA synthesis in vitro is only due to 
elongation of RNA chains which have been in itiated  in vivo.

W e have tried  to  solve th is problem  by some different experim ents.
The procedure of chloroplast purification has only an insignificant in­

fluence on the  action of rifampicin. We observed only in some experim ents 
a small inhibition in non washed plastids com pared to  highly purified ones. 
Preincubation of the chloroplasts in the  complete, rifam picin-containing 
incubation medium has no significant effect on the  following RNA synthesis 
w ith 14C-ATP either. O ther experim ents in which we have tried  to  release 
the polym erase or to  stim u late  the tem plate ac tiv ity  of the  DNA were also 
not highly successful.

Some results are sum m arized in Table 3. Sonication of the isolated 
plastids in the presence of rifam picin causes a significant inhibition of
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R N A  synthesis com pared to  th e  rifam picin-free control. Increasing the 
ionic streng th  has only a very small effect on the  rifam picin action, because 
the  tem plate  ac tiv ity  of chloroplast DNA does no t increase a t high ionic 
strength , con trary  to  th a t of the  nuclear DNA. Dissociation of the DNA- 
histone complex in nuclei results in stim ulation of the  R N A  synthesis.

I t  can be excluded th a t  a deficiency in rifam picin up take by  whole 
chloroplasts is a reason for the  lack of inhibitory  effects, because even 
a fte r d isruption  of the  chloroplasts bv T riton  X 100 no inhibition was 
observed (Table 3).

T a b le  3
The effect of r i fam pic in  on the H N A  synthesizing activity of isolated 

chloroplasts after different pretreatment

Chloroplasts
Rifampicin 
100 /xg/ml

l4C-AT.P incorporation 
as percentage of control 

without rifampicin

Purified chloroplasts 100
+ 101

Purified chloroplasts, a fter sonication in — 100
presence of rifampicin + 72

Purified chloroplasts, addition of 0-3 M — 100
(NH4).,so4 92

Purified chloroplasts, disrupted with 100
Triton, 100,000Xg sediment + 101

I t  was possible to  stim u late  the  polym erase activ ity  of chloroplasts by 
exogeneous tobacco DNA. This stim ulation was inhibited by rifampicin 
(Table 4). This can be explained by the  mechanism  of action of the a n ti­
biotic. In  this experim ent the  RNA synthesis s ta rted  w ith a rifampicin- 
sensitive form ation of the  complex of DNA and  RNA polym erase.

A very d istinct and  well reproducible rifam picin effect was obtained 
when we isolated the chloroplasts from  leaves a fte r 12 h preincubation 
with rifampicin (300 y g / m l ) .  The RNA polym erase of such chloroplasts 
is far less active th an  the  enzyme of chloroplasts from  w ater trea ted  control 
leaves (Table 5).

A lthough we have found some distinct rifam picin effects, and  we believe, 
th a t the chloroplast polym erase resembles the  prokaryotic enzyme in sensi­
tiv ity  to  the drug, the  action of rifam picin on chloroplast RNA polym erase 
is not yet unequivocal (Bottom ley et al., 1971; Spencer et al., 1971). A sim ­
ilar controversy exists as to  the effect of rifam picin on m itochondrial 
RNA synthesis. Some papers report inhibition and others no inhibition 
of the  RNA polym erase of this organelle (Shmerling, 1969; Tsai et al.. 
1971; W intersberger and  W intersberger, 1969). Therefore, we believe, th a t
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T able 4
The effect o f rifam  p ic in  on the R N A  synthesizing  
activity of isolated, поп-purified  chloroplasts after 

addition of tobacco D N A

To th e  ch lorop lasts, suspended  in Tris-M g2 + -SH  
m ed ium , D N A  and  rifam picin  was added . A fte r 
10 m in  o f p re in cu b a tio n  a t  0° R N A  syn thesis 

w as s ta r te d

R if a m p ic in  
10 0  /Ag/ml

D N A
1 0 0  jug /m l

14C -A T P  in c o r p o r â t ioi 1 
a s  p e r c e n ta g e  of 

c o n tr o l

_ 100 (control)
+ — 102

+ 153
+ + 11)4

T able  5
The effect of r ifam p ic in  on the R N A  synthesizing  

activity in  isolated chloroplasts

The ch lo rop lasts w ere isolated from  leaves, w hich 
were tr e a te d  for 12 hours w ith  a  so lu tion  o f rifam picin  
(300 /rg/m l). C ontro l leaves w ere tre a te d  w ith  w ate r

Treatment of the 
leaves before chlorojilast 

isolation

140-ATP incorporation 
(cpm/Ol mg 
chlorophyll)

Inhibition 
as percentage 

of control 
without 

rifampicin

W ater
Rifampicin

2330
917

100
3!)

the  properties of chloroplast R N A  polym erase in com parison to  nuclear 
as well as p rokaryotic polym erase cannot be clearly defined u n til an  active 
polym erase has been isolated from the  organelles.
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RIBOSOM AL RNA SYNTHESIS LN NUCLEI OF F R E E IA  
SU SPEN D ED  CELLS OF H IG H E R  PLANTS

by
U l r i c h  S e i t z  anti U r s u l a  S e i t z

BIOLOGICAL INSTITUTE, 7400 TÜBINGEN, G. F. К.

We wish to  describe, a t the  outset, our system  in a few words. We work w ith 
cell cultures of parsley tissue from  the  root. The cell m aterial is homogeneous, 
bearing large nuclei, and  behaves like em bryonic tissue. The culture is free 
of bacterial contam ination and  for th is and  other reasons the  system  is 
suitable for tracer experim ents.

D uring our analysis of rapidly  labelled RNA bv MAK chrom atography 
we found by pulse-chase experim ents the  facts shown in Fig. 1. In  the  
control (0 h) there is a RNA com ponent eluted a t higher NaCl concentration 
th an  25 S RNA. A fter longer chase tim es this RNA disappears and  the  
rad ioactiv ity  in m ature ribosom al RNA is enhanced. By this fact we are 
tem pted  to  conclude th a t  this specific, highly labelled com ponent on 
MAK columns consists a t least partia lly  of rR N A  precursor.

y.-a mariit i n treat ment

You can object to  this assum ption th a t this RNA has a high AMP con­
ten t and not a ribosomal base composition. I t  seems as if in this region, 
in addition to  the rR N A  precursor, an AMP-rich RNA were eluted. T here­
fore, we tried  to  use x-am anitin as an inhibitor for the  nuclear RNA syn­
thesis outside the nucleolus. As shown in Table 1 under such conditions, 
when only one RNA w ith ribosom al base composition is synthesized, the 
high AMP content disappeared.

A fter this p repara to ry  work it was im portan t to  look for newly sy n th e­
sized ribosomal RNA, bo th  in the  ribosomes as well as in the  nuclei. I f  you 
w ant to  a ttrib u te  the molecules to  a certain organelle you have to  ex tract 
the  RNA from isolated nuclei and isolated ribosomes which is not possible 
in preparations full of cytoplasm ic m aterial.

METHODS

1. For the  reason m entioned above it was necessary to  prepare a  pure 
nuclear fraction, if possible, from p lan t cells. The m ethod is described in 
Fig. 2. The tests for the quality  of the  preparation  were th e  microscopic 
p icture and the DNA content in relation to  RNA.

2. The ribosomes were prepared in the  usual m anner (Bielka et ah, 1968).
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3. Electrophoresis. We work w ith 2-1 % polyacrylam ide gels. The running 
buffer is Tris-boric acid-EDTA, pH  8-3, afte r Peacock and Dingm an (1968). 
The DNA appears in this buffer system  between the two ribosom al peaks.

cO
О

c

We are able to  say th a t the DNA 
is not m echanically fragm ented. In  
E -buffer a fte r Loening (1969) it has 
a lower electrophoretic mobility.

4. The tracer in all experim ents 
was 32P-orthophosphate. The pulse 
tim e was 30 min.

R E S U L T S  

Pulse experiments

F irst of all let us consider the elec­
trophoretic p a tte rn  of nuclear nucleic 
acids (Fig. 3). A part from  the DNA 
there are two UV peaks w ith molec­
ular weights of 1-3 X l0 6and0-T Xl0° 
daltons. Besides these th ree peaks, 
detectable in the  UV curve only, a 
rapidly  labelled fraction appears on 
the  gel. I ts  m olecular weight has 
been calculated to  be 2-3 x lO e d a l­
tons.

C ontrary  to  this finding the  RNA 
from  isolated ribosomes contains no 
label a t all (Fig. 4).

P u lse-ch ase ex peri m ents

To dem onstrate the precursor 
character of the rapidly labelled frac- 
tion isolated from  the nuclei we made 
pulse-chase experim ents sim ilar to 
those m ade on MAKrColumns.

Fig. 1. M A K  ch ro m ato g rap h y  of to ta l  
nucleic acids from  p ars ley  cells grow n 
in a sy n th e tic  m edium . T he cells w ere 
labelled w ith  32P -o rth o p h o sp h a te  (20 
pe/inl) fo r 30 m in , chased w ith  :!1 P -ortho- 
p h o sp h a te  for 0, 1, 2, 4, 8 h  resp ec­
tiv e ly . N ucleic acids w ere e x trac ted  w ith
phenol-SD S a t  room  te m p e ra tu re .------
abso rbance  (200 nm ); - - - - 3-P rad ioac­

tiv ity  (cpm)
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T able 1
Base com position o f hiyh molecular I tX A  eluted from M A K  colum ns

In c u b a tio n  w ith  a -am an itin  for 8 h . A t th e  end o f th e  a -am an itin  incubation  the 
cells w ere labelled w ith  32P  o rth o p h o sp h a te  for 80 m in. The base com position  o f th e  
rap id ly  labelled com ponent was determ ined  by anion-exchange ch ro m ato g rap h y  
(D ow ex 1 x 2 ,  200 — 400 m esh , C l-  form ) o f th e  m ononucleo tides a f te r  alkaline 
hydro lysis

U N  A -c o m p o n e n t a - a m a n i t in C M P A M P G M P U M P

R apidly labelled RNA 23-5 30-0 2 0 - 0 20-5
25 >S KXA — 22-4 27-2 2S-2 22-2
R apidly labelled RNA +

17-2 /ig/ml 2 0 - 1 2R-5 28-4 250

Homogenization 
5 min Pofter-Elvehjem 

(glas/|-eflon,ice)
eaium q

©032M sucrose
1 3mM MgCl2

2xfilteroü through absorbent gauze 
( 2 and 6 layers)

гри wni,°,yed Ce"S centrifugation
cellwolls (7min, Sduxg)

ribosomes
mitochondria

"pellet suspended 
in medium @

,1
©2-0 M sucrose 

3mM MgCl2
centrifugation 

(Spinco SW27'lh,'19000xg)

ribosomes
V  J

sample 

medium ©

medium ©
saturated with sucrose

diluted slowly (1 • 3) 
in medium ©

2x centrifugation 
(4mm I700*g)

©0-25M sucrose 
4mM M g Cl 2 
10 mM Tris

phenol/SDS

Fig. 2. Schem e o f pu rifica tio n  o f nuclei from  pars ley  cells
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Mol. wt. C daltons * "lû6 )
4 3 2 1 0-5 0-1 0-05

Fig. 3. P o lyacry lam ide  gel electrophoresis o f  R N A  from  
nuclei o f  p ars ley  cells. A fte r labelling  th e  cells w ith  32P  
o rth o p h o sp h a te  (20 /«'/m l) th e  nuclei w ere iso lated . R N A  
w as app lied  to  2-l%  acry lam ide  gels and  elec trophoresed for 
25 m in  a t  5 m A /gel in  T ris-boric acid-E D T A  buffer (pH  8-3). 
A fte r f ix a tio n  in  1 m o lar acetic  acid  th e  gels w ere scanned 
a t  265 nm . The rad io ac tiv ity  w as d eterm ined  b y  slicing th e  
frozen  gels in to  O'5 m m  sections an d  coun ting  th e  dried  gels
in to luene  sc in tilla to r. ---------  abso rbance  (205 nm ); •  •

32P  rad io a c tiv ity  (cpm)

F ig . 4. P o lyacry lam ide  gel e lec trophoresis o f R N A  from  
]Jurified ribosom es o f p ars ley  cells. A fte r labelling  th e  cells 
w ith  32P  o ith o p h o sp h a te  (20 /ic/m l) th e  ribosom es w ere 
iso lated . R N A  w as app lied  to  2-l%  acry lam ide  gel 
(m ethods see F ig . 3). ---------  abso rbance  (265 nm );

• ---- •  32P  rad io a c tiv ity  (cpm)
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Before showing you the results we have to  say som ething about the 
difficulties of chase experim ents. I t  could be th a t there is a pool of phosphate 
in the  cells which disturbs the results of such experim ents. We should like 
to  dem onstrate the  kinetics of 32P  incorporation into the to ta l RNA of the 
ribosomes a fte r various tim es of chase incubation (Fig. 5). During a period 
of 4 to  8 h chase incubation the  specific ac tiv ity  is enhanced. Before the 
4 h po int there is a tendency for saturation . A fter trea tm en t of the  cells, 
a t the  end of 32P  incubation, w ith actinom ycin D to  stop the DNA dependent 
RNA synthesis, no enhancem ent in specific activ ity  takes place. Before

Fig. 5. R e la tiv e  specific a c tiv ity  o f RNA  from  ribosom es o f p ars ley  cells 
a fte r  labelling  for 30 m in w ith  32P -o rth o p h o sp h a te  followed b y  various 
tim es o f chase incubation , a) con tro l, b) w ith  10 f-igjm l actinom ycin  D

Fig . 0. P o lyacry lam ide  gel e lec trophoresis o f R N A  from  
ribosom es o f p ars ley  cells. The cells w ere labelled w ith  32P  
o rth o p h o sp h a te  for 30 m in  followed by  «hase incuba tion  
fo r 1 h. ---------  abso rbance  (265 nm ); • ---- •  P  rad io ac ­

tiv ity  (««pm)
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th e  4 h period the  synthesis is no t levelled off. F o r this reason it is possible 
to  look for the  processing of rR N A  before 4 h w ithout actinom vcin 
trea tm en t.

Fig. 7. P o lyacry lam ide  gel electrophoresis o f R N A  from  
nuclei o f p a rs ley  cells. T he cells w ere labelled w ith  32P  o rth o ­
p h o sp h a te  fo r 30 m in  followed b y  chase in cu b a tio n  for
J h . ---------abso rbance  (265 nm ); • -  - •  32P  rad io ac tiv ity

(«■pm)

Fig . 8. P o lyacry lam ide  gel electrophoresis o f R N A  from  
ribosom es o f pars ley  cells. T he cells w ere labelled w ith  32P 
o rth o p h o sp h a te  for 30 m in  followed by  chase in cu b a tio n  for
4 h . --------- abso rbance  (266 nm ); • ------ •  32P rad io ac tiv ity

(cpm)
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The following experim ent shows the d istribu tion  of rad ioactiv ity  in 
the nuclear and ribosom al К N A .

1. (a) A fter 1 h  chase (or even 30 min) we can detect ac tiv ity  in the  18 S 
RNA of the  ribosomes; only very little  ac tiv ity  appears in the  25 S 11XA 
at th is tim e (Fig. 6).

(b) At the  same tim e the high molecular RNA is still present in the  nuclei. 
In  addition, the gel contains also rad ioactiv ity  in the region of the  25 S 
RNA (Fig. 7).

Fig. 9. Polyacry lam ide gel electrophoresis o f RNA from  nuclei o f 
parsley  cells. T he cells w ere labelled w ith  32 P o rth o p h o sp h a te  for 
30 m in  followed by chase in cu b a tio n  fo r 4 h . —  — absorbance  

(265 nm ); • -  - - •  32P rad io ac tiv ity  (cpm)

rDNA rRNA | l -A H O s | 1-3*W6

2-3*106 10-аБ«Ю6| Q-7x106

RNP particles Ribosomes

a fte r Chen, Schultz and Katchalski ('1971)

Fig. 10. Schem e o f R N A  processing
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2. A fter 4 h of chase-incubation the 25 S RNA of ribosomes is also 
labelled (Fig. 8). In  the  nuclei the  large molecule has disappeared. P a rt 
of the labelled 25 S RNA is still there (Fig. 9).

As shown above (Fig. 5), in our system  chase experim ents longer th an  4 h 
are useless to  solve our questions.

SUM M ARY A N D  CO N CLU SIO N S

W e can sum m arize our results as follows:
1. A fter 30 min incubation a large RNA molecule is synthesized in the 

nuclei. At this m om ent there is no newly synthesized m aterial in the  ribo­
somes.

2. U nder chase conditions a fte r 30 min and 1 h, respectively, we can 
detect new m aterial in the  18 S RNA of the  ribosomes. After 4 h (and afte r 
2 h) the  25 S R N A  appears. A t the  sam e tim e the  large molecule dis­
appears in the nuclei, while the 25 S RNA partly  rem ains there.

How do these facts agree w ith the known schemes of ribosom al RNA 
processing (Fig. 10)? I f  we accept the  pathw ay  published bv Chen et 
al. (1971) we should discuss the  following questions. We have to  look 
for a t least two o ther precursor molecules (1-4 and  0-85 X lO 6 daltons) 
and we have ju st s ta rted  experim ents in this direction. I f  we cannot find 
them  we ought to  analyse the  2-3 XlO® region for o ther molecules sim ilar 
to  those recently described by Tiollais et al. (1971) for anim al cells. 
They discuss the  possibility th a t  two distinct precursor molecules exist, 
one leading to  the  18 S and  the  o ther to  the  25 S RNA.

F urtherm ore, we should find a reason why the 25 S RNA appears more 
slowly th an  the  18 S RNA in the  cytoplasm .

T his inves tiga tion  w as su ppo rted  b y  th e  D eutsche Forschungsgem einschaft.
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ELEC TR O N  MICROSCOPY OF DNA IN  SUBCELLULAR 
O R G A N ELLES OF PE A  SEED LIN G S

by

M. S. O d in t s o v a  and M. S. T u r is c h e v a

B A K U  INSTITUTE OF BIOCHEMISTRY, U S S K  ACADEMY O F  SCIENCES, 
M oscow , u. s. s. к .

R ecent studies have shown th a t in addition  to  the  nucleus o ther cell o r a -  
nelles, such as plastids and  m itochondria, also contain DNA. W e report 
here observations on the  localization, form  and  size of DNA molecules, 
carried out during th e  last tw o years in the  In s titu te  of B iochem istry of the 
USSR Academ y of Sciences. A significant p a rt of the work was accomplished 
together w ith  Dr. E . M ikulska of the  U niversity  of Lodz.

E lectron microscopic investigations of sections of isolated pea chloro- 
p lasts revealed in the  finely granu lated  m atrix  elec tron-transparen t areas 
which are believed to  contain DNA. In  these elec tron-transparen t areas 
(ETA) core-like structu res w ith  rad ia ting  fine fibrils (both structu res can 
be rem oved by DNase), sm all dense particles or aggregates of particles, 
some of which m ight represent ribosome-like particles (or polysomes?), 
can be seen.

A stu d y  of a good num ber of pea chloroplast sections showed th a t ETA 
within the  m atrix  m ay differ in their num ber, form and  size. Usually the 
section displays 3 to  7 ETA situated  a t random . In  electron m icrographs 
no m em branes lim iting these areas were seen and  no structu res connecting 
separate  ETA in the  m atrix  were observed either. C ertainly, the  study  
of chloroplast sections do not allow to conclude w hether the  entire DNA 
of chloroplasts is localised w ithin these areas. I t  is very likely th a t they  
contain only a portion of DNA which can be seen due to  a low electron 
density  of these strom a regions; the  rem aining DNA m ay be localized in 
o ther regions of the  strom a, being “ free” or a ttach ed  to  the  lam ellar system  
of chloroplasts. The possibility is not ruled out th a t a high density  of the 
chloroplast m atrix  does no t perm it us to  observe this DNA in sections. 
I t  is interesting to  note th a t the  e lectron-transparen t DNA -containing 
areas of pea chloroplast m atrix  are also the  sites of the localization of starch  
grains.

In sections of young pea leaves dark  spots in electron-transparen t DNA- 
containing areas can be distinguished which can be regarded as the beginning 
of starch  grain form ation. In  these areas fibrillar structu res containing 
DNA as well as dense ribosome-like partic les can be seen. The entirely  formed 
starch  grains fill up alm ost the  whole ETA.

It should be noted th a t starch  grains were never found in regions o ther 
th an  the  ETA  of pea chloroplast m atrix . In  Ariew of the  presence of DNA, 
ribosome-like particles, proteins (probably enzymes, as it was shown by 
other investigators) and  starch  in the  ETA, it seems very probable th a t 
these areas are biologically very active ones in chloroplasts.
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Fig. 1. E lec ti on m icrograph  o f pea ch lo rop last D X A  released by  osm otic shock. R o ta ry  
shadow ing w ith  P t-P d . X <>0,000
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Fig. 2. D N A -m em brane com plex iso lated  from  p ea  ch lo rop lasts. E N A  
linear s tra n d s  an d  loops o f  d iffe ren t fo rm s and  sizes can  be seen. R o ta ry  

shadow ing  w ith  P t-P d . X 44,000
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C ontrary  to  chloroplasts, m itochondria of pea seedlings contain usually  
only one D NA -containing ETA  w ith hard ly  discernible ribosome-like 
particles. The ETA is localized w ithin the central p a r t of the  m itochondrial 
m atrix .

The problem  of DNA arrangem ent in subcellular organelles has not yet 
been solved. In  sections no direct connection between the  DNA fibrils 
and m em brane system  has been observed.

т Ш Ш Ё ж т

Ш Ё Ш Ш т ё Ш

ш ш ш ш
Fig. 3. T he sam e as in  F ig . 2. T he regular p ack ing  o f  UNA 
stran d s  (arrow ) can  be seen. R o ta ry  shadow ing  w ith  F t-P d .

X 00,000

Fig. 4. E lec tron  m icrograph  o f  a  D NA  m olecule 
from  p ea  ch lorop lasts. The m olecule is 8*8 // in  
to ta l  leng th . R o ta ry  shadow ing  w ith  P t-P d . 

X 55,000
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E lectron microscopie investigations of chloroplast p reparations exposed 
to  osm otic shock indicated  th a t  a  num ber of DNA fibrils m ight be asso­
ciated w ith  chloroplast m em brane fragm ents. However, in such preparations 
the  possibility is no t excluded th a t th ey  are fragm ents of m em branes 
w ith  the  strom a adhering to  them . Fig. 1 shows DNA released from  osmo- 
tically  d isrupted  pea chloroplasts. M ultiple loops and fibrils essentially 
identical in diam eter, rad ia ting  irregularly from  the  chloroplast fragm ent 
can be seen. A sim ilar p icture was obtained by studying the DNA released 
from  osm otically d isrup ted  m itochondria. DNA filam ents rad ia ted  from 
all sides of the  m itochondrial m em brane and  there was no single site where 
th ey  a ttached  to  th e  fragm ents. Sometimes, clusters of DNA filam ents 
free from  the  rem nants of m itochondrial fragm ents were observed.

W hile the  lysis of anim al m itochondria by osmotic shock liberates 
predom inantly  DNA in the form of tw isted  circles, no circular DNA was 
released from  pea m itochondria and chloroplasts.

In  a more d irect way the  association of DNA fibrils and  the  m em brane 
system  of cell organelles can be dem onstrated  on electron m icrographs 
of m em brane fractions isolated from  them . F igure 2 shows a DNA-m em brane 
complex, isolated from pea chloroplasts. Single and  double loops scattered  
on all sides of the  chloroplast m em brane fragm ent. In  some cases certain 
regular packing of DNA threads was observed (Fig. 3). E ven larger “dis­
plays” were released from  some chloroplasts. They are sim ilar to  the 
“ single-center” and  “ m ulti-center” displays described for bacterial cells.

Fig. 5. E lec tro n  m icrograph  o f a  DNA m olecule from  
pea  m itochond ria . The m olecule is 9-0 /t in  to ta l 

leng th . R o ta ry  shadow ing w ith  F t-P d . x 36,000
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By analogy w ith bacteria  it can be supposed th a t  the m em branes p lay  an 
im portan t role in the  replication of chloroplast DNA.

I t  is well known th a t  the m itochondrial DNAs of m any anim al species 
exhib it a rem arkable s tru c tu ra l sim ilarity: th ey  have been found to  occur 
in the form of closed circular duplex molecules approxim ately  5 // in contour 
length w ith a molecular weight of 107 daltons. The tru e  size of DNA mole-

15

Fig. 6. E lec tro n  m icrog raphs o f D NA  m olecules from  
r a t  liver m itochond ria . T w isted  circle (a; X 88,000) 

and  open c ircu la r m olecules (b; 5*1 /и; X 66,000)
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cules in  subcellular organelles of p lan ts is unknown. In  lysates of chloro- 
p lasts and  m itochondria and  in purified  DNA preparations isolated from  
these organelles linear molecules were found ranging m ostly from  5 to  25 //. 
This value corresponds to  a molecular weight of approxim ately  20—22 X 10° 
daltons.

R epresentative molecules of DNA prepared  from  chloroplasts and  
m itochondria of pea seedlings are shown in Figs 4 and  5.

Fig. 7. C hloroplast D N A  
from  p ea  seedling cells in  
C sC l-ethidium  brom ide d e n ­
s ity  g rad ien t. A pho to g rap h  
o f  tu b e  illum inated  w ith  
n ea r u ltra v io le t ligh t (365 
m /t). The band  con ta in s  on ly  

linear DNA

Fig. 8. P e a  ch lo rop last D N A  
and  m ito ch o n d ria l DNA from  
r a t  liver in  C sC l-ethidium  
brom ide d en sity  g rad ien t. 
T he u p p e r band  con ta ins 
on ly  linear D N A . The th ree  
o th e r b an d s co n ta in  d iffe ren t 

form s o f c ircu lar D NA

The DNA molecules exhib it different forms: from  extended linear fila­
m ents and filam ents having m ultiple loops to rosette or flower-like con­
figurations, m ost of which showed free ends. C ertainly the  length of DNA 
molecules observed in such preparations does not represent th e  size of the 
DNA molecules in situ. The m easurem ent of the  to ta l length of the  DNA 
ex truded  from pea chloroplasts by  osmotic shock testified  for significantly 
longer DNA molecules in situ. Thus, apparen tly , the  DNA molecules in 
p lan t cell organelles are several tim es longer th an  the  DNA molecules 
of anim al m itochondria.

We have never found circular molecules in preparations obtained by 
osm otic shock or by lysis of subcellular organelles. P urified  preparations 
of DNA isolated from chloroplasts and  m itochondria of pea seedlings
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displayed only linear molecules while those from  m itochondria of ra t 
liver exh ib ited  closed and  open forms of DNA, as shown in Fig. 6.

The linear form of DNA molecules in subcellular organelles of pea seed­
lings was confirm ed by means of the  CsCl-EthBr density  grad ien t cen tri­
fugation. The DNA from  pea chloroplasts and m itochondria as well as the  
DNA from the  nuclear fraction occupies the sam e position in th e  CsCl-EthBr 
gradient. I t  forms a single band a t  a density  of 1-57— 1-58 g/cm 3 (Fig. 7). 
Different form s of circular DNA from  ra t liver m itochondria locate in the  
more dense region of the  gradient w ith  a density  of 1-62—1-66 (Fig. 8).
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RIBOSOM ES OF P E A  SEEDS

by
N. A. G u m il e v s k a y a , E. B. K u v a e v a , L. V. C h u m ik in a  

and y. L . K r ETOVICH

BAKH INSTITUTE ОГ BIOCHEMISTRY, USSR ACADEMY OF SCIENCES, 
MOSCOW, U. S. S. B.

At present it is well known, th a t seed germ ination is connected w ith the 
activation  of the  protein-synthesizing system . N ot m uch is known abou t 
th e  ribosomes in p lan t seeds a t th e  stage of dorm ancy and  a f te r  im bibition 
w ith  water. We studied some properties of th e  ribosomes isolated from  d ry  
pea seeds and  from  the  cotyledons of germ inated pea seeds.

I t was shown, th a t  th e  ribosomes are no t a ttach ed  to  m em branes of th e  
endoplasm ic reticulum . F ree ribosomes were found in the  cotyledon cells 
of bo th  the  d ry  and  germ inated pea seeds. This phenom enon m ay be con­
nected witli the  absence of protein  synthesis for translocation or storage 
a t  this tim e. We could no t find  ribosom al subunits in the  cell ex tracts of 
d ry  seeds. However, the  addition of the ionic detergent DOC (0-7— 1-0%) 
to  cell ex tracts or isolated ribosomes in the  presence of Mg2+ ions (0-01 M) 
resulted  in a dissociation of ribosomes into tw o subunits (Fig. 1). T riton  
had  no sim ilar effect. The reason of such an effect of DOC on pea ribosomes 
is not clear a t present. B u t this fact should be kep t in m ind during the  
investigation of na tu ra lly  occurring ribosom al subunits in cell ex tracts in 
the  presence of the  ionic detergent DOC.

P ea seed ribosomes belong to  th e  80S type, th ey  have a  sedim entation 
constan t of 79 Svedberg units, an R N A /protein ra tio  of 1-0, and  a  buoyan t 
density  on CsCl of 1-54— 1-55 g/cm 3 (Table 1). No variations were found 
in the  buoyan t density  of ribosomes isolated from  different tissues of ger-

80 80 A0 60 80
/  /  \  /  /

a b c
Fig. 1. A n aly tica l u ltra cen trifu g a tio n  sed im en ta tion  p a t ­
te rn s  o f ribosom es o f  d ry  p ea  co ty ledons: (a) 20,000 g 
s u p e rn a ta n t (“ cell e x tr a c t” ); (b) “ cell e x tra c ts ” a f te r  a d ­
d itio n  o f de te rg en ts  DOC (0-5% ) and  T rito n  (1% ); (c) 
ribosom es before and a f te r  ad d itio n  o f  DOC.* B uffer: 

T ris-H C l 0-05 M, KC1 0-025 M, M g S 0 4 0-01 M, p H  7-6
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m inated seeds, and  of ribosomes from  dorm ant and  germ inated seeds 
(Table 2). I t  seems th a t the  activation  of ribosomes a fte r im bibition of seeds 
is no t followed by changes in protein content. Ribosomes from  dry  seeds 
are capable of com plete and  reversible dissociation into 60S and  40S sub­
un its a f te r  20 min incubation in 0-5 M KC1 with 0-01 M Mg-+ (Fig. 2). In  
cotyledons a fte r germ ination and in seedlings there are populations of ribo-

T able l
Effect of  Triton X  100 and DOC on the buoyant density in 
CsCl of the ribosomes and their subunits from dry pea seeds

D e te r g e n t 8 0 S 6 0 S  ' 40S

No detergent 1-544 1-550 1-555 1 1-530
Triton, 1% 1-544 1-550 1-560 1-523
DOC, 0'5% 1-548 1-552 1-560 1-520
DOC, 1% 1-548 1-555 1-558 1-524

80 S 80 S
/  \

/  I \
40 GO 80

Fig. 2. A n aly tica l u ltra cen trifu g a tio n  
sed im en ta tio n  p a tte rn s  o f th e  d issociation  
o f  ribosom es from  d ry  an d  g erm ina ted  
seeds, (a) ribosom es from  d ry  p ea  seeds: 
(b) d issocia ted  ribosom es from  d ry  pea 
seeds; (c) reassocia ted  ribosom es; (d) r i ­
bosom es from  d ry  seeds; (e) ribosom es 
from  co ty ledons o f g erm in a tin g  seeds: 
(f ) ribosom es from  shoo ts ro o ts  o f g e r­

m in a tin g  seeds
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somes resistan t to  dissociation under the  conditions m entioned above. 
P erhaps th e  high ra te  of dissociation is connected w ith the  absence of protein 
synthesis by the ribosom al system  of d ry  p lan t seeds. Therefore, the  ribo­
somes from  dry  pea seeds represent a good object for investigating the  prop­
erties of p lan t ribosom al subunits. The subunits of pea seed ribosomes,

Fig. 4. P ro p ertie s  o f  rR N A  from  d ry  p ea  seeds:(a) S edim en­
ta tio n  in  sucrose g rad ien t a f te r  tr e a tm e n t o f ribosom es o f
p ea  seeds ( - - - - ) ,  and  K reb s ascites tu m o r cells ( ______ )
w ith  SDS. (b) D ependence o f op tica l d en sity  o f  ribosom es 
and  R N A  o f d ry  p ea  seeds on th e  tem p e ra tu re  (a fte r d ialysis 
for 12 h in  T ris-H C l buffer 0-01 M, M gS 04 10 1 M, p H  7"6). 

(c) C urves o f  c ircu la r d ich ro ism  o f  ribosom es and  RNA

F ig . 3. P rofiles o f  CsCl d en sity  g rad ien t cen trifu g a tio n  o f ribosom es and  th e ir  su b u n its



80S so s 4 0  S

F ig . 5. P ro te in s  o f  ribosom es 
and  th e ir  su b u n its  from  d ry  
p ea  seeds in po lyacry lam ide  
gel e lec trophoresis (scheme)

form ed in 0-5 M KC1 in the  presence of 0-01 
M Mg2 + , and  the original 80S ribosomes differ 
in their buoyan t density  in CsCl. The large 
subunit has a density  of 1-558—1-560 g/cm 3 and 
its protein con ten t is equal to  48% . The buoy­
an t density  of the  sm aller subunit is 1-520—1-524 
g/cm 3 (Fig. 3) and  its p rotein  conten t is as high 
as 54% . The dissociation of 80S ribosomes was 
no t followed by a release or loss of proteins 
from  the  ribosomes or their subunits, because 
the  protein conten t of in tact ribosomes is 
equal to  the  sum of protein contents of th e ir 
two subunits. The density  of reassociated 80S 
ribosomes is equal to  the  density  of original 
ribosomes. The results ob tained  indicate th a t  
there are substan tia l variations am ong the 
p lan t and  anim al 80S ribosomes. On th e  o ther 
hand, no changes were found in the buoyant 
density  of ribosomes and  their subunits during 
germ ination. Ribosomes from  d ry  pea seeds 
contain 2 types of ribosom al RNA. The heavy 
com ponent sedim ents som ewhat slower th an  
the  heavy rR N A  of anim al ribosomes. The 
determ ination  of hypochrom icity and  assays 
of circular dichroism  showed th a t  the  secon­
dary  stru c tu re  of RNA is sim ilar w ithin the 
ribosom es and  in the free state . The m elting 
tem peratu re  of RNA in ribosomes is higher 
th an  th a t of free RNA (59-6 °C and  54-0 °C). 
This indicates the  stabilization of double-strand­
ed regions of RNA in ribosomes by  th e  ribo­
somal proteins (Fig. 4).

The proteins of 80S ribosomes of pea seeds 
are represented by a heterogeneous m ix tu re 

and can be resolved by  polyacrylam ide gel electrophoresis into 39 com po­
nents. The com parison of the  proteins of the  large and sm all ribosom al

T able 2
B uoyant density in  CsCl of the ribosomes and their subunits from  pea

S o u rc e  o f  r ib o s o m e 8 0 S 60S 4 0 S 80S
r e a s s o c ia te d

D ry pea seeds l-548±0-002 1-558^0-003 l-524±0-004 1-546
Cotyledons of germinating

seeds l-545±0-002 1-560 ±0-002 l-521±0-003 1-546
Seedlings 1-546±0-002 l-560±0-001 l-520±0-002 1-542
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subunits has shown a certain degree of specificity: th e  proteins of the  
60S as well as of the  40S particles are separated  into 27 bands; a t 
least 11 of these bands belong either to  the  large or to  the  sm all subunits; 
16 bands seems to  be common (Fig. 5).

Thus, th e  ribosomes in cotyledons of m ature pea seeds re ta in  all th e  m ajor 
characteristics of native ribosomes, th ey  have no essential defects and, 
evidently , can guarantee protein  synthesis during germ ination.
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SIT E S OF SY N TH ESIS OF CH LORO PLAST PR O T E IN S

by

B . P a r t h i e r

INSTITUTE OF PLANT BIOCHEMISTRY, GERMAN ACADEMY OF SCIENCES, 
HALLE (SAALE), G. D. R.

IN T R O D U C T IO N

Chloroplasts as the unique organelles of green p lan t cells contain a consider­
able am ount of protein which is necessary to  fulfil the  specific functions 
of the  organelle. I t  is well know n th a t m any of these proteins are formed 
by light-induced synthesis and  th a t they  increase in con ten t parallel to  
chlorophyll form ation, thy lakoid  m em brane assem bly and  evolution of 
pho tosyn thetic  0 2. I t  is fu rth e r w ithout doubt th a t  chloroplasts contain 
the  m achinery for p rotein  biosynthesis and  th a t  they  are able to  use it 
in  vivo and in  vitro (K irk  and  Tilney-B assett, 1967; Smillie and  Scott, 1969; 
Schiff, 1970; P arth ier and  W ollgiehn, 1966).

On th e  o ther hand, i t  has become increasingly evident th a t  the  biogenesis 
of the  organelle is no t only controlled by th e  p lastid  DNA,* although its 
capacity  of genetic inform ation m ay be sufficient to  code all chloroplast- 
specific RNAs and proteins (K irk and  T ilney-B assett, 1967; W ildm an, 
1971). W e have to  assum e an in tricate  in terre lation  betw een the  two 
genetic system s of the  p lan t cells, the  prokaryote-like system  in the  chloro­
plasts and  m itochondria and th a t  o f the  eukaryotic nucleo-cytoplasm  
(Parth ier, 1970).

The aim  of several laboratories, including ours, is the  determ ination of 
the  sites of synthesis or genetic control of chloroplast-specific components. 
This aim  can be reached m ainly by  two approaches, the  use of m u tan t 
strains (gives evidence for the  site of genetic control) and  the  use of specific 
inhibitors of R N A  and  protein synthesis (determ ines the  synthetic  site). 
F o r protein synthesis, th e  second approach bases on the d ifferent sensitivities 
of cytoplasm ic and  chloroplast ribosomes to  certain  antibiotics, preferably 
C H Í and CAP (K irk and  T ilney-B assett. 1967; Smillie and Scott, 1969; 
Schiff, 1970; P a rth ie r  and  W ollgiehn, 1966; W ildman, 1971; P a rth ie r 1970; 
Smillie et ah, 1971).

Table 1 is a survey on the  sites of control and  synthesis of certain  chloro­
plast proteins. F o r some proteins, e.g. R uD P-carboxylase, th e  results from 
different p lan ts  are fairly uniform , b u t differences exist for o ther enzymes 
of the reductive pentose phosphate cycle or com ponents of the  photosvnthet- 
ic electron tran sp o rt chain. Meagre evidence is p resent particu larly

* A b b rev ia tio n s: D N A  an d  R N A . deoxy- an d  ribonucleic  acid ; tR N A , tra n sfe r 
R N A ; а -tR N A , am inoacy l-tR N A ; C H I, cyclohexim ide; CAP, ch loram phenico l; NA, 
nalid ix ic  acid ; R u D P , ribu lose-1 ,5-d iphosphate .
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Table 1
The .sites o f genetic control or intracellular synthesis o f chloroplast specific enzym es 

and other chloroplast proteins. N  =  nucleolus; P  =  plastid

S i te s  o f

E n z y m e  o f  p r o te in S o u rc e c o n tr o l
( m u ­

t a n t s )
s y n th e s i s

( in h ib i to r s )

R e fe re n c e s

RuDP-carboxylase Phaseolus P Ireland et ah, 1971
R u DP - carboxylase Euglena p p Schiff, 1970; Smillie et ah,

RuDP-carboxylase Chlamydomonas N p
1967

Surzycki e t ah , 1970
(NADP)-GAPDH Phaseolus p Ireland e t ah, 1971
(NADP)-GAPDH Euglena N P, N Smillie et ah, 1967;

Fructose-1,6-DP- 
Aldolase Pisum N

Schiff, 1970

Anderson and Levin, 1970
Phosphoribulokinase Phaseolus P Schiff, 1970
Phosphoribulokinase Chlamydomonas X Armstrong e t ah, 1971
Transketolase Phaseolus N Schiff, 1970
Triosephosphate

isomerase Phaseolus N Schiff, 1970
N itrite  reductase Zea P Smillie and Scott, 1969
5-aminolevulate-DH Euglena P Smillie and Scott, 1969
Thylakoid proteins Chlamydomonas P +  N E ytan  and Ohad, 1970;

Fd-NADP reductase Eugl., Chlamydom. P, N

Hoober, 1970; Hoober 
e t ah, 1969 

Smillie e t ah, 1967;

Cytochrome 552 Eugl., Chlamydom. P, P  +  X
Armstrong et ah, 1971 

Smillie e t ah, 1967;

Cytochrome 561 Eugl., Chlamydom. P
A rmstrong et ah, 1971 

Smillie et ah, 1967;

Plastocyanin Ch lamydomonas N
Armstrong e t ah, 1971 

Surzycki et ah, 1970
DNA polymerase Chlamydomonas N Surzycki e t ah , 1970
RNA polymerase C hlamydomonas X Surzycki et ah, 1970
Ile-tR N A  synthetase Euglena P Reger et ah, 1970
Phe-tRN A

synthetase Euglena N Reger et ah, 1970
Ribosom al proteins Ch lamydomonas N Surzycki et ah, 1970

for tw o groups: the  thylakoid-protein  complex and  the  enzymes involved 
in the  realization of the  genetic inform ation, enzymes which catalyze 
reactions of R N A  and  protein synthesis.

W e have focussed our a tten tio n  to  the  site of synthesis of thvlakoid p ro ­
teins and  to  the  a-tR N A  synthetases which catalyze the activation and 
specific transfer of am ino acids onto the  cognate tR N A s. Some of the  en­
zymes have been shown to  be present in chloroplasts of Phaseolus (Burk-



arcl e t al., 1970) and  Euglena (Reger et al., 1970). We used C H I as a 
specific inhibitor of p rotein  synthesis on 80S cytoplasm ic ribosomes and 
CAP as the  corresponding inh ib itor for 70S chloroplast ribosom e activ ity . 
Since CAP inhibits p rotein  synthesis in p lan t cells in m uch higher con­
centrations th an  CHI, we also included nalidixic acid, a specific inhibitor 
of chloroplast replication in Euglena  (Lym an, 1967). This substance blocks 
DNA replication in bacteria, if R N A  and protein synthesis is allowed to 
proceed (Deitz e t ah, 1966). NA can be used in much lower concentrations 
th an  CAP to obtain  the  same effect. The organisms, Euglena  cells, were 
grown in the presence of these inhibitors for a t least 5 generations.

MATERIALS AND METHODS

Euglena gracilis, Z strain , was m ixotrophically grown as described previ­
ously (Meissner e t ah, 1971). Dark-grow n bleached cells were inoculated 
(105 cells/ml) in norm al medium  or medium containing inhibitors: CAP 
1-5 mg/ml, NA 5 to  40 pg/m l or CHI 1 to  2 /ig/ml.

A poplastic m u tan ts  (correctly, they  do contain very few small, proplastid- 
like organelles) were ob tained  a fte r U.V. irradiation or N A -treatm ent. 
The colorless strains were selected from  agar p late  colonies. — Anacystis 
nidulans was grown a t 40 °C, E. coli a t  33 °C.

All preparations were obtained from  late log-phase cells (3 days old). 
The preparation  of crude enzym e and  tR N A  fractions, enzyme assays 
and th e  determ ination of chlorophyll, protein, tR N A  and  cell num ber 
have been described earlier (Meissner, e t ah, 1971; P arth ier, 1971). Chloro- 
plasts were isolated either by  10 sec. u ltrasonic trea tm en t or glass-bead 
d isrupture of the cells in 0-05 M Tris-HCl buffer (pH  7-8), containing 
20 per cent sucrose, 0-01 M MgCl.„ 0-006 M KC1 and 0-005 M m ercaptoetha­
noi. The separation of the chloroplast fractions was carried out on 25 to  60 
per cent discontinuous sucrose gradients, centrifuged 20 min a t 8,000 g. 
The fractionation of thylakoid  proteins on polyacrylam ide gel electro­
phoresis has been described elsewhere (Heinze, 1961). The а -tR N A  sy n th e­
tases from  the  crude enzyme preparation were fractionated  on 20 X 1-5 cm 
columns of hydroxy lapatite  p repared according to  Tiselius e t al. (1956). 
The gradient was 0-01 M to 0-3 M potassium  phosphate, pH  7-5, including 
0-001 M MgCl2, 0-0005 M m ercaptoethanol and  10 per cent glycerol.

RESULTS AND DISCUSSION

Effects of inhibitors on cell division , chlorophyll, total protein and R uD P -
carboxylase synthesis

The different effects of CAP and  NA on one side and  C H I on the  o ther 
upon cell division, p rotein  and  chlorophyll contents of Euglena cultures 
are dem onstrated  in Pig. 1 A -C. W hile CAP and  NA do no t appreciably 
affect cell num ber and to ta l cell protein, C H I inhibits very strongly at 
concentrations as low as 1 yg/m l. Doses higher th an  5 /ig/ml are lethal under 
our grow th conditions. A fter a certain tim e, protein synthesis and  cell 
m ultiplication begin slowly to  recover from  C H I inhibition. The increase



of chlorophyll synthesis and  R uD P-carboxylase ac tiv ity  (Fig. 1 D) in ­
dicates th a t  C H I does no t inhibit chloroplast-specific processes. On the con­
tra ry , w ith  low inhib itor concentrations chlorophyll con ten t and  enzyme 
ac tiv ity  exhibit values significantly higher th an  in un trea ted  cells (see also 
Smillie e t ah, 1971). E lectron microscopic observations provide evidence 
th a t  the  chloroplasts of C H I-trea ted  cells are no t only higher in num ber 
and  m em brane con ten t th an  chloroplasts from  un trea ted  cells, b u t also 
bizarre deform ations of th e  organelle shape occur. These are indications 
th a t  in sublethal doses the  antib io tic causes a m iscontrol of chloroplast bio­
genesis obviously by  preventing the  form ation of cytoplasm ic com ponents 
necessary for the  norm al chloroplast developm ent.

Both CAP and  NA inhib it the  synthesis of chlorophyll and  R uD P- 
carboxylase to  a high ex ten t, dependent on the  tim e of presence of the 
inh ib itors in th e  cultures before illum ination.

These results prove the drug-specificity on long-term  inhibition o f protein 
synthesis proceeding either in chloroplasts or in th e  cytoplasm . I t  is u n ­
likely, b u t cannot be excluded a priori, th a t  secondary effects o thers th an  
on nucleic acid or pro tein  synthesis are responsible for the drug actions.

We have checked, therefore, also short-tim e effects of CAP and  C H I 
on protein  synthesis of Euglena cells. The proteins of u n trea ted  or an ti­
b io tic -trea ted  cells were 15 min pulse-labelled w ith 14C-leucine, and the

Fig. I . E ffec ts o f CAP, NA 
and  C H I on  cell d iv ision  (A), 
to ta l  p ro te in  (B), ch lorophyll 
(C) an d  R uD P -ca rb o x y lase  
syn thesis (D) o f Euglena gra­
cilis  cu ltu res  a f te r  in d u c tio n  
o f  ch lo ro p last fo rm atio n  b y  
illum ination . T he an tib io tics  
w ere added  w ith  th e  s t a r t  o f 
illum ination . C oncen tra tions: 
CAP, 1-5 m g/m l; NA, 40 
/íg/m l; C H I, 1 /tg/m l. Cells 
w ere coun ted  w ith  an  elec­
tro n ic  pa rtic le  co un te r, d e te r ­
m in a tio n  o f  p ro te in  and  
ch lo rophyll co n ten t as d es­
cribed  earlie r (M eissner 
e t  ah , 1971; P a r th ie r , 1971), 
R u D P -carboxy lase  a c tiv ity  
accord ing  to  K eller and  

H uffaker (1967)
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ra tes of incorporation were determ ined a fte r separation of the  cell fractions. 
T he results in Table 2 indicate com plete inhibition of 1 *C incorporation 
into cytoplasm ic pro teins by C H I b u t no inhibition by CAP. The leucine 
incorporation into chloroplast proteins was suppressed to  50 per cent 
by bo th  inhibitors.

T able 2
E ffect o f chloramphenicol and cycloheximide on the u G-leucine pulse incorporation into 

proteins of chloroplast and cytoplasm fractions of Euglena cells

F r a c t i o n
C o n tro l 5x10- M  C A P 2 X  1 0 “ M C H I

s p e c . a c t .
s p e c .  a c t . %  in h . s p e c .  a c t . %  in h .

Whole chloroplasts 350 200 43 170 51
Chloroplast lamellae 320 163 50 170 47
Soluble strom a extract 450 400 10 42 90
Cytoplasm fraction 1,650 1,620 0 30 98

A fter disruption of the  whole chloroplasts by osmotic shock or sonication 
and  a fte r separation of the  soluble strom a proteins from the  green thylakoid  
proteins we found the inhibition caused by CAP m ainly restric ted  on the  
synthesis of lam ellar proteins. I t  is unknow n w hether the  10%  inhibition 
of 14C incorporation into strom a proteins represent the inhibition of R uD P- 
carboxylase form ation (Fig. 1 D). C H I clearly inhibits leucine incorporation 
into strom a proteins suggesting their synthesis on cytoplasm ic ribosomes. 
However, we cannot exclude a  contam ination of the  strom a fraction  by 
cytoplasm ic proteins.

Effecte of inhibitors on thylakoid protein formation

The reduced 14C-content of the thylakoid  proteins caused bo th  by CAP 
and C H I trea tm en ts, indicating the  synthesis of these proteins on 
chloroplast and cytoplasm ic ribosomes, prom pted  us to  fractionate  the  
proteins on polyacrylam ide gel electrophoresis. Euglena chloroplast th y la ­
koid proteins can be separated  in to  14 individual bands. I f  th e  proteins 
are analyzed from  cells grown 3 days in the  presence of CAP or NA, a t  least 
4 bands (Nos 4, 6, 9, 10) are missing (Fig. 2). These 4 bands are assum ed 
to  be synthesized by the  genetic appara tus of the plastids.

Labelling experim ents should confirm  this suggestion. Dark-grown 
Euglena cells were illum inated for 8 h to  induce chloroplast form ation and 
were then  trea ted  w ith appropriate  concentrations of CAP and  3H-leu- 
cine or C H I and  14C-leucine, respectively, for fu rther 8 h.

The results are dem onstrated  in Fig. 3 as the  14C : 3H  ratios of the  single 
protein bands a fte r co-electrophoresis of the  two preparations. Considerably 
higher ratios were found in bands Nos 4 and  6. This suggests a strong in ­
hibition by CAP of the  3H-leucine incorporation. Bands Nos 9 and 10, 
dom inantly  increasing during the greening process, possess low 14C : 3H
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ratios. Consequently, their synthesis should proceed a t least partia lly  on 
cytoplasm ic ribosomes or, a lternatively , these proteins are synthesized 
under the control of cytoplasm -specific com ponents. In  Chlamydomonas 
chloroplasts these proteins are apparen tly  built up by individual proteins, 
bo th  synthesized inside and  outside the  organelles (E v tan  and Ohad, 1970; 
H oober, 1970; H oober et ah, 1969).

Fig. 2. E ffec ts o f CH I, CAP and  
N A  on th e  fo rm ation  o f  chloro- 
p la s t th y lak o id  p ro te in s fra c tio ­
n a ted  b y  po lyacry lam ide  gel 
e lec trophoresis (H einze, 1971). 
T he  an tib io tic s  w ere added  a t  
th e  s t a r t  o f illum ina tion  o f dark - 
grow n E uglena  cu ltu res  in th e  
co n cen tra tio n s  ind ica ted  in Fig. 
1. Cells w ere h a rv e s ted  a f te r  9 
days; th e  ch lo rop last w ere iso­
la ted  as described in  M ateria ls 

and  M ethods

Effects of inhibitors on am inoacyl-tR N A  synthetases

We selected the a-tR N A  synthetases for the  stu d y  of the synthetic  site 
o f s trom a proteins for 4 reasons:

a) Chloroplasts are able to  synthesize only 4 or 5 am ino acids via  pho to ­
synthesis (K irk and  T ilney-B assett, 1967). I t  seems interesting 
w hether these am ino acids are a ttach ed  to  tR N A  by chloroplast - 
specific synthetases and, reversely, w hether the  am ino acids sy n th e­
sized in the  cytoplasm  en ter the  chloroplasts as tR N A -bound am ino 
acids or as free com pounds which need chloroplast tR N A s for their 
polym erisation to  proteins;

b) a-tR N A  synthetases p lay  a bottle-neck role in protein synthesis;
c) H igh class-specificity between the  enzymes and  their cognate 

tR N A s exist. I t  should facilitate the  determ ination or the localization 
of the  sites of enzyme synthesis;

d) Very little  is known in th is respect.
Unlike thy lakoid  proteins these enzymes are easily washed o u t from 

chloroplasts during aqueous isolation of the  organelles. I t  was also nearly 
impossible to  prepare the  proplastid-like organelles of CAP- or N A -treated  
cells in sufficient am ounts and  purity . Therefore, we looked for another
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approach which exploits the fact of the high specificity of the  enzymes 
to  their cognate tRN A s. i f  we presum e different rates of a-tR N A  form ation 
between the  reaction of enzymes from  green Euglena cells w ith prokaryotic 
(E. coli or A nacystis) tR N A  and  the reaction of enzymes from  apoplastic 
Euglena m u tan ts  w ith prokaryotic tR N A , we m ay ascribe such differences 
to  chloroplast-specific synthetases in the crude enzyme fraction. Sim ilar 
considerations can be m ade for the  tRNAs.

This assum ption was found to  be partia lly  correct for prokaryotic enzymes 
charging eukaryotic tRN A s: Of 14 am ino acids tested  8 were accepted in 
absolute class-specific m anner (Table 3). The com ponents for the form ation 
o f the o ther 6 а -tRNAs appear to  behave non-specifically. In  arg-tR N A  
form ation the  heterologous com bination w ith  Anacyslis enzymes is even 
m uch more active th an  the homologous one.

Fig. 3. P o lyacry lam ide  gel e lec tropherogram  o f ehloro- 
p la s t thy lak o id  p ro te in s from  8 h ligh t-induced  Euglena  
cells. To one cu ltu re  (5 X 10s cells) 2 m g/m l CAP ami 150 
/ic, 3H  (4, 5)-leucine (spec. ac t. 3 ,000m c/m m ole), to  an o th e r 
cu ltu re  8 |Ug/ml C H I an d  300 /ic 14C-(U )-leucine (spec, 
a c t. 80 m c/m m ole) w ere added  an d  in cu b a ted  u nder 
g row th  cond itions fo r fu r th e r  8 h . C A P w as added 5 h. 
before, C H I w as added  sim ultaneously  w ith  th e  a d ­
m in is tra tio n  o f  rad io ac tiv ity . T he p ro te in  b an d s were 
o b ta ined  b y  со -electrophoresis, sliced and  determ ined  for 

rad io ac tiv ity  (H einze, 1971)
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Table 3

A ttachm ent of UC-labelled am ino acids to eukaryotic tR N A  from green 
E w jlena  cells (G ), from  apoplastic E uglena m utan ts ( M ) ,  and from  rat 
liver cytoplasm  ( R )  by m eans o f prokaryotic am inoacyl-tR N A  synthetases 
(A  nacystis n idulans, E . coli) . Homologous system  : E nzym es and tR N A  from  

A nacystis  n idu lans and E . coli, respectively

Amino
acid

Per cent of the homologous systern

A n a c y s tis

Enzym source
E . co li

tR N A G M R G M R

a l a 27 28 45
a r g 90 0 1300 12 0 0 65 75 50

ííly 12 0 0 10 0 0

h i s too 0 0 60 0 0

i l e 30 0 0 20 0 0

leu 25 0 0 35 0  I 0

l y s 90 00 75 40 10 10
m e t 50 50 100 90
p h e 60 0 0 15 0 0

p r o 6 0 0 0 15 0 0

s í t 30 0 0 10 0 0

t h r — 75 20 15

t y r 80 0 0 20 0 0
v a l 65 60 15 40 40 40

The reverse com binations, am inoacylation by eukaryotic enzymes and  
prokaryotic tR N A s, were far less unam biguous (Table 4). E xcept glycine- 
and  tyrosine-specific com ponents no s tric t class-specificity exists. F o r a 
num ber of am ino acids, however, th e  enzymes from green Euglena cells 
show a significantly higher percentage of charging prokaryotic tR N A s 
th an  the  crude enzymes from  Euglena m utan ts. The enzymes specific for 
these amino acids (arg, gly, ile, leu, phe, val) have been chosen for the  study  
of their sites of synthesis. They are first of all supposed to  contain chloro- 
plast-specific com ponents, i.e. enzymes with prokaryotic charging speci­
ficity.

A t first, we studied the existence of these а -tR N A  synthetases in isolated 
chloroplasts (Table 5). 4 of 6 chloroplast-associated enzymes can charge 
prokaryotic (E. coli) tR N A  to  the  sam e ex ten t as tR N A  from  the  homo­
logous green cells. This result does not only indicate th e  penetration  of exo­
genous tR N A  into chloroplasts b u t also th a t  chloroplast enzymes amino- 
acylate bacterial tR N A s. More surprising, however, is the equally high a- 
tR N A  form ation w ith eukaryotic tR N A  from  the U.V. m u tan t of Euglena. 
We can explain these d a ta  as the  existence of certain  synthetases in the 
organelles which are able to  charge cytoplasm ic tR N A . Sim ilar findings 
were reported  by B urkard  e t al. (1970) w ith Phaseolus chloroplasts. A nother 
explanation  is th a t  chloroplast enzymes, far b e tte r th an  E. coli or Anacystis
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Table 4
Attachm ent oj UG-labelled am ino acids to prokaryotic tR N A  

( A nacystis , E . coli) by m eans of eukaryotic am inoacyl-tR N A  synthetases 
(E uglena: green cells, apoplastic m utants; rat liver cytoplasm ). A :  
A nacystis  tR N A ; E : E . coli t l iN A .  Homologous systems: E nzym es and  

tR N A  from  the eukaryotic cells

P e r  c e n t  o i  t h e  h o m o lo g o u s  s y s te m
Amino
A c id  K i r /y  m e  s o u rc e

G r e e n  Euglena Euglena mutant Rut l iv e r

tR N A A E A E A E

ala 12 20 18 18 50 100
arg 20 45 < 5 10 <  5 0

gly 10 < 5 0 0 0 0
his — 0 0
ile 20 20 <  5 15 35 45
leu 25 15 <  5 < 5 0 0
lys 50 45 35 30 10 25
m e t 15 < 1 0 <  5 0
phe 15 20 < 10 15 0 0
pro 50 25 50 25 0 <  5
ser 15 40 <  10 30 <  5 <  5
th r 20 12 55 10 40 40
ty r 0 0 0 0 0 0
V il i 130 50 15 00 0 < 1 0

enzymes, can charge eukaryotic Euglena tR N A . The objection of contam ina­
tion of the enzym e fraction by cytoplasm ic enzymes and of the  tR N A  
fraction by m itochondrial tR N A  cannot be rejected bu t th ey  should cause 
only m inor effects.

The effect o f CAP, NA or CH I on the enzyme form ation in cells grown 
in the presence of the drugs are presented in Table 6. The а -tR N A  form ations 
catalyzed by  the m ixed system s are com pared w ith those of the  homologous 
Euglena system  from non-treated  cells.

The enzyme activities from САР-grown cells, specific for leu, phe and  gly, 
show 40 to  70%  inhibition no t only in com bination w ith the  prokaryotic 
tR N A  but also w ith the  eukaryotic tR N A  fractions prepared from  green 
or dark-grow n Euglena, and  m utants. The enzymes specific for arg and  val, 
however, charge prokaryotic tR N A  to a lower ex ten t th an  the reference 
enzymes do (corresponds to  the percentage of heterologous charging, see 
Table 3). Arg- and  val-tR N A  synthesis w ith eukaryotic tR N A  are not 
decreased. N A -treatm ent gives sim ilar results w ith the exception of gly- 
tR N A  synthetase.

Taken into consideration the  specific actions of these antibiotics on 
the  synthesis of macromolecules in chloroplasts, we m ay conclude from  our 
results th a t the  chloroplast synthetases charging eukaryotic tR N A s w ith 
leu, phe and gly m ay be synthesized by the genetic m achinery of the chloro-
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Table 5
A m inoacyln tion  o f tR X A  w ith am inoacy l-tllN A  synthetases from chloroplasts m al 

cytoplasm  o f m ixotroph Euglena gracilis

R esults are given as per cent of the homologous system (w ith  11IXA of green cells)

Enzyme source tRNA source leu phe val gly ile

Cytoplasm Prokaryotic 25 23 27 32 5 10
( 100,000 X g supernatant) (E.coli)

Purified chloroplasts Prokaryotic 105 150 1 10 95 31 54
(2 X  sucrose gradient) (E.coli)  

Eukaryotic 
(.Euglena, mutant)

100 95 120 110 100 60

T ab le  (I
A m in o a cy l-tR X  A  form ation w ith enzym es o f E uglena cells which have been grown 3 days 
in  light under the influence of antibiotics. Reference =  enzym es and tR X A  of Euglena

grown without inhibitors

Enzyme tRNA source
Per cent of reference ystëm

source leu phe arg val gly

CAP-grown Anar y st is 29 45 45 43 60
cells Euglena green 30 52 88 87 oi

Euglena bleached 33 48 100 105 64
Euglena m u tan t 35 45 97 110 66

N A-grown Ana cyst is 30 48 65 58 49
cells Euglena green 39 58 100 94 105

Euglena bleached 39 59 97 105 100
Euglena m u tan t 45 55 100 125 100

CHI-grown Ana cyst is 100 100 100 95 100
cells Euglena green 100 120 100 85

Euglena bleached 100 110 100 42 100
Euglena m utan t 100 100 95 33 85

plast, b u t plastic! enzymes specific for val and arg should be synthesized 
in the  cytoplasm . The d a ta  from  CHI-grown cells support this suggestion 
a t least partia lly  since no inhibition was observed with the enzyme species 
for leu, phe, arg, and  gly even in com bination w ith prokaryotic tR N A , 
b u t there is a severe decrease of val-tR N A  form ation with tR N A  from  
chloroplast-free cells.

We fractionated  the  crude synthetase preparations by hydroxylapatite  
chrom atography in order to  d ifferentiate the  organelle-specific enzymes 
from  those of the cytoplasm . The elution p a tte rn  of leu-specific enzymes 
of norm al grown Euglena  cells is shown in Fig. 4. T ested w ith homologous
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Fig. 4. H y d ro x y la p a tite  ch ro m ato g rap h y  o f Euglena  leucy l-tR N A  sy n the tases . 
C rude soluble enzym e frac tion  from  light, (m ixotroph) grow n cells w ere ch ro ­
m ato g rap h ed  for 20 h  a t  + 4 °  as described in M ateria l and  M ethods. The 
enzym e assay  w as described p rev iously  (M eissner e t al.. 1971; l’a rt hier, 1971). 
The tK N A  frac tions used w ere p rep ared  from  ligh t grow n cells (a), from  p ro ­
karyotic, (E . coli o r A n a cystis )  cells (b) or from  U . V. m u ta n ts  o f  Euglena  (c)

F ig . 5. H y d ro x y la p a tite  ch ro m ato g rap h y  o f leucy l-tR N A  sy n th e tases  from  
Euglena  cells grow n fo r 3 d ay s in  40 /.<g/ml NA. O ther d e ta ils  as in  F ig . 4
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tR N A  we obtained  3 (sometimes 4) peaks of d ifferent activ ity . The speci­
ficity  of these fractions to  the  cognate tR N A  was studied by combining 
the  fractions w ith  prokaryotic or eukaryotic tR N A  (from apoplastic

Fig. 6. H y d ro x y la p a tite  ch ro m ato g rap h y  o f leucy l-tR N A  sy n th e tases  from  
Euglena  U . V. m u ta n ts . O th e r de ta ils  as in  F ig . 4

2 4 6

F ig . 7. H y d ro x y la p a tite  ch ro m ato g rap h y  o f  va ly l-tR N A  sy n th e tases  from  
Euglena  cells grow n fo r 3 d ay s in  1‘5 m g/m l CAP. O ther d e ta ils  as in  F ig . 4



Fig. 8. H y d ro x y la p a tite  ch ro m ato g rap h y  o f am inoacy l-tR N A  sy n the tases , 
specific for lysine, a rg in ine an d  th reon ine , from  lig h t grow n (green) 

E uglena  cells. O th e r d e ta ils  as in  F ig . 4

m utants). The charging ra tes are com pared w ith th e  homologous com bination 
as the reference system  (Fig. 4, columns).

B y this m ethod we recognize the  first peak as a synthetase w ith  high 
affin ity  to  prokaryotic tR N À , bu t the  enzym e of the  th ird  peak only weakly 
catalyzes leu-tR N A  form ation w ith  prokaryotic tR N A .

The crude synthetase preparations from cells trea ted  w ith CAP or NA 
should, therefore, contain a dim inished activ ity  in the  first peak for p ro ­
karyotic tR N A . This is, however, not the  case (Fig. 5). E ven  the  enzyme 
preparation of the  U.V. m u tan t stra in  of Euglena shows th e  sam e chrom ato­
graphic and  charging behaviour (Fig. 6). Likewise, no difference, as com ­
pared  to  the  green cells, was obtained for the  phe- und val-specific enzymes 
from  САР-grown cells (Fig. 7), although the  specificity of the  two peaks 
to  the  tR N A s from different sources is nearly absolute. I t  is interesting th a t 
th e  tw o peaks with lvs-tR N A  synthetase ac tiv ity  do not show tR N A  
specificity (Fig. 8).

We hesitate to  draw  final conclusions from our experim ents at this tim e. 
Of the 14 protein  bands separated  from  the thy lako id  protein, four fractions 
do no t appear a fte r CAP- or N A -treatm ent of th e  Euglena cultures 
(Fig. 2). 14C-leucine incorporation is clearly inhibited  in 2 of them  afte r 
САР-treatm en t (Fig. 3). Most of them , however, seem to  be formed more 
or less by  jo in t synthesis on chloroplast and  cytoplasm ic ribosomes. - 
A pparently  chloroplasts contain а -tR N A  synthetases which charge both  
prokaryotic and  eukaryotic tR N A s (Table 5). Our results suggest th a t  
a t least some chloroplast-associated enzymes are formed on cytoplasm ic 
ribosomes (Table 6).
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Finally , ano ther po int is w orth  to  be m entioned. Euglena cells deficient 
in or lacking chloroplasts contain always m any or large m itochondria. 
Therefore, we cannot exclude th a t the heterologous am inoacylation of 
prokaryotic tR N A  by enzymes from the  d rug-treated  cells is due to  m ito­
chondrial com ponents. W e need more inform ation on the specificity be­
tween the com ponents from  plastids and m itochondria of Euglena  cells. 
This s ta tem en t is connected w ith  the  observation th a t CAP or NA inhibit 
the  biogenesis of chloroplasts b u t not of m itochondria.

T he a u th o r  th a n k s  Mrs. C. S ch im p t for techn ica l assistance . A n u m b er of th e  
ex p erim en ts  w ere jo in tly  perfo rm ed  w ith  Mr. R. K rauspe .
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ISOLATION AND PARTIAL CHARACTERIZATION 
OF CHLOROPLAST AND CYTOPLASMIC RIBOSOMES 

AND RIBOSOMAL SUBUNITS FROM WHEAT

by

B. L. J o n e s , N. N a g a b h u s h a n  and S. Z a l i k

DEPARTMENT OF PLANT SCIENCE, UNIVERSITY OF ALBERTA, EDMONTON, 
ALBERTA, CANADA

R ibosom e p rep a ra tio n s  from  4.5 d ay  wheat, (T r iticu n i vulgare) seedlings con ta in  
m onoribosom es o f 80S an d  69S a long  w ith  d im ers (117S) an d  tr im e rs  (153S) o f th e  
80S species. T he 80S (cytoplasm ic) a n d  69S (chloroplast) ribosom es h ave  been 
sep a ra ted  in to  pu rified  frac tions by  sucrose g rad ien t c en tr ifu g a tio n  in  a  zonal 
ro to r. W hen  th e  p u rified  80S and  69S ribosom es w ere cen trifuged  th ro u g h  sucrose 
g rad ien ts  con ta in ing  h igh  K Cl-to-M gC l, th e y  d issocia ted  in to  su b u n its  o f 61S an d  
42S (80S) an d  49S an d  31S (69S). T he "large an d  sm all su b u n its  o f  b o th  cy to p lasm ­
ic an d  ch lo rop last ribosom es w ere sep a ra ted  from  each o th e r  an d  p u rified  by  
zonal cen trifuga tion . U pon  m ix ing  th e  pu rified  su b u n its  in  th e  presence o f  MgCl., 
th e y  reassoc ia ted  to  yield th e  p a re n t  species.

IN T R O D U C T IO N

Leaves of higher p lan ts  contain two classes of ribosomes characterized 
by sedim entation coefficients of 80S and 70S (L yttleton, 1962; Clark et al. 
1964; B oardm an et al., 1968; S tu tz  and  Noll, 1967; Odintsova et al., 1967; 
Arglebe and  H all, 1968; Gualerzi and  Cam m arano, 1969; A tta rd i and 
Am aldi, 1970). These are believed to  exist in the  cytoplasm  and  the  chloro- 
plasts respectively. The 80S p lan t ribosom es resemble cytoplasm ic anim al 
ribosomes chemically as well as physically (Marcus and  Feelv, 1965; B oul­
ter, 1970; Allende, 1969; Spencer and W ildm an, 1964; Allende and Bravo,
1966) while the  70S chloroplast ribosomes are sim ilar to  those of bacteria 
(L yttleton , 1962; B oardm an et ah, 1968; Boulter, 1970; Spencer and  W ild­
man, 1964; Ellis, 1969; Sissakian et ah, 1965).

B oth  cytoplasm ic and  chloroplast ribosomes have been found in w heat 
(Bam ji and  Jagendorf, 1965; M ehta e t ah, 1968). W hile cytoplasm ic rib o ­
somes isolated from w heat germ have been extensively characterized physi­
cally (Allende and Bravo, 1966; Wolfe et ah. 1968; Wolfe and  K ay, 1967) 
and  those from  leaves (both cytoplasm ic and  chloroplast) have been in ­
vestigated  (Mehta et ah, 1968; H adzivev and  Zalik, 1970; M arcus and 
Feely, 1966), relatively little  is known about either the  subunit s tructu re  
or the protein  com position of w heat leaf ribosomes. Chloroplast ribosomes 
of w heat (Hadzivev and  Zalik, 1970) and o ther p lants (Boardm an e t ah, 
1968; A tta rd i and Am aldi, 1970) have been reported  to  incorporate amino 
acids into protein a t a ra te  10—20 tim es faster th an  cytoplasm ic ribosomes 
from  th e  same plants.

This paper reports the  first p a r t of an  investigation into the  sim ilarities 
and  differences between cytoplasm ic and chloroplast wheat ribosomes. 
Such knowledge should add to  an  understanding of why the  two wheat 
ribosome species incorporate am ino acids into protein a t such diverse rates.
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M ATERIALS AND METHODS

Tricine [N-tris (hydroxym ethyl) m ethylglycine] was from  Calbiochem, 
T riton  X-100 was from  th e  H artm an-L eddon Com pany, Philadelphia, Pa., 
ben tonite (U.S.P.) was from  Fisher Scientific Com pany and  all o ther 
chemicals were reagent grade.

Isolation of total ribosomes from  wheat leaves

Seedlings of w heat (Triticum  vulgare Vili. cv. M anitou ) were grown 
in sterilized soil ( 3 : 2 : 1  m ixture of soil, pea t and  sand) in a grow th cham ber 
a t 21°, 55%  relative hum id ity  and  continuous illum ination of 1500 ft-c. 
The leaves were harvested  4-5 days a fte r planting. All isolation steps were 
carried ou t a t  4°. The p lan ts were allowed to  stand  15 min in the  cold and 
were then  cu t and  im m ediately shredded in a stainless steel vegetable 
juicer (Acme Superior Ju icerato r, Acme Ju icer Mfg. Co., Sierra Madre, 
California). The expressed juice was collected in an  equal volume of buffer I  
(0-7 M sucrose, 100 mM tricine, ad justed  to  pH  7-5 w ith  K O H , 5 mM 
MgCl2, 50 mM KC1, and  5 mM 2-m ercaptoethanol) containing 8%  (v/v) 
T riton X-100 and  1-2 m g/m l bentonite. Tricine buffer was used a fte r p re­
lim inary experim ents w ith E. coli showed it  gave more satisfactory  results 
th an  tris. The resulting d ark  green suspension was stirred  for 10 min and  
centrifuged a t  25,000 Xg for 10 min to  rem ove debris. The superna tan t 
was th en  centrifuged a t  340,000 Xg for 1 h to  pellet th e  ribosomes.

The ribosomes were suspended in 25 ml of buffer I I  (10 mM tricine, pH  
7-5, 5 mM MgCl2, 50 mM KC1, 5 mM 2-m ercaptoethanol) containing 2%  
(v/v) T riton X-100. W hen T riton  X-100 was n o t included in this step  the 
final p reparation  was slightly green. A fter stirring 10 m in th e  suspension 
was centrifuged a t  25,000 Xg for Ю min. The resulting clear, green solution 
was carefully layered over 25 ml of buffer I I  containing 1 M sucrose. A fter 
centrifugation a t 340,000 Xg for 2 h, th e  resulting peliets were suspended 
in 10 ml of buffer 111 (4 mM MgCl.,, 1 mM tricine, pH  7-5). An aliquot of 
the  preparation  was then  dilu ted  and  th e  absorbance a t 280 nm , 260 nm 
and  235 nm  was m easured to  ascertain  the  pu rity  of the preparation . 
The 260/280 absorption ra tio  was between 1-9 and 2-0 w ith a 235/260 ratio  
of 1-68 to  1-78. This m ethod of ex traction norm ally yielded around 2,800 
A 260 units of ribosomes from  400 gm of wheat leaves.

Separation of total ribosome preparation into 69S  and 80S fractions

The m ethod of Anderson and  R utenberg  (1967) was used to  m ake a 7%  
(w/v) to  30%  (w/v) convex sucrose gradient and the  separation was carried 
ou t in a  Ti-14 zonal ro to r (Beckman Instrum ents). The convexity  of the 
gradient inside th e  ro to r was confirm ed using dye indicators. A 125 ml 
m ixing cham ber was filled w ith 7%  (w/v) sucrose in 10 mM tricine buffer 
(pH  7-5) containing 10 mM MgCl2 and  4 mM 2-m ercaptoethanol. A reservoir 
of 550 m l of 30%  (w/v) sucrose in the  sam e buffer was connected so as to  
siphon into the  mixing cham ber as the  m ixed solution was pum ped into



the  rotor. A fter the  550 ml grad ien t was in, the ro to r was filled w ith  a 
cushion of 35 % (w/v) sucrose in buffer. Ten ml of to ta l ribosome preparation 
containing up  to 1,800 A 260 un its of m aterial in 3%  (w/v) sucrose was 
layered over the  gradient, followed by 50 ml of buffer overlay. A fter cen tri­
fugation a t 47,000 rpm  for 2-5 h  a t 25°, the  gradient was pushed ou t of 
th e  ro to r w ith 40%  (w/v) sucrose, through a 1 cm flow cell and  the  absorption 
was m onitored a t 280 nm  or 290 nm. The eluate corresponding to  th e  peaks 
was collected and  the  ribosomes pelleted by  centrifugation a t 340,000 Xg 
for 2 h a t 4°.

Determination of sedimentation constants by ultracentrifugation

F or d irect determ ination of ribosome and  subunit sedim entation con­
stan ts , sedim entation runs were carried out on a Spinco model E  analytical 
ultracentrifuge, w ith  schlieren optics, a t 20° and 39-460 rpm .

A nalysis of ribosome and ribosomal subunit sedimentation coefficients cm 
linear sucrose gradients

F or determ ination of the  sedim entation coefficients of various ribosome 
and  subun it fractions linear gradients of 5%  (w/v) to  20%  (w/v) sucrose 
in appropriate  buffer were poured into 1-59 XlO-16 cm nitrocellulose cen tri­
fuge tubes. F or whole ribosomes buffer I I I  was used, while for subunit 
analysis various buffers were necessary depending upon the  species under 
investigation. A liquots of 100 pi containing abou t 2 A 2(10 un its of m ateria l 
were carefully layered on th e  gradients and  centrifuged a t  26,000 rpm  
(126,000 Xg), 25°, for 4-5 h in a Beckm an SW-27 rotor. A fter centrifugation 
th e  tubes were em ptied from  the  bo ttom  a t a constant ra te  and  the  contents 
m onitored a t  260 nm.

The sedim entation coefficients of unknow n species were determ ined 
by  the  m ethod of M artin  and  Ames (1961), using as standards th e  sedi-

T able I
Sedim entation coefficients o f weat leaf ribosomes and ribosomal subunits 
S ed im en ta tion  ru n s  w ere m ade a t 20 °C, a t  39,640 rpm , in  a Spinco 
M odel E  an a ly tic a l u ltracen trifu g e  equ ipped  w ith  schlieren  optics

R ib o s o m e  o r  s u b u n i t ‘'»O N u m b e r  o f  
d e te r m in a t io n s

Cytoplasmic dim er (117S) U 6-T ±1'0* 19
Cytoplasmic monomer (80S) 79-8±0-7 31
Cytoplasmic large subunit (6IS) 60-8±0-6 25
Cytoplasmic small subunit A (49S) 48-9±0-4 27
Cytoplasmic small subunit B (42S) 41-8±0-7 7
Chloroplast monomer (69S) 69-0±0-7 7

* S tandard  error of mean.



m entation coefficients of w heat ribosomes and ribosom al subunits as 
determ ined by ana lty tical u ltracentrifugation  (Table 1). A p lo t of kSL>0 vs 
m obility of known species on the  gradient gave a straigh t line up to  S2n

Fig. 1. A n aly tica l u ltracen trifu g a tio n  p a tte rn  o f to ta l ribosom e p rep a ra tio n  from  leaves 
o f  4*5 d a y  M anitou  w heat seedlings. R ibosom es w ere in  mM tric ine  (pH  7*5) and  4 mM 
MgClo. P ic tu re  ta k e n  4 m in a f te r  reach ing  speed o f 39,460 rpm . T em p era tu re  20 °C. 

D irec tion  o f  cen trifu g a tio n  from  le ft to  rig h t



of 70S b u t fell off som ewhat above this point. W hen assayed by  this m ethod 
K. coli ribosomes and subunits (a gift from  Dr. T. Tam aoki) showed values 
of 70S, 50S and 30S.

R E SU L T S A N D  D ISC U SSIO N  

Ribosome species isolated from wheat leaves

W hen to ta l ribosomes were isolated from wheat leaves and  exam ined 
in the analytical u ltracentrifuge four m ajor species were norm ally detected  
(Fig. 1). These displayed sedim entation coefficients of 69S, 80S. 117S, 
and  153S. S values were m easured a t 20° and  were not corrected for buffer 
viscosity. The am ounts of 117S and  153S m aterial varied  in different 
p reparations and  th ey  probably  represented dim ers and  trim ers of the 
80S cytoplasm ic ribosome monomers. The 69S peak, assum ed to  be of 
chloroplast origin, was norm ally abou t one ten th  as large as the 80S peak.

Separation of the 69S and 80S ribosomes

Since the object of this research was to  com pare the cytoplasm ic and 
chloroplast ribosomes of wheat seedlings it was im perat ive th a t pure sam ples 
of the 69S and 80S ribosomes be obtained. P ure chloroplast ribosomes 
have been obtained from  several p lan t sources by purifying chloroplasts 
and subsequently  ex tracting  the  ribosomes from  them . While we were able 
to  ob tain  relatively pure preparations of the 70S ribosomes from  spinach

F ig . 2. Sucrose g rad ien t analysis 
o f ribosom es ex trac ted  from  iso­
la ted  ch lo rop lasts o f bean  (A) 
and  w h ea t (B ). C hloroplasts were 
isolate! 1 and  th e ir  ribosom es ex- = 
tra c te d  b y  th e  m ethod  o f S tu tz  S 
and  N oll (1967). E x tra c te d  ri- 
bosom es (1 A ,eo u n it in  100 gl) 
w ere layered  over a  linear 5%  
(w/v) to  20%  (w/v) sucrose
g rad ien t in  1 mM  tiic in e  buffer 
(pH  7‘5) con ta in ing  4 mM M gCl2. 
C en trifuga tion  w as for 3-5 h  (A) 
or 4-25 h (B), a t  25 °C, 26,000 
rp m  (126,000 X g), in  a  B eck­
m an  SW -27 ro to r  (sm all b u c k ­
ets). A fte r cen trifu g a tio n  th e  
tu b es  w ere em ptied  a t  a  con ­
s ta n t  r a te  an d  m on ito red  w ith  
a  1 cm  flow  cell a t  260 nm



and bean p lan ts utilizing the  m ethod of S tu tz  and Noll (1967), the  procedure 
did  not give satisfactory  results when applied to  w heat leaves (Fig. 2). 
N ot only was the  ribosome yield from  w heat chloroplasts very  low bu t 
the  preparation  contained more 80S th an  69S ribosomes.

I j [ I •- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - —

0 100 200 300 400 500 600
Vol.[ml]

Fig. 3. Zonal sucrose g rad ien t sep a ra tio n  o f th e  69S and  80S w heat lea f 
ribosom es. Ten m l o f  ribosom e p re p a ra tio n  ( 105 A .,fi0 un its/m l) in 3%  (w/v) 
sucrose and  buffer I I I  w ere applied to  a  550 m l convex  7%  (w/v) to  
30%  (w/v) sucrose g rad ien t in 10 mM  tric ine-10  mM MgCl3 buffer 
(pH  7*5) over a  cushion o f 35%  (w/v) sucrose in th e  sam e buffer. A fter 
ap p lica tion  o f  a  50 m l bu ffer overlay , th e  g rad ien t w as cen trifuged  2-5 h 
a t  25 °C an d  47,000 rpm . The g rad ien t w as th e n  pushed  from  th e  ro to r 
w ith  40%  (w/v) sucrose, m on ito red  a t  290 nm , and  th e  deno ted  frac tio n s  
w ere collected. To accom odate  th e  re su lts  in to  a  single figu re  a  change 
in scale w as em ployed in th e  g raph  a t  th e  p o in t ind ica ted  b y  an  arrow

As it was im practical to obtain  sufficient pure 69S ribosomes by  e x tra c t­
ing purified chloroplasts, 60S and  80S ribosomes from  whole leaf m aterial 
were ex tracted  together and the  resulting m ixture was separated  into 
chloroplast and  cytoplasm ic ribosome fractions by centrifugation through a 
sucrose gradient in a zonal ro tor. Ribosomes were ex tracted  from  200 gm 
w heat leaves and  layered over a 550 ml convex 7%  (w/v) to  30%  (w/v) 
sucrose gradient in a Ti-14 zonal ro tor. A fter centrifugation (2-5 h, 47,000 
rpm ) the  preparation  had  separated  into two d istinc t peaks (Fig. 2). 
W hile the zonal centrifugation step  affected a good separation of the two 
species, it also led to  the  loss of some ribosomes. G radient separations 
containing large am ounts of m aterial were routinely scanned a t 290 nm 
instead of 260 nm  to  avoid having to  dilute the sam ples for reading. In 
all cases the 290/260 ra tio  was 0-28.

The indicated  fractions of the  two peaks shown in Fig. 3 were pooled, 
pelleted bv centrifugation, and analyzed by centrifugation on linear 5%  
(w/v) to  20%  (w/v) sucrose gradients (Fig. 4). The more slowly sedim enting 
peak from  the  zonal separation contained exclusively m aterial of 69S while 
the m ajor peak contained pure 80S ribosomes. These purified 69S and



80S preparations bo th  exhibited 260/280 absorbance ratios of 2-00 and 
260/235 ratios of 1-74 (averages of 11 preparations). The purified 80S ribo­
somes isolated by this m ethod were capable of incorporating 14C phenylal­
anine into protein in the  presence of Poly-U.

Cytoplasmic ribosomes were also obtained free of 69S chloroplast ribo­
some contam ination when the isolation procedure was carried ou t w ith 80S 
dissociation buffer substitu ted  for buffers I and II . W hen the  resulting 
preparation  was dissolved in buffer I I I  and  analyzed (Fig. 5), no evidence 
of 69S contam ination was observed. A lthough ribosomes isolated in this 
way did  no t appear to  contain chloroplast ribosomes and  dissociated in the 
m anner of 80S cytoplasm ic ribosomes in the presence of 80S dissociation 
buffer, all the experim ents being reported  concerning dissociation of ribo­
somes and the  isolation of subunits were conducted w ith zonal-purified 
ribosomes.

Fig. 4. Sucrose g rad ien t analysis 
o f  80S and  60S w h ea t ribosom es 
purified  b y  zonal cen ti ifugation . 
T he ribosom es from  each p eak  
frac tio n  o f F ig . 3 were p e lle te d , 
suspended , an d  app lied  to  a  5%  
(w/v) to  20%  (w/v) linear sucrose 
g rad ien t fo r analysis b y  th e  
m e th o d  o f F ig . 2. A -m ateria l 
from  th e  large  jieak  o f  F ig . 3. 
В -m ate ria l from  th e  sm aller 

p eak  o f Fig. 3
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Fig. 5. R ibosom es isolated 
from  w heat leaves using 80S 
d issociation  buffer. R ib o ­
som es w ere iso lated  from  
w h ea t leaves in th e  usual 
m an n e r excep t th a t  80S 
d issociation  buffer w as used 
in p lace o f bu ffers J and  I I .  
A fte r iso lation  th e  ribosom es 
w ere suspended  in b u f­
fer I I I .  Two A 260 u n its  o f  
th e  p re p a ra tio n  w ere layered  
over a  linear 5%  (w/v) to  
20%  (w/v) sucrose g rad ien t, 
cen trifuged  a t  2(i,000 rp m  
for :!••> h a t  25 °0 and  a n a ­
lyzed as in F ig . 2

0 2 4  6 8 tO 12 14 -16
Vol. [ml]

Dissociation of 60S and 80S ribosomes

Zonal-purified 69S and 80S ribosom es were dissociated into subunits in 
the presence of low-MgCl.,, high-KCl buffers. W hen 80S ribosomes were 
sedim ented through  a 5%  (w/v) to  20%  (w/v) sucrose gradient in 10 mM 
tricine, pH  7-5, I mM MgCl2, 100 mM KC1, and 5 mM 2-m ercaptoethanol 
(80S dissociation buffer) they  dissociated into a m ixture of 42S, 49S, 61S, 
and  80S species (Fig. 6A). U ndissociated 80S m onom ers isolated from  this 
dissociation buffer and  subjected to  a second trea tm en t w ith the  same buffer 
did no t break down further, indicating they  were probably  pieces of broken 
polysomes, containing bound messenger RN A  and  thus resistan t to  dissoci­
ation. The relative am ounts of 42S and  49S subunits in different p rep ara ­
tions were variable, while the  ratio  of 61S subunit concentration to  the 
sum of the concentrations of 42S and  49S subunits was approxim ately  
constant, suggesting th a t the  80S ribosom e m ay break into a large 6 IS 
subunit and  a  sm all subunit which can appear as either a 42S or a 49S 
species. Evidence th a t the  42S and  49S peaks m ay be m anifestations of 
a single com ponent is provided later.

Chloroplast (69S) ribosomes dissociated into 31S and  49S subunits (Fig. 
6B) upon sedim entation through 20 mM tricine buffer (pH  7-5), containing 
400 mM KC1 and  10 mM MgCl2 (G9S dissociation buffer). There was no 
evidence for tw o forms of the  sm aller subunit in chloroplast ribosomes.

Determination of S  values by analytical ultracentrifugation

The sedim entation coefficients of w heat ribosomes and  subunits are given 
in Table 1. These were used as standards in determ ining sedim entation 
coefficients by the  m ethods of M artin and  Ames (1961).
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Isolation of the  sm all and  large subunits of bo th  80S and  69S zonal- 
purified ribosomes was achieved by utilization of convex 7%  (w/v) to  30%  
(w/v) sucrose gradients in 80S and  69S dissociation buffers in a Ti-14 zonal 
ro to r (Fig. 7). I t  was impossible to  separate the  42S and 49S species present 
in dissociated 80S ribosomes and  since the  two seemed very  sim ilar they  
were collected together. W hen the  fractions containing th e  42S and  49S 
subunits were m ixed and  the m aterial pelleted by centrifugation and  then  
resuspended and  analyzed by centrifugation through a linear 5%  (w/v) 
to  30%  (w/v) sucrose grad ien t in either a)  80S dissociating buffer or b) 10 
mM tricine buffer, pH  7-5, the results shown in Fig. 8 were obtained. These 
show th a t while two species were apparen t in 80S dissociation buffer there 
was onlv one peak discernable when the  same preparation  was centrifuged 
th rough  the  buffer devoid of m etal chlorides and  m ercaptoethanol. W hen 
ribosom al subun it proteins were ex trac ted  from  the  two halves of the  
tw inned peak of Fig. 7A w ith 66%  acetic acid (m ethod of W aller and 
H arris, 1961, as modified by H ard y  et al. 1969) and  analyzed by polyacryl­
am ide gel electrophoresis (Reisfeld et al., 1962) a t  pH  4-5 42S and  49S

Purification of ribosomal subunits

F ig . 6. D issociation  o f  80S (A) 
an d  69S (B) ribosom es b y  low- 
M gCl,, h igh-K C l buffers. P u r i­
fied  80S or 69S ribosom es w ere 
layered  over 5%  (w/v) to  20%  
(w/v) linear sucrose g rad ien ts  in  
d issociating  buffers, cen trifuged  
an d  assayed  as in F ig . 2, excep t 
th e  80S g rad ien t w as ce n tr ifu ­
ged fo r on ly  3-5 h . T he com ­
position  o f th e  d issociating  b u f­
fers used w as: for 80S, 10 mM  
tric in e , p H  7-5, 1 m M  M gCl2, 
100 mM  KC1, an d  5 m M  2-m er- 
cap to e th an o l : fo r 69 S, 20 mM  
tric ine , p H  7-5, 400 m M  KC1, 

and  10 mM  M gCl2
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species contained v irtually  identical proteins. The R N A  of the  42S, 49S 
and  60S peaks was exam ined a fte r ex traction by a  varia tion  of the phenol 
m ethod of Peacock and  D ingm an (1967) or w ithout deproteinization after 
addition  of sodium lauryl sulfate. E lectrophoresis of these preparations 
on composite 0-5%  agarose, 2-75% acrylam ide gel (Peacock and  D ingm an,
1967) indicated  th a t  the  RNA from  the  42S and  49S subunits was similar, 
b u t th ey  were different from  the  60S subunit RNA. Since the  49S subunit 
contained proteins and RNA sim ilar to  the  42S one and  had the same S 
value in  the  absence of MgCl2, it is possible th a t th e  tw o subunits possess 
identical protein and  RNA com ponents and  differ only in th e ir secondary 
or te rtia ry  structure . This would be sim ilar to  the  results reported  by 
Ceccarini (1970) for the  slime mold Dictyostelium purpureum.

Fig. 7. S epara tion  o f  d is ­
sociated  80S (A) and  69S 
(B) ribosom es in to  su b u n it 
frac tio n s b y  zonal sucrose 
g rad ien t cen trifuga tion . 
A . Z onal-purified  80S cy ­
top lasm ic  ribosom es (358 
A 260 u n its  in  10 m l o f 80S 
dissociation  b u ffe r con ­
ta in in g  3%  (w/v) sucrose) 
w ere layered  over a  co n ­
vex 7%  (w/v) sucrose
g rad ien t in  th e  sam e b u f­
fer, w ith  a  50 m l overlay  
o f buffer. A fte r a  3-5 h 
cen tr ifu g a tio n  a t  47,000 
rp m , 25 °C, th e  g rad ien t 
w as pushed  from  th e  ro to r  
w ith  40%  (w/v) sucrose 
so lu tion , scanned  a t  260 
nm , and  th e  ind ica ted  
frac tio n s w ere collected 
fo r analysis o f th e  p e a k s  
on linear g rad ien ts . B. 
Z onal-purified  69S ch oro- 
p la s t ribosom es (160 A 260 
un its) w ere tre a te d  as in A 
excep t th a t  69S dissocia­
tion  buffer w as used and  
cen trifu g a tio n  w as for 

2-75 h
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A fter concentration of the  subunit fractions from Fig. 7. by  centrifugation, 
each fraction was analyzed for p u rity  by  centrifugation through a 5 % (w/v) 
to  20%  (w/v) linear sucrose gradient in the  buffer utilized to  dissociate the 
p aren t ribosomes. The subunits could no t be analyzed in s tan d ard  buffer I I I  
because, with the exception of the  49S subunit of the  69S ribosome, they  
aggregated and p recip ita ted  in the  presence of 4 mM MgCl2 and 1 mlil 
tricine. The large subunits of both  chloroplast and  cytoplasm ic ribosomes 
were stab le  and were easily isolated in the  pure s ta te  (Figs 9A and  D). 
The small subunits from  each species, however, seemed less stable. As is 
seen from  Figs 8A, 8 В and  9B there was some 63S m aterial present in the 
purified cytoplasm ic ribosome sm all subunit 42S preparations. This 63S 
m aterial was more prevalen t when the  subunits were in th e  presence of 
MgCl2 (Fig. 8A) th an  in its  absence (Figs 8B, 9B). A small am ount of m ateri­
al with the same sedim entation constan t was also seen when 42S and  61S

Sucrose gradient analysis of subunits

Fig. 8. E ffec t o f  rem oval o f M gCl2, 
KC1, and  2 -m ercap toe thano l on th e  
sm aller su b u n its  o f 80S ribosom es. 
A liquots o f  100 m l, con ta in ing  
2 A 2eo u n its  o f  m a te ria l o b ta ined  
from  th e  sm all tw inned  p eak  o f 
F ig . 7A, w ere layered  over 5%  
(w/v) to  20%  (w/v) linear sucrose 
g rad ien ts  cen trifuged  an d  analyzed  
as in  Fig. 2. The buffers used w ere: 
A —  80S d issociation  buffer and  

В — 10 mM  tric ine, p H  7*5
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Pig. 9. Sucrose g rad ien t 
analysis o f zonal-purified  80S 
(Fig. 7A) and  G9S (Fig. 7B) 
ribosom e su b u n its  and  th e  
p ro d u c ts  o f  recom bina tion  
experim en ts. A p prox im ate ly  
2 A MI) u n its  o f  ribosom e su b ­
u n its  o r m ix tu re s  in  100 fi\ 
w ere layered  over linear 5%  
(w/v) to  20%  (w/v) sucrose 
g rad ien ts  an d  cen trifuged  
fo r 4-25 h a t  20,000 rprn 
(12G ,000xg) and  25 °C in a 
SW -27 ro to r. T he tu b e  con ­
te n ts  w ere assayed  as in 
F ig . 2. Sam ples app lied  and  
buffers used w ere: A —  large 
su b u n it from  80S rib o ­
som es in 80S d issociation  
bu ffer, В —  sm all 80S rib o ­
som e su b u n its  in  10 m i l  
tric ine , pH  7.5, C —  m ix ­
tu re  o f  equa l am o u n ts  o f 
sm all and  large 80S rib o ­
som e su b u n its  in buffer I I I , 
I ) and  E  —  large and  sm all 
su b u n its  respective ly  o f  69S 
ribosom es in  09S d issocia­
tion  buffer, and  F  —  m ix ­
tu re  o f large and  sm all 09S 
ribosom e su b u n its  in b u f­
fe r IT I

subunits were m ixed and assayed for reconstitu tion (Fig. 9C). The fact 
th a t  this com ponent had a slightly higher S value th an  the large subunit 
of cytoplasm ic ribosomes and  th a t it tended to  d isappear in the  absence 
of MgCl2, while the  (5IS subun it was stable in the absence of MgCl2, indicated 
th a t it was not due to  contam ination of the sm aller subunit p reparation 
by large subunits. T hat the  6 IS and  63S particles were different was also 
indicated by the  observation th a t the  63S m aterial was still present in the 
reconstitu tion experim ent where sucrose gradient analysis was conducted 
in buffer I I I ,  containing 4 mM MgCl2. U nder these conditions the  61S 
large subunit precipitated . Since the  63S peak appeared in preparations 
which contained only sm all subunits of th e  cytoplasm ic ribosomes it seems 
possible th a t  it represented dim ers of the  42S subunit. This would also fit 
w ith the  observation th a t in the presence of 4 mM MgCl2 the  42S subunit 
apparen tly  form ed large polym ers and  precipitated . F igure 9E shows th a t 
th e  small subunit of the  chloroplast ribosomes was no t stable in the presence 
of the high-KCl buffer used to  dissociate the ribosomes. W hile the  m ajor 
peak corresponded to  the 31S small subunit found in the  dissociation an a ly ­
sis (Fig. 6B) there was a relatively large am ount of 23S contam inating
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m aterial present. I t  seems probable th a t  th is was some breakdow n product 
which form ed during the  period when the  subunits were being concentrated  
and  prepared  for analysis.

Reassociation of subunits

Small and  large subunits from  cytoplasm ic ribosomes were mixed together, 
incubated 10 min a t  25° and  analyzed for reassociation in buffer I I I .  Chloro­
plast subunits were studied in a  like m anner. In  each case 1 A 260 u n it 
of each subun it was added. W hen 42S and 61S subunits were m ixed they  
readily com bined (Fig. 9C). Over 90%  of the observed m ateria l appeared 
as an  80S peak. Small am ounts of 63S and  69S m ateria l were also present 
a fte r incubation. The 63S peak which has already been discussed m ay repre­
sent dim erized 42S subunits. The 69S peak m ay reflect an in term ediate 
in 80S form ation. On the  o ther hand  it could be either a dim er of the  61S 
subunit (though no evidence for dim erization o f the purified 61S subunits 
was ever seen) or it could even reflect the  form ation of a 42S subunit trim er. 
I t  seems unlikely th a t this 69S peak was due to  the  form ation of chloroplast 
monomers from  chloroplast ribosome subun it contam ination because 80S 
monomers utilized for the  form ation of the  subunits were firs t purified 
by  zonal gradient centrifugation and  the  subunits were also purified by  
the  sam e m ethod. N either th e  monomers nor subunits showed any  contam i­
nation  by chloroplast ribonucleoproteins. A lthough the  42S subunit was 
added in excess it d id  no t show in the analysis because of its tendency to  
p recip ita te  in the analysis buffer.

The results obtained w ith chloroplast subunits were no t as clear as 
those from the  cytoplasm ic system . I t  is seen from Fig. 9F th a t mixing 
of 49S and 31S subunits from chloroplast ribosomes led to  form ation of a 
large am ount of 698 monomer. However, the  p a tte rn  was com plicated by  
the  presence of 238, 31S, 438 and  49S peaks. The 23S peak was probably  
due to  the  contam inating m aterial seen in the  31S subunit preparation. 
The 31S and  49S peaks probably  represented subunits which had n o t 
reassociated. These 31S subunits m ay have been altered  since they  did no t 
reassociate and because zonal-purified norm al 31S subunits p recip ita ted  in 
buffer I I I  gradients. The iden tity  of the  43S com ponent is unknown, though 
it could possibly have arisen from  dim erization of the 3 IS subunit. Gualerzi 
and  Cam m arano (1969) have reported  an  identical situation  w ith spinach 
where they  found th a t 30S subunits of chloroplast ribosomes form ed dim ers 
of 438.

This stu d y  has shown th a t  the tw o species of w heat ribosomes could be 
dissociated into their respective subunits. U pon mixing under suitable 
conditions, these reassociated in th e  classical m anner to  yield the  original 
monoribosome species. Together w ith o ther inheren t differences between 
wheat chloroplast and cytoplasm ic ribosomes their different dissociation and 
reassociation requirem ents suggest th a t the  diverse rates of in vitro amino 
acid incorporation reported  for them  (Hadziyev and  Zalik, 1970) could in 
p a r t  be a reflection of the  m edia used in those studies.

The m ethods described in this paper have m ade it possible to  isolate 
w heat ribosomes and  subunits in sufficient quantities for detailed  physical, 
chemical and  biochem ical characterization.
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RIBOSOM E SPE C IFIC IT Y  OF PR O T E IN  SY N TH ESIS IN  YITRO

by

0 .  ClFERRI

INSTITUTES OF GENETICS AND PLANT PHYSIOLOGY, UNIVERSITY OF PAVIA, ITALY

I t  is now well established th a t the ribosomes of all organisms m ay be divided 
in two classes. One class encompasses the  ribosomes present in the cy to ­
plasm  of eukaryotic organism s (ribosomes of the  80S type) while the  o ther 
class is more heterogeneous and  includes the  ribosomes from  prokaryotic 
organisms, from  m itochondria and  chloroplasts (ribosomes of the  70S 
type) (W ittm ann, 1970). The sedim entation coefficient per se does not 
appear to  provide always a clear-cut criterion for assigning ribosomes to  
one of the  two classes. More reliable inform ation m ay be obtained  by d e te r­
mining the  sedim entation coefficient of ribosom al subunits or the  size and 
s tructu re  of ribosom al R N A ’s and  ribosom al proteins. R eliable indica­
tions m ay also be obtained by assaying the  functionality  of ribosomes for 
protein synthesis in  vitro (Ciferri and  Párisi, 1970). Indeed it has been shown 
th a t ribosomes of tw o types respond to  specific transfer factors (Perani 
e t ah, 1971; R ich ter and  L ipm ann, 1970) F u rth e r w ithin each group of 
ribosomes, transfer factors are freely exchangeable. On the  contrary , 
exchanges between the  tw o groups of ribosome-specific transfer factors do 
no t result in active protein synthesizing system s (Table 1). Such results 
were firs t ob tained  in the  case of the  reactions for peptide chain elongation 
as assayed by  the  polyphenylalanine-synthesizing system  bu t now they  
have been extended also to  the  reactions for peptide chain initiation (Sala 
and  K iintzel, 1970; Sala et al., 1970). As sum m arized in Table 2, no t only 
are in itiation  factors freely exchangeable between bacteria  b u t factors of 
bacterial origin m ay catalyze the reactions for the  in itiation of protein 
synthesis on ribosomes from  m itochondria and  chloroplasts. Such results 
are in agreem ent w ith the previous findings indicating th a t form yl-m ethionyl 
-tR N A  is the  peptide chain in itia to r in bacteria, blue-green algae, m ito­
chondria and chloroplasts. No inform ation is available concerning the 
ribosome specificity of the  factors responsible for peptide chain te rm in a­
tion  b u t it m ay be fairly safely predicted  th a t the  same type of specificity 
is operational also for these reactions. Hence a paradigm  of th e  specificity 
of protein synthesis such as th a t of Table 3 m ay be accepted ra th e r con­
fidently.

Three questions rem ain, however, to  be answered. F irst, where is located 
th e  genetic inform ation for the transfer factors catalyzing protein synthesis 
in th e  organelles of eukaryotic cells: is it in the  cell nucleus as it is the  case 
of some chloroplast and  m itochondrial enzymes or is it in the  organelle DNA ?

Second, how m any sets of transfer factors are present in photosynthetic 
eukaryotes which contain three d istinct system s for protein  synthesis (in
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Table 1
Ribosome specificity o f elongation factors

Ribosome
from

Polymerizing enzymes or tr;insfer factors from

Mammals Insects Higher plants M< Toorganisms

Liver Human
cells

T e n e ­
brio

m o lito r

I ) , m e la ­
n o ­

gaster

Wheat
em­

bryos

Castor
bean
seed­
lings

S a c c h a ­
rom yces

spp.
E . co li

B a c i l ­
lu s
spp-

MAMMALS
Liver + + + + + + -
H um an cells + + + -

INSECTS
Tenebrio molitor + + —
Drosophila melanogaster + +

H IG H E R  PLANTS
W heat embryos + + -
Castor bean seedlings + + + - -

MICROORGANISMS
Saccharomyces spp. +  ■ + + + -
Escherichia coli — — " ss - — + +
Bacillus spp. — + +

-*“t active system ; —, lack of activity.
References to  th e  original papers in C’iferri and Párisi (1970).

T able 2
Ribosome specific ity  o f in itia tion  factors

Washed ribosomes None
Initiation Iactors from

from
E . co li B .  s u b ti l i s

/(/«moles of fM et-pyromycin/mg of 
ribosome

E . coli 0-4 88 112
B. subtil is 0-9 68 43
Neurospora crassa mitochondria 1-5 25
Neurospora crassa cytoplasm 1-3 2-7 -
Euglena gracilis chloroplasts 0-9 49
Xostoc sp. 0-8 44

the cytoplasm , in chloroplasts, in m itochondria). Are there just two sets 
of factors, one for the ribosomes of the  80S type (cytoplasm ) and  one for 
the  two groups of ribosomes of the  70S ty p e  (chloroplasts and m itochondria) ? 
A lternatively, each organelle m ay be endowed w ith its own set of transfer

D ata recalculated from Sala and K üntzel (1970): Sala et al. (1970).



Table 3
Ribosome specific ity  o f protein synthesis

F a c to i s  f ro m

R ib o so m e s
f ro m

E u k a r y o te s

P r o k a r y o te s
C y to ­
p la s m

M ito ­
c h o n d r ia

C h lo ro ­
p l a s t s

Prokaryotes + _ +
Eukaryotes

Cytoplasm +
Mitochondria + — + _i_

Chloroplasts + — + +

—, active system ; — , lack of activ ity .

T able  4
Poly phenylalanine synthesis by preparations from a 
wild type stra in  o f yeast (D M )  and a petite m utant 

( D M J

R ib o s o m e s
P o ly m e r iz in g  

e n z y m e s  
f ro m  s t r a i n

P h e n y la l a n in e
in c o r p o r a te d

(/x /rm o le s /a ssa y )

E. coli DM 4-5
(70 S) DM, 6-7

S . cerevisiae DM 13-6
(80 S) DM, 111

D ata from P árisi and Celia (1971).

factors in which case any higher p lan t should have th ree separate  sets of 
tran sfe r factors.

The th ird  question concerns the  differences and  th e  sim ilarities am ong 
tran sfer factors of d ifferent origin bu t acting on the  same ty p e  of ribosome. 
In  o ther words, one would like to  know if, for instance, the  transfer factors 
from  yeast m itochondria, known to  catalyze protein  synthesis on m ito ­
chondrial and  E . coli ribosomes bu t no t on cytoplasm ic ribosomes, are 
stru c tu ra lly  more sim ilar to  E . coli transfer factors th an  to  the  factors 
from yeast th a t  catalyze protein synthesis on cytoplasm ic ribosomes.

The answer to  the firs t question is provided in p a r t by experim ents from 
our laborato ry  (Párisi and  Celia, 1971) th a t m ay be sum m arized in Table 4. 
T ransfer factors of the  70S ty p e  are present also in a  “ p e tite” m utan t 
of yeast devoid of m itochondria and m itochondrial DNA. Hence th e  genetic 
inform ation for a t  least th e  transfer factors responsible for peptide chain 
elongation in m itochondria is located on the nuclear DNA and  not on the 
m itochondrial DNA. F u rth er, experim ents w ith selective inhibitors (chlor­
amphenicol, cyclohexim ide) dem onstrated  th a t the  genetic inform ation for
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such factors is tran sla ted  in the cytoplasm  and not in the m itochondria. 
Thus m itochondrial p rotein  synthesis appears to  be controlled by the  nucleus 
a t  the transcrip tional and  transla tional levels.

As y e t no definite answer m ay be given to  the second question concern­
ing how m any sets of transfer factors are present in photosynthetic  eukaryo­
tes. P relim inary  evidences ob tained  in our laboratory  in the case of light - 
and dark-grown cells of Chlorella vulgaris as well as m u tan t strains of the  
sam e organism seem to indicate th a t there appear to  exist d istinct transfer 
factors for th e  th ree types of ribosomes (cytoplasm ic, m itochondrial, 
chloroplastic).

A few d a ta  are now available concerning the s tru c tu ra l relationships 
of transfer factors from different organisms. We have purified to  a consider­
able ex ten t one ty p e  of elongation factor (the transfer factors G) present 
in the  achloric alga Prototheca zopfii and  to  a lesser ex ten t in yeast. B y gel 
filtra tion  it has been found th a t  the  factors active on 70S ribosomes have 
a m olecular weight of approxim ately  80,000 as found for E. coli transfer 
factor G. On the  o ther hand, the  factors from  the  yeast and  th e  alga acting 
on 80S ribosomes show a molecular weight of approxim ately  140,000. In  
addition studies on the  sensitiv ity  to  selected antibiotics (fusidic acid, 
sporangiom vcin, d iph theria  toxin) indicate th a t the  factors responsible for 
p rotein  synthesis in cell organelles of eukaryotic organism s are more sim ilar 
to  those present in prokaryotic organisms th an  to  those present in the  cy to ­
plasm  of eukaryotes. I t  rem ains to  be seen w hether this sim ilarity  in the 
function and  the  gross s tru c tu re  is reflected in a sim ilarity  in the  finer 
s tructu re  of the  protein (e.g. in the  am ino acid sequence). The d a ta  of Gordon 
et al. (1969) on the  cross-reaction between an tisera prepared against 
E. coli transfer factor G and  cell-free preparations from  different bacteria  
seem to  argue th a t any homology, if ever present, between diverging groups 
of p rokaryotes (for instance gram -positive and gram -negative bacteria) 
has been lost in the  course of evolution. One wonders, however, w hether 
m itochondrial and  chloroplastic transfer factors are still som ewhat related  
to  to -d ay ’s prokaryotes or if any  re lation exists between the factors from  
the two types of organelles or even betw een those from  the  organelles and  
those from  the  cytoplasm .

T he ex p erim en ta l w ork  p e rfo rm ed  in th e  A u th o r ’s lab o ra to ry  has been su ppo rted  
by  a  g ra n t from  th e  L ab o ra to rio  d i G enetica  B iochim ie» ed E vo luzion istica  o f th e  
Consiglio N azionale  delle R ieerche.
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TIME COURSE AND STABILITY OF LIGHT-INDUCED POLYSOME 
FORMATION IN ETIOLATED BEAN LEAVES

by

R it a  P a r e n t i-R o s in a , G. Z a c h e o  ami F. P a r e n t i

L A B O R  A T O R I O  D I  F I S I O L O O I A  V E G E T A L E ,  I S T I T U T O  В О Т А Ш С О  D E L L ’U N I V E R S I T À  

V I A  A M E X D O L A  1 7 5 ,  7 0 1 2 6  B A R I ,  I T A L Y

E x p o su re  o f  dark -g row n  bean  seedlings to  w h ite  light induces a  conversion o f 
m onosom es to  polysom es in  th e  p rim a ry  leaves. T h is conversion, w hich  does no t 
req u ire  con tinuous lig h t and  involves cy top lasm ic  ribosom es, occurs a t  a  linear ra te  
in  th e  f irs t 4 hou rs  follow ing ligh t exposure. A fte r th is  tim e, no  m ore polysom e fo rm a­
tion  is observed.

A ctinom ycin  D , g iven  a t  th e  tim e  o f  light exposure, in h ib its  th e  ligh t-triggered  
polysom e fo rm ation . H ow ever, if  th e  d ru g  is g iven  a f te r  th e  lig h t-d ep en d en t polysom e 
fo rm atio n  is com pleted , no v a ria tio n  in  th e  polysom e p ro p o rtio n  is found , suggesting  
a  low tu rn o v e r  r a te  fo r th e  new ly form ed m R N A .

IN T R O D U C T IO N

E xposure of e tio la ted  p lan ts to  light stim ulates several biochemical pro­
cesses (Mohr, 1969). W here the  tim e-course of light induction has been 
stud ied  (Anderson and  B oardm an, 1964; Chen et ah, 1967; Lange and Mohr, 
1965; Mohr, 1966), a lag period of several hours has been observed. The 
induction of several photo-developm ental processes is inhibited  if the p lan ts 
are trea ted  w ith an  inh ib itor of protein synthesis a t the  tim e of light expo­
sure (Mohr, 1969). This la tte r  finding strongly suggests th a t  protein synthesis 
is involved in most of the  light-triggered developm ental processes of the 
plant. A direct evidence of activation , by light trea tm en t, of the  protein  
synthesizing m achinery of the p lan t came from  the experim ents of W illiams 
and  Novelli (1967) who showed th a t ribosomes ex tracted  from  ligh t-treated  
p lan ts were more active in pro tein  synthesis th an  those from  etio lated  
p lants. Subsequently (Williams and  Novelli, 1968; Pearson and W areing, 
1970; Poulson and  Beevers, 1970) it was shown th a t the increased ac tiv ity  
was due to  a  higher p roportion of polyribosomes in the  ribosom e preparation  
o f the ligh t-treated  p lants.

This suggests th a t  polysome form ation m ay be an essential event in the 
light-triggered developm ent of th e  p lan t and  should occur and  possibly be 
com pleted before the  onset of induction of th e  developm ental processes 
proper. The work reported  in this paper was undertaken  to  test this hypo the­
sis by determ ining the  time-course of polysome form ation in etio lated  bean 
leaves a fte r exposure of the  p lan ts to  white light. The dependence of poly­
some form ation on ex novo synthesis of m RNA and  the  s tab ility  of this 
m RNA were also studied.
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MATERIALS AXI) METHODS

Phaseolus vulgaris, L ., cv. Nero Bobis, was grown on wood dust in the 
dark  a t 25 °C for 6 days. L ight trea tm en t was carried out with fluorescent 
and  incandescent lam ps.

Preparation of polysomes. The prim ary leaves were harvested  and  im m edi­
ately  frozen in liquid nitrogen. The leaves were ground w ith a pest le in a 
prechilled m ortar. The fine powder was then  homogenized in a P o tte r  homo- 
genizer w ith 2 ml of Buffer A per gram  of leaves. The hom ogenate was 
centrifuged a t 5000 g for 10 min and  at 20,000 g for 15 min. The super­
n a tan t, a fte r addition of 1/10 volume 20%  (v/v) T riton X — 100, was layered 
over 4 ml of 1 M sucrose containing 10 mM Tris-HCl, pH  7-6, 5 m l  Mg- 
acetate  and 40 mM KC1, a n d  centrifuged a t 49,000 rpm  for 200 min in a 
Spinco ro to r 50. The pellet was resuspended in Buffer В (0-25 m l/gram  of 
leaves). The pu rity  of the  ribosom al preparations was routinely  checked 
by their UV spectrum . The spectral ratios were as follows: E 2eo/E 235 = 
=  1-60 1-67, E 2e0/ E 280 =  1-8- 1-9.

Sucrose density gradient centrifugation. 0-1—0-2 ml (8 E 260) of polysome 
solution were layered on a 10 — 37%  (w/v) sucrose solution m ade up in 
о mM Tris-HCl, pH  7-6, 5 m M -acetate, and  40 mM KC1 in 5-ml tubes of 
the  Spinco SYV-50 rotor. They were centrifuged a t 49,000 rpm  for 30 min. 
The gradient was collected dropwise w ith the aid of a peristaltic  pum p. 
44—47 fractions were norm ally obtained. E ach was d ilu ted  w ith 1 ml of 
w ater and the absorbancy a t 260 nm  read in an  Optica R  4 spectrophoto­
m eter. The polysome proportion of the  to ta l ribosomes was calculated bv 
planim etrically  in tegrating the  pertinen t areas of the  sedim entation profiles.

In v itro  am ino acid incorporation was perform ed as described previously 
(Stout et ah, 1967).

Buffers. B uffer A contains: 10%  sucrose, 40 mM Tris-HCl, pH  7-6. 
5 mM M g-acetate, 40 mM KC1. B uffer В contains: 10 mM Tris-HCl, pH  7-6, 
5 mM M g-acetate, 40 mM KC1. The pH  of the  buffers was always d e te r­
m ined a t  20 °C.

R E S U L T S  A N D  D ISC U SSIO N

Typical sedim entation profiles of ribosomes ex trac ted  from etio lated  and 
illum inated p lan ts are shown in Fig. 1. There is clearly a higher proportion 
of faster-sedim enting particles in the ribosome preparation  from  illum inated 
leaves th an  from  etio lated  ones. The polysomie na tu re  of the  m ateria l sedi­
m enting faster th an  the monosome peak was verified by incubation with 
trace am ounts of RNase. The faster sedim enting peaks disappeared and  
were recovered in the  monosome region of the  gradient. The ligh t-treatm ent, 
w ithin the  period used in these experim ents, did not alter the  net ribosom al 
content of the  leaves. In  fact, the  yields of ribosomes from  etio lated  and 
illum inated leaves were consistently found ecjual (Table 1).

In  order to  check th a t the  difference in the am ount of polysomes found 
in the  dark  and  illlum inated leaves reflects a physiological s ituation  and is 
not due to  an ex traction  artifact, some “ polysome p ro tec tan ts” were tried. 
Cycloheximide (100 //g/ml) was added to  the grinding medium to  block a



possible ribosome run-off from  the 
polysomie structure . However, no 
effect of th is drug was observed in 
e ither d ark  or ligh t-treated  leaves.
A ddition of diethylpvrocarbonate, 
an inhib itor of RNase, resulted in a 
lower recovery of ribosomes and in 
considerable unspecific aggregation 
of th e  particles. To check w hether 
the  lower proportion of polysomes 
in the  preparations from  etio lated  
leaves was due to  a higher RN ase 
activ ity , the  polysome proportion 
of ribosomes prepared from a m ix­
tu re  of equal am ounts of dark  and  
light trea ted  leaves was determ ined 
(Table 1). In  several such experi­
m ents the  polysome proportion of 
“ dark  light” leaves was always 
found to  be the  average of th a t  found 
in the dark  and light trea ted  leaves 
assayed separately.

The tim e-course of polysome for­
m ation is reported  in Fig. 2 which 
shows the  polysome proportion of 
leaves exposed to  light for different 
periods. Valu s from  th ree different
experim ents are plotted . These results clearly support the  hypothesis, 
advanced in th e  in troduction, th a t  the light-induced increase in the 
polysom e proportion of the leaf is an  early  event essentially com pleted 
w ith in  4 h. Continuous illum ination during these four hours, however.

Fig. I . S ed im en ta tion  profiles o f rib o ­
som es e x tra c te d  from  e tio la ted  leaves (D) 
an d  leaves illum inated  fo r 6 h a t  2,000 

lux  (L)

T able  1
A dd itive  recovery o f polysomes from  a m ixture o f etiolated and illum ina ted  leaves

E t io l a te d
le a v e s

I l l u m in a te d
le a v e s

E t io l a te d  
i l lu m in a te d  le a v e s

Ribosomal yield 8-8±0-25 8-3±0-24 S-0±0-.'>9
100P /P  +  M (experimental) 32 56 43
100 P/P -f- M (theoretical) : -- 44

1. Ribosom al yield is expressed as E 2fi0 per gram  fr. w t. of leaves.
2. Polysome proportion in the ribosomal preparations is defined

polysomes X 100as: ---- ------------- -------------------- .polysomes -f- monosomes
3. The theoretical polysome proportion is calculated from the form ula: P /e , j\ =  
P eY e +  PjYj

==-------- —--------  where P  is the polysome proportion as defined in 2), Y is the ribosomal

yield as defined in 1 ), and the subscripts i  and e refer to  etiolated and illum inated respectively
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30 <

H o u r s

Fig. 2. T im e course o f ligh t-s tim u la ted  
polysom e fo rm ation . The d iffe ie n t sy m ­
bols refer to  d iffe ren t experim en ts. 

(P  =  polysom es; M =  m onosom es)

is n o t needed. Table 2 shows th a t the 
same proportion of polysomes is 
reached if the  p lan ts are exposed to  
light for 30 min and  then  transfer­
red to  the dark  or if they  are illumi­
na ted  continuously for 6 h. The plants 
were routinely illum inated w ith a 
light in tensity  of 2,000 lux a t the 
level of the  leaves. However, the 
sam e results were obtained with 
light intensities ranging from 1,000 
to  6,000 lux. This indicates th a t  the 
photochem ical process is sa tu ra ted  
at 1,000 lux within 30 min.

Exposure of etiolated p lan ts to  
light stim ulates the protein sy n th e­
sizing ac tiv ity  of subsequently  iso­
lated  plastids (Dum m  and Marguiles, 
1970). To check w hether the  increase 
in the  polysome proportion of our 
cytoplasm ic ribosome preparation 
was due to  contam inating plastid  
ribosomes the  following experim ents 
were performed. F irst, the ribosomal 
RNAs were ex tracted  from  the  poly­
some preparation  and their sedim en­
ta tion  characteristics analyzed in a 
density  gradient. Only two sharp 
peaks were noted, thus excluding 
the  possibility of heavy contam ina­
tion of plastid ribosomes. Secondly, 
the am ino acid-incorporating ac tiv ­
ity  of the  polysome preparation  
was tested  for sensitivity  to  chlor­
amphenicol and cycloheximide (Vas- 
quez and  Monro, 1968). C hloram phe­
nicol (300 /tg/ml), a known inhibitor 

of p ro tein  synthesis supported  by 70S (plastid) ribosomes, showed no 
inhibition, while cycloheximide, which is known to  affect 80S ty p e  b u t not 
70S ty p e  ribosomes, inhibited, even though only partia lly , the  incorporation. 
In  addition, em etine, which affects 80S b u t no t 70S type ribosomes, strongly 
inh ib ited  th e  am ino acid-incorporation (Fig. 3).

Several light-induced processes are inhibited  if the  p lan ts are given an 
inhibitor of R N A  synthesis a t the  tim e of light exposure. (Mohr, 1969: 
Lange and Mohr, 1965). S tou t e t al. (1967) have reported  an increase in 
th e  soluble RNA polym erase of corn seedlings following light trea tm ent. 
These findings suggest th a t  RNA synthesis m ay be the  early event in the 
chain of developm ental processes induced by light. The following step 
would be the  form ation of polysomes accom panied by an increase in the 
synthesis of specific proteins. I f  this is the  case, inhibition of R N A  synthesis

Fig. 3. E ffec t o f cyclohexim ide and  ch lo r­
am phen ico l on C-14-leucine in co rp o ra ­
tio n  by  ribosom es ex trac ted  from  illu ­
m in a ted  leaves. The d rugs concen tra tion  
w as 300 pg/m l. C ontrol ( o ); C h lo ram ­

phenico l (-&); C yclohexim ide ( д)
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Table 2
E ffect o f returning light-treated seedlings to dark on 

polysome form ation

Treatment: minutes
100 P/P -f M

Light D a r k T o ta l

Zero 360 360 33
360 Zero 360 6 i

90 270 360 6 i
30 330 360

1
62

T able 3
Inh ib ition  by actinom ycin D  o f light-stim ulated polysome 

form ation

Exp.
No.

Act. I) 
concentration 

(№/m 1)

Light
treatment

(hours)
Percent

inhibition

l 75 6 9«
2 5 6 84
3 5 9 86

a t th e  tim e of light exposure should also inhibit polysome form ation. 
Indeed, Table 3 shows th a t if actinom ycin D is given to  the p lan ts a t the 
tim e of light exposure, the  light-dependent polysome form ation is strongly 
inhibited , even at low drug concentrations. However, if the  p lan ts which 
have been illum inated for 4 h are incubated in the presence of actinom ycin 
D for 4 additional h, no variation in the polysome proportion is observed, 
th u s indicating th a t the light-dependent newly synthesized m RN A  is stable. 
This is more clearly shown in 
Fig. 4. In  this experim ent the 
drug was added to  the  p lan ts 
a t different tim es during the 
light trea tm en t and  all samples 
were then harvested a t the  8th 
h of illum ination. The p lo t of 
polysome proportion versus 
tim e of addition of the inhibitor 
yields a  curve sim ilar to  the 
tim e-course of polysome form a­
tion, w ith a  linear increase in 
the first 4 h  followed by a 
plateau. This can only be ex­
plained if (i) the addition of 
actinom ycin D inhibits fu r­
th e r synthesis of m RNA and 
thus polysome form ation; (ii)

Time o f addition of act. D

Fig. 4. E ffec t o f ad d itio n  o f ac tinom ycin  D  a t  
d iffe ren t tim es d u rin g  th e  lig h t-s tim u la ted  p o ly ­

som e fo rm ation
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the newly synthesized m RN A  is stable and  thus no polysome degradation 
occurs.

The experim ents reported  in this paper and  those of the  lite ra tu re  indicate 
th a t the  light-triggered polysome form ation is an early event essentially 
com pleted w ithin 4 h; th a t  it involves cytoplasm ic ribosomes; th a t it does 
not require continuous light; th a t it depends on ex novo synthesis of mRNA 
which appears to  be stable.
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ISOLATION AND PA R T IA L  CHARACTERISATION OF EN D O SPER M  
N U C LEI FROM  IM M ATURE BA R LEY

by

С. M. D ufftjs

DEPARTMENT OF AGRICULTURAL BIOCHEMISTRY, SCHOOL OF AGRICULTURE, 
UNIVERSITY OF EDINBURGH, WEST MAINS TOAD, I B I K l l M H  9, KC'iJAND, l .  K.

»S'утр. Biol. Hung. 13, pp. 273—275 (1972)

There are few convenient m ethods available for the  isolation of nuclei 
from  higher p lants. In  general m ost difficulties have arisen from the  choice 
of tissue from  which th e  nuclei are to  be separated. The in itial problem  has 
involved breakage of th e  m echanically resistan t cell walls w ithout dam aging 
th e  nuclei. F u rth e r problem s involve the  separation of a pure nuclear 
fraction from  a  cell suspension containing chloroplasts and  am vloplasts 
a t least some of which overlap the  nuclei in sedim entation properties.

The unique properties of im m ature cereal endosperm should, a t least in 
theory , elim inate these difficulties. Thus, during the period im m ediately 
a fte r fertilisation rap id  division of the initial trip lo id  endosperm  nucleus 
takes place w ithout any accom panying cell wall form ation (Yampolsky, 
1957). The nuclei are closely packed, the  only o ther structures present being 
undifferentiated  spherical bodies or proplastids (B uttrose, 1963). I t  has 
been estim ated  (Thomson and  Johnston , 1945) th a t  in the barley grain at 
3 days a fte r anthesis 200—520 endosperm  nuclei m ay be present, d is trib ­
u ted  th roughout the  peripheral layer of cytoplasm .

The two row barley, Hordeum distichum  (L.) Lam . cv. M aris B aldric , 
was used and was grown in season on the  School of A griculture farm s and  
during the rest of the year under lights in the greenhouse.

100 grains were dissected out by  hand  and  individually squashed in an 
ice cold m ortar in 2 mis of M sorbitol containing 30%  glycerol and  0-001 M 
Ca2+ The m ixture was filtered through muslin onto 2 mis of 1-8 M sorbitol, 
containing 30%  glycerol and  0-001 M Ca2+ in a 5 ml polypropylene cen tri­
fuge tube. Thus two layers were formed. This was centrifuged for 20 min 
a t 200 Xg and  the  nuclei were found by  microscopical exam ination to  be 
present in the  lower layer. The to p  layer and interface were discarded and 
the lower layer transferred  to  another 5 m l centrifuge tube. The slight pellet 
was also discarded. The nuclear suspension was then  centrifuged a t 200 Xg 
for 2 h followed by 1 min a t 1000 Xg in order to  sedim ent the  nuclei. 
The nuclei are extrem ely fragile and  ru p tu re  under the  slightest mechanical 
stress. They are severely dam aged by high centrifugal speeds and  acceler­
ation, by  dilution and  even by the  im pact of a cover slip on a th in  suspen­
sion. Hence it is difficult to  obtain  a uniform  focal plane for phase contrast 
of a large num ber.

The isolated nuclei are m ostly oval in shape w ith a g ranu lar surface and 
a ra th e r indistinct outline (Fig. 1). There are a t least 2—3 prom inent nucleoli 
per nucleus. The DNA : RNÀ : protein ratio  for the nuclei is 7 : 16 : 77. 
The low DNA value was expected since in sections of the in tact grain stained
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F ig . 1. Phase co n tra s t m icrograph  o f b a rley  endosperm  nuclei. I n s tru ­
m en ta l m ag n ifica tion  X ”00

Fig . 2. A cry lam ide gel e lec tropherogram  o f (A) ca lf th y m u s  h is tone  (15) nuclear 
h is tone  e x tra c t and  (C) in ta c t cell h is tone  e x tra c t
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w ith Feulgen the endosperm  nuclei have a  very low colour intensity . 
Those in the  tissues surrounding the  endosperm  have a m uch higher colour 
in tensity .

The nuclei were m etabolically active and were associated w ith the  charac­
teristic enzymes RNA polym erase and  NAD pyrophosphorvlase.

N uclear histones were ex tracted  by  th e  m ethod of Johns (1967) and  com­
pared w ith  those ex trac ted  from  in tact endosperm  cells and  a control 
histone preparation  from  calf thym us (Fig. 2). In ta c t tissue (C) gave four 
com ponents w ith  a m obility p a tte rn  sim ilar to  th a t  reported  by Sm ith et al. 
(1970) for pea histones prepared from  purified pea chrom atin. In  con trast 
the  nuclear prepara tion  (B) contained only one histone com ponent in te r­
m ediate in m obility betw een the  firs t tw o calf thym us com ponents (A). This 
histone com ponent was the  m ajor com ponent of those found in in tac t tissue. 
I t  corresponded in m obility to  pea histone I I  as described by  Sm ith et al. 
(1970). One m ust conclude th a t there appears to  be only one histone present 
in endosperm  nuclei a t  th is stage of developm ent and  th a t  the  o ther th ree 
com ponents in the  ex trac t of whole cells are either cytoplasm ic basic 
proteins, possibly ribosom al or, since th is p reparation  alm ost certain ly  
includes some non-endosperm  tissue, histones derived from em bryo or seed 
coat nuclei.

W hile a m ultiple histone pa tte rn  has been shown to  be characteristic 
of chrom atins isolated from whole tissue (Fam brough, et al., 1968) no 
results were recorded for a homogeneous nuclear preparation  a t the same 
developm ental stage. Since the  isolated nuclei are probably  a t, or even 
past, their peak of synthetic  ac tiv ity  the  presence of only one histone m ay 
be related  to  their m etabolic decline.

This w ork  w as carried  o u t w ith  th e  su p p o r t o f  th e  A g ricu ltu ra l R esearch  Council. 
T am  g ra te fu l to  th e  R oyal Society  fo r a  V ickers research  m icroscope. T he e x p e rt 
techn ica l assistance  o f  Mrs. B obbie R osie is v e ry  g ra te fu lly  acknow ledged.
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RESPO N SE TO OBLIGATE PA R A SITE IN FE C T IO N  OF NUCLEIC 
ACID M ETABOLISM  IN  HOST CHLOROPLAST

by

H. O k u , S . O u c h i  and T. S h i r a i s h i

LABORATORY OF PLANT PATHOLOGY, COLLEGE OF AGRICULTURE 
OKAY'AMA UNIVERSITY, OKAYAMA, JAPAN

IN T R O D U C T IO N

Infection of p lan ts by  parasite  produces a wide range of physiological 
changes such as an enhancem ent of respiration, activation or inactivation 
of photosynthesis and  the  accum ulation of abnorm al m etabolites. Toxins 
or m etabolites of pathogenic microorganisms have been sought as the 
trigger for these physiological changes in some kinds of p lan t diseases.

Sim ilar physiological changes are also observed in p lan ts  infected by 
obligate parasites (Allen, 1942; Bushnell and Allen, 1962; F arkas and 
K irály , 1955), although in these cases the m ajor trigger m ay no t be such a 
drastic toxin as has been encountered in the perthophytic diseases. N everthe­
less, some substance(s) m ust play a  role in eliciting these physiological 
changes in the  host.

A m arked increase in soluble carbohydrates is one of the characteristic 
physiological changes associated w ith the early stage of powdery mildew 
infection (Allen, 1942; Fric, 1964). The significance of th is phenom enon in 
the  obligate parasitism  can be studied sim ply from  a nu tritional aspect 
or more com prehensively from  the  aspect of biochemical regulation. In  
this com m unication th e  authors wish to  elucidate how the  powdery mildew 
infection exerts an  effect on the  nucleic acid synthesizing ac tiv ity  of the 
carbohydrate synthesizing organelle, chloroplast, in the early  stage of 
infection. Changes of nucleic acid m etabolism  in infected whole p lan ts have 
been reviewed by Heitefuss (1966).

M A T ER IA L S A ND  M E T H O D

Erysiphe graminis f. sp. liordei, race 1, was used as the pathogen and a 
barley varie ty  susceptible to  race 1, K obinkatagi, was used as host.

P lan ts  grown in a grow th cham ber at 20 °C for 2— 3 weeks under na tu ra l 
light were inoculated w ith conidia of race 1 by rubbing w ith a  soft hair 
brush. The inoculated and  uninoculated control p lan ts were placed separate­
ly in indoor growth cabinets and kept at 20 °C. A fter an appropriate  tim e 
interval, 3-9 g of leaves of the  inoculated and  uninoculated p lan ts  were 
detached and the  cut ends were im m ersed in a  solution of radioactive 
ortho-phosphate (700 u.Ci in 6 ml) for 4 hrs under constant illum ination, 
tem peratu re  (25 °C), and hum idity  (60%). The leaves were pressed w ith a 
sm all am ount of 0-2 M sucrose in 0-07 M phosphate buffer (pH 7-0) by  a glass
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roller on a  glass p late  and  the  re su ltan t sap was centrifuged a t 600 X  g for 
30 min. The precip ita te  was then  subjected to  discontinuous sucrose density  
gradient centrifugation a t 2,600 X  g for 30 min. Two green chloroplast bands 
were ob tained  a t  th e  boundary  between 50%  and  40%  and  in the 20%  
fraction . Microscopic observation indicated th a t  the  lower green fraction 
contained alm ost exclusively the  so-called heavy chloroplasts while the 
u pper fraction (20%  fraction) contained the  light chloroplasts together 
w ith  an appreciable am ount of m itochondria. The heavy chloroplasts were 
collected from  th e  lower fraction and  washed twice by centrifuging a t 
3,000 X g for 10 min. These processes were carried out below 4 °C.

F or q u an tita tiv e  estim ation, the  nucleic acids were ex trac ted  by a m odi­
fied version of the  Ogur-Rosen and  Schm idt—T hannhauser—Schneider 
m ethods. F or qualita tive  assay, the  nucleic acids were ex trac ted  by the 
phenol-SDS m ethod and  subjected to  m ethylated  album in-K ieselguhr 
(MAK) column chrom atography. The rad ioactiv ity  was determ ined by a 
gas flow counter and  expressed as cpm  per chloroplast.

R E S U L T S

Quantitative aspects of nucleic acid metabolisms

F o r a q u an tita tiv e  assay o f nucleic acids, the incorporation of rad io ­
active phosphorus into various fractions was m easured in chloroplasts of 
th e  inoculated and  uninoculated barley leaves by the m odified Ogur-Rosen 
procedure. The results are shown in Table 1. I t  is evident th a t  32P  incorpora­
tion into each fraction increased a fte r inoculation. This is best illustra ted  
in the  incorporation of 32P  into RNA. The rad ioactiv ity  of the  DNA fraction 
was rem arkably  high, tak ing  relative am ount of DNA in chloroplasts into 
consideration. Therefore the  residue left a fte r RNA ex traction  was subjected 
to  alkaline digestion. I t  was then  found th a t the high rad ioactiv ity  of the 
D NA fraction can be a ttr ib u ted  to  R N A  unex tracted  bv cold perchloric 
acid.

T able 1
Radioactive phosphorus incorporation into various fractions of chloroplasts 

of barley leaves as affected by powdery m ildew  in fection*

Fraction
Radioactivity (cpm X 10®) pei chloroplast

H e a l th y Diseased** Ratio (%)

Whole chloroplasts 2,031 2 ,409 118-6
Lipid fraction 377 451 119*8
Acid soluble fraction 270 395 143-4
RNA 394 044 163-3
DNA 405 370 92-8
E xtraction recovery (%) 72 72

* E x trac tion  was done by a modified version of the Ogur-Rosen method. 
** 12 h after inoculation.
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A sim ilar experim ent was done by employing a  modified version of the  
S chm id t—T hannhauser—Schneider m ethod and  th e  results are shown in 
Table 2. I t  is apparen t th a t  powdery mildew infection gives rise to  a m arked 
increase in 32P  incorporation into various fractions, especially the nucleic

T ab le  2
In fec t ion-induced increase o f 32P  incorporation into the nucleic acids of 

barley leaf chloroplasts*

F r a c t i o n
R a d i o a c t i v i t y  ( c p m X lO 8)  p e r  c h lo r o p la s t

H e a l th y D is e a s e d * * R a t io  ( ° 0 )

Whole chloroplasts 3,681 5,361 14.5-6
E thanol soluble 1,007 1,683 166-7
0-1% PCA soluble 1,146 1,191 104-0
Lipid 26 46 174-3
Acid soluble 698 874 12.5-3
RXA .537 1,701 316-4
DXA 34 143 420*5
E xtrac tion  recovery (%) 94 10.5

* The extraction  procedure was a modified Schmidt —T hannhauser Schneider method. 
** 24 h after inoculation.

Hours after inoculation
F ig . 1. D ynam ic  change o f 32P  in co rpo ra tion  in to  th e  chlo- 
ro p la s t nucleic acids o f  b arley  leaves d u rin g  th e  early  stage  
o f  pow dery  m ildew  infection . Cp rep resen ts  to ta l 3-’P  in ­

co rp o ra tio n  b y  th e  ch lo rop last
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Fraction number

Fig. 2. E lu tio n  p rofile  o f ch lo ro p last nucleic acids 
from  a  M A K  colum n. R ad io ac tiv e  nucleic acids 
w ere ex trac ted  b y  th e  phenol-SD S m eth o d  from  
ch lo rop lasts iso lated  from  leaves fed w ith  32P . A 
ce rta in  am o u n t o f  cold ch lo rop last nucleic acid  w as 
ad d ed  to  th e  p re p a ra tio n  w hich w as th e n  sub jec ted  

to  M A K  colum n ch ro m ato g rap h y

acid fractions. Even 
though the  rad ioactiv ity  
in the DNA fraction de­
creased a fte r alkaline d i­
gestion (cf. Table 1), the 
net incorporation a fte r 
infection increased in 
this fraction as well.

The ratio  of incorpora­
tion in to  chloroplasts of 
diseased leaves to  th a t of 
healthy  ones was p lo tted  
in Fig. 1. The d o tted  line 
represents th e  level of 
incorporation into chlo­
roplasts of the healthy  
control. I t  is apparen t 
th a t  the R N A  synthesis 
hi chloroplasts was ac tiv ­
a ted  w ithin 24 h a fte r 
inoculation and  reached 
a  m axim um  a t  about 
48 h. The incorporation 
was estim ated  to  be a- 
bout 4 tim es as high as in 
the  healthy  control a t 
th is stage. The ra te  of 
RN A  synthesis then de­
creased to  the  norm al 
level by about 4 days 
afte r inoculation. This 
corresponds to  the fleck­
ing stage.

Qualitative assay of D N A  synthesis in  chloroplasts

I t  was shown in Fig. 1 th a t the  rad ioactiv ity  in the DNA fraction  was 
also higher in chloroplasts of the  inoculated leaves. I t  seemed interesting 
to  find out w hether or n o t th is increased incorporation represents a real 
activation  of DNA synthesis. As a  p rim ary  approach to  this problem , nucleic 
acids ex tracted  from  chloroplasts of healthy  leaves were fractionated  on a 
M AK column. The elution profile of nucleic acids is shown in Fig. 2. A lthough 
32P  incorporation in to  ribosom al RNA is significantly high, the  rad ioactiv ity  
of the  DNA fraction  is even higher and  the  peak of optical density  coincides 
w ith th a t of the  rad ioactiv ity . I t  is assum ed th a t the radioactive phosphorus 
is indeed incorporated into the DNA of chloroplasts.

To verify this assum ption, the  DNA fraction  was subjected to  digestion 
w ith  deoxyribonuclease or ribonucléase and then  to  rechrom atography on
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МАК column. The resu lt is 
presented in Fig. 3. Rechro- 
m atography of the DNA 
fraction not trea ted  with 
enzyme gave a sharp peak 
a t or around the fractions 
expected from  the  linear 
salt gradient. Ribonucléase 
trea tm en t of the fraction 
did not give rise to  any 
significant change in the 
elution p a tte rn  suggesting 
th a t the  rad ioactiv ity  is 
not due to  RNA contam i­
nation in the DNA fraction. 
T reatm ent of th e  DNA 
fraction w ith  deoxyribonu­
clease, on the  contrary , re­
sulted in a com plete loss 
of the  peak a t  the  ex ­
pected position. The peak 
appeared in th e  region 
of nucleic acids of small 
molecular weight.

I t seems reasonable, 
therefore, to  conclude th a t 
th e  incorporation of 32P  into 
DNA is due to  de novo syn­
thesis of DNA in chloro- 
plasts. A more detailed an a l­
ysis of DNA synthesis a c tiv ­
a ted  by powdery mildew 
infection is under w ay and 
the  prelim inary results sug­
gest th a t  the enhanced 32P  
incorporation into DNA 
should be a ttr ib u ted  to  the 
ac tiva tion  of DNA synthesis.
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F ig . 3. M A K  colum n ch rom atog ram s o f th e  D N A  
frac tio n  d igested  w ith  ribonucléase o r deoxy ribo ­
nuclease. T he D N A  frac tio n  in  F ig . 2 w as in cu ­
ba ted  a t  37 °C for 1 h  w ith  25 ,ug/ml o f D N ase or 
1 //g in I o f R N ase  and  rech rom atog raphed  on M A K  

colum ns

D ISC U SSIO N

Pow dery mildew is known to  parasitize on the  epiderm al cells of barley 
leaves bu t causes various physiological changes in the underlying assimila- 
to rv  tissues. This com bination, therefore, provides the  m ost suitable model 
for studying  the inform ation exchange between host and parasite.

The present repo rt shows th a t  R N A  synthesis in barley chloroplasts was 
ac tiva ted  w ithin 24 h a fte r inoculation w ith powdery mildew and  this 
suggests th a t  some inform ation to  activate  R N A  synthesis is sent to  the 
chloroplasts from the  upper epiderm al cell layer. These results also suggest
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th a t  th e  ac tiva tion  of chloroplast RNA synthesis m ight possibly be related  
to  the  enhanced carbohydrate  synthesis in mildew infected barley leaves, 
perhaps th rough  an increased synthesis of enzyme protein.

In  contrast to  these results, H irai and  W ildm an (1969) reported  th a t  
the R N A  synthesis in tobacco chloroplasts was reduced when infected w ith 
tobacco mosaic virus and  suggested th a t the  RNA synthesis in chloroplasts 
is regulated  by inform ation from  nucleus, because the viral RNA is sy n th e­
sized in the nucleus.

I t  is not yet clear in the  powdery mildew infection system  w hether the 
regu lato ry  substance responsible for the infection-specific enhancem ent of 
R N A  synthesis comes directly  from  the  fungus or affects the  host m etabo­
lism indirectly  th rough  the m ediation of the  host cell nucleus. The fact 
th a t DNA synthesis in chloroplasts is significant suggests th a t  the  whole of 
nucleic acid m etabolism  in chloroplasts is quite intensive.

T he au th o rs  w ish to  express th e ir  th a n k s  to  P rofessor U . H iú ra , O hara  In s ti tu te  
for A g ricu ltu ra l B iology, O kayam a U n ivers ity , for his k ind  supp ly  o f ex p erim en ta l 
m a te ria l an d  also for h is adv ice  d u rin g  th is  w ork.

T his w ork  w as su p p o rted  in  p a r t  b y  funds for scientific research  (G ran t No. 46004) 
from  th e  M in istry  o f E d u ca tio n , th e  G overnm en t o f  Ja p a n .
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AND PROTEIN SYNTHESIS
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TRA NSLATIO N CONTROL BY ABA IN  
COTTON SEED  EM BRY OGENESIS

by

L .  S .  D u r e

B I O C H E M I S T R Y  D E P A R T M E N T ,  T H E  U N I V E R S I T Y  O F  G E O R G I A ,  A T H E N S ,  
G E O R G I A  3 0 6 0 1 ,  U .  S .  A .

In  1966 we reported  th a t a g reat deal of the protein  synthesis th a t  occurs 
in the  cotyledons of cotton p lan ts during the first 3 days of germ ination 
does no t require concom ittant RNA synthesis (W aters and  Dure, 1966). 
F rom  this it appeared th a t  th is p rotein  synthesis is d irected  by  m RNA 
th a t exists in cotyledons of th e  d ry  seed, which implies th a t  th is m RNA 
is synthesized during embryogenesis.

W e have subsequently  followed up this observation in order to  use the  
embryogenesis and  germ ination of the  cotton cotyledon as a tool for explor­
ing m echanisms th a t  regulate gene expression in tissue developm ent.

As a first step we decided to  a ttem p t to  identify  some of the proteins 
th a t are synthesized de novo in the  cotyledons during early  germ ination 
which m ight be proteins unique to  germ ination (not p resent in em bryo­
genesis), and  which are synthesized even when all detectable RNA synthesis 
is prevented  by actinom yein D. Since during germ ination the stored protein  
bodies th a t  are so extensive in cotyledon cells are degraded to  support 
the germ inative grow th of the axis, we chose a proteolytic enzyme th a t 
hydrolyzed the trypsin  substra te  benzoyl arginine ethy l ester (BAEE) as 
a likely possibility, F u rth er, since a great deal of stored lipid of the cotyle­
dons m ust be converted to  carbohydrate during germ ination, we selected 
isocitritase as ano ther possibility. In  bo th  cases we were fo rtunate  since 
bo th  of these enzyme activities showed the  characteristics we were seeking. 
N either ac tiv ity  is present in d ry  seed cotyledons or in em bryonic cotyle­
dons. Their activities show up a fte r 24 h of germ ination and  increase 
u n til the  5th  day of germ ination and  then  decay slowly th ereafte r in a 1st 
order m anner. And, of more in terest, bo th  activities show up  and  increase 
in the  norm al fashion in cotyledons th a t are germ inated in the  presence 
of enough actinom yein D to  prevent all detectable incorporation of rad io ­
active precursors in to  RNA. N either ac tiv ity  shows up in cotyledons ger­
m inated in the  presence of cycloheximide. (The details of the  enzyme 
extraction  and  assay procedures, the kinetics of enzyme appearance during 
germ ination and the  effects of inhibitors on enzyme appearance have been 
published by Ihle and  D ure in 1969.)

Since the  de novo appearance of enzyme ac tiv ity  and  its sensitiv ity  to  
cycloheximide does no t unequivocally prove de novo synthesis, we subse­
quently  dem onstrated  th a t radioactive am ino acids could be extensively 
incorporated into the polypeptide chains comprising the protease enzyme 
when th e  cotyledons were exposed to  these am ino acids during germ ination. 
This dem onstration required th a t a protocol for purifying the  protease be
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evolved and  th a t the  protease be purified from  cotyledons th a t  were germ i­
nated  in presence of 1 am ino acids. W hen this was done we found th a t 
the  specific ac tiv ity  of th e  purified protease (CPM/mg protein) was over 
30 tim es greater th an  th a t of the to ta l buffer soluble protein of the  cotyledon.

•09
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100

Fig. I

Figure 1 indicates th e  extensive incorporation of rad ioactiv ity  into the 
protease. This figure gives the elution profile of a G-150 Sephadex Column 
th a t constitu tes th e  final step  in the purification of the  protease. Notice 
the  g reatly  increased cpm /A 280 values for the  elution peak th a t constitu tes 
the  protease.

Since we had  worked out a procedure for purifying the  protease, we 
characterized th is enzym e w ith respect to  its ca ta ly tic  properties and  sub ­
un it structu re . We found it to  be a carboxypeptidase enzyme th a t  utilizes 
the serine active site m echanism of hydrolysis and th a t was com prised of 
3 subunits. I ts  carboxypeptidase ac tiv ity  is not stopped  by  proline or 
phenylalanine in the  polypeptide chain which has m ade the  enzym e useful 
in establishing the  am ino acid sequence of sm all polypeptides.

Once we had  established th a t the carboxypeptidase (and, by  analogy, 
isocitritase) is de novo synthesized during germ ination from  preexisting 
m RNA, we m ade use of the cotton em bryo’s ability  to  germ inate precociously 
to  determ ine the  po int in embryogenesis when the  m RNA for the  carboxy­
peptidase and isocitritase are transcribed. Precocious germ ination refers



to  the  fact th a t im m ature co tton  em bryos will readily germ inate when 
rem oved from th e  boll and  placed on 0-8%  agar or on wet filter paper 
or even in flasks w ith w ater and shaken on a microbiological shaker. D uring 
th is precocious germ ination the  shoot and  root axes elongate, the  cotyle­
dons unfurl and  green when exposed to  light, and  th e  carboxypeptidase 
and isocitritase activ ities develop in the  cotyledons.

W e were able to  determ ine the  tim e in embryogenesis a t which the 
transcrip tion  of the  m RN A  for the  tw o enzymes begins by  precociously 
germ inating successively younger em bryos in the  presence of actinom ycin 
D until an  em bryo age was reached a t  which no carboxypeptidase or iso­
citritase ac tiv ity  developed. These results are presented in Table 1 which 
shows th a t em bryos larger th an  85 mgs will develop the  two enzym e ac tiv i­
ties in their cotyledons whereas em bryos sm aller th an  th is will no t. Since 
th e  final wet weight reached by  cotton em bryos before seed dessication 
sets in is 125 mgs, the  po int a t  which the m RNA for these two enzymes 
is firs t dem onstrable (85 mgs) represents abou t 60%  com pletion of 
embryogenesis. Furtherm ore, it  takes abou t 20 additional days inside the  
boll for the  em bryos to  grow from  85 mgs to  their final 125 mgs size. Since 
the  m RNA for the  two enzymes is apparen tly  present during th e  last 20 
days of embryogenesis, th e  transla tion  of th is m RNA during th is  period 
m ust be inhibited in some fashion. Notice in Table 1 th a t not only did

T a b le  1

E nzym e activities during precocious germ ination

E m b ry o  
tv e t  w e ig h t

( m g s )

D a y s
g e rm i­
n a te d .

E n z y m e  u n i t s /c o ty le d o n  p a i r

C a r b o x y p e p t id a s e I s o c i t r i t a s e

—  A C T  D  ; +  A C T  D  ! —  A C T  D  I +  A C T  D

1 1 0 — 125 3 9-33 ' 12-48 12-5 21-06
100 110 4 5-46 13-44 9-12 20-03

85 — 100 4 1-33 7-11 6-46 21-32
60 —  85 5 2-21 0 5-25 0

actinom ycin D fail to  p reven t the  developm ent of the  enzyme activities, 
b u t ac tua lly  enhanced them .

The stim ulation  of carboxypeptidase ac tiv ity  by  actinom ycin D is also 
shown in Fig. 2A which plots the  developm ent of ac tiv ity  against the  tim e 
of precocious germ ination for em bryos larger th an  85 mgs. F igure 2A also 
shows th a t simply washing em bryos in distilled w ater prior to  placing 
them  in germ ination dishes causes a stim ulation  in the  developm ent of 
carboxypeptidase ac tiv ity  equivalent to  th a t  caused by  actinom ycin D. 
Completely analogous results were ob tained  for isocitritase activ ity . The 
fact th a t washing em bryos results in a more rapid  developm ent of enzyme 
activ ity  suggests th a t  a  com pound th a t  somehow inhibits transla tion  m ay 
be located on the cotyledon surface (presum ably originating in th e  ovule 
wall and being absorbed by the cotyledons). The fact th a t  enzyme ac tiv ity  
does develop in tim e in unw ashed cotyledons suggests th a t  th e  com pound
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can be degraded by 
cotyledon cells, and 
th e  fact th a t  actino- 
m ycin D can effect t he 
sam e stim ulation as 
does washing indicates 
th a t  the inhibition 
somehow requires RNA 
synthesis.

To test th is possibil­
ity  washed em bryos 
larger th an  85 mgs were 
precociously germ i­
na ted  in the  presence 
ofan aqueous ex tract of 
ovule walls. The inhib­
itory  effect of this 
ex trac t on the  develop­
m ent of carboxypepti­
dase activ ity  in the  
cotyledons of these 
washed em bryos is 
shown in Fig. 2B. 
A gain, completely anal­
ogous results were ob­
ta ined  for isocitritase 
activ ity . These results 
p rom pted  us to  inves­
tig a te  the  effect of 
abscisic acid (ABA) on 
carboxypeptidase and 
isocitritase appearance 
during precocious ger­
m ination, since ABA

was first isolated from  cotton cells (Ohkum a e t ah, 1963) and  its inhibi­
to ry  action on p lan t developm ent is well docum ented (Addicot and  Lyon, 
1969). F igure 2B shows th a t 10~6 M ABA com pletely inhibits the ap ­
pearance of th e  carboxypeptidase during precocious germ ination, and  also 
shows th a t if actinom ycin D is supplied to  the  em bryos along with 
ABA, the  ABA inhibition is overcome, and  carboxypeptidase activ ity  
develops as rapidly  as it does in washed em bryo cotyledons. Again, the 
developm ent of isocitritase ac tiv ity  is affected in the  same m anner. Because 
of the sim ilarity  of action of ABA and  the ovule ex trac t and  of the dem on­
s tra ted  presence of ABA in em bryonic cotton seed of th is age (Addicot 
and  Lyon, 1969), we feel th a t  one of the  functions of ABA in cotton embrvo- 
genesis is to  inhibit the  transla tion  of m RNA destined to  lie utilized during 
germ ination. This notion is a ttra c tiv e  since the app aren t source of the  ABA 
during th is stage of germ ination is the  ovule tissue, which sclerifies and 
dies a t the  end of embryogenesis.

The mode o f action of ABA here is not known, b u t the  aetinom vcin D

1 2
Days germinated 

F ig . 2

4
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d a ta  suggest th a t  ABA m ay ac t on DNA to induce the  synthesis of an 
inh ib itor th a t  p revents th e  transla tion  of a specific body of m RN A  or m ay 
ac t in concert w ith  a rap id ly  tu rn in g  over product of R N A  synthesis to 
effect this transla tion  inhibition. Oddly, A BA has no effect on the  appearance 
of the  carboxypeptidase or isocitritase in the  cotyledons during the  germ i­
nation  of em bryos th a t have begun to  dessicate or of m ature seeds. This 
transition  from  sensitiv ity  to  insensitiv ity  to  ABA in m atu re  em bryos 
is no t understood as yet. The details of these experim ents involving the 
inh ibition  of transla tion  by  ABA have been published (Ihle and  Dure, 1970).

Since it appears from  these d a ta  th a t  the  transcrip tion  of th e  m RNA for 
th e  carboxypeptidase and  isocitritase takes place 20 days before the  end of 
em bryogenesis, we proceeded to  explore the induction of th is transcrip tion. 
Table 2 shows th a t  although em bryos sm aller th an  85 mgs do not develop 
either enzym e ac tiv ity  when precociously germ inated in th e  presence of 
actinom ycin D, bo th  enzyme activities do develop in the  presence of ac tino­
m ycin D, if the  em bryos are allowed to  precociously germ inate for 24 h 
before being exposed to  the  inhibitor. Thus presum ably, the  transcrip tion  
o f the  requisite m RNA for these tw o enzymes begins in cotyledons w ithin 
24 h a fte r rem oval from  the  boll. Table 2 also shows th a t th e  24 h period 
is sufficient tim e for em bryos of d ifferent ages below 85 mgs to  produce 
th is  body of m RNA and  th a t th e  presence of ABA does n o t influence this 
induction of transcrip tion . Subsequently  we observed th a t  this prem ature 
transcrip tion  could be induced in cotyledons in 24 h by sim ply rem oving 
th e  bolls from  the  p lan t.

These experim ents w ith em bryos sm aller th an  85 mgs im ply th a t  the 
transcrip tion  of the  m RNA for these germ ination enzymes is induced by 
a severing of th e  vascular connection between the  ovule and the  m aternal 
p lan t. This im plication is strengthened by th e  observation th a t in  vivo 
the  funiculus connecting the  ovule to  the  p lacenta breaks when the em bryos 
reached approxim ately  85 mgs. This corresponds to  the  tim e in em bryo- 
genesis when th e  transcrip tion  of this m RN A  occurs norm ally as indicated 
by the  experim ents w ith  actinom ycin D. Curiously, the  severing of the 
vascular connection appears related  to  the synthesis of ABA in the ovule 
tissue, since the  inh ib itory  action of ovule ex tracts  on th e  developm ent

'ta b le  2
In d u c tio n  o f prem ature transcription

E m b r y o  
w e t  w e ig h t  

(m g s )

E n z y m e  u n i ts /e o ty le d o n  p a i r  a f t e r  4  < 
p re c o c  io n s  g e rm  i n a t  io n

C a r b o x y p e p t id a s e  1 I s o c i t r i ta s e

7 0 Control 1-3 6-40
+  ACT D 0 0
+  ACT D after 24 h i l ( И 6

0 0 Control Ы 2-15
- f  ACT D 0 0
+  ACT D after 24 h 1 - 0 2-.45
+  ABA (+  ACT D after 24 h) M 2-4
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of the  carboxypeptidase and  isocitritase activ ity  during precocious germ ina­
tion is observed only w ith ovule ex tracts obtained from  ovules th a t contained 
em bryos larger th an  85 mgs. F inally , the  breaking of the  funiculus appears 
to  stop DNA synthesis and  cell division in the cotyledons as well (unpublish­
ed observations).

W e feel th a t  since the  regulation of the  carboxypeptidase and  isocitritase 
activities during germ ination and  precocious germ ination appears to  be 
identical, th ey  represent an  entire class of germ ination enzymes whose 
m RN A  is transcribed  in la te  embryogenesis, bu t whose transla tion  is 
p revented  by ABA un til embryogenesis is complete.

This idea seems to  be born out by very recent experim ents in  which we 
have followed m em brane assem bly during germ ination. The form ation of 
endoplasm ic re ticu lar m em branes during germ ination can be followed by 
sucrose gradients and can be shown to  take  place during the  firs t 3 days 
of norm al germ ination and  n o t inhibited by  actinom ycin D. I t  also takes 
place during precocious germ ination bu t is prevented by  ABA. I ts  form a­
tion during precocious germ ination in cotyledons from  em bryos above 85

C O T Y L E D O N  D E V E L O P M E N T

vascu la r connection  ovule tissue
b reak s  d ies

D N A  syn thesis no DNA syn thesis p la s tid  D N A  sy n th esis
cell d iv ision no cell division only

germ in a tio n  c is trons tra n sc rip tio n  o f th e
no cell division

repressed g erm ina tion  c is trons
A BA  syn thesis  in  ovule  

tissue
A BA  a b so rp tio n  by  

co ty ledons
A BA  in h ib itio n  o f  th e  

tra n s la tio n  o f th e tran sla tio n  o f th e  germ i-
g erm in a tio n  m R N A n atio n  m R N A

appearan ce  o f  germ  ina-

(PR E C O C IO U S
G E R M IN A T IO N )

appearan ce  o f  germ ina-
tion  p ro te in s  sensitive tion  p ro te in s  no t sen-
to  A ct D sitiv é  to  A ct I )

excision  induces t r a n s ­
c rip tion  o f  th e  ge rm i­
n a tio n  m R N A

85 m gs 125 m gs

E M B R Y O G E N E S IS  G E R M IN A T IO N

Fig. 3
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mgs is not sensitive to  actinom ycin I) whereas in younger cotyledons it is 
sensitive. This suggests th a t  the  m RNA for the  enzym es and  s tru c tu ra l 
proteins necessary to  form  these m em branes is present a fte r the  85 mg 
stage, and th a t  their transla tion  in to  proteins is blocked by ABA as is the  
translation  of the m RN A  for the  carboxypeptidase and  the  isocitritase. 
F igure 3 presents a schem atic presen tation  of the  developm ental events 
th a t  are suggested by  the  foregoing experim ents.

A lthough any com parison of d icot and  monocot em bryogenesis m ust 
take into consideration the obvious differences between the  tw o ty p e  seeds 
th a t  are produced, m any analogies can be found. One of the  m ost striking 
analogies to  us is the  sensit ivity  of enzyme synthesis to  ABA in co tton  during 
late  embryogenesis and  in barley during early germ ination (Chrispeels and 
Varner, 1967) and the  sensitivity  to  ABA of m em brane form ation in cotton 
embryogenesis and  barley  germ ination (Evins and Varner, 1971). This an a ­
logy along w ith m any others suggests th a t monocots evolved an abbrev iated  
embryogenesis by transferring some of the  late  developm ental events of 
dicot embryogenesis to  the  early  stages of m onocot germ ination.
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HORM ONAL CONTROL OF NUCLEASE LEV EL IN A V E N A  LEAF
TISSUES

by

N. V. W y e n *, J .  U d v a r d y , S. E r d e i  and G. L. F a r k a s

I N S T I T U T E  O F  P L A N T  P H Y S I O L O G Y ,  B I O L O G I C A L  R E S E A R C H  C E N T E R ,  

H U N G A R I A N  A C A D E M Y  O F  S C I E N C E S ,  S Z E G E D ,  H U N G A R Y

The synthesis and /o r breakdown of nucleic acids and proteins in  tissues 
of higher p lants, particu la rly  in  leaves, is known to  be under horm onal 
control (Part hier, 1961; W ollgiehn, 1961: Osborne, 1962; S rivastava, 1967: 
Tavares and Kende, 1970; K han  e t al., 1970). The same hormones which 
affect the level of nucleic acids also affect the  level of nuclease ac tiv ity  in 
leaf tissues. Thus, kinetin  has been shown to  decrease (S rivastava and  W are, 
1965; Bagi and Farkas, 1967; U dvardy  et al., 1969; McHale and  Dove, 1969; 
Sodek and W right, 1969), abscisic acid has been shown to  increase (Srivas­
tava, 1968; De Leo and  Sacher, 1970) the  nuclease level in various leaf 
tissues. A lthough there is striking correlation between horm one-induced 
increase in nuclease level and decrease in RNA content (and vice versa), 
a causal relationship has no t been established. I t  is hopeless to  speculate 
about such a  causal relationship un til the  po int of a ttack  of the  horm ones 
on the nuclease level is no t understood. The tissues of higher p lan ts contain 
several nucleolytic enzymes and, consequently, to  establish a correlation 
between overall enzyme level and  changes in nucleic acids in a tissue is 
meaningless.

To be able to  obtain  any  m eaningful correlation, one m ust identify the  
various nucleases in a targe t tissue and  one m ust be able to  detect a more 
specific poin t of a ttac k  of the  hormone(s), if any. We a ttem p ted  to  approach 
the  problem  of horm onal regulation of nuclease level with these principles 
in mind. As a firs t step, we isolated, purified and characterized the m ajor 
nucleases of the  first seedling leaves of A vena  saliva  L. (W yen e t ah, 1969; 
1971; U dvardy  et ah, 1970), the  tes t system  chosen. Also, we worked out 
reliable m ethods for the  q u an tita tiv e  assay of the individual nucleases 
present in A vena  leaf ex tracts. Then, A vena  leaf segm ents were trea ted  w ith  
various grow th regulators and  assayed, a t different tim es, for changes in 
the  level of individual nucleases.

F igure 1 shows an exam ple of the  separation and  q u an tita tiv e  assay of 
nucleases isolated from  the  A vena  leaf. P ro teins ex tracted  from  the  leaf 
tissues were p recip ita ted  w ith (N H 4)2S 0 4 a t  80%  saturation . The p recip ita te  
was dissolved in a small am ount of buffer and  chrom atographed on a 
Sephadex G— 75 column. The fractions were assayed for protein  content, 
RNase, DNase, alkaline and acid phosphodiesterase activ ity . F o u r d is­
tin c t peaks of RNase, th ree peaks of DNase, two peaks of acid phospho­
diesterase and  one peak of alkaline phosphodiesterase ac tiv ity  emerged.

* On leave from  th e  In s ti tu te  o f A g ricu ltu ra l R esearch , H ano i, V ietnam .
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F ig . 1. C h rom ato g rap h y  o f  ribonueleases and  phosphod ieste rases isolated from  A rena  
leaves. I’ro te ins from  crude e x tra c ts  cen trifuged  a t  100,000 x g for 90 m in  w ere p re ­
c ip ita ted  w ith  (XH 4) 2SO I a t  80%  sa tu ra tio n , th e  p rec ip ita te  w as dissolved in 3 m l o f 
O01 M T ris-H C l bu ffe r (pH  7*5) and  applied  to a S e p h a d e x  G —75 colum n (2-4 c m x  100 
cm ) equ ilib ra ted  w ith  04)1 M T ris bu ffer. P ro te in s w ere e lu ted  w ith  th e  sam e buffer 
an d  m onito red  a t  280 m //. T he assay  system  fo r ribonucléase a c tiv ity  consisted  o f 1 “5 
m g  y eas t R N A , 100 //m oles o f a c e ta te  bu ffer (pH  5-5) and  0"4 m l of effluen t in a  final 
volum e o f 2-0 m l. T he in cu b a tio n  w as carried  o u t a t  37 °C fo r 30 m in. T he increase in 
a b so rp tio n  a t  260 m // o f acid soluble [0-3%  L a(N O s) ,  in 2*5% trich lo race tic  acid] 
d igestion  p ro d u c ts  w as m easured . The assay  sy s tem  fo r phosphod ieste rase  a c tiv ity  
co n ta in ed  1 //m ole o f b is-(p -n itropheny l) ph o sp h a te , 100 //m oles o f a ce ta te  buffer 
(p H  5*5) o r 100 //m oles o f  T ris-H C l b u ffe r (pH  8*8) and  0-3 m l o f e fflu en t in  a final 
volum e o f  2*0 m l. A fte r 20 m in  o f in cu b a tio n  a t  37 °C, th e  reac tio n  w as stopped  w ith  
1 m l o f 0*3 M N aO H , and  increase in abso rbance  a t  400 m // due to  th e  libera tion  of 
p -n itro p h en o l w as m easured . •  - • ,  p ro te in ; □ - - □, ribonucléase; x  . '. . . X , 

phosphod iesterase  (pH  8-8); д ----- д ,  phosphod iesterase  (pH  5-5)

The first peak (fractions Nos 35—40) represents a m ix ture of aggregated 
proteins. The enzymes corresponding to  the o ther peaks, however, represent 
well defined nucleases which, a fte r pooling the fractions, were purified by 
ion exchange chrom atography and  characterized. (As to  the details of pu ri­
fication procedures and enzyme characterization refer to  our earlier publica­
tions.)

W e found th a t four nucleases can be assayed quan tita tive ly  righ t afte r 
Sephadex G— 75 chrom atography since each of the  nuclease activ ities corre­
sponding to  these peaks represents one well defined enzyme. The phospho­
diesterase ac tiv ity  corresponding to  fractions Nos 40—50 represents an 
alkaline phosphodiesterase, an exonuclease producing 5’-nucleotides from
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both  RNA and  DNA. The nuclease activ ity  in fractionsN os 52—58 represents 
a sugar non-specific endonuclease which produces 5’-nucleotides from  both  
DNA and  RNA and  has a relative specificity for adenine (sugar non­
specific endonuclease I.) The R N ase ac tiv ity  corresponding to  fractions 
Nos 60—70 represents a relative purine specific endo-ribonuclease p ro ­
ducing nucleoside 2’,3’-phosphates which are slowly converted, if a t all, into 
3’-nucleotides. The nuclease ac tiv ity  in fractions Nos 46—53 corresponds 
to  an acid phosphodiesterase. The sm allest peak (fractions Nos 42—48) 
of nuclease ac tiv ity  proved to  be inhomogeneous. I t  contained a closely 
related  varian t of the sugar non-specific nuclease (fractions Nos 52—58) 
and, in addition, ano ther d istinc tly  different sugar non-specific nuclease 
which has not yet been purified  and  characterized satisfactorily. A sum m ary 
of the  properties of the  enzymes described is presented in Table 1.

T able 1
Properties o f nucleolytic enzym es isolated from  A venu leaf tissues

Enzyme Substrate
hydrolyzed

pH
opti­
mum

Mode
of

action
Final

breakdown
product

Relative
specificity

Relative purine specific 
endo-ribonuclease RNA 5*5 endo

2',3'-cyclic
phosphates G >  A >  U >  C

Sugar non-specific
endonuclease I RNA >  DNA 5-5 endo 5 '-nucleotides A >  G a* U(T) >  C

Sugar non-specific
endonuclease II RNA >  DNA 5-5 endo 5'-nucleotides A >  G s í  U (T )>  C

Alkaline phosphodi-
esterase D NA >  RNA 9-3 exo 5'-nucleotides none

Acid phosphodiesterase D NA > RNA 5*5 n o t  i n v e s t i g a t e d

The effect of horm ones on the level of nucleases described was tested  in 
th e  following way. The first leaves of Avenu  seedlings were detached, the 
basal parts  and  tips of the leaves were rem oved to  ensure relatively  homoge­
neous m aterial from a physiological point of view, and the  rem aining middle 
portions of the  leaf blades were cu t longitudinally into halves. One half 
o f each leaf was floated  of the surface of distilled w ater (control) and  the 
o ther half on a solution of a grow th regulator in  P e tri dishes. The P e tri dishes 
were kep t on a laboratory  bench in diffuse day  light for various periods. 
The leaf fragm ents were then  ex tracted , and  the proteins, a fte r (N H 4) ,S 0 4 
precipitation (80%  satu ration), chrom atographed on Sephadex G —75 as 
described above. The am ount of various nucleases was determ ined from 
th e  elution profile of enzyme ac tiv ity . The sums of the  values of enzyme 
activities m easured in each fraction belonging to  a peak represent the  to ta l 
am ount of the  enzyme present in the  tissues. R esults of a typ ical experi­
m ents are presented in Table 2. A fter incubation of the tissues in 0-05 mM 
kinetin  for 3 h  the  am ount of the  relative purine specific endonuclease 
decreased by  about 50%. Incubation  for 3 h  in 0'005 mM abscisic acid

295



T able 2
Effect o f growth regulators on the level of nucleolytic enzym es in  the A rena  leaf

Amount of nuclease1 in 
treated ( r

control (— 
) tissues

) and horn one
Amount cf

Enzyme Kinetin2 
0-05 mM

Abscisic acid2 
0-005 mM

nuclease in 
zero-time 
controls3

+ + / - + / -

Relative purine-specific endo- 
ribonuclease 16-8 9-0 0-53 12-6 24-6 1-95 7-1

Sugar non-specific endonuclease I 5 7 5-5 0-96 8-8 9-4 106 5-8
Alkaline phosphodiesterase 0-5 0-5 1-00 0-9 0-8 0-89 0-7

1. The am ounts of nucleases are expressed as Z\dA260 (nucleases) and 2JAA400 values 
(phosphodiesterase). The figures presented represent the sum of all fractions belonging to 
a well defined peak of enzyme activity .

2. Three-week-old Arena  leaf tissues were floated on w ater ( — ) or on solutions of various 
growth regulators (~\~) for 3 h before the extraction , separation, and quan tita tive  assay 
of nucleases.

3. Zero-time controls consisted of leaf tissues ex tracted  a t the beginning of the incuba­
tion  period.

4. All trea tm en ts were carried out in 3 to  5 replicates (separate experiments). Highly 
reproducible trends were obtained, although absolute figures varied from exprim ent to 
expriment* R epresentative examples are shown in the table.

resulted in a d ram atic  increase in the  am ount of the  sam e enzyme. The 
level of the  o ther nucleases was hardly  affected by the  horm one trea tm ents.

In  sum m ary: (a) The Arena  leaf contains a  num ber of distinctly  different 
nucleolytic enzymes, (b) We succeded in isolating, purifying and characteriz­
ing the  m ajor nucleolytic enzymes of the Arena  leaf, (c) We provided ev i­
dence to  show th a t the  ta rg e t of horm one action is qu ite  specific since the 
overall change in nuclease level, which occurs upon horm one trea tm en t, 
is due m ainly, if no t entirely, to  a rap id  change in the  level of one nuclease 
only, (d) The action of hormones on the  level of the  relative purine specific 
ribonucléase is very rapid. Significant effects can be detected  already in 
1 to  2 h a fte r trea tm en t, (e) The response of the  relative purine specific 
ribonucléase to  horm one trea tm en t represents an  excellent system  for 
studying  the  mechanism  of enzyme regulation in p lan ts and  m ight give a 
clue to  a  b e tte r understand ing  of the  role of the individual, d istinctly  
different nucleases in th e  life of the  green plant.

N atu rally , i t  rem ains to  be elucidated which nucleic acids are affected 
by th e  horm one-sensitive nuclease. Investigations along these lines are 
being carried ou t in our laboratory.
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ENVIRONMENTAL AND CHEMICAL CONTROL OF RNA 
BREAKDOWN IN LEAVES

by

L. D .  D o v e

DEPARTMENT OF BIOLOGICAL SCIENCES, WESTERN ILLINOIS UNIVERSITY, MACOMB,
ILLINOIS 61455, U. S. A.

The ribonucleic acids of p lan t leaves are destroyed by several enzymes 
which are unusually  sensitive to  changes in environm ental and m etabolic 
conditions. A ttem pts to  discover a  regulatory  mechanism  for ribonucléase 
activ ity  in leaves have been fru stra ted  by the  fact th a t, although these 
enzymes have been investigated  in m any plants, no single plant species has 
been stud ied  intensively enough to  perm it construction of a model. F o rtu ­
nately , one of the ribonucleases of p lan t leaves has characteristics which 
are sufficiently uniform  from  one plant species to  another, th a t  some 
generalizations can be made which will perm it a prelim inary discussion of 
m etabolic control. Table 1 sum m arizes the biochemical properties of the 
enzym e called ribonucléase I  by  R eddi (1966) and Wilson (1968). R ibo­
nucléase I  hydrolyzes RNA w ith a preference for purine nucleotide bonds; 
end products of the  reaction are a m ixture of 2 '3 'cyclic nucleotides and  3' 
purine nucleotides. O ptim um  ac tiv ity  occurs in the  pH range from 5-0 to
5-5, w ith  the  precise pH optim um  depending upon the  p lan t source and 
the ion concentration of the isolation medium. D ivalent ions inhibit ribo­
nucléase I  ac tiv ity  in crude hom ogenates and  in some partia lly  purified 
m aterial.

In teresting  changes in ribonucléase ac tiv ity  occur in leaves in response 
to  stress trea tm en ts  (Table 2). U dvardy  e t al. (1969) found th a t the  ribo­
nucléase I  ac tiv ity  of A rena leaves increases over a 7-5 h period following 
leaf detachm ent. The increase in enzyme ac tiv ity  is com pletely inhibited  
by cycloheximide. A sim ilar increase was found by Sodek and W right (1969) 
in detached w heat leaves in th e  light; it is also dependent upon protein 
synthesis, and  can be inhibited  w ith chloram phenicol. O ther inhibitors of 
protein synthesis have also been effective in blocking the early  increase 
in ribonucléase ac tiv ity  in detached or dam aged leaves an d  roots. While 
the  use of crude hom ogenates in m ost of these studies leaves th e  contribution 
of ribonucléase I  to  th e  to ta l ribonucléase ac tiv ity  open to  question, the  
increase in ribonucléase I  ac tiv ity  was greater th an  any  o ther ribonucléase 
w ithin the  firs t 24 h  following detachm ent of Avena  leaves (U dvardy 
et ah, 1969). R ibonucléase I  ac tiv ity  also accounts for approxim ately  90%  
of the  to ta l ac tiv ity  of tom ato  leaves during the  same tim e period (Dove, 
unpublished).

R ibonucléase ac tiv ity  of tom ato  leaves reaches a m axim um  in th ree to 
six hours a fte r detachm ent (Dove, 1971). This “ pulse” of ac tiv ity  following 
leaf detachm ent is due to  m echanical dam age b rought abou t by  a d is tu rb ­
ance of the  w ater balance of the  leaf a t  the  tim e of detachm ent. Bagi and
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Table, I
Biochemical characteristics of partially p u n  f ted nbunuclease*

P l a n t
m a t e r i a l

S u b s t r a t e s P r o d u c ts p H  o p t im u m M o le c u la r
w e ig h t

I n h ib i to r s  in
e n z y m e  a s s a y

1. Corn
(Zea mays) 
seedlings

RNA, with relative 
purine specificity; 
2 '3 ' cyclic purine 
nucleotides also 
hydrolyzed

2 '3 ' cyclic nucleo­
tides, 3 ' nucleo­
tides

5 0 in m ost prepa­
rations due to 
salt, pH  5-8 in 
low s i l t  medium

23,000

2. Wheat
(Triticum vul- 
t̂ are ) leaves

RNA, with relative 
purine specificity; 
2 '3 ' cyclic nucleo­
tides also hydrolyzed

2 '3 ' cyclic nucleo­
tides, 3 ' nucleo- 
t ides

5-2, b u t pH opti­
mum changes in 
presence of salt

divalent cations in 
crude homogenates 
no inhibition 
with partially  
purified enzyme

3. Oat
(Arena suti­
vá) leaves

rRNA, sRNA, with 
relative purine spe- 
cificity-pA, pC, pU 
2'3' cyclic purine 
nucleotides also 
hydrolyzed

2 '3 ' cyclic nucleo­
tides, 3 ' nueleo- 
t ides

5-5 divalent cations, 
p-chloromcircuri- 
benzoate ; subject 
to p roduct in­
hibition0

4. Tobacco 
(Nirotiana 
tabu m m  ) 
leaves and 
seedlings

RNA with relative 
purine specificity; 
2'3 ' cyclic purine 
nucleotides, pU 
hydrolyzed a t a 
faster ra te  than pC

2 '3 ' cyclic nucleo­
tides, 3 ' nueleo- 
1 ides

5-1 approx.
32,000

some divalent ca­
tions

R e fe re n c e s

Hanson, e t al., 1965 
Wilson, 1967 
Wilson, 1963a 
Wilson, 1963b

Hadziyev e t  al., 
1969

M atsushita, 1959 
Sodek, 1970 
Sodek, 1968

U dvardy e t al.,
1969

Wyen e t al., 1969

Bagi and Farkas, 
1966

Keddi, 1958 
Frisch-Niggemeyer 
and Keddi, 1957 

Keddi, 1958
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5. Pea
(P im m  sati­
vum) leaves

RNA, with relative 
purine specificity; 
2/3/ cyclic purine 
nucleotides also 
hydrolyzed

2 '3 ' cyclic nucleo­
tides, 3 ' nucleo­
tides

5 0 Holden and Pirié,
1955

Markham and 
Strom inger, 1956

6. Mung bean RNA, with relative 2 '3 ' cyclic nucleo­ 5*5 some divalent W alters and Loring
( Phaseus 
aureus ) 
sprouts

purine specificity; 
2 '3 ' cyclic purine 
nucleotides also 
hydrolyzed.

tides, 3 ' nucleo­
tides

activ ity  a t  a 
given pH  changes 
with NaCl 
concentration.

cations 1966
Stock and 

V ancien d riessche,
II, 1961 

Stock and
Vandendriessche,
III,  1961

a N om enclature proposed by Reddi (19(H)) and Wilson (1968) to  include soluble ribonueleate nucleot ido-2' transferases (cyclizing)
K. C. 2.7.17. All are probably endonucleases (Wilson, 1968).

b The ribonucléase activity  of crude homogenates of other p lant m aterial shows sim ilar characteristics a t pH 5.
‘ Ribonucléase I isolated from intact leaves is identical to Ribonucléase T isolated from excised leaves incubated  for 7*5 hours in 

th e  light.



302 T a b le  2
Characteristic}* o f short-term changes in ribonucléase in  intact tissuesa

P l a n t
m a t e r i a l

S t re s s  c o n d it io n s  w h ic h  
in c re a se  a c t i v i t y

B io c h e m ic a l  f a c to rs  d e c r e a s in g  
R N a s e  a c t iv i t y  in vivo

C h e m ic a l  p r o m o to rs  
o f  a c t i v i t y

R e fe re n c e s

1. Corn
(Zea mays) 
seedlings

X -radiation of root tips Cherry, 1962

2. W heat
( Trit icurn vulga re ) 
coleoptile sections

detachm ent pancreatic ribonucléase; indo- 
leacetic acid, effect blocked by 
p-chloromercuribenzoate

Truelson, 1967

3. Oat
(Avenu saliva) 
leaves

detachm ent, activ ity  further 
increased by incubation in the 
light, sucrose substitu tes for 
light

dichlorophenyldimethylurea, 
kinetin, cyeloheximide

U dvardy e t al., 1969 
U dvardy et ah, 1967

4. Pea
(Pisurn sativum) 
green stem  in ter­
nodes

detachm ent, incubation with 
sucrose

indoleacetic acid Truelson, 1967

5. Tobacco
(N icotiana taba - 
cum) leaves

rapid infiltration w ith water, 
mechanical damage, detach­
m ent

8-azaadenine, chloramphenicol, 
actinom ycin D, kinetin, puro- 
m ycin, p-fluorophenylalanine

Bagi and Farkas, 1968 
Bagi and Farkas, 1967 
Bagi and Farkas, 1966

6. Rhoeo discolor leaf 
sections

detachm ent cyloheximide, alpha napthalene 
acetic acidc, 5-fluorouracil 
6-m ethylpurine, chromomycin

abscisic acid DeLeo and Sacher, 1970
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(Lens culinaris ) 
roots

a Knzyme assays use crude tissue homogenates unless otherwise noted. 
b Partially-purified  preparation. 
c Antagonizes effect of abscisic acid.

7. Tomato
( Ly coper sinon 
esculent um  ) 
leaflets

detachm ent, response prevented 
by excision o f leaflet while 
immersed in isotonic solution

kinetin, indoleacetic acid, 
chloramphenicol, cytidylic 
acid, uridylic acid

Dove, 1971 
Dove, 1967

8. Lentil
(Len s culinaris) 
roots

excision Indoleacetic acidc abscisic acid Pitét, 1970



F arkas (1966, 1967, 1968) produced elevated ribonucléase levels in tobacco 
leaf discs by  infiltrating  them  w ith  w ater. W heat leaves synthesize abscisic 
acid when their w ater balance is d istu rbed  by severe w ater loss (W right, 
1969; W right and  H iron, 1969), and  abscisic acid trea tm en ts  increase the 
ribonucléase ac tiv ity  of leaves (DeLeo and  Sacher, 1970), so th a t abscisic 
acid m ay be a chemical in term ediate between the dam age stim ulus and  the 
ribonucléase response.

T rea tm en t of leaf tissue w ith  grow th regulators prevents the increase 
in ribonucléase ac tiv ity  while it stim ulates synthesis of most proteins. 
Indoleacetic acid and  kinetin  are bo th  effective in blocking th e  increase 
in ribonucléase ac tiv ity  which norm ally follows leaf detachm ent (Truelson, 
1967; U dvardy  et al., 1967; Dove, 1971 ). Inhibitors of RNA synthesis also 
prevent the  increase in ribonucléase activ ity .

Protein synthesis
-)>R N ose I

protein 
synthesis 

(stimulated 
by phyto- 
Kinins, 
auxin)

mRNA
( R N ase I messagëp

/К

site of ABA 
inhibition ?

m- RNA 
(no R N ase 

message)

\k

First site
R N ase I destroys its 
own messenger RNA

< =
Second site
Specific sigma factor 
initiates synthesis of mRNA 
coded for R N aseI

DNA

T

Thymine triphosphate

<e

_y _
Enzymes and other 
proteins associated 
with an unstressed 
condition

Purine and 
pyrimidine

triphosphates

Nucleotide 
"pool" (3' to 
5' phosphate 

transfers)zz
Thymine

triphosphate

Third site

Repressor protein level 
regulates the R N ase 
cistron(s)

Repressor
protein

Translocation 
from the leaf

F ig . 1. T hree possible sites for th e  m etabo lic  regu la tion  o f lea f ribonucléase I. a c tiv ity . 
A b breva tions: A BA -abscisic ac id ; R N ase  1. —  ribonucléase I ;  m R N A  — m essenger 

RNA; rR N A  — ribosom al R N A
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A lthough m uch work rem ains to  be done before precise models can be 
proposed to  explain the m etabolic regulation of ribonucléase I, some 
features of the control system  are becoming clear: 1. Inh ib ito r studies 
indicate th a t ribonucléase I  ac tiv ity , which is stim ulated  by  tissue dam age, 
requires transcrip tion  of messenger RNA (mRNA) coded for ribonucléase 
synthesis. 2. The short duration  of the  ribonucléase “pulse” following 
detachm ent (two to  four hours in tobacco leaves) and the  rap id  decline 
in ribonucléase I  ac tiv ity  following the application of grow th regulators 
or inhibitors of m RNA suggests th a t  m RNA coded for ribonucléase I 
synthesis has a rap id  tu rnover ra te  (Bagi and  Farkas, 1966, 1967, 1968).
3. Grow th regulators which stim ulate synthesis of m ost types of RNA 
and  proteins usually prevent synthesis of ribonucléase. 4. Stress conditions 
and  abscisic acid trea tm en ts inhibit the  synthesis of most types of RNA and 
protein  while th ey  stim ulate synthesis of ribonucléase.

Most enzyme synthesis in unstressed leaves is probably  greatest when 
phytokin in  and  auxin levels are optim al for growth. A sm aller group of 
enzymes are synthesized prim arily  in dam aged tissue. Synthesis of ribo­
nucléase I, an enzyme of this la tte r  group, m ight be regulated  by any  of 
th ree m echanisms (Fig. 1). F irst, ribonucléase I  ac tiv ity  m ight be controlled 
by regulating the  ra te  of destruction of the RNA which carries the  message 
for ribonucléase I  synthesis. A second possible regulatory  site for ribonuc­
léase I  ac tiv ity  is the  point on the  D.YA cistron where synthesis is in itia ted  
for th e  m R N A  coded for ribonucléase I  synthesis. As was m entioned 
earlier in the  elegant paper by  D r. Biswas, a polypeptide called a sigma 
factor is required to  in itia te  m RNA synthesis on a  specific cistron of some 
bacteria  and  viruses (W atson, 1971). Sim ilar in itiation  factors occur in 
higher p lants, and  it is possible th a t  there m ay be different in itia tion  
factors for d ifferent stages of developm ent. A specific in itiation  factor 
could in itia te  the synthesis of m RNA coded for ribonucléase I  synthesis, 
along w ith o ther m RNAs coded for synthesis of o ther enzymes induced by 
stress. The o ther key factor in this positive control of enzyme synthesis 
is cyclic 3 '5 'adenosine m onophosphate. In  E. coli 3 '5 'cyclic AMP is required 
for th e  transcrip tion  of all m RNAs which are coded for th e  synthesis of 
enzymes inh ib ited  by  glucose catabolism . In  higher p lants, some specific 
nucleotide control factor could increase beyond threshold levels when the 
overall ra te  of R N A  synthesis is decreased, and  th is increase in nucleotide 
level m ight prom ote synthesis of m RNA coded for ribonucléase I  protein.

The th ird  type of regulation would involve a  repressor-derepressor system . 
A stress would inh ib it synthesis of a repressor protein. N orm al protein  
breakdow n would deplete the  previously-synthesized repressor protein, and 
th e  derepressed operator gene sites would synthesize m RN A  coded for 
ribonucléase I  protein. While the  existence of such sites is highly speculative, 
it is hoped th a t the  relationships discussed here will be useful in the fu tu re 
developm ent of models based upon more complete experim ental evidence.

I  am  in deb ted  to  D r. M ary  M urnik  and  Dr. Sam uel Singer o f  th e  D e p a rtm e n t o f 
B iological Sciences, W este rn  Illinois U n ivers ity , for th e ir  techn ica l assistance in th e  
p re p a ra tio n  o f th is  m an u scrip t.
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CYTOKININ-LIKE ACTIVITY OF A PYRIMIDINE DERIVATIVE

by

I. S z i r a k i  ami Z. K ir á l y

R E S E A R C H  I N S T I T U T E  F O R  P L A N T  P R O T E C T I O N ,  B U D A P E S T

P R E L IM IN A R Y  E X P E R IM  ENTS

As m em bers of the  Research In s titu te  for P la n t P ro tection  in B udapest 
we were in terested  in th e  investigation of the  inhibitory  action of cytokinins 
on virus infections. I t  was shown th a t  the  suppression of TMV-infection by 
cytokinins is an indirect action, which is connected to  the  increased nucleic 
acid and  protein  synthesis by cytokinins in  the  host p lan t (K irály e t al., 
1968).

We also investigated  the  m echanism of action of a series of pyrim idine 
an tim etabolites in the  inhibition of virus infections (M atolcsy e t ah, 
1968). To our surprise, 6-m ethvluracil, ß -ureidocrotоnic acid (which is a 
possible precursor of m ethyluracil) and  a  th ird  pyrim idine analogue exerted 
characteristic cytokinin ac tiv ity  in the  chlorophyll reten tion  te s t for cy to ­
kinins. This finding directed our a tten tio n  to  the  pyrim idine derivative 
6-m ethvluracil (Fig. 1) as a new candidate for cytokinins. I t  was known to 
us th a t all the  available evidences suggested th a t an adenine nucleus was 
required  for a typ ical cytokinin action assayed on the  basis of growth- 
prom otion (prom otion of cell division), in o ther words by the  tissue culture 
m ethod. However, our finding w ith 6-m ethyluracil was supported  only by 
an  “undervaluated  bioassay” : the chlorophyll re ten tion  tes t, which, as 
used to  say, suffers from  lack of specificity.

Our pyrim idine derivative was active n o t only in th is test, b u t also 
suppressed TMV-infection as did  all the  cytokinins. We concluded from  a 
series of experim ents th a t  the bioassay based on the  suppression of v iral local 
lesions by  cytokinins in tobacco leaves is a very  sensitive one, although 
not very specific again.

I t  was also shown by several co-workers in the  Research In s titu te  for 
P lan t P ro tection  th a t  6-m ethyluracil stim ulated  the  incorporation of p recur­
sors of nucleic acids and  proteins (E l-H am m ady, 1968, Pozsár and 
M atolcsy, 1968, M atolcsy et al., 1968). As is known, the  
stim ulation of protein and  nucleic acid synthesis is also 
ci characteristic feature of the  cytokinin action. Again, 
this assay suffers from lack of specificity.

So, our pyrim idine derivative was active in 3 bioassays 
for cytokinins, bu t all of them  suffered from lack of spe­
cificity. In  th e  course of our own investigations'w e expe­
rienced th a t 6-m ethyluracil, like o ther cytokinins, is able 
to  increase leaf grow th of P in to  bean. Treating the halves

Fig. 1.
6-M ethvluracil
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of a ttach ed  bean leaves w ith cytokinins or 6-m ethyluracil, we always 
were able to  show an increase in leaf grow th in the  case of the  trea ted  half 
leaves. This assay involved a growth-prom oting activ ity , supposedly a 
prom otion of cell division. However, the  q u an tita tiv e  estim ation of leaf 
grow th prom otion is only a  ten ta tiv e  assay.

T IS S U E  C U L T U R E  BIO ASSA Y

A fter the prelim inary experim ents outlined above, it rem ained the  last 
step , nam ely to  apply  the only “ au thorized” test: the  tissue culture bioassay 
for the  dem onstration of the  cvtokinin action of 6-m etyluracil.

The tissue culture tes t was carried ou t by using a  local s tra in  of callus 
culture from  Nicotiana tabacum  cv. Sam sun. As is seen in Table 1, 6-m ethyl­
uracil supported  tissue grow th even in 4 ppm  concentration, which corre­
sponds to  3 X 10 5 M .  A ctually, there was no difference between the  action 
of 4, 20 or 100 ppm  concentrations. Thus, on the  basis of these investiga­
tions we claim th a t  the  m ethy la ted  pyrim idine 6-m ethyluracil is a cvtokinin. 
According to  the  definition of M othes cvtokinin is a substance which 
prom otes cell division and  exerts o ther grow th regulatory  functions in the 
same m anner as kinetin . 6-M ethyluracil fulfills these requirem ents because

(1) it  is ac tive in the  re ta rd a tio n  of senescence (“ chlorophyll reten tion  
te s t” ).

(2) it suppresses local lesions induced by  TMY (“ virus inhibition te s t” ).
(3) it stim ulates the  incorporation of precursors into nucleic acid and 

protein  (“ te s t for p rotein  and nucleic acid synthesis” ).
All thse properties are exerted  by  kinetin  and  o ther cytokinins, too. In  ad­
dition, 6-m ethyluracil

(4) has a leaf grow th-prom oting ac tiv ity  (“ leaf grow th te s t” ), and
(5) it stim ulates cell division in tissue cultures (“ tissue culture te s t” ). 

These two last properties are specific for the  cytokinin action.

SH O O T T IP  C U L T U R E  BIO A SSA Y

Finally , we would like to  point ou t th a t  the action of our m ethylated  
pyrim idine resembles to  k inetin  in shoot tip  cultures too. Shoot tips of 
Sam sun tobacco, consisting of the  m eristem atic dome and  leaf prim ordia,

T able 1
E ffec t o f 6-m ethyluracil on the tobacco callus yield,

Growth period: 2.5 days

F r e s h  w t .  
m g /f la s k

P e r  c e n t

Control
6-Methyluracil

1,900 100

0-8 ppm 2,090 110
4-0 ppm 2,660 140

20-0 ppm 2,774 146
100-0 ppm 2,755 145

310



were dissected from axillary  buds and  placed in a liquid m edium  according 
to  L insm aier and  Skoog (1965). As is seen in Fig. 2, a fte r a 4-m onth period 
of grow th, bo th  k inetin  and  6-m ethyluracil were able to  prom ote shoot 
and  leaf form ation and  grow th as a whole. This m orphogenetic function

-

Fig. 2. P ro m o tio n  o f grow th  o f tobacco  in shoo t tip  cu ltu res  b y  
k in e tin  (2-56 m g/lite r) and  6 -m ethy lu rac il (20 m g/liter). C ontrol: 
tw o  tu b es  on th e  le ft. 6 -m ethy lu racil: tw o  m idd le  tu b es . K ine tin : 

tw o tu b es  on th e  r ig h t

of 6-m ethyluracil m ight be a s ix th  bioassay for the dem onstration  of the 
cytokinin character of our m ethy lated  pyrim idine.

Considering the  fact th a t  cvtokinins increase the  ra te  of m éthylation of 
i-RNAs (see the  paper of Abeels et al. in this volume, pp. 69— 74 as well as 
Abeels and  M ontasser K ouhsari, 1970) it is now easier to  accept th a t 
6-m ethyluracil, a m ethylated  pyrim idine tu rn ed  to  be a cytokinin.

SUM M ARY

A pyrim idine derivative, 6-m ethyluracil was active in six different 
bioassavs for cytokinin, including tissue culture and  shoot tip  culture tests 
as th e  m ost specific ones. Accordingly, this com pound is considered as a 
typ ical cytokinin.
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SOM E PRO BLEM S R E L A T E D  TO RNA METABOLISM  IN  ROOTS

by

P . E . PlLET

I N S T I T U T  D E  B I O L O G I E  E T  D E  P H Y S I O L O G I E  V É G É T A L E S ,  

U N I V E R S I T É  D E  L A U S A N N E ,  S W I T Z E R L A N D

U sing 5 m m  long tip s  o f 18 m m  long roo ts (L en s cu linaris) ,  it  w as observed  th a t  th e  
cells o f ro o t caps con ta ined  less ribosom es th a n  th e  cells o f young  tissues (quiescen t 
cen te r an d  m eristem ). The R N A  co n ten t w as m uch  h igher in  yo u n g  cells th a n  in  o lder 
ones. T he R N A  level w as found  to  be re la ted  to  th e  R N ase  a c tiv ity  an d  th a  endoge­
nous a u x in  co n ten t. Y oung  cells con ta ined  m ore RNA  an d  au x in  th a n  th e  old ones 
and  th e ir  R N ase  a c tiv ity  w as less.

N A A  and  IP C  w ere b o th  used to  change th e  au x in  concen tra tion ; 1PC w as found  
to  decrease th e  au x in  level singn ifican tly . I t w as observed  th a t  n e ith e r  N AA  n o r IP C  
h ad  a  d irec t ac tio n  on th e  in  vitro  d e s tru c tio n  o f R N A , b y  a  p u re  R N ase.

In  roo t tip s  in cu b a ted  for 10 h, R N ase  a c tiv ity  increased . T his increase w as reduced 
b y  NAA and  s tim u la ted  by  I PC. A p p a ren tly , tw o R N ase  system s a re  p resen t in  th e  
ro o t e x tra c ts ; N AA  an d  IP C  ap p ea r to  a c t on one o f th em  only.

The RN A  co n ten t decreased in th e  ro o t tim e  d u rin g  th e  incu b a tio n . T his decrease 
w as lessened b y  N A A  an d  enhanced  b y  IPC . In te rre la tio n s  betw een  au x in  level an d  
m etabo lism  are  d iscu ssed .

IN T R O D U C T IO N

M any papers suggest th a t  the action of auxin on the  grow th of p lan t 
cells is directly  associated w ith  the  m etabolism  of RNA (Trewavas, 1968a). 
I t  has been confirm ed recently th a t  auxin stim ulates the  biosynthesis of 
RNA (Trewavas, 19686) b u t very little  is known as regards the  effect of 
auxin on the  in  vivo R N A  destruction (Phillips and  F letcher, 1969). I t  was 
found, however, (Truelsen and  Galston, 1966) th a t  RN ase ac tiv ity  is related  
to  the in tensity  of grow th which, for Triticum  coleoptiles, decreased afte r 
addition  of R N ase (Truelsen, 1967). A sim ilar observation has been made 
w ith  Lens roo t and  an antagonistic in teraction  has been no ted  between 
auxin and  R N ase (Pilet, 1969). An inverse p roportionality  has recently  
been observed (Pilet and  Braun, 1970) in Lens root tips, between RNA 
and  RN ase and  it has been found th a t  auxin trea tm en t causes an  increase 
of RNA and  of auxin content, and  a decrease in RNase activ ity .

In th e  work reported  here, the  relations between auxin level, R N A  and 
RN ase were analysed for the root tip  of Lens culinaris. Also, /bnaph ty l- 
acetic acid (NAA) and  isopropyl-N -phenyl-carbam ate (IPC) were used to  
test the  effect of auxin  on the  RN ase ac tiv ity  and  RNA content. NAA was
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chosen because it is an active auxin  (Pilet, 1961), practically  no t destroyed 
in  vivo, which is no t the  case for n a tu ra l auxin, /S-indolyl acetic acid (IAA). 
IPC  was used because it reduces the  endogenous auxin  level (Mann et 
al., 1967).

M A T E R IA L  A N D  M ETH O D S

Biological test

Seeds of Lens culinaris (var. Vilmorin) were soaked (4 h) and  placed 
(24 h) on filter paper in P e tri dishes m oistened w ith  deionised w ater 
(dark; 25 °C). Seedlings were then  selected (4 mm long roots) and  cultivated  
under the  same conditions. A fter 72 h, the  18 mm long roots were cut — when 
used for experim ental purposes — a t a d istance of 5 mm from  the  tip . The 
apical segm ents were incubated (10 h) w ith shaking (dark: 25 °C) in 20 ml 
of 0-01 M Tris-(hydroxym ethyl)-am ino-m ethane-m aleate (pH  6-5) contain­
ing 1-5%  sucrose (H am ilton e t ah, 1965) and streptom ycin (12 pg/rnl). 
Only green light was used during the  m anipulations.

A u x in  content

The m ethod used for ex tracting  and  separating endogenous auxin by 
S i0 2 chrom atography (Collet e t ah, 1964), and  the technique for analysing 
the biological ac tiv ity  of th e  different regions of the  chrom atogram  have 
already been described in detail (Pilet, 1963). A tten tion  has so far been 
confined to  the  acid fraction of the  e thy l-ace ta te  ex tract, according to  the 
technique of T hurm an and  S treet (1960) and  the chrom atographic running 
solvent has been isopropanol: am m onia 28% : w ater (8 :1  : 1). Bio-assays 
consisted of the  Lens root section tes t (Pilet e t ah, 1960).

RN ase activity

The technique has been discussed previously for sim ilar m aterial (Pilet 
and  B raun, 1970). 500 mg of roots were ground in the presence of quartz  
sand in a m ortar w ith 20 ml 0-1 M am m onium  acetate buffer, pH  5'0. 
The hom ogenate was centrifuged 30 min a t 12,000 g and  the  su p ern a tan t 
d ilu ted  1 : 10 w ith  the  buffer. The assay was perform ed in a m anner sim ilar 
to  th a t previously described (Truelsen, 1967). To 1 ml RISTA solution (2 mg 
F luka  RNA per ml buffer), 0-5 ml d ilu ted  ex trac t was added. The reaction 
was either s topped  im m ediately (controls) or a fte r 30 min of incubation a t 
37 °C. U ndegraded RNA was precip ita ted  by  the  addition of 0-25 ml 
perchloric acid (2-5 M) containing 0-75%  u rany l-ace ta te . A fter allowing 
the  tubes to  s tan d  a t  least 30 min a t 4 °C, the sam ples were centrifuged



for 15 m in a t 5,000 g. The supernatan ts  were dilu ted  1 to  10 w ith w ater 
and their optical density  m easured a t  260 nm. The difference in absorbance 
of the controls and the  incubated samples was taken  as a m easure of К Nase 
ac tiv ity , which was expressed in term s of 1 ( ) I) per 50 mg fresh weight.

R N A  content

E x trac tio n  and analyses of RNA were perform ed in a m anner similar 
to  th a t previously described (Pilet and  B raun, 1967).

R oots were ground in a  m ortar under liquid nitrogen. A fter sufficient 
hom ogenization and  evaporation of the  liquid nitrogen, 6 ml of TCA- 
acetone (5 g trichloracetic acid in a m ixture of 47-5 m l w ater and  47-5 ml 
acetone) were added. A fter fu rth e r hom ogenization the  suspension was 
centrifuged for 15 m in a t  4 °C and  2000 rpm  ( =  1000 Xg). The super­
n a ta n t (Sj) was discarded and the  precip ita te  (Pj) was kep t for extraction. 
The advan tage of TCA-acetone (Daniel and  Baldwin, 1964) as com pared 
to  the usual TCA or PCA (perchloric acid) extraction  m edia consists in its 
ab ility  to  rem ove pigm ents and  lipids, thus elim inating the  necessity of 
ex traction  w ith alcohol and  ether.

P rec ip ita te  I \  was again washed w ith  6 ml of TCA-acetone and  the suspen­
sion centrifuged as above. S up ern a tan t S 2 was discarded and  precip ita te  
P ,  fu rther processed. To P 2, 6 ml of 0-25 N  PCA was added and the suspen­
sion was centrifuged as above. S uperna tan t S 3 was discarded and  precip ita te  
P 3 fu rther processed. W ashing w ith PCA was repeated resulting in precipi­
ta te  P 3.

To p recip ita te  P 4 3 ml 0-4 X NaOH was added and the  m ixture incubated 
16 to  20 h at 37 °C. Then 1 m l 1-5 N PCA was added, thus precipitating 
DNA and  proteins. To ensure complete precipitation, the  suspension was 
k ep t for a t  least 1 h a t 4 °C. The suspension was centrifuged for 15 min 
a t 4 °C a t 2000 rpm . S uperna tan t S 5 was stored in the  cold, while 2 ml 0-25 N 
PCA was added to  precip ita te  P 5. The resulting suspension was thoroughly 
m ixed and  centrifuged as above. P rec ip ita te  P e was stored in the  refrigerator 
and su p ern a tan t S 5 and  S6 were com bined for R N A  assay, according to  the 
m ethod of C eriotti (1955). One ml w ater (blank) or 1 ml suitable d ilu ted  
ribose solution (standard) or 1 m l su itab le d ilu ted  ex trac t were added to
7-5 ml orcinol reagent. This reagent was prepared  in th e  following way: 
Solution A: 68 mg CuCl2 was dissolved in cone. HC1 and  brought to  100 ml 
w ith cone. HC1. Solution B: 1250 mg orcinol was slowly added to  a m ixture 
of 440 ml H 20  and 450 ml cone. HC1. F ina l reagent: 50 ml solution A and 
950 ml solution B.

For hydrolysis, the  tubes were placed in a boiling b a th  for 40 min. 
A fter hydrolysis, the  tubes were cooled in cold tap  w ater and  the optical 
density  was m easured im m ediately in a spectrophotom eter or colorim eter 
a t  675 nm , w ithout isoamvl-alcohol ex traction. Assuming the  hydrolysis 
of purine ribosides to  be q u an tita tiv e  and  the  hydrolysis of pyrim idine 
ribosides to  be zero (Ceriotti 1955), a conversion factor of 3-76 d: 0-13 
was used to  calculated mg RNA from  the ribose content.



Presentation о) the results

All d a ta  will be given (Pilet and Nougarède, 1970) bo th  in un its of N- 
protein determ ined by  U V -absorption (280 nm) a f te r  elim ination of the 
interferences of nucleic acids, (W arburg and  C hristian, 1941) and  in units 
of cells according to  a technique based on the use o f th e  N avachine reagent 
and  pectinase incubation (H um phries and  Wheeler, 1960).

RESULTS AND DISCUSSION

Endogenous interrelations

The advantage of working with root tips is th a t  they  have bo th  very 
young tissues (m eristem and  quiescent center) and  older ones (root cap) 
(Pilet, 19696).

W ith special guillotine, tw o series of sections were prepared  from  18 mm 
long roots of etio lated  Lens seedlings. The first sections (from 0 to  200 g 
from  tip) contain m ainly old cells; in the  second sections (from 200 to  500 p), 
there are m ainly young cells. U ltras tru c tu ra l properties of th e  two regions 
were previously analysed (Pilet and Nougarède, 1965). The ribosom e density 
significantly changes from the first region to  the second one. The d a ta  o b ta in ­
ed (Table 1) clearly show th a t the  cells of the root cap contain less ribosomes

T able 1
D ensity  o f ribosomes in the root tip s of Lens culinaris

O ld cells Y o u n g  cells

root cap quiescent center meristem

Distance from tip  in /n 0 -2 0 0 200 -  250 250 - 500
Number of ribosomes/5 f ß  

mean values 592* 1,750 3,446
± 112 254 363

* The few cells of calyptrogen were no t counted; 240 counts of an aera of 0-25 /f2.

T able  2
Comparative R N A  content o f the root tip s of Lens 

cu linaris

RNA in f i g O ld  c e l ls Y o u n g  c e lls

per 10 mg fresh weight 18-8 1 18-0
per 10® cells 22-3 45-6
per 0-1 mg N-protein 52-9 93-4

E ach resu lt is th e  average of 17 values.
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th an  the  cells of young tissues of the  root tip . Such observation already 
indicate th a t the  to ta l RNA level will not be the  same in th e  two regions 
under study.

In  fact, the  analysis of RNA concentration (Table 2) shows th a t there is 
fa r more RNA in the young cells th an  in the  older ones, and  this is also 
the  case w hatever param eter is used, for the  expression of the  results.

However, the  level of to ta l RNA in the  roo t tip  is d irectly  re la ted  to 
the  RNase activ ity  on th e  one hand, and  to  the endogenous auxin concentra­
tion  on the  o ther. By expressing all the  values in protein un its (Table 3). 
it can be no ted  th a t  if the  young cells contain more RNA, th ey  also possess 
more auxin, and lower R N ase activ ity .

T able 3
R N A  content, R N a se  activity  and a u x in  level o f the root tip  of 

L ens culinaris

O ld  cells Y o u n g  cells

RNA in [лg per 1 mg N-protein 529 934
RNase in A OD2fi0 per 0-5 mg N-protein 0-687 0-019
Auxin in 10~3 / n g  ecj. IAA per

10 mg N-protein 1-78 70607

Change in  the auxin  level

The auxin  conten t of young and  old cells differs greatly . The results 
presented in Table 3 show th a t the  RNA level and  R N ase ac tiv ity  are also 
different in young and  older cells. Does a causal relationship exist between 
the  variations of auxin  level and  RNA m etabolism ?

F irs t it  was of in terest to  analyse, for th e  two regions considered, the 
effects caused by IPC  on the endogenous auxin level. As can be seen (Table 
4), IPC  causes a significant decrease of auxin  level as it has already been 
observed by  M ann e t al. (1967). One can note th a t  the decrease in concentra­
tion  of auxin ex tracted  from root tips trea ted  w ith IPC  was significant 
only in the young cells.

RN ase activity

I n  vitro experiments. In  the presence of RNase, the increase of OD (at 
260 nm) of a RNA solution, as resulting from  the  progressive loss of prim ary 
an d  secondary RNA structu re  (hvperchrom icity analyses; Inm an, 1964) 
can be considered as a reliable m ethod to  te s t the  in  vitro RNA destruction 
(M ahler and Cordes, 1966).

In  th e  present assay, 30 /xg/ml of RNA was incubated (37 °C) in 2-5 ml 
of 0-01 M Tris-HCl buffer (pH  7-4) in the  presence or absence of NAA or 
IPC  (20 pg/ml). A t zero time, 0-05 ml of RN ase (Pilot, 1969«), 2 pg/ml. 
was rapidly  added. RN ase was previously heated (10 min; 95 °C) to  inactive® 
DNase.
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Table 4
A u x in  content o f the root tip  of Lens  
culinaris treated w ith isopropyl-N -phenyl 

carbamate ( I  P C )

Endogenous a u x in  10 ~3 pg I A A  equi­
valents per 1(1 mg N -protein

IPC
in /xg/ml O ld  cells Y o u n g  cells

0 1-78 706-07
10 1-84 509-18
20 1-62 343-06

E ach  resu lt is the average of 12 values.

T able  5
I n  vitro action o f N A A  and 1P C  on the hydrolysis of 

R N A  by R N ase
( H yperchrom icity analyses: see p. 317 ) 

V alues in  A OD at 26(1 nm

I n c u b a t io n  
t im e  ( m in ) A s s a y s

R N A
- f  R N a s e

R N A  
+  R N a s e  
+  N A A

R N A
-j- R N a se  
+  I P C

0 0-725 0-736 0-718
± 0 -0 1 5 ± 0 -0 1 7 ± 0 -0 1 5

30 1-042 1-019 1-034
± 0 -0 2 3 ± 0 -0 2 1 ± 0 -0 2 0

60 1-136 1-148 1-130
± 0 -0 2 7 ± 0 -0 3 2 ± 0 -0 2 5

E ach resu lt is the average of 8 values.

T able  6
E ffect o f N A A  on the R N ase  level o f the apical segment 
( in it ia l length: 5 m m ) o f IS  m m  long roots o f Lens  
culinaris. R N a se  activity in  A O D 260 per 50 mg of fresh 

weight. Incuba tion : 10 h

C o n c e n t r a t io n  o f  N A A  (/x g /m l)

0 10 20

0 h 0-135
10 h 0-161 0-147 0-139

0 - 1 0  h 0-026 0-012 0-004
%  i n c r e a s e 19-2 8 - 8 2-9

± 4-1 2-6 0-8

E ach resu lt is the average of 15 values.
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Table 7
E ffect of I  P C  on the U N  use level of the apical segment 
( in itia l length: 5 m m ) of IS  m m  long roots of L ens  
culinaris. R N ase  activity in  Л OZ)260 per 50 mg o f fresh 

weight. Incuba tion : 10 h

Conccnitration of IPC (jiig/ml)

0 10 20

0 h 0140 - —
10 h 0-164 0-183 0-179

0 - 1 0  h 0-024 0-043 0-039
% increase 17-1 30-7 27-8

-j- 3-9 7-2 5-7

Each re su lt is the average of 15 values.

R esults are presented in Table 5. I t  can be seen th a t  neither NAA nor 
IPC  has a significant effect on the  in  vitro destruction of RNA by RNase.

N A A  action. A fter 10 h of incubation, in th e  presence or absence of 
NAA1) (10 and  20 pg/ml), apical roo t segm ents were cu t off and  their 
R N ase ac tiv ity  was tested . R esults are given in Table 6. In  the  control, 
as previously described (Pilet and  B raun, 1970), the  RNase ac tiv ity  increas­
ed. NAA caused a significant, concentration dependent, inh ib ition  of 
th is increase

Previous observations have shown th a t the d istribu tion  of R N ase ac tiv ity  
is related  to  th a t of endogenous auxin: high RNase activ ity  was found to  be 
connected w ith low auxin 
content. Sim ilar conclusions 
were draw n by Truelsen 
(1967) on the  basis of expe­
rim ents using P isum  stem  
and Triticum  coleoptile 
trea ted  by IAA.

I  PC action. A sim ilar assay 
was perform ed w ith IPC . As 
shown in Table 7, IPC  caus­
ed a significant s tim u la­
tion of the  increase of RN ase 
activ ity . No significant d if­
ference was found for the 
tw o concentrations tested , 
even though (Table 4) w ith 
an increasing concentration 
of IPC  a decreasing level of 
endogenous auxin level was 
observed. The fall in auxin 
concentration, due to  IPC  
(Mann et al., 1967), can be 
related  to  the  stim ulation

Fig. 1. E ffect o f N A A  on R N ase  level in  th e  a p i­
c a l segm en t (in itia l leng th : 5 m m ) o f 18 m m  long 
ro o ts  o f  L ens culinaris. C hange o f  R N ase  a c tiv ity  
w ith  th e  tim e  (in h) o f incuba tion . R N ase  a c tiv ity  
is expressed in  J O D  a t  260 nm  p e r  50 m g o f 

fresh  w eight



of RN ase ac tiv ity ; this observation was, therefore, in agreem ent w ith 
earlier data .

N ature of RNase. The RN ase ac tiv ity  was also analysed as re la ted  to  the 
incubation tim e and  trea tm en t of the segm ents w ith NAA (Fig. 1) and  IPC 
(Fig. 2). As can be seen, in bo th  the control (—NAA and — IPC) and  the 
trea ted  (+ N A A  and  -)-IPC) segments, the ac tiv ity  of RNase decreased 
during the firs t 4 h of incubation b u t increased rapidly  afterw ards.

Fig. 2. E ffec t o f I PC on R N ase 
level in  th e  ap ica l segm ent (in i­
tia l leng th : 5 m m ) o f 18 m m  
long ro o ts  o f L ens culinaris. 
C hange o f R N ase  a c tiv ity  w ith  
th e  tim e  (in h) o f  incubation . 
R N ase  a c tiv ity  is expressed in 
Ж )1) a t  2(i0 nm  p e r  50 m g of 

fiesh  w eigh t

F ig . 3. E ffec t o f p H  on 
th e  R N ase  p rep a red  from  
th e  ap ica l segm en t (in itia l 
leng th : 5 m m ) o f  18 m m  
long ro o ts  o f L ens cu lina­
ris . R N ase  a c tiv ity  is ex ­
pressed  in  d O D  a t  260 
n m  p er 50 m g o f fresh  

w eight



Such a curve m ight indicate the  presence of a t least two enzym e system s: 
the  ac tiv ity  of the first one decreasing as incubation s ta rts , and  th a t of the 
second one, increasing. I t  is interesting to  note th a t  NAA and  IPC  (both 
used a t  a  concentration of 20 //g/ml) have a sm all (NAA) or no (IPC) effect 
on the  first part of the  reaction, while the second part was clearly inhibited 
by  NAA and significantly stim ulated  by IPC . I t  would, therefore, appear 
th a t  the  change in the  RN ase ac tiv ity  due to  the effect of NAA or IPC , 
are confined to  the  second (hypothetical) enzyme system.

The existence of two different RNases is confirmed to  some ex ten t by 
studies on the  optim um  pH of the ex tracts. As seen in Fig. 3, the  pH  o p ti­
m um  a t zero h incubation (just a fte r extraction) is approxim ately  4-8 
and  th a t  a fte r 10 h incubation nearly  5-6. The presence of tw o RNase 
system s has already been observed in germ inating Triticum  aestivum  seeds 
(Void and  Sypherd, 1968) and  the  optim um  pH found for th e  two RNases 
is very close to  those reported  here.

R N A  content

N A A  action. A fter incubating the  root w ith or w ithout NAA, apical 
roo t segm ents were cu t off and  the  to ta l RN A  concentration was analysed. 
R esults presented in Table 8 show a decrease of RN A  conten t in the  control 
as previously noted (Pilet and  Braun, 1967) and  indicate th a t this decrease 
is less apparen t w ith  increasing NAA concentrations. The results confirm  
earlier observations m ade on sim ilar m aterial (Pilet and B raun, 1967, 1970). 
The decrease of endogenous RNA conten t could be largely counteracted  
by auxin trea tm ent.

IP C  action. Sim ilar assays were perform ed w ith root segm ents trea ted  
w ith IPC . The effects are shown in Table 9. W ith IP C -trea tm ent, the loss 
of R N A  was greater th an  in the  controls.

T able 8
Effect o f N A A  on the am ount of R N A  in  the apical 
segment ( in it ia l length: i> m m ) o f 18 m m  long roots of 

L ens culinaris
R N A  content in  /ig per 200 mg of fresh weight. 

Incubation: 10 h

C o n c e n t r a t io n  o f  N A A  ( /tg /m l)

0 10 20

0 h 569 580 554
10 h 416 519 531

0 -  10 h 153 61 23
% decrease 26-9 10-5 4

5 0 2 2 0

lach  re su lt is t íe average of 2 values.

21 32 L



Table 9
E ffec t o f 1 P C  on the am ount o f U N A  in  the apical 
segment ( in it ia l length: 5 m m ) o f 18 m m  long roots 

o f Lens culinaris
R N A content in  pg per 100 wq of fresh weight.

Incubation: 1Ô h

C o n c e n t r â t  i<:>n of I P C (/x g /m l)

:
0  10 1 20

0 h 569 551 582
10 h 416 340 348

0 - 1 0 h 153 211 234
% decrease 26-9 38- 2 40-2

± 5 0 6-2 7*3

E ach re su lt is th e  average of 12 values.

C O N C LU SIO N S

The present d a ta  clearly show th a t th e  change in R N A  concentration is 
correlated w ith a change in R N ase ac tiv ity : a decrease in RNA level is in 
direct relation to  the  increase in R N ase activ ity . Such a relationship has 
previously been analysed (Truelsen, 1967. Trewavas, 1968a; Grellet e t al., 
1968; P iíe t and  B raun, 1970). The inverse relationship between R N ase 
ac tiv ity  and  R N A  conten t indicates th a t  auxin m ay also control th e  RNA 
m etabolism . W hen NAA was added, the  R N ase ac tiv ity  decreased, which 
m ay produce an  increase in endogenous RNA. B y adding IPC , th e  auxin 
level decreased, and  a stim ulation  of RN ase ac tiv ity  was observed. Conse­
quently , a decrease in endogenous R N A  was also found. I t  has, however, to  be 
kept in m ind th a t, for the  m om ent, it  is not possible to  decide w hether the  
RNase ac tiv ity  analysed here is the only RN ase active in  vivo. Close re la­
tionship can, however, be found between grow th, controlled by auxin and 
RNA m etabolism , which is also related  to  auxin action.
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R IB O N U C LEIC  ACID SYNTHESIS 
AND HORM ONE ACTION IN  LE N T IL  ROOTS

b y

P. P e n o n

L A B O R A T O I R E  D E  B I O C H I M I E  V É G É T A L E  A S S O C I É  A U  С . X .  R .  S . 

C E N T R E  U N I V E R S I T A I R E  D E  M A R S É I U L E - L U M I N Y  R O U T E  L É O N  L A C H A M P ,  
1 3 - M A R S E I L L E  < 9 °) , F R A N C E

T he syn thesis o f specific R N A  is needed for th e  indoleacetic  acid induced  fo rm atio n  
o f  perox idases associated  w ith  len til ro o t ribosom es, in  len til ro o ts  tw o d iffe ren t 
classes o f rap id ly  labelled R N A  can  be frac tio n a ted  on m e th y la ted  a lbum in  colum ns. 
One frac tion  (a) is u rid ine-rich , heterod isperse , w ith  a  m ean  life low er th a n  1 h r. 
T he o th e r frac tion  (ß) is aden ine-rich  and  co n ta in s  polysom ie m R N A . R N A  synthesi/.ei 1 
in  v itro , b y  iso lated  nuclei, h ave  p ro p ertie s  sim ilar to  these  tw o RNA  species. A  close 
s im ila rity  ex is ts  betw een urid ine-rich  R N A  described  in an im al cells and  th e  nuclea i 
rap id ly  labelled R N A  o f len til ro o ts  con ta ined  in  frac tio n  a.

S h o rt tre a tm e n t o f len til ro o ts  w ith  indoleacetic  acid increases th e  am o u n t o f 
nuclea r u rid ine-rich  R N A . A prolonged tr e a tm e n t causes an increase in  ra p id ly  labelled 
R N A  in frac tio n  ß. T he possib ility  th a t  D -R N A  could p lay  an  im p o rta n t role in  th e  
regu la tion  o f gene expression  is discussed.

IN T R O D U C T IO N

Previous studies from  our laboratory  have shown the presence of three 
isoperoxidases associated w ith the ribosom al fraction of lentil roots. D uring 
cellular fractionation, these haem oproteins are present on these particles 
and  not in the  o ther fractions. These peroxidases were isolated and  obtained 
in a highly purified form by  ion-exchange chrom atography and  molecular 
sieving. One is slightly  acid whereas the others are slightly basic. The in­
corporation of ИС-leu cine into these haem oproteins has enabled us to  show 
th a t the  basic peroxidases are rapidly  synthesized. T reatm ent of the  roots 
w ith indoleacetic acid considerably stim ulates the  de novo biosynthesis 
of the two basic peroxidases b u t not th a t  of the  acid peroxidase (Penon 
et ah, 1970).

The possibility th a t, in the horm one action, a regulational event could 
take place a t the  transcrip tional level has been a concern of this paper. 
Our results show th a t induced peroxidase synthesis requires the  synthesis 
of some RN A  species. Two fractions of RNA obtained  from  m ethylated  
album in columns, D -RN A  and  Т В -RNA, were characterized and  are 
apparen tly  involved in the  tissue response to  horm one trea tm en t. Among 
the  RNA synthesized in vitro  by isolated nuclei exist RN A  species w ith 
chrom atographic and  sedim entation properties sim ilar to  the  two RNA 
species previously described. Thus, knowledge obtained  from  the in vivo 
experim ents m ay be applicable to  the  investigations on isolated nuclei.
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P articu la r a tten tio n  has been given in th is paper to  D -RN A  which for 
its properties (m etabolic instability , base com position, sedim entation 
velocity) can be considered homologous to  anim al H N -RN A. The significance 
of th is RNA, considering its possible role in regulation, will be discussed.

METHODS
The m ethods utilized in these studies have been published elsewhere 

(Penon et ah, 1970; Miassod e t ah, 1970). D etails pertinen t to  various 
experim ents are described in the legends of figures and  table.

RESULTS
Figure 1, curve 1, shows the  effect of horm one on peroxidase synthesis 

in lentil roots. Auxin, a fte r an  initial lag period of about 5 h, causes 
Ж  increase o f peroxidase level in the ribosom al pellet. This increase results 
from  the  de novo biosynthesis of the two basic peroxidases. A sim ilar lag

period was observed by  
G ayler and Glasziou (1968) 
during the  induction of per­
oxidase ac tiv ity  in sugar­
cane slices. The addition of 
RN A  synthesis inhibitors, 
such as 6-m ethyl purine, 
a t the  same tim e as the 
horm one (Fig. 1, curve 2), 
com pletely inhibits peroxi­
dase form ation. No change 
in peroxidase ac tiv ity  can 
be observed for a t least 15 
h in this experim ent. W hen 
6-m ethyl purine is added to  
lentil roots, w ithout prelim i­
nary  horm onal trea tm en t 
(Fig. 1, curve 3), the  peroxi­
dase level rem ains stable 
for the  duration  of the  expe­
rim ent which has been ex­
tended  up to 15 h. I f  added 
a fte r 6 h  of indoleacetic 
acid trea tm en t (Fig. 1, curve 
4), 6-m ethyl purine causes a 
rapidly  dim inishing ra te  of 
increase in peroxidase ac tiv i­
ty . There is no subsequent 
loss of enzyme activ ity . These 
d a ta  show th a t initially mes­
senger RNA synthesis is lim it- 
ingfor peroxidase form ation.

Fig. 1. E ffec t o f 6 -m ethy l p u rin e  on [AA induced  
perox idase  syn thesis in  len til roo ts. T issue sam ples 
w ere in cu b a ted  in  a  m ed ium  con ta in ing  IA A  0 1 5  
mM , for the periods show n (curve 1). O th e r sam ­
ples w ere in cu b a ted  in  a  m edium  con ta in ing  e ith e r 
IAA 0-15 m M  an d  6-m ethy l pu rin e  0 1  mM  (curve 
2), o r 6 -m ethy l p u rin e  only  (curve 3). A fte r 6 h, 
som e IA A  tre a te d  sam ples w ere tran sfe rred  to  
6-m ethy l pu rine  0 1  m M  (curve 4). T issue sam ples 
w ere g round  a t  th e  in te rv a ls  show n, ribosom es w ere 

e x tra c te d  and  assayed  for perox idase a c tiv ity
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F ig . 2. E 'rae tionation  o f (32P) labelled R N A  from  len til roo ts on M AK column" 
T issues w ere labelled, for 15 m in, w ith  (32P) and  R N A  w as e x tra c te d  as previously- 
described. The R N A  (4-6 mg) w as app lied  to  a  m e th y la ted -a lb u m in  kieselguhr colum n 
an d  e lu ted  b y  a lin e a rN a C l g rad ien t(0 -2  M to  1-3 M). Т В -R N A  w as e lu ted  b y  a  m ed ium  
con ta in ing  SDS 2%  and  E D T A  1 m l ,  f irs t a t 35 °C th e n  a t  70 °C. A bso rbancy  a t  
260 nm  w as m easured  an d  rad io ac tiv ity  w as d e te rm ined  as described b y  M iassod e t 
al. (1970). A liquots o f frac tions a , ß, y  w ere hyd ro lysed  and  base com position  was

determ ined

E
Q .о
Cl

4000

2000

2-5 5
Time (hr)

F ig . 3. 6 -m ethy l pu rine  chase o f (32P) labelled R N A  from  a and  ß fractions. 
The roo ts a re  labelled w ith  (32P) (curves 1). Some sam ples (curves 2), a f te r  30 
m in  o f labelling, a re  tran sfe rred  in  a  chase m ed ium  con ta in ing  N a lF l ’(), 0-1 M 
and  6-m ethy l pu rin e  0-1 mM , for th e  in te rv a ls  show n. R N A  are e x tra c te d  and  
analyzed  by  M A K  ch ro m ato g rap h y . F igures A  an d  В show  th e  k inetics o f 

in co rpo ra tion  an d  chase o f R N A  from  peaks a and  ß
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An in terp re ta tion  of these observations is th a t  indoleacetic acid is in ­
volved in the regulation of synthesis of some specific RNA. I t  was of in ­
terest to  investigate R N A  synthesis in lentil roots. In  an a ttem p t to  char­
acterize the  rapidly  synthesized R N A  in these tissues, we have fractionated  
(32P) labelled RNA from  roots on MAK columns, and determ ined the  base

Fig. 4. K ine tics  o f 3H -U T P  incorpora tion  by  iso lated  len til 
ro o t nuclei. R eac tio n s w ere carried  o u t in  400 /tl, a t  15 °C 
(curve 1) and  37 °C (curve 2). The reac tio n  m ix tu re  con tained  
A T P , C TP, G TP, 0-125 m M  each, 3H -U T P  0-0125 m M  (1 
/iCi/0-005 /nnole), phosphoenol p y ru v ic  acid  0-5 mM , p y ru ­
v a te  k inase 8 /ug, C leland reag en t 3-5 mM , sperm ine te t-  
rahyd roch lo ride  0-2 mM , MgCl, 6-5 mM , am m on ium  su l­

p h a te  2-5 m M , T ris H C l p li 7-8, 125 mM

com position of various fractions. The RNAs (32P) labelled for 15 min 
were eluted w ith  a linear gradient of sodium chloride from  0-2 M to  1-3 M. 
The m ajor p a r t of TB-RNÁ was elu ted  by  2%  sodium dodecyl sulphate, 
containing ImM  EDTA, a t 35 °C. The rest could be recovered by continuing 
the  SDS elution and elevating the  tem peratu re  to  70 °C. This procedure 
prevents degradation of Т В -RNA (Ellem, 1966).

The elution p a tte rn  of Т В -RNA can be seen in Fig. 2. Three peaks a, 
ß, y  can be observed. Peak  a has a base com position characterized by a high 
conten t of uridine and shows some sim ilarity  in relative guanine -}- cytosine 
con ten t to  lentil root DNA (the m olar G +  C content of lentil root DNA 
is abou t 42%  as estim ated  from  its buoyan t density  q =  1-693). The com­
position of peak ß  differs from th a t of the form er RN A  and is characterized 
lay a higher adenosine content. Previous experim ents have shown th a t 
RNA of fraction a is polydisperse w ith  high sedim entation velocity. The 
R N A  of peak ß has a lower sedim entation coefficient (12 S) th an  RNA 
from  fraction a. W e could detect no significant change in base composition 
of fraction ß  a t  any  labelling tim e (Miassod et ah, 1970).

The decay of these RNAs was m easured by incubation of the  roots in 
(32P) for 30 min, followed by a chase in a (31P) m edium  containing



a RNA synthesis inhibitor. Since penetration  of large molecules, such as 
actinom ycine D, took a t  least 2 or 3 h and introduced errors into 
m easurem ent of decay tim e for short lived RNA, 6-m ethyl purine 0-1 m.M 
was used. The specific ac tiv ity  of RNA increased during the  first hour of 
the  chase and  then  decreased. A fter 2 h of chase (Fig. ЗА, curve 2), a sub­
stan tia l fraction (about 40% ) of the  label in peak a disappeared. There 
is no subsequent loss of rad ioactiv ity . Indeed, we have observed (Miassod 
et ah, 1970) th a t on prolonged labelling, rR N A  precursors and  m ature 
rR N A  are present in peak a. Such experim ents indicate a half life lower 
th an  1 h  for the  rap id ly  labelled unstab le RNA. U nder sim ilar condi­
tions of chase, the RNA of fraction ß  is broken down w ith a h a lf life of 
around 2 h (Fig. 3B, curve 2).

T able 1
Requirem ents for 3H -U T P  incorporation into R N A  by 

isolated lentil root nuclei

S y s te m I n c o r p o r a t io n  
e p m /g g  D N A

%  c o n tr o l

Complete 4S0 loo
(T P , ATP, GTP 38 7
Mg2 + 0 1

Actinomyein D 75 /ug/ml 53 11
Rifampicin 75 /ig/ml 496 103

Reaction was carried out a t 15 °C, for 30 min, in 0-4 ml as described in the  legend of 
Кig. 4. Incorporation is stopped by addition of 2 ml of 5% TCA. After centrifugation, the 
pellet is washed three times, by 5% TCA, then  hydrolyzed in 5% TCA at 90°C, for 30 min. 
H ydrolysate is counted in a dioxane scintillation solution containing 5 gm PPO , 0-35 gm 
PO POP and 100 gm naphthalene per lit. The non specific incorporation is 7 cpm///g DNA. 
The results are mean values and the num bers of experim ents are given in parentheses

F ig . 5. E ffect o f d iv a len t ca ­
tion  co ncen tra tion  on  p o ly ­
m erase a c tiv ity  o f iso lated  
len til root nuclei In c u b a ­
tion  conditions were as de­
scribed in Fig. 4. R eac tio n  
w as  carried  o u t a t 15 °C, for 
30 m in. Mg2+ co n cen tra ­
tion  w as varied  as ind ica ted  
(curve 2). Mn2 + effect (curve 
1) was s tu d ied  w ith  a  m od i­
fied m edium  con ta in ing  Mg2 + 
3 mM  and  am m onium  su l­

p h a te  0-2 M



Fig. 6. F rac tio n a tio n  o f 111 -11N’ A syn thesized  in v itro  on MA К colum n. 
In c u b a tio n  w as done, in  th e  presence o f Mn2 + 2 m M  an d  am m on ium  su l­
p h a te  0-2 M, in  10 m l, a t  15 °C, for 30 m in, as described in  Figs 4 an d  5. E lu ­
tion  cond itions w ere as described F ig . 2. E lu tio n  p a tte rn  o f T B -R N A  

e lu ted  w ith  SDS 2%  a t 70 °C, is no t rep resen ted

Fractions

Fig. 7. S ed im en ta tio n  profiles in  SD S-sucrose d en sity  g rad ien t o f n uc lea r R N A  sy n ­
thesized  in  v itro  an d  polysom ie R N A  e x tra c te d  from  len til roo t polyribosom es:

A . o — o — o N uclear R N A  (120 fig) syn thesized  by  iso la ted  nuclei, an d  ribosom al R N A  
(200 ,Mg) ad d ed  as m a rk e r w as cen trifuged  in a  SD S-sucrose g rad ien t from  5 to  20%  
a t  20 °C, fo r 2 h 30 m in, a t  37,500 rp m  in a  SW  39 ro to r. In cu b a tio n  w as done in  10 m l,

a t  15 °C, for 30 m in  as described  Fig. (j
B. O  — O  — O  I ’olysom ic R N A  (300 /rg) w as e x tra c te d  by  a  phenol-SD S m ix tu re , a t  4 °C 
from  ro o ts  labelled for 30 m in  w ith  (32P). C en trifuga tion  w as carried  o u t a t  50,000 
rpm , in  a  SW  50 L ro to r, a t  20 °C, for 2 h , in a  SD S-sucrose g rad ien t from  10 to  30% . 
F rac tio n s  from  th e  5 to  12 S region w ere pooled, hydro lyzed  in 0-3  N K O H , an d  base

com position  determ ined  (M iassod e t  a l., 1970)
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The localization of these RNAs within the  cells was exam ined (Miassod 
e t al., 1970). RNA of peak a is apparen tly  restric ted  to  th e  nucleus. RNA 
of peak ß  is found in nuclei and  polyribosomes. Furtherm ore, RNAs w ith 
chrom atographic and  sedim entation properties of these RNAs have been 
observed am ong the RNAs transcribed  in v itro  by isolated nuclei. These 
organelles are ex tracted  from lentil roots according to  M ertelsm ann (1969). 
The isolated nuclei incorporate 3H -U T P into acid-insoluble m aterial, up

Control 4-5 IAA 3 hr IAA 4 hr IAA

^pm/m icpm/ml i cpm/ml iCpm/m

-500 1 СЛ C
D

9====̂̂
 

° -500

«

-500

«

j к i t V 1 V H !
t elution V t elution V 1 elutionV 1 elution V

SLS ЗБо SLS 35° SLS 35° SLS 35°

Fig. 8. M A K  colum n ch ro m ato g rap h y  o f R N A  synthesized  by  con tro l an d  indoleacetic  
acid  tre a te d  len til roo ts. C ontro l ro o ts  an d  ro o ts  in cuba ted , for th e  periods show n, 
w ith  indo leacetic  acid  0 1 5  mM , w ere (32P) labelled for 15 m in . R N A  w as ex tra c te d  
as p rev iously  described (M iassod et a l., 1970). The p rep a ra tio n s  w ere app lied  to  a 

M A K  colum n and  e lu ted  as described in Fig. 2

to  30 min, a t 15 °C (Fig. 4, curve 1). A t 37 °C (Fig. 4, curve 2), the reaction 
is com plete in ten  m inutes bu t to ta l incorporation is lower th an  in the first 
experim ent. On prolonged incubation, ribonucléase ac tiv ity  causes a 
decrease in the  am ount of acid-insoluble m aterial. The incorporation is 
dependent on the presence of magnesium, the  four nucleotides are needed. 
The reaction is inhibited by actinom ycin D and  not by rifam picin (Table 1). 
The effect of divalent cations is shown in Fig. 5. RNA polym erase ac tiv ity  
of isolated nuclei is s tim ulated  by  magnesium a t low ionic streng th  and  
m anganese a t high ionic strength . A sim ilar resid t was obtained  in experi­
m ents on anim al RNA polym erase activities (T ata and  W idnell, 1966). 
The products of the reaction, in the  presence of m anganese, were eharac-



terized by  М АК chrom atography and  sucrose gradient centrifugation. 
The RNA, synthesized in vitro , contains molecular species w ith chrom ato­
graphic properties of RNA from  x and  ß fractions previously studied 
(Fig. 6). However, Т В -RNA obtained from in v itro  experim ents contains 
a higher percentage of RNA, elu ted  as th e  fraction a, th an  to ta l, in vivo 
labelled, RNA. The sedim entation p a tte rn  of these RNAs is sim ilar to  th a t 
of RNAs from either peak ß  or polysomie RNA (Fig. 7), bu t a slight am ount 
of rapidly  labelled R N A  w ith high sedim entation velocity can be detected  
in RNA ex tracted  from  isolated nuclei.

The effect of horm onal trea tm en t on in vivo synthesis of RNA from 
bo th  a and ß  fractions can be seen in Fig. 8. T reated  sam ples were incubated 
w ith indoleacetic acid for the tim e intervals shown. Then, control and 
trea ted  sam ples of roots were labelled w ith (32P), for 15 min. A fter short 
horm onal trea tm en t, the m ajor increase in RNA synthesis occurs in the 
nuclear, uridine-rich RN A  fraction (peak a). A prolonged trea tm en t brings 
abou t an enhancem ent of the  synthesis of RNA from  fraction ß.

D ISC U SSIO N

The lentil root RNAs, tenaciously  hound to  MAK columns, are separated 
in two m ajor fractions a and  ß, by elution w ith sodium dodecvl sulphate 
a t 35 °C. At 70 °C, a m inor fraction, y , is obtained. In  th e  case of a short 
labelling period, RNA of fraction a is uridine-rich, and  m ay contain high- 
molecular weight species. The m ean life of this RNA is lower th an  1 h. 
On the  o ther hand, RNA of fraction ß  is adenine-rich, its sedim entation  
coefficient is abou t 12 S and  its half life is higher th an  2 h. The RNA 
from peak y. is apparen tly  restric ted  to  the nucleus and polysomie messengers 
are present in fraction ß. Molecular species, present in RNA synthesized 
by isolated nuclei, resemble to  RNA from  fractions a and ß in sedim entation 
and  chrom atographic properties.

These results are in agreem ent w ith previous observations. Two species 
of unstab le RNA have been postulated  in th e  Т В -RNA fraction of soybean 
(Key, 1969), one being sim ilar in composition to  soybean DNA (D-RNA) 
w ith  the  o ther containing m uch more AM P and  less UM P th an  the DNA 
(ТВ-RNA). RNA of peak ß  is sim ilar to  Т В -RNA described by Jo h ri and 
V arner (1970). RNA of peak % has properties of “ m RN A ” found in dw arf 
peas by  these workers. I t  is also sim ilar to  Q ,R N A  isolated in anim al cells 
(Ellem, 1966; Yoshikawa e t ah, 1965). This RNA in teract a t a sm aller 
ex ten t th a n  Т В -RNA w ith m ethylated-album in. The discrepancy in the 
elution p a tte rn  between peak a  and “ m R N A ” or Q..RNA can be explained 
by the  salt g rad ien t used in our experim ents (0-2 M to  P3  M). F urtherm ore, 
freshly p repara ted  m ethylated-album in was used in our investigations. 
Indeed, Koch and  K ubinsky (1964) have found th a t by aging, the  re ten tion  
properties of m ethylated-album in are decreased and  m uch more of the  
rapidly  labelled RNAs were eluted by the  salt gradient. Some papers report 
th a t  the  large size of p lan t Ю-RNA is due to  aggregate form ation on MAK 
column (Johri and  Varner, 1970). However, molecular species w ith  high S 
values can be observed in p lan t nuclear RNA, before MAK chrom atography. 
Furtherm ore, high molecular weight RNA w ith base composition, s tab ility



an d  localization w ithin the  cell, which closely resemble to  p lan t D-RNA, 
exists in anim al cells (Scherrer et ah, 1966; A tta rd i e t ah, 1966). Thus, 
these results favour the  idea th a t the  transcrip tional ac tiv ity  in p lan t cell 
nuclei has m any features in common w ith th a t in anim al cells. A p art of 
th is  ac tiv ity  results in the  form ation of large heterogeneous molecules con­
fined  to  the  nucleus (peak a) which are different from  m RN A  found in 
polyribosom es (peak ß).

One hypothesis postulates th a t D -R N A  is a  precursor to  polysomie 
m RNA (Ryskov and  Georgiev, 1970). In  an effort to com pare the  sequence 
of D-RNA and  mRNA, we began to  perform  RNA-DNA hybridization 
experim ents w ith bo th  RNA species. U nfortunately , these experim ents 
do not allow a firm  conclusion th a t sequences in m RNA are derived from 
D-RNA because the R N A  which hybridizes easily binds to  re ite ra ted  regions 
of DNA (B ritten  and  Kohne, 1968). F rac tionation  of lentil roo t DNA is 
being undertaken  to  ob tain  non re ite rated  DNA. However, recent results 
(Penm an et ah, 1970), showing a differential inhibition of synthesis of nuclear 
heterogeneous RN A  by cordycepin, suggest th a t  m RNA and  D-RNA are 
transcribed  separately  by  d istinct polymerases w ith different sensitivities 
to  the drug. This hypothesis is supported  by o ther observations. In  anim al 
cells a t  least th ree  d istincts polym erase activities have been isolated by 
chrom atography and  show, apparen tly , different transcrip tive roles (Roeder 
and  R u tte r, 1969). Thus, the  function of D-RNA rem ains to  be defined. 
I ts  function could be o ther th an  those usually a ttr ib u ted  to  RNA.

We have shown th a t  an early effect of auxin occurs a t the  transcrip tional 
level. D -R N A  appears directly  involved in th e  tissue response to  horm one 
trea tm en t. This result is in agreem ent w ith previous observations in p lants 
(Key, 1969; T ester and Dure, 1967). Moreover, RNA synthesized in various 
tissues a fte r a short horm one trea tm en t is uridine-rich (Cooper, 1968), has 
a large size (Dingm an et ah, 1969) and  presents high nucleotide sequence 
com plem entarity  to  DNA (H am ilton et ah, 1968). Consequently, D-RNA 
could play an im portant role in the  regulation of gene expression. F o r instance 
it could be involved in a control m echanism analogous to  th a t proposed 
by B ritten  and  D avidson (1969). A study  of RNA synthesis bv  d istinct 
polym erase activities isolated from p lan t nuclei, including experim ents 
on the effect of horm one, associated witli its receptor, on these systems, 
is needed to  tes t this hypothesis.
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SECTION V

NUCLEIC ACIDS AND PROTEINS IN PLANT 
DEVELOPMENT
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NUCLEIC ACIDS AND T H E IR  D ER IV A TIV ES 
Ш  T H E  CONTROL OF DEV ELO PM EN T

uy
F . G. B r o w n

D E P A R T M E N T  O F  B O T A N Y ,  U N I V E R S I T Y  C O L L E G E  O F  S W A N S E A .  U . K .

M odern concepts of the  biochemical control of grow th and  developm ent 
ten d  to  be prim arily, if no t entirely, based on the  Jacob-M onod model of 
th e  regulation of enzyme synthesis. According to  these concepts, develop­
m ent is the net result of a D N A -program m ed sequence of events in which 
th e  synthesis of individual key enzymes is sw itched on or off to  a p re­
determ ined p a tte rn . There are, however, several reasons for believing 
th a t  th is system  is, a t best, a crude control. F o r example, there is the 
question of the  persistence of an individual m RNA a fte r its form ation had  
ceased; even more im portan tly , the  persistence of the  ac tiv ity  of an  indi­
vidual enzym e afte r its synthesis had  been repressed. Next, there is the 
question of apoenzym e versus holoenzyme, i.e. the  synthesis of enzyme 
protein  is to  no avail if the  requisite coenzyme or prosthetic group is not 
available to  convert it in to  the active form. Then there is th e  question of 
w hat happens in a cellular emergency, as for exam ple occurs following 
dam age. In  such circum stances, there is usually  a rap id  wound response 
often followed by  a regenerative phase. Even if this is taken  care of by a 
‘program m e’, it m ust represent an  unplanned departu re from the  original 
program me.

The conclusion which these and  several o ther points indicate is th a t  
a ‘fine control’ of grow th and  developm ent exists and functions in co­
operation w ith the Jacob-M onod type of control. I t  is becoming more and 
m ore apparen t th a t  this fine control system  operates through the free- 
nucleotides by v irtue o f their roles as allosteric effectors and coenzymes.

It appears th a t  part, perhaps the  m ajor part, of the  RNA of m any cells 
exists in a form which is readily depolym erized (Grunberg-M anago et ah, 
1955; Ochoa and  Heppel, 1957) to  its constituent nucleotides. An im portan t 
function of th is  RNA m ay be its role as a reserve of 5’-nucleotides which 
can be released a t a tim e of m etabolic need ju st as glycogen acts as a store 
of glucose. The controlled release of nucleotides in this way could be an 
im p o rtan t means by which the cell regulates its ac tiv ity  (K aplan et ah, 
1954; M orton, 1958). Soodak (1966) has calculated th a t there is som ething 
like a fiftyfold  excess of DNA in hum an cells, i.e. excess over th a t which 
can be explained as tem plate for enzyme protein synthesis. He also points 
ou t th a t the  weight of DNA in a ra t  liver cell is equal to  the  entire weight 
of an K. coli cell. Soodak suggests th a t in the  higher forms of life where 
a more complex order of program m ing is involved in embryogenesis etc., 
th is excess DNA serves to  order the assem bly of yet another ty p e  of RNA, 
whose u ltim ate  function is to  serve as a source of ‘Leloir coenzymes’.
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Strom inger (1960) has m ade sim ilar suggestions linking the free nucleotide 
pool w ith DNA via specialized RNA fractions.

A t th is po int in considering possible links between nucleic acids and 
the  free-nucleotide pools, a re levant question is the  biochemical significance 
of the  fact th a t  so m any coenzymes and  prosthetic groups have nucleotide 
moieties. F u rth er, does the  d istribu tion  of m etabolic function am ongst 
the  various nucleotides have some chemical or enzymic significance? For 
example, uridine nucleotides appear to  be solely associated w ith  the  ac tiv a ­
tion and transform ation of sugars (aldehydes and ketones). Cytidine 
nucleotides have sim ilarly unique roles in the activation of alcohols, and 
adenosine nucleotides serve predom inantly  as oxidation-reduction in te r­
m ediates and  as carriers of various types of acids. Does some feature of 
the  chem istry of th e  base com ponents of these nucleotides m ake each 
particularly  su ited  for its special function?

In  sum m ary, there are th ree relationships to  be considered. F irs t, there 
is the  relationship of the  free nucleotide p a tte rn  of a tissue to  the  m etabolic 
ac tiv ity  of th a t  tissue. Second, the  relationship of the  free nucleotide 
pa tte rn  to  nucleic acid m etabolism  and  th ird , th e  relationship of the base 
ty p e  of a nucleotide coenzyme to its m etabolic function. These relationships 
are considered in more detail below.

N U C L E O T ID E  P A T T E R N  A N D  M E T A B O LIC  STATE

I t  has been known for some tim e th a t the free nucleotide p a tte rn  of a 
p articu lar tissue reflects the  type and  ex ten t of m etabolic ac tiv ity  w ithin 
th a t tissue. P rim arily  on the basis of work w ith anim al tissues, Schmitz 
(1961) described tw o extrem e types of p a tte rn , (a) the energietyp (e.g. 
chrom atogram  of heart muscle tissue), in which those nucleotides m ost 
concerned in energy metabolism , i.e. adenine and  nicotinam ide nucleotides, 
constitu te  abou t 90%  of the to ta l nucleotide content, and  then  m ostly 
as the energy-rich di- or tri-phosphates, and  (b) the  stoffwechseltyp (e.g. 
chrom atogram s of regenerating liver) which is characterized by its lower 
conten t of adenine and  pyridine nucleotides (less th an  50 %) and  its  increased 
content of nucleotides more especially concerned in m etabolic transform a­
tions and  biosynthesis, such as those of uridine and  cytidine. We have 
found sim ilar trends in working w ith p lan t tissues. F or exam ple, during 
th e  im bibition phase, germ inating seeds show a p a tte rn  com parable to  
th e  energietyp b u t as germ ination proceeds th is  changes tow ards the 
stoffwechseltyp (Brown, 1962; 1965). In  our experience, the  root tissue 
of seedlings is usually characterized by relatively high concentrations 
of UDP-glucose. L eaf tissue, on the  o ther hand, has a relatively high con­
centration of adenine and  pyridine nucleotides. The nucleotide p a tte rn  
of free-cell cultures of sycamore (Acer pseudoplatanus L.) is of in terest 
in th is respect, initially th e  predom inant nucleotide is ATP b u t by  the  end 
of the  lag phase of growth, its place has been taken  by UDP-glucose. D uring 
the  lag phase, there is a  46fold increase in UDP-glucose concentration 
and  a sevenfold increase in th a t of U TP. B y the tim e the  period of rap id  
cell division has started , the  individual concentrations of ATP, guanosine



Light Dürk , Light

~SS2;W1~

nucleotides, U TP and 
UDP-glucose have 
s ta rted  to  fall. In  con­
tra s ta i  this tim e, NAD 
shows a m arked in ­
crease ( Brown and 
Short, 1969).

In  brief, the  nucleo­
tide p a tte rn  of a tissue 
is characteristic of th a t  
tissue and  when the 
m etabolic s ta te  alters 
during grow th and dif­
ferentiation, signifi­
can t changes occur 
concom itantly in the 
nucleotide pa tte rn .T he  
im portan t question is, 
however, w hether the 
changes in nucleotide 
p a tte rn  cause the chang­
ing m etabolic em pha­
sis or are merely a re ­
su lt of it. In  an a ttem p t 
to  answer this ques­
tion, we have induced 
changes in the  nucleo­
tide p a tte rn  of p lant 
tissue and have follow­
ed associated m etabol­
ic changes.

The obvious way of 
inducing a selective 
change in nucleotide 
p a tte rn  would be to  
introduce a relatively 
large am ount of one of 
th e  nucleotides into 
th a t tissue, however, 
w ith the tissues with 
which we have w ork­
ed, this does not ap ­
pear to  be practicable 
because of the  non-spe­
cific phosphatases which rapidly dephosphorylate nucleotides as they  are 
introduced. A varie ty  o f purine and  pyrim idine derivatives o ther th an  n u ­
cleotides were screened for their ability  to  induce selective changes in the 
nucleotide p a tte rn  an d k in e tin  (6-furfuryladenine) was finally chosen as being 
su itab le . This substance caused a num ber of changes, most noticeable of 
which were those in the  concentrations of pyridine nucleotides (Fig. 1).
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Fig. 1. Sequence o f changes in k in e tin - tre a ted  tissues 
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a t  each tim e  in te rv a l. T rea tm en t o f seedlings w as a t 
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C oncom itant changes in m etabolic ac tiv ity  were reflected  by a significant 
increase in glyceride con ten t and  a fall in sucrose and  ascorbate concentrations 
(Fig. 1). Sam pling a t in tervals of 2 h was, however, insufficient to  determ ine 
if the  changes in pyridine nucleotide concentration preceded those in sucrose 
and  glyceride concentrations. An observation which does support this 
sequence of events following kinetin  trea tm en t, is the  significant increase 
bo th  in lipid concentration and  in th e  ac tiv ity  of N A D P-dependent iso­
citra te  dehydrogenase (E.C. 1.1.1.42), for, Y am am oto (1969) has dem on­
stra ted  sim ilar effects by  trea tin g  p lan t tissues d irectly  w ith  N A D P + .

Very little  work has been reported  concerning a ttem p ts  to  m anipulate 
nucleotide p a tte rn s  w ith a view to altering m etabolic s ta te  b u t one very 
recent repo rt is of interest, albeit from  anim al work. Decker and K eppler 
and  their co-workers (1971), working w ith  ra ts , have shown th a t D-galactos- 
am ine induces a liver dam age essentially sim ilar to  th a t  of viral hepatitis  
and th a t the  biochem ical characteristics of this is an apparen t depletion 
of the  nucleotides UM P, U D P, U TP. UDP-glucose and UDP-galactose. 
In  the  liver of galactosam ine-trea ted  anim als th is is due to  th e  rap id  
form ation of U D P-galactosam ine and  its m etabolites which are only slowly 
m etabolized fu rther, i.e. the  uridine nucleotides are trap p ed  and  the  n u ­
cleotide pool becomes depleted in th is respect.

N U C L E O T ID E  PA T T E R N  A ND  N U C L E IC  A CID S

As it would appear th a t  selective changes in nucleotide pool accom pany, 
and in some cases direct, m etabolic changes during growth and develop­
m ent, the relationship of nucleotide pool to  the  cen tral control, i.e. DNA, 
m ust be considered. As was discussed above, cells of higher organisms 
contain DNA and  RNA in excess over th a t  required for enzym e protein 
synthesis, and it has been suggested th a t the  RNA in question is produced 
as a storage form of 5’-nucleotides. The storage m ay be of inform ation as 
well as of m aterial. Sequential release of nucleotides from, say an adenine- 
rich RNA would substan tially  boost th e  adenine nucleotide com ponent 
of a nucleotide p a tte rn  and  steer m etabolism  tow ards energy production 
(respiration).

T able
F luctua tions in  the concentrations o f free and R N А -bound nucleotides

Concentration (m/xmole

Period
Uracil nucleotides Guanine nucleotides

(day) Bound in RNA fraction:* Bound n RNA fraction:

Free 1 I II IV V Free I II IV V

0 1 +125 -1-120 — 50 + 10 + 1000 -t-20 -90 -60 ; +  20 +  1590
1-3 + 280 100 0 +  70 A 290 + 30 - f  SO - 20 + 20 + 210
3-6 - f  200 +  30 + 40 0 +  100 35 +  60 +60 + 90 + 170

* RNA fractions I, II , IV and V are sRNA, low mol. wt. ribosomal RNA, light ribosomal
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We have a ttem p ted  to 
non-lethal changes in the 
sequent changes both  in 
free-nucleotide p a tte rn  
and  in the  nucleotide 
composition of the  v a­
rious species of RNA. 
The plant m aterial chosen 
for this work was petiolar 
tissue from prim ary  leaf 
cuttings of Phaseolus 
vulgaris L. These cuttings 
root readily in w ater w ith­
ou t additional trea tm en t 
and provide an experi­
m ental system  in which 
petiolar tissue undergoes 
the  necessary metabolic 
changes to  produce roots. 
The results of this work 
( Brown andM angat, 1970) 
are sum m arized in Table 
1. It should be noted 
th a t during the period 
studied, no significant 
changes occurred in e ither 
the  free-nucleotide pool 
or nucleic acid profile of 
the associated lam inae, 
i.e. the  petio lar tissue was 
a  self-contained system  
with respect to  nucleo­
tides. Although m any 
significant changes occur­
red in the free-nucleotide

e x a m i n e  t h i s  h y p o t h e s i s  b y  i n d u c i n g  s e v e r e  b u t  
m e t a b o l i s m  o f  a  p l a n t  a n d  f o l lo w in g  t h e  S u b -

Time, days

Fig. 2. P hosphod iesterase  a c tiv ity  to w ard s  R N A  in 
e x tra c ts  o f bean  petio les d u rin g  ro o t fo rm ation . 
L eaves w ere detached  a t  d ay  0 and  show ed ro o t fo rm a­
tion  b y  d ay  6. A ssay incuba tions w ere a t  37 °C for 1 h , 
a t  p H  5*1: one u n it o f  enzym e a c tiv ity  corresponds to  
an increase in E 2fi0 nm o f 0'01 u n d e r these  cond itions

1
during rooting of bean petioles

1 0  g  f r . w t .  o f  t i s s u e )

C y to s in e  n u c le o t id e s  A d e n in e  n u c le o t id e s

B o u rn in  U N A r a c t io n : B o n n d  in  R N A  f r a c t io n :

F r e e 1 11 IV V F r e e I 11 I V V

+  30 - 7 0 - 80 +  10 +  1210 +  235 - 5 0 - 8 0 +  20 +  1000
.-in +  50 +  40 10 +  60 +  310 +  40 +  30 0 +  220
30 +  70 - f  20 +  40 +  70 70 +  50 +  40 +  50 +  10

RNA and heavy ribosom al RNA, respectively.



pool, note for exam ple the  increasing UDP-glucose concentration as roots 
develop, these changes could not be linked quan tita tive ly  w ith the accom ­
panying changes in the  base com position of the petiolar RXA fractions. 
I t  is, however, pertinen t to  point out th a t  the phosphodiesterase activ ity  
tow ards RNA within the petiole, rose to  a relatively high level im m ediately 
a fte r the  cuttings were taken , (Fig. 2): th is ac tiv ity  gradually  fell again 
as roots developed.

A lthough none of the  RNA fractions exam ined appeared to  contribute 
significantly to  the free-nucleotide pool, a num ber of reports over the 
last few years have described RNA fractions th a t are not ex tracted  by the 
h itherto  s tandard  procedures used in the work described. Suffice it to  
m ention the AM P-rich RNA isolated from  ra t liver and  which is not ex ­
trac ted  w ith  the  aqueous phase during the phenol ex traction  procedure 
(Hadjivassiliou and  B raverm an, 1966) and  the  AM P-rich RNA which 
rem ains firm ly bound to  MAK columns a fte r elution of the  fractions 
exam ined above (Ewing and Cherry, 1967). Clearly, depolvm erization of 
such fractions, rich in AMP, could have im portan t im plications especially 
in the  light of A tkinson’s ‘adenylate charge’ concept as an im portan t 
regulatory  factor in m etabolism  (Atkinson, 1968).

R E L A T IO N S H IP  O F T H E  B A SE -T Y PE  O F A N U C L E O T ID E  CO EN ZY M E 
TO IT S M ETA B O LIC  FU N C T IO N

Consideration of this topic, i.e. why uridine nucleotides are prim arily 
involved in sugar m etabolism  whereas cytidine nucleotides are uniquely 
associated w ith the  activation  of alcohols, and  adenine nucleotides are 
especially associated w ith  acids, again brings to  m ind the idea of a link 
between nucleotide coenzymes and  nucleic acids, w ith all th a t implies for 
the  regulation of growth and  developm ent. Nevertheless, a t present, no 
answers can be given to  these questions; this rem ains a problem  for the 
fu tu re .

CON C LU SIO N

W hereas m uch inform ation is now accum ulating on the role of nucleotides 
as coenzymes and  allosteric effectors in the control of m etabolism , relatively 
little  is known of the  relationship of this localized control to  th a t of the 
cen tral control system , i.e. DNA R N A —protein synthesis. E ven  less is 
known of the  relationship between the  structu re  of the  ‘Leloir coenzym es’ 
and  their individual roles. Y et, answers to  these questions m ust be fo rth ­
coming for a full understanding of the biochem istry of growth and  devel­
opm ent .
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NUCLEIC ACID SYNTHESIS IN THE PEA SHOOT APEX

•>y
R. F .  L y n d o n

D E P A R T M E N T  O F  B O T A N Y ,  U N I V E R S I T Y  O F  E D I N B U R G H ,  M A Y F I E L D  R O A D ,  

E D I N B U R G H ,  E H 9  3 J H ,  S C O T L A N D ,  U . K .

T he R N A  o f pea  shoo t ap ica l m eristem s w as labelled b y  p lac ing  a  d rop  o f [3H ]- 
u rid ine  on each shoo t t ip  for 2 '5  o r 0 h . T he re la tiv e  am o u n ts  o f in co rpo ra tion  
o f  label in to  d iffe ren t regions o f th e  shoo t apex  w ere m easured  on au to rad io g rap h s  
o f sections and  w ere ta k e n  as a  m easu re  o f th e  re la tiv e  ra te s  o f  R N A  synthesis. [3H ]- 
u rid ine  in co rp o ra tio n  occurred  th ro u g h o u t th e  w hole apex  b u t w as m ost rap id  and  
th e  specific a c tiv ity  o f  th e  R N A  w as h ighes t in  th e  slowly d iv id ing  cells (the  cen tra l 
zone) a t  th e  su m m it o f th e  apex . T he leng ths o f th e  D N A  syn thesis (S) phase  o f  th e  
m ito tic  cycle in  d iffe ren t regions o f th e  apex  w ere ca lcu la ted  fio m  th e  percen tages 
o f  cells w hich becam e labelled 2 h  a f te r  a  d rop  o f [3H ]-th y m id in e  h ad  been  p laced 
on th e  apex . S w as longest in  th e  slowly d iv id ing  cells o f th e  c en tra l zone. These 
cells a t  th e  sum m it o f th e  apex  seem  to  show  a m ore rap id  ra te  o f R N A  syn thesis and  
b reakdow n , b u t a  slow er r a te  o f D N A  syn thesis , th a n  th e  fa s te r  d iv id in g  cells else­
w here in th e  ap ica l m eristem .

IN T R O D U C T IO N

There is considerable evidence which suggests th a t  th e  cells a t the sum m it 
of the  apical m eristem  of the  shoot divide less frequently  th an  the  cells 
on the  flanks of the  apical dome where leaves are in itia ted  (Gifford and 
Corson, 1971). In  the  pea shoot apex direct m easurem ents have shown 
th a t the  ra te  of cell division a t the  sum m it of th e  apex is about half, or less, 
of the  ra te  of division in the  more basal p a rts  of the  apical dome (Lyndon, 
1970a). H istochem ical m easurem ents showed th a t cells in all p a rts  of the 
apex, irrespective of their different rates of division, contain on average 
the  same am ounts of DNA, R N A  and protein ( Lyndon, 19706). Since 
all cells in the  pea apex appear to  be dividing (although at different rates), 
and  divisions are asynchronous (Lyndon, 1970a), these are average values 
for th e  com position of cells in which th e  am ounts of DNA, RN A  and 
protein are increasing as each cell grows and  synthesises new m aterial 
during interphase of th e  m itotic cycle. If, in the  pea apex, RNA and  protein 
are synthesized throughout interphase, as they  appear to  be in o ther cells 
(W oodard et ah, 1961; V an’t  Hof, 1963, 1967; Lyndon, 1967; Mitchell,
1969), th en  it follows th a t the rates of net increase in the am ounts of RNA 
and protein are proportional to  the  rates of grow th and  division of the  cells, 
i.e. slowest a t the  sum m it and  faster down the  flanks of the  apex where 
leaves are in itiated . I f  the  rates of net increase of RNA and  protein are 
a function of their ra tes of synthesis, then  the rates of synthesis of RNA 
and  protein should also be proportional to the rates of cell division and  one 
would expect to  find a region a t the  sum m it of the  apex, corresponding 
to  the  region where cell division and growth is slower, where the ra tes of
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synthesis of R N A  and protein  are also slower to  the  ex ten t of being half 
or less of the  ra tes of synthesis elsewhere in the  apex.

W hen labelled precursors of RNA were supplied to  shoot apices of 
Brachychiton  and  S in a p is  an unexpectedly uniform  d istribution of in­
corporation of label into RNA was found (W est and Gunckel, 1968; B ernier 
Bronchant, 1970). However, th is m ight sim ply have reflected a uniform  
d istribu tion  of the rates of cell division and growth (which were not measured) 
in these apices. F or the  pea the  ra tes of cell division and  grow th throughout 
th e  apex are known (Lyndon, 1970«, b) and  it  should therefore be possible 
to  decide w hether or no t th e  known differences in the  ra tes of net increase 
of RN A  th roughout the  pea apex are a function of differing ra tes of RNA 
synthesis.

DNA is synthesized and  increases in am ount only during the  S period 
of interphase. I f  the  ra te  of DNA synthesis during S differs in different 
p a r ts  of the apex this will be apparen t as differences in the  length of S.

B y supplying the  pea shoot apex w ith  radioactive precursors which 
label RNA or DNA it should be possible to  com pare the  relative ra tes of 
synthesis of nucleic acid as indicated by  the  relative ra tes of incorporation 
of label, in the  d ifferent regions of the  apex known to  show different rates 
of cell division and  growth.

M E T H O D S

Peas (P isu m  sa tivum  cv. Lincoln) were grown in sand a t 23 °C in a 
controlled environm ent room  w ith a 12 h lig h t/12 h dark  cycle as already 
described (Lyndon, 1968).

Labelling the shoot apices

Various m ethods of supplying radioactive substances to  the shoot apex 
have been reviewed by  Bernier and B ronchart (1963). The m ethod they  
found m ost useful, in which the  p lan t is p a rtly  defoliated, is th e  one used 
here. W hen the  peas were 9 or 10 days old, having 9 or 10 leaves and  pri- 
m ordia (plus the  2 epicotylary leaves), enough of the  younger leaves and 
stipules were cu t off to  expose the  shoot apical dome. A drop of w ater was 
placed on the  apex to  prevent its drying out. W hen all the  p lan ts had been 
so prepared, the  drops of w ater were carefully rem oved w ith filter paper 
and  on each apex was placed a drop of radioactive solution containing 
approxim ately  20 pCi of either | 3H-5] uridine (specific activ ity  30 Ci per 
mmole) or [3H -m ethvl] thym idine (specific ac tiv ity  27-8 Ci per mmole), 
which are specific labels for RNA and  DNA respectively. The p lan ts were 
then  left in the  controlled environm ent (in the light) for 2 or 6 h. The shoot 
tips were then  excised and  im m ediately fixed in ethanol: acetic acid ( 3 : 1 )  
for several hours before transfer to  70 per cent ethanol. They were then  
passed through an ethanol series to  absolute ethanol and eventually  xylene 
and  were em bedded in paraffin  wax. L ongitudinal sections were cu t 6 pm  
th ick  and  autoradiographs were prepared w ith Ilford K2 emulsion. A fter



4 to  14 days exposure a t  1 °C the  autoradiographs were developed in Ilford 
ID  19 developer, fixed in H vpam  and washed. The sections were then  
stained  in m ethyl green/pvronin (Casselman, 1959) and m ounted in Canada 
balsam .

Sections labelled with \ 41 \-uridine

Comparison of the  silver grain density  in d ifferent p arts  of a section 
by  counting grains was alm ost impossible except in apices where the  grain 
density  was very low and label was evenly spread over th e  cells. In  cells 
which had accum m ulated appreciable label the labelling was non-uniform , 
for grain density  in nuclei and  nucleoli was usually greater th an  in the 
cytoplasm  and  the  relative am ount of label in the  nucleus and nucleolus 
differed from  cell to  cell. In  order to  com pare grain densities in different 
p arts  of the  apex it was necessary to  use a m ethod by which the grain 
density  over a relatively large area, including several cells, could be m easured 
quickly. I t  proved possible to  use a B arr and S troud integrating m icro­
densitom eter for th is purpose. The absorption spectrum  of sections stained 
in m ethyl green/pvronin showed a region of m inim um  absorption from 
400 to  450 nm. All m easurem ents were therefore m ade a t 420 nm. W ith 
the  xlOO objective it was possible to  m easure a sufficiently sm all area of 
section so th a t the  num ber 
of silver grains in it could 
be counted. W ith the in­
strum en t set a t E xtinction  
=  1-0, the  recorded absorp­
tion was a d irect function 
of grain density  except a t 
extrem ely high grain densi­
ties where half or more of 
the  field was obscured (Fig.
1). H aving established this, 
it was then  possible to  use 
a lower power objective 
( x45) and  a larger field to 
ob tain  a m easure of re la­
tiv e  grain densities in d if­
ferent parts  of the  section.
A standard  area of 420 ,um’ 
was m easured. Most m eas­
urem ents gave the  sam e ab ­
sorption w ith E x tinction  
=  0-75 and =  1-0, show­
ing th a t there was no u n ­
derestim ation of the  values 
for regions of high grain 
density. In  the few cases 
where the m easurem ent at 
E xtinction  =  1-0 was higher

Fig. 1. P ro p o r tio n a lity  o f a b so rp tio n  (a rb itra ry  
un its) and  n u m b er o f  silver g ra ins per u n it a re a  of 

section



th an  a t  E x tinction  =  0-75, the  form er value was used. M easurem ents 
were m ade a t  th e  positions shown in Fig. 2. E ach value is the  m ean from 
3 sections i.e. 6 sections from  each of 2 apices a t each sam pling time.

Fig. 2. A reas o f  th e  lo n g itud ina l 
section  o f th e  pea ap ex  in  w hich 
silver g rain  densities w ere m easured  
m icrodensitom etrica llv

1 =  sum m it o f ap ex  (cen tra l zone) in  w hich th e  ra te  o f cell d iv ision  is slow
2 =  site  o f n e x t b u t one lea f p rim o rd iu m  ( I 2)
3 =  site  o f n e x t lea f p rim o rd iu m  (R)
4 =  develop ing  lea f p rim o rd iu m
5 =  reg ion  o f fa s te s t d iv id ing  cells
6, 7, 8 =  in c ip ien t p ith  and  ax ia l tissues

Sections labelled w ith \ 3H ]-thym id ine

T he positions of labelled nuclei in a lte rn a te  serial sections right through 
each of 6 apices were recorded on tracings w ith the aid  o f a cam era lucida. 
The use of a lternate  sections reduced the  possibility of recording the  same 
(cut) nucleus in adjacent sections. Cell counts were m ade on the  same 
sections, the tracings of the  sections being divided for this purpose into 
the  regions of central zone, I x, I 2, prim ordium  and  axis as described by  
L yndon (1968).

R E S U L T S

R N A  synthesis

In  all p lants the incorporation of [3H ]-urid ine into RNA, a fte r a 2’5 li 
application, was surprisingly uniform  th roughout th e  whole apex (Fig. 3), 
and m icrodensitom etric m easurem ents of relative silver grain densities 
in different regions of the  apex  confirm ed this (Table 1). C ontrary  to  ex­
pectation, there was as m uch incorporation of [3H ]-uridine a t the  sum m it 
of the  apex, w here th e  cells are known to  be dividing slowest, and  in ­
creasing in RNA content slowest, as in the  faster dividing cells fu rther 
down the  apical dome. Since the  concentration of RNA is lowest a t the 
sum m it of the apex, the  specific ac tiv ity  of the  RNA afte r supplying 
[3H ]-urid ine is in fact highest in these slowly dividing sum m it cells (Table 1). 
A fter 6 h of labelling the  to ta l am ount of [3H ]-uridine incorporation into
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Fig. 3. A u to rad io g rap h  o f L. S. o f a  p9a shoo t apex  a f te r  labelling  w ith  [3H ]-u rid in e
for 2-5 h

R N A  had  increased (as shown by the  doubling of the grain count per un it 
area of section even though  the  exposure tim e of the autoradiographs was 
cu t by two thirds) b u t th e  p a tte rn  of labelling was alm ost identical w ith 
th a t a fte r 2‘5 h (Table 1).

The d istribu tion  of label within the  cells, w ith the  nucleoli being the  most 
intensely labelled, did no t appear to  differ appreciably a fte r labelling for 
2'5 or 6 h.

D N A  synthesis ÿ

The percentages of cells w ith labelled nuclei, a fte r 2 h labelling w ith 
[3H I-thymidine (Fig. 4), in the  different regions of the  apex are shown 
in Table 2, and  these values represent the percentages of the m itotic cycle 
which th e  cells spend in the  S phase. The lengths of the m itotic cycles are 
also given and hence the  length of S in hours in the d ifferent regions of 
the  apex can be calculated (final column of Table 2). The length of kS is 
abou t the  same (6 to  8 h) in all p arts  of the apex except for the slowly 
dividing cells a t  the  sum m it where it is longer (11 h). Since nuclei w ith 
only th e  2C and 4C am ounts of DNA have been found in the  pea shoot
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T able 1
Helntice am ounts o f / :*// ]-uridine incorporated into the different 

areas o f the pea shoot apex

A re a  of 
a p e x *

R e la t iv e  a m o u n t  
o f  [3H ] - u r id in e  
in c o r p o r a t io n * *

R e la t iv e  
c o n c e n t r a t i o n s  

o f  R N A  +

R e la t iv e  s p e c if ic  
a c t i v i t y  o f R N A

2-5 h 6 h 2-5 h 6 h

1 100 100 100 100 100
2 99 101 114 0-87 0-89
3 95 109 131 0-73 0-83
4 90 103 138 0-70 0-73
5 78 93 —

6 78 94 114 0-68 0-82
7 70 89 —

S 80 99 1 17 0-08 0-85

* As shown in Fig. 2.
** Measured by m icrodensitom etry. 
+ D ata from Lyndon (19706).

£  ig- 4. A u to rad iog raph  o f L. S. o f  a, pea shoo t apex  a fte r  labelling  w ith  [3H ]-th y m id in e
fo r 2 h



T able 2
Incorporation o f [ 3H ] -thym idine into nuclei in  the pea shoot apex

Area of 
apex*

Percentage of 
labelled cells

Mitotic
cycle
(h)*«

DNA
S-period

(h)

1 i6 69 11-0
2 23 30 7*5
3 28 28 7-8
4 26 29 7*5
fi, 7
and 8 23 26 6-0

* As shown in Fig. 2. The areas exam ined included the cells adjacent to  the num bered 
areas and corresponded w ith  th e  regions of central zone (1), 1, (2), Í ( (3), priniordium  (4), 
and axis (6, 7, 8), for which m easurem ents of the lengths of the m itotic cycle were made 
(Lyndon, 1970a).

** D ata  from Lyndon (1970a).

apex (by m icrodensitom etry a fte r Fertigen staining) (Lyndon, unpublished), 
it follows th a t during the  S period of the  m itotic cycle all cells synthesize 
th e  same am ount of DMA, the  2C am ount which is approxim ately  9-5 pg 
(Lyndon, 1967). The ra te  of DNA synthesis is therefore slower in the  
slowly dividing cells a t the sum m it of the  apex th an  in the cells elsewhere 
in the apex.

D ISC U SSIO N

The fairly even d istribu tion  of label shows th a t the ra te  of incorporation 
of [3H |-u rid ine  into R N A  in these experim ents is not a function of the  rates 
of cell division and  growth which, in the  cen tral zone a t the  sum m it of the 
apex, are half Or less of the  rates of division and  growth elsewhere in the  
apex (Lyndon, 1970a, b). On the  contrary, incorporation of the RNA p re­
cursor was as rap id  in the  sum m it cells as in cells elsewhere in th e  apical 
dome and  in the  developing prim ordia. This is the  same as has been found 
for the  vegetative shoot apices of Lolium  (Knox and Evans, 1968), Rrachy- 
cliiton (W est and Gunckel, 1968), and  S inap is  (Bernier and B ronchart, 1970).

In  th e  pea the  ra te  of net increase of RNA is a function of the ra te  of 
cell division and  so will be slower in the sum m it cells th an  in the  o ther cells. 
Since the  ra te  of synthesis is the  sam e or greater in the  sum m it th an  in 
the  o ther p arts  of the apex, b u t the ra te  of net increase (or accum ulation) 
in the sum m it is only half of th a t  elsewhere, it follows th a t  the  ra te  of RNA 
breakdow n is greater in the  sum m it th an  elsewhere in the apex.

On this in terp re ta tion  the slowly dividing cells of the  sum m it of the 
pea shoot apex show a more rap id  tu rnover of RNA th an  the  more rapidly 
dividing cells of the  apex. A nother characteristic of these sum m it (or 
cen tral zone) cells is th a t  the volume of their nuclei is 30 to  40 per cent 
g reater th an  th a t of nuclei w ith the  same DNA content elsewhere in the
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apex (Lyndon, unpublished). In  having a rapid  ra te  of RNA tu rnover 
and  having enlarged nuclei these cells a t the  sum m it of the  apex resemble 
the  slowly dividing or non-dividing cells in the more m atu re  regions of 
the  root which have large nuclei (Lyndon, 1967) and  a rap id  ra te  o f RNA 
tu rnover (Jensen, 1961). E nlargem ent of the nucleus is also associated 
w ith an increased ra te  of RNA synthesis when nuclei are reactivated  
(Gurdon and Brown, 1965), and H arris (1967) has shown th a t in reactivated  
ery th rocy te  nuclei there is a direct relation between th e  volume of the 
nucleus and the  ra te  of RNA synthesis. This raises the  interesting possi­
bility th a t  the  disappearance of the  cen tral zone in the  pea apex when 
a new leaf is in itia ted  (Lyndon, 1968) is a reflection of changes in nuclear 
size and synthetic activ ity .

There is no evidence for increased labelling of either the sites of initiation 
of new leaf prim ordia (1, and I 2 — areas 3 and 2 in big. 2) or the young 
prim ordium  itself (Table 1 and Fig. 3). This is consistent w ith the  view th a t 
leaf in itiation results from  changes in the  direction of grow th ra th e r th an  
changes in the  rates of growth in the  apex (Lyndon, 1970 a, c).

The in terp re ta tion  of the  d a ta  which has been given depends on the  ra te  
o f incorporation of [3H ]-uridine being a measure of the ra te  of synthesis 
of RNA. However, the  possibility cannot be ruled out th a t this is not so. 
One cannot be certain  un til one knows th a t  the  synthesis of RNA itself 
is the  rate-lim iting step in the  incorporation of label in all p arts  of the  apex 
and th a t the  specific activ ity  of the  uridine a t the  site of incorporation 
into RNA is the  same throughout the  apex. I t  could also be argued th a t 
the cells a t the  sum m it of the  apex have been stim ulated  into activ ity , 
including RNA synthesis, by mechanical dam age during the defoliation 
and application of the radioactive solution. This is unlikely, because the 
apices of non-defoliated p lan ts and of excised shoot tips immersed in rad io ­
active solution, although only lightly labelled, showed th e  sam e p a tte rn  
of relatively uniform  d istribu tion  of label. Also, some apices which could 
be seen to  be dam aged showed m uch less incorporation of label in the  
dam aged region.

The ra te  of DNA synthesis in the  sum m it cells, unlike RNA synthesis, 
is slower th an  elsewhere in the  apex and  takes abou t 50 per cent longer 
(Table 2). This is alm ost the  sam e as Jacq m ard  (1970) found for Rudbeckia, 
the  only o ther shoot apex in which the  length of S has been measured. 
Jacq m ard ’s d a ta  suggest th a t  the  lengths of G1 and G2 are also extended 
in the slowly dividing cells a t the sum m it of the  apex. Taken together 
w ith the  observation th a t the proportion of cells w ith the 2C and  4C DNA 
conten t is sim ilar a t  the sum m it and elsewhere in the  apex (Steeves et al. 
1969; Lyndon, 19706), th is points to  the  whole of in terphase being extended 
in the  slowly dividing cells of the  shoot meristem.

The slowly dividing cells in the  root meristem  have, however, different 
characteristics. I t  is only the  G l phase of the  m itotic cycle which is extended. 
The length of S, and  hence the  ra te  of DNA synthesis, is the  same as else­
where in the  roo t (Clowes, 1965; Thom pson and Clowes, 1968). Also the ra te  
of RNA synthesis in these cells is low, and RNA tu rnover will be correspond­
ingly low (Clowes, 1956; Jensen , 1961; Barlow, 1970). W hatever in terp re­
ta tio n  is placed on the  labelling d a ta  it is clear th a t  the  slowly dividing 
cells of the  shoot apex are readily  labelled w ith nucleic acid precursors
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whereas those cells in the  root are not. These differences allow us to  speculate 
th a t  th e  mechanism  of controlling the  ra te  of cell division m ay be different 
in the  root and shoot m eristems.

R EFER EN C ES

B a r l o w , R. (1970): J .  E xp . Bot. 21, 2 9 2 -2 9 9 .
Be r n ie r , G. an d  B r o n c h a r t , R . (1963): B ull. Soc. Ron. Sei. Liegt 32, 269 — 283. 
B e r n ie r , G. and  B r o n c h a r t , R . (1970): P lanta  91, 255 — 269.
Ca s s e l m a n , W . G. B. (1959): “Histochemical Technique" M ethuen, London.
Cl o w e s , F . A. L. (1956): N ew  Phytol. 55, 29 — 34.
Cl o w e s , F. A. L. (1965): N ew  Phytol. 64, 355 — 359.
G if f o r d , E. M. and  C o r s o n , G .  E. (1971): Bot. Rev. 37, 143 229.
G u r d o n , J .  B. and  B r o w n , D. I). (1965): J .  M ol. Biol. 12, 27 — 35.
H a r r is , H . (1967): J .  Cell. Science 2, 2 3 - 3 2 .
JACQMARD, A. (1970): N ew  Phytol. 69, 269 — 271.
.Je n s e n , W . A. (1961): Sym p . Soc. S tu d y  Devel. Giowth 19, 8 9 — 109.
K n o x , R . B. and  E v a n s , L. 3'. (1968): A ustr. J . B iol. Sei. 21, 1083—1094.
L y n d o n , R . F . (1967): A n n . Bot. 31, 133 — 146.
L y n d o n , R . F. (1968): A n n . Bot. 32, 371 -390.
L y n d o n , R . F . (1970a): A n n . Bot. 34, 1 — 17.
L y n d o n , R . F. (19706): .7. E xp . Bot. 21, 286 — 291.
L y n d o n , R. F. (1970c): A n n . Bot. 34, 19 28.
M it c h e l l , J .  P . (1969): A n n . Bot. 33, 25 - 3 4 .
St e e v e s . T. A.. H ic k s , M. A., N a y x o r , J .  M. and  R e n n i e , P . (1969): Can. J .  Bot. 

47, 1 3 6 7 -1 3 7 5 .
T h o m p s o n , J .  and  Cl o w e s , F . A. L. (1968): A n n . Bot. 32, 1— 13.
V a n 't  H o f , .J, (1963): Cytologia 28, 30 — 35.
V a n 't  H o f , J .  (1967): E xp . Cell Res. 45, 638 — 645.
W e s t , W . C. a n d  G c n c k e l , J .  A. (1968): Phytom orph. 18, 283 293.
W o o d a r d , J . .  R a s c h , E . a n d  Sw if t , H . (1961): J .  B iophys. Biochem. Cytol. 9, 

4 4 5 — 462.





S  y  mp. Biol, tiling. IS, pp. 355—365 (1972)

CHANGES IN  ISOZYM ES OF HOST AND PA TH O G EN  
FO LLO W IN G  SOME FU N G A L INFEC TIO N S

by

M . A . S t a h m a n n  and D . M . D e m o r e s t

DEPARTMENT OE BIOCHEMISTRY COLLEGE OF AGRICULTURAL AND LIFE SCIENCES 
UNIVERSITY OF WISCONSIN MADISON, WISCONSIN 5370G, U. S.A.

F or several years we, in M adison, have been engaged in a s tudy  of the 
effects of infection by p lan t pathogens upon host proteins, particu larly  
isozymes. We are in terested  in the biochem istry of disease and  of disease 
resistance. Since resistance is often  determ ined by genes of the  host, we 
have studied the  proteins of resistan t and susceptible p lan ts before and  afte r 
inoculation. Soluble proteins were separated  by gel electrophoresis and  the 
isozyme bands were m ade visible by enzym atic reactions th a t  produce 
colored products. This allowed us to  see the  isozyme p a tte rn s  and  the  effects 
of infection on them .

Southern bean mosaic

Before discussing fungal infections, I  would like to  review our studies 
w ith two H ungarian  scientists upon a viral and  bacterial infection. The first 
was carried out w ith  our conference chairm an, Dr. G. L. F arkas (Farkas and 
S tahm ann, 1966). We w ondered if the increase in enzyme ac tiv ity  in diseased 
p lan ts was due to  activation  or synthesis.

There was a m arked change in th e  peroxidase isozymes of bean leaves 
following inoculation w ith Southern Bean Mosaic Virus. Young, healthy  
bean leaves gave two peroxidase bands. Two additional bands appeared 
when virus lesions developed. One of these bands was also seen in old leaves 
or leaves floated  on water. These four bands were fu rther purified by  gel 
filtra tion  and  ion exchange chrom atography and  shown to be different 
proteins. The form ation of the  new bands was blocked by inhibitors of 
protein synthesis. We concluded th a t  some of the  increase in peroxidase 
in virus infection was due to  synthesis.

W ildfire

A nother H ungarian  scientist, L. Lovrekovich, had shown th a t resistance 
in tobacco leaves to  a bacterial disease was induced by injection of heat- 
killed bac teria  or virus infection. Two peroxidase isozymes were detected  
in healthy  tobacco leaves; an additional two bands formed w ithin tw o 
days a fte r 109/m l heat-killed cells of Pseudomonas tabaci were injected in to  
the  leaves. The developm ent of disease sym ptom s was suppressed when 
h a lf leaves were injected w ith killed bacteria  or 50 pg/ml of com m ercial 
peroxidase tw o days before bo th  halves were inoculated w ith 107 living 
P. tabaci cells. Severe disease sym ptom s developed w ithin four days on

23* 355



the  half leaves th a t  were injected w ith buffer, b u t no sym ptom s appeared 
on the  half th a t  received killed bacteria or peroxidase (Lovrekovich et ah, 
1968a).

These results, which resemble vaccination, suggest th a t  th e  disease was 
suppressed by  the  in jected  peroxidase or peroxidase indue ed by  killed 
bacteria. Since peroxidase did no t inhibit bacterial grow th and  there was 
no protection when peroxidase was in jected  w ith living bacteria, we believe 
th a t the  disease was suppressed by  products form ed by peroxidase or by 
o ther enzymes whose synthesis was induced by  peroxidase. Tobacco mosaic 
virus infection also increased peroxidase and  increased resistance to  W ild­
fire (Lovrekovich et ah, 19686).

Black rot

Inoculation of sweet po tato  tissue w ith pathogenic and  some non-patho- 
genic isolates of Ceratocystis fim briata  produced an increase in the num ber 
or in tensity  of peroxidase isozyme bands ju st below the  inoculated surface. 
We thought th a t  this increased peroxidase ac tiv ity  m ay be a defense 
reaction and therefore did experim ents to  see if the  non-pathogens would 
induce a protection against th e  pathogen. Pieces of sweet potatoes from 
a susceptible and resistan t variety , were left uninoculated or inoculated 
w ith  a non-pathogen two days before being challenged by a second inocula­
tion w ith the pathogenic isolate (W eber and S tahm ann, 1966). Only the 
susceptible tissue no t inoculated w ith the  non-pathogen developed severe 
sym ptom s. In  the  resistan t tissue and in the  susceptible tissue first inoculated 
w ith the non-pathogen, growth of the  fungus was confined to  the  surface 
layers.

This im m unity induced by non-pathogens resem bled the na tu ra l im­
m unity  and  th a t produced by vaccination. However, the  protection was 
confined to  a few cell layers around the  infection site. Associated w ith  it, 
was an  increase in peroxidase, polyphenol oxidase, and alkaline phosphatase 
(W eber e t ah, 1967).

An unexpected observation th a t uninoculated tissue incubated in closed 
cham bers w ith infected pieces also showed an increased peroxidase activ ity , 
led us to  suspect a volatile factor which was identified as ethylene. Per­
oxidase and polyphenol oxidase was increased 10 fold or more when trea ted  
w ith  ethylene (S tahm ann et ah, 1966). Subsequently, o ther workers have 
confirm ed an increase in peroxidase synthesis afte r exposure to  ethylene 
and  reported  th a t  ethylene induced the  form ation of cellulase and  phenyl­
alanine am m onialyase also. R esistance in very susceptible sweet po ta to  
tissue was also increased by exposure to  low concentrations of ethylene 
prior to  inoculation. Severe sym ptom s developed in the piece w ithout 
ethylene; those receiving ethylene gave the  resistan t reaction.

Late blight

The isozyme p a tte rn  of peroxidase from white po tato  tuber tissue was 
changed by inoculation w ith an incom patible race of Phytophthora infestons. 
There was no difference in the  p a tte rn s  from the  control uncu t tuber;



a  cut and  uninfected tuber; and  pieces th a t  were cut and  inoculated w ith 
the  com patible race 1 to  which the  tissue was susceptible. However, th e  
pieces th a t were cu t and  inoculated w ith  the  incom patible race 0 to  which 
th e  tissue was resistan t developed two new positively charged peroxidase 
bands. These new peroxidase bands were seen in the  resistan t com bination 
only (Tomiyama and  S tahm ann, 1964).

Pea wilt

Isozymes of 16 enzymes from  healthy  pea plants, from infected p lan ts 
15 days a fte r inoculation w ith  F usarium  oxyspornm  f. sp. p isi race 1, and 
from  the culture grown fungus were com pared (Reddy and  S tahm ann,
1971). The in tensity  of the single ban d  of catalase, alkaline phosphatase 
and  g lu tam ate dehydrogenase was increased by  infection. The in tensity  
of some bands of peroxidase, acid phosphatase, esterase and  aldolase in ­
creased while others decreased a fte r infection. Thus, th ree bands of acid 
phosphatase increased in in tensity  while th ree others decreased afte r 
Fusarium  wilt infection.

F igure 1 illustrates th is change 
w ith acid phosphatase. In  this fig­
ure, gell is the acid phosphatase p a t­
te rn  of healthy  pea stems. Gel 2 is 
th a t  of infected stems. A t the  top  of 
gel 2, bands are missing th a t were 
seen in the gel from healthy  plants 
and  from the fungus. There is a 
m arked increase in the in tensity  
of o ther bands. Thus, some isozy­
me bands increase, others decrease 
a fte r Fusarium  infection. Soluble 
isozymes of fum arase, succinate 
dehydrogenase and  isocitrate de­
hydrogenase were not detected  in 
ex tracts  of healthy p lan ts b u t 
were seen only in infected plants.

New isozyme bands of eight 
enzymes were seen from  ex tracts 
of stem s of Fusarium  infected 
plants. These new isozymes which 
did no t correspond to  those of ei­
th e r the healthy p lan t or the  fungus 
were no t detected  in either host 
or pathogen before infection. Such 
new isozyme bands were seen 
w ith peroxidase, aldolase, gluco- 
kinase, N A D P-glutam ate dehydro­
genase, 6-phosphogluconate d e­
hydrogenase, NAD- and  NADP 
m alate dehydrogenase a fte r infec­
tion.

Fie. 1. Isozym e p a tte rn s  o f  acid  ph o sp h a tase  
(К . ('. 3.1.3.2) from  e x tra c ts  o f (1) h ea lth y  
and  (2) F usarium  infected  pea  stem s and  
(11) cu ltu re  grow n m ycelium  o f F usarium  

oxysporum  f. sp. p is i  R ace 1
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F ig . 2 .  I s o z y m e  p a tte rn s  o f  N A D -dependen t 
m a la te  dehydrogenase (E . C. 1.1.1.37) from  
e x tra c ts  o f (1) h e a lth y  and  (2) F usarium  
in fected  p ea  stem s and  (3) cu ltu re  grow n 
m ycelium  o f F u sa riu m  oxysporurn  f. sp. 

p is i  R ace 1

Figure 2 illustrates these new 
isozymes of N A D -m alate dehy­
drogenase. Gel 1 was from  healthy 
tissue. Gel 3 was from the  fungus. 
Gel 2 is m alate dehydrogenase 
from  infected stems. I t  contains 
a fa t moving band  n o t seen in 
healthy  tissue or the  fungus.

Table 1 compares some proper­
ties of N A D -m alate dehydrogena­
se from healthy  or infected pea 
stem s and F . oxysporurn f. sp. p isi. 
N ote th a t the  K M which repre­
sents the  binding affin ity  of the 
enzyme was lowered. The lower 
K M from infected p lan ts means 
th a t  the enzyme around infected 
sites has a higher affin ity  for its 
substra te  th an  th a t in healthy  
parts. Such an increased affinity  
m ay be the biochem ical basis for 
the  accum ulation of m etabolites 
into the  “ m etabolic sink” around 
infection sites. This new dehy­
drogenase band  was m uch more 
stable to  hea t; and it had  differ­
ent physical and  enzym atic p rop ­
erties th an  bands from  either 
host or pathogen.

Powdery mildew

Inoculation of p rim ary  leaves of barley  of differing com patibilities 
to  race 3 of Erysiphe graminis f. sp. hordei resulted in a th ree to  five fold 
increase in peroxidase ac tiv ity . This increase was evident as soon as 24 
h a fte r inoculation. I t  was accom panied by the  appearance of one new 
m ajor isoenzyme band  n o t seen in conidia or in healthy  barley leaves 
(Hislop and  S tahm ann, 1971). I t  was concluded th a t the increase in peroxi­
dase was a host response to  infection. Since it was the only enzyme 
th a t changed w ithin 24 h a fte r inoculation, the  period when the  resistant 
character is expressed, we suspect th a t  it m ay play a role in resistance.

Isozym e patterns of 14 enzymes from near-isogenic barley lines inoculated 
w ith powdery mildew were stud ied  (Sako and  S tahm ann, 1971). A sum m ary 
of the  changes in band  in tensity  and  the  appearance of new bands 7 days 
a fte r inoculation of a resistan t and susceptible barley line is given in Table 2. 
These d a ta  suggest th a t  following inoculation of the resistan t variety , only 
peroxidase showed a new band. However, the  in tensity  of bands from 
enzymes involved in the  pentose pathw ay, the hydrolysis of fa tty  acid 
esters, or protein and am ino acid m etabolism  seem to  increase.
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T able 1
Properties of N A D -m alate dehydrogenase from  healthy and infected pea  

stems and from  F . oxysporum  f. sp. p is i

Property Healthy Infected Fungus

к ? , 3 -0 x l0 --5M 1-5 X 10-5 M 1-9 X lO - 5  M
H eat stability15 35 100 4
Specific activ ity0 6 17 —

a K jVi =  Michaelis constant m easured w ith  oxaloacetate as substrate  . 
b Minutes required for 50% loss of ac tiv ity  when heated a t 45°. 
c U nits of ac tiv ity  in crude ex trac ts per mg protein.

T able  2
Changes in isozyme bands following inoculation of resistant and susceptible barley lines 

w ith E rysiphe gram in is  f. sp. hordei
The n u m b er o f b an d s show ing an  increase (-J-) or decrease ( — ) in in te n s ity  7 days 
a f te r  inocu la tion  an d  th e  n u m b er o f new  bands in  e x tra c ts  from  inocu la ted  tissue 

n o t p resen t in  e x tra c ts  o f un in o cu la ted  leaves are  listed

Enzyme
Resistant (ml-g) Susceptible (ml-g)

Intensity
change

New
band

Intensity
change

New
band

Oxidases
Peroxidase* +  2 i 1 о 1

Pentose Pathway
Glucose-6-phosphate dehydrogenase +  1 0 +  1, —5 0
Phosphogluconate dehydrogenase 1 2 0 +  1, - 1 0

Hydrolases
Acid Phosphatase 0 0 +  3 1
Acety les t era se -|_2 0 _  2 2
Leucin earn inopeptidase + i 0 + 1 0

Am ino A cid  1Metabolism
XADP-Malate dehydrogenase +  3 0 +  3 1
G lutam ate dehydrogenase — 1 0 + 1 0
G lutam ate dehydrogenase (NADP) +  1 0 - f  1 0

Glycolytic Pathway
Glucokinase 0 0 +  1 0
Glucosephosphate isomerase 0 0 — 2, - 1 0
Alcohol dehydrogenase 0 0 0 0

Krebs Cycle
Succinic dehydrogenase 0 0 - 3 1
Л1а1а1е dehydrogenase 0 0 - 1 1

* The increase in in tensity  and the new band were visible 24 h after inoculation.
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In  th e  susceptible line these changes also occurred b u t in addition  there 
was a  decrease in th e  in tensity  of m any bands involved in the  pentose p a th ­
w ay and  the Krebs cycle and  an increase in those involved in the glycolytic 
pathw ay.

E leven enzymes from  inoculated  susceptible lines showed an increased 
in tensity  of one or more bands; fou r enzymes showed a decrease. A hyper­
sensitive line (M l-k) showed sim ilar changes. W ith  th e  resistan t line (Ml-g) 
there was an  in tensity  increase in one or more bands of seven enzymes. 
Such changes in isozymes are biochem ical sym ptôm es of disease and  m ay 
be a basis for the  increased m etabolism  associated w ith infection. I t  suggests 
th a t  there are profound in teractions between parasite  and  host a t the  en­
zyme level. There is an increase in ox idative and  hydrolytic enzymes and 
enzymes involved in RN A  synthesis following inoculation of bo th  resistant 
and susceptible lines. However, only in th e  susceptible was there an  increase 
in the energy generating pathw ays. Therefore we suggest th a t oxidases, 
hydrolyases and  enzymes of the pentose pathw ay  m ay be involved in 
resistance and th a t  an  enhanced  glycolysis m ay favour susceptibility.

Alteration of histones and proteins by peroxidase

Since we saw an increase in the  num ber or in tensity  of peroxidase isozymes 
w ith  every fungal, bacterial or v iral disease, we wondered if peroxidase 
were involved in disease resistance and  could ac t on proteins or nucleic 
acids. Because peroxidase forms reactive free radicals and  quinones, we 
suspected th a t peroxidase m ight a lte r enzyme ac tiv ity  or protein synthesis. 
Prelim inary  experim ents in w hich polvlysine, proteins and histones were 
trea ted  w ith a  peroxidase system  revealed peroxidase induced changes 
in m obility and  u ltrav io le t absorption. Peroxidase caused the form ation 
of a substance, p robab ly  lysyl aldehyde, which could be oxidized to  a- 
am ino adipic acid.

Peroxidase Free radicals
or

Phenol + H2 O2 semi quinones Lysyl residues 
(ÇH2h in proteins

- hn ' h' c o -  and histones

снгон H C l
iÇH2)3: -*------

NaBH4 ÇHO

e -  hydraxynorleucine Lysyl aldehyde

CH2CL
Performic

acid

h2n' h' co o h

e -  chloronorleucine

<£Уз

HCl

соон

H2n н'соон
cc-amino adipic acid

(6н2)з
.c.

Fig. 3. P roposed  reac tions o f a  perox idase sy s tem  (peroxi­
dase, pheno l a n d  hyd rogen  peroxide) w ith  th e  am ino 

g roups o f p ro te in s and  h istones
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Figure 3 shows the  proposed reactions of a peroxidase system  (peroxidase, 
a phenol and hydrogen peroxide) w ith  proteins and  histones. We suggest 
th a t  free radicals or quinones react w ith lysyl residues to  cause deam ination 
w ith the  form ation of an aldehyde. We believe an  aldehyde interm ediate 
is involved because oxidation or reduction of the  reaction m ixture before 
acid hydrolysis gave rise to  a-am ino adipic acid or y-hydroxynorleucine, 
respectively and  the  reaction m ix ture gave positive tests for aldehydes.

T able 3
The binding of the peroxidase oxidation product(s) o f indole-3-acetic acid-2-u C ( I A A )  

to crude calf-thym us histone separated on Sephadex G — 25
Peroxidase (10 /ig/ml) and  ГАА —2 —l4C (2 '0 y  10“ 4 M ,  4 ' l x l 0 e CPM /m l) w ere in ­
cu b a ted  a t room  tem p e ra tu re  for 60 m in a t pH  5 '0  before add ing  an  equa l volum e 
o f  crude ca lf-thym us h is tone  (8-0 m g/m l) to  m ake  1 m l to ta l  volum e. A fte r 30 m in a t  
room  tem p e ra tu re , th e  m ix tu res  w ere flushed  w ith  N 2, s to red  a t  —20 °C and  ch ro m ato ­
g raphed  on a  30 m l S ephadex  G — 25 colum n.

I n c u b a t io n m ix tu r e C P M  in c o r p o r a te d  in to  
h ig h  M . W . f r a c t i o n 1

p e r
c e n t

Peroxidase IAA -f- histone (PH5) 133,0002 100
Peroxidase -|- IAA -f- buffer (pH5) 3,500 3
IAA -\- histone (pH5) 12,400 9
Peroxidase -\- IAA -(- histone (pHS)3 84,600 64
IAA -\- histone (pH8)3 6,090 5
Peroxidase IAA - f - histone -f glutathione (pH5)4 90,300 68
Peroxidase -|- IAA -|- histone (Imated) (pH5)5 337,000 254

1 The high molecular weight (M. W.) fraction (>  5,000 M. W .) eluted at 1 3 -2 3  m l and 
th e  IAA eluted a t 33 — 43 ml a t pH  8-0 and 37 — 40 ml a t pH  5 0.

2 The 133,000 CPM incorporated is equal to  about 6-0X10“ 9 moles of IAA.
3 The histone was incubated a t pH  8-0 and chrom atographed at pH  8-0.
4 Reduced glutathione (2-0ХЮ “ 4 M ) was included w ith th e  histone.
“ The peroxidase and IAA m ixture was heated after incubation at 100 °C for 10 min 

and cooled to  room tem perature  before adding histone.

E xperim ents are being conducted to  test the hypothesis th a t  through 
such reactions peroxidase m ay alter histones and  th a t the altered  histone 
is a less effective repressor of D N A -dependent RNA synthesis (Demorest 
and  S tahm ann, unpublished). We have found two peroxidase system s 
which can a lter calf thvm us histone. As shown in Table 3, the  peroxidase 
oxidation products of indole-3-acetic acid bind to  calf thym us histone. 
The d a ta  shows th a t the  binding of IAA-2-C14 was increased 10 fold by 
trea tm en t with peroxidase. Binding was fu rther increased 2-5 fold by heating 
the  reaction m ixture which is known to increase the  form ation of 3-m ethy- 
leneoxindole and  decreased by the  add it ion of g lu tath ione or raising the  pH .

Figure 4 shows the proposed oxidation of IAA to form an indole aldehyde 
and  3-m ethyleneoxindole which react w ith the  amino group of lysyl re ­
sidues or the  sulfhydryl group of cysteinyl residues of histones. We suggest



th a t  such reactions m ay alter their repressor properties and  cause increased 
synthesis of R N A  and  proteins.

Chemical evidence for the  a lteration  of calf-thym us histone by peroxidase 
an d  catechol is shown in Table 4. This tab le  shows th a t when very lvsine-

@çrCĤ
H

lndole-3-acetic acid

^  r C=(

lndole-3-carboxaldehyde

f î r t CHï 0H
^ nh"°

3 -  hy drox y mefhylox indole

Acceler-abed 
by heating

u M
g n í (°П,'-CH2

Alkaline pH 
3- mefhy I eneox indole

F ig . 4. P roposed  ox ida tion  o f  indole-3-acetic acid  b y  perox idase and 
reac tions o f th e  o x ida tion  p ro d u c ts  w ith am ino  and  su lp h y d ry l g roups o f 

h istones o r p ro te in s

rich histone is incubated  w ith peroxidase, catechol and  hydrogen peroxide, 
th ree tim es more a-am ino adipic acid is form ed and  twice as much catechol 
is bound to  the  histone th an  when peroxidase is om itted . There m ay be 
some air oxidation of catechol in the absence of peroxidase and  a binding 
o f oxidation products. W hen the  crude histone was trea ted  w ith peroxidase 
and  subjected  to  gel electrophoresis, fast moving histones were converted 
to  a heterogeneous, slower moving group. Such d a ta  show th a t  peroxidase 
can alter the physical and  chemical properties of histones. Some prelim inary 
experim ents suggested th a t the  tem plate  ac tiv ity  of isolated pea internode 
chrom atin  was increased by trea tm en t w ith IAA and  peroxidase. These 
results give support to  the  idea th a t some of the horm onal effects of IAA 
m ay be due to  the  binding of its peroxidase oxidation products to  histones 
and th a t peroxidase m ay play a role in the derepression of the genome during 
in ju ry  or disease.

A proposed ribosome cycle catalyzed by peroxidase

Ten years ago U ritan i and S tahm ann (1961) observed an increase in 
peroxidase and  in microsomes in diseased sweet p o ta to  tissue. In  Fig. 5 
we propose th a t a ribosom al peroxidase m ay catalyze the synthesis of new 
ribosomes hy derepression of genes involved in ribosome synthesis. This
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T able 4
Content of ct-amino adipic acid and catechol oxidation products in  peroxidase treated 

calf-thym us very lysine-rich histone
The m ix tu re s  (h istone, TO m g/m l; peroxidase, OH m g/m l; H 20 2, 2*5 m M ;  catechol, 
0*25 m M )  w ere in cu b a ted  for 2 h a t  room  tem p e ra tu re  and  th e n  passed th ro u g h  a 
Sephadex G  — 25 colum n. The high m olecular weight frac tio n  was well sep ara ted  from  
the  ca techo l and  H 20 2. The high m olecu lar w eight frac tio n  w as th e n  d ia lyzed  a t  
0 °C for 4S h. The a-am ino  ad ip ic  acid  con ten t in th e  d ialyzed  p rep a ra tio n  was d e te r­
m ined by  s ta n d a rd  am ino  acid  analysis a f te r  perform ic acid ox idation .

I n c u b a t io n  m ix tu r e /x m o les  a - a m in o  a d ip ic  
a c id /ju m o le  h i s t o n e 1

% c a te c

Histone 0-0 0
Histone -f- peroxidase -)- H 20 2 0-0 0
Histone -|- peroxidase -}~ catechol 0-0 19
Histone -|- H 20 2 catechol 0-3 28
Histone -f- peroxidase -f- H 20 2 -(- catechol 1-0 67
Peroxidase -f- H 20 2 -f- catechol 0-0 0

1 The //moles of histone was determ ined from the alanine and glycine content and the 
known molecular weight of very lysine-rich histone.

2 The % catechol or catechol oxidation products bound to histone in the high molecular 
weight fraction (>  5,000 M. W.) was calculated as th e  % of m aterial absorbing at 280 m y, 
no t due to  histone, peroxidase, or unbound catechol oxidation products, which was recovered 
from the original m ixture.

adm itted ly  speculative hypothesis suggests th a t  derepression occurs during 
injury or infection to  induce an increase in the  num ber of ribosomes. We 
suggest th a t  this derepression results from  the  peroxidase catalyzed a lte r­
ation of histones causing a reduced binding to  DNA. The oxidation products

Fig. 5. P roposed  ribosom e cycle ca ta lyzed  by  perox idase
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of IAA m ay react w ith amino, sulfhydryl, or guanidino groups; oxidation 
products of phenols m ay also be involved. These reactions expose DNA 
from the repressed DNA-histone or protein complex which leads to  the 
synthesis of ribosom al and messenger R N A ’s. This triggers synthesis of 
ribosom al proteins and  ribosom al peroxidase which assemble into new 
ribosomes.

In  this m anner the  hydrolytic enzymes released as a result of cellular 
dam age (1), d isrup t ribosomes (2), to  release proteins and  peroxidase which 
through  reactions (3), (4), and (5) form 3-m ethyleneoxindole th a t  binds 
to  histone. This binding derepresses the  DNA (6), and  leads to  the form ation 
o f messenger R N A  and ribosom al RNA (7). These code for ribosom al p ro ­
teins including ribosom al peroxidase (8) which assemble into new ribosomes 
( 9 ) .

We realize th a t this is a highly speculative hypothesis and  propose 
it for your consideration because we w ant to  em phasize th a t  peroxidase 
m ay p lay  a role in the  regulation of m etabolism , particu larly  in injury or 
disease. A stim ulation of the  germ ination and  d ifferentiation of wheat 
ru st spores by  added peroxidase observed by Mackó, W oodbury and  S tah ­
m ann (1968) m ay support th is hypothesis.

In  sum m ary we have shown:
(1) T h at in p lan ts inoculated w ith selected virus, bacteria  or fungi 

there was a rap id  increase in peroxidase and  often the  appearance of new 
peroxidase isozymes followed by changes in the  ac tiv ity  and  isozyme 
p a tte rn s  of o ther enzymes. Some isozymes disappeared and new isozymes 
not seen in healthy  p lan ts or the  pathogen appeared a fte r infection.

(2) T h a t biological or chemical agents th a t  induced an increase in per­
oxidase also induced disease resistance and  caused changes in isozyme 
p a tte rn s.

(3) We have suggested from  chemical and  physical evidence th a t the 
peroxidase oxidation products of indole-3-acetic acid or phenols m ay ac tiva te  
genomes to  increase the  synthesis of proteins and  ribosomes.

S u pported  by  funds from  th e  H erm an  F rasch  F o u n d a tio n , th e  N a tio n a l In s titu te  
o f A llergy and  In fec tious D iseases (A I 101), U . S. P ub lic  H ea lth  Service, and  th e  
G rad u a te  School R esearch C om m ittee  o f th e  U n iv e rs ity  o f W isconsin.
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CHANGES IN  ENZYM ES OF CARBO HYDRATE O X ID A TIO N  
D U R IN G  D IF F E R E N T IA T IO N  OF T H E  ROOT 

OF P I  S U M  S A T I V U M
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D ifferentiation m ay be viewed as the  controlled, sequential, expression 
of d ifferent proportions of th e  geno type of the cell. Thus, changes in the 
m axim um  cata ly tic  activities of enzym es th a t control m etabolic pathw ays 
are an  essential part of the  m echanism  of d ifferentiation. As p art of a  study  
of th e  biochem istry of d ifferentiation of the  root of P isum  sativum, we have 
m easured the  activities o f enzymes of carbohydra te  oxidation in ex tracts 
of d iffe ren t regions of the root (Fowler and  ap Rees, 1970; W ong anil 
ap R ees, 1971). F rom  this work we have selected, for th is paper, d a ta  
th a t  bear on the  following questions. F irst, do the  m axim um  cata ly tic  
ac tiv ities of phosphofructokinase (EC 2.7.1.11) and  glucose-6-phosphate 
dehydrogenase (EC 1.1.1.49) change during the  differentiation of the root? 
Second, do any such changes contribute to  alterations in the  relative 
ac tiv ities of glycolysis and the  pentose phosphate pathw ay  during differ­
en tia tion? We have chosen these enzymes because they  catalyse the first 
irreversible steps unique to  their respective pathw ays. Thus, unlike sub ­
sequent enzymes in the  pathw ays, they  could control the  en try  of glucose- 
e-phosphate into glvcolvsis and tlie pentose phosphate pathw ay, respectivelv.

We worked w ith the  tip  26 mm of roots of peas th a t had  been germ inated 
in the  dark  a t  25° for 5 days. The m ethods th a t  we used have been described 
(Fowler and  ap Rees, 1970; W ong and ap Rees, 1971). We em phasize 
th a t  we have presented evidence th a t our m easurem ents of enzyme ac tiv ­
ities reflect the ca ta ly tic  activ ities of the tissues examined.

Regions of the root a t different stages of differentiation were obtained 
by transverse sectioning of the  root tip . The activities of the enzymes in 
ex tracts o f these segm ents are re la ted  to  the  protein in the ex tract in Table 1. 
All segm ents contained appreciable ac tiv ity  of both  enzymes. The value 
for phosphofructokinase did not vary  significantly betw een 5 and  20 mm 
from  the  tip  b u t was appreciably higher in the  tip  5 m m  th an  in the  rest 
of the  segments. There were no significant changes in the  ac tiv ity  of glucose- 
6-phosphate dehydrogenase. These results indicate th a t all four segm ents 
had appreciable capacities for glycolysis and the  pentose phosphate p a th ­
w ay and th a t the  relative capacities of the two pathw ays changed in favour 
of th e  la tte r  as the  apical cells of the  root m atured.

Evidence th a t the  above changes are significant in relation to  m etabolism  
in  vivo is provided by the  d istribution of 14C from  1-14C and  6-14C glucose 
supplied to  root segm ents (Table 2). The d istribu tion  in the  region 1-6—3-0 
mm from  the  tip  is represen tative of the  first 6 mm of the  root, whilst 
th a t  in the region 6 — 16 mm from the  tip  is representative of the  root
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T able I
Activities о I phosphofvartok inasé and glucose-6-phosphate 
dehydrogenase in  extracts o f segments of pea root tips

A c t iv i ty *
B o o t  s e g m e n t  I ( n m o le s  s u b s t r a t e  c o n s u m e d /m in /m g  p r o te in )

( m m  íro m  t ip ;

P h o s p h o f  r u c to k in a s e
G 1 u  c o se  - 6 -p h o s p h a te  

d  e h y  d  ro g e n a s e

1 0 5 
11 5 - 1 0

III 1 0 1 5
IV 1 5 -2 0

9 5 + 3  (7) 
55 ± 5  (7) 
5 5 + 7  (7) 
59 +  6 (7)

5 5 ± 7  (8) 
44 +  5 (7) 
39+ 1  (8) 
4 7 + 2  (7)

Fisher’s P values

1 vs II < 0001 x.s.
1 vs 111 < 0 0 1 x.s.
1 vs IV < 0 0 1 x.s.

I I  vs III x.s. x.s.
11 vs IV x.s. x.s.

I I I  vs IV x.s. x.s.

* Values are means ±  S. E. The num ber of ex trac ts assayed is given in parentheses, 
sisher’s P  values are given for comparison of activit ies. Values of 0*05 or less are considered 
Fgnificant. Values greater than  0*05 are given as N. S. (not significant).

T able 2
D istribution o f l4C recovered from segments o f pea root tips supplied  

w ith 1 — l4C and 6 — l4C glucose

P e r c e n ta g e  o f  a b s o rb e d  14C  p e r  c e ll f r a c t io n

C ell
fraction S e g m e n t  1-6 — 3*0 m m  

f ro m  t ip
S e g m e n t  6 — 16 m m  

f ro m  t ip

1 “ C 6 -  “ C 1 14C 6 l t C

CO 2 15 13 23 9
Organic acids 22 24 22 28
Amino acids 10 12 9 12
Nucleotides 2 2 1 1
Sugars
Material insoluble in

23 21 17 19

80% ethanol 24 25 23 20

6—26 mm from  th e  apex. The p a tte rn  in the  region 6—26 mm is th a t 
expected of a tissue in which both  glycolysis and  the  pentose phosphate 
pathw ay  made significant contributions to  carbohydrate oxidation (ap 
Rees and  Beevers, 1960). The p a tte rn s  in the  tip  6 mm differ from those 
in the  more d ifferentiated  cells. The differences are those th a t  would be
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T able 3
A ctiv ities o f phosphofructokinase and glucose-6-phosphate 

dehydrogenase in  extracts o f stele and cortex of pea roots

E n z y m e

A c t iv i ty »
(n m o le s  s u b s t r a t e  c o n s u m e d /m in /m g  p r o te in )  

S te le  C o r te x

F i s h e r ’s  P  
v a lu e s ,  s te le  

v s  c o r te x

Phosphofructokinase 4 6 ± 2  (10) 5 2 ± 2  (10) x . s .
Glucose-6-phosphate

dehydrogenase 9 8 ± 4  (S)
1

6 3 ± 4  ( « ) < 0  001

* Values are given as in Table 1.

T able  -i
Release o f UC 0 2 from  1 — 14C glucose and 6 — '*С glucose 

supplied  to isolated steles and cortices

I n t e r v a l
( m in  a f t e r  a d d i t i o n  

o f  14C -g lu c o se )

^ C O a  re le a s e d  p e r  i n te r v a l  a s  p e r c e n ta g e  
o f  u p t a k e  a t  1 20  m in

S te le  C o r te x

C - l ( '-6 C - l C -6

0 - 2 0 0-79 0-15 0-33 0-11
2 0 -4 0 100 0-53 0-79 0-44
4 0 -6 0 M l 0-81 1-18 0-75
60 -  90 2-21 1-90 2-08 1-63
9 0 -1 2 0 3-44 2-82 2-23 1-63

T able  5
Relative activities o f phosphofructokinase and glucose-6-phosphate 

dehydrogenase during d ifferentia tion  o f the pea root

l te g io n  of 
r o o t

A c t iv i t y *
( n m o le s  s u b s t r a t e  c o n s u m e d /m in /m g  p r o te in ) F i s h e r ’s  P  

v a lu e s ,  I* F  К  
v s  G - 6 - P  D H

P h o s p h  o f  r  u c to k  i n  a se
G lu e o s e - 6 - p h o s p h a te

d e h y d ro g e n a s e

Whole segment 9 5 ± 3  (7) 5 5 ± 7  (8) <0-01
0 5 mm from tip

Whole segment 55 ± 5  (7) 4 4 ± 5  (7) x.s.
5 — 10 mm from tip

Cortex 6 — 20 mm 5 2 ± 2  (10) 6 3 ± 4  (8) <0-05
from tip

Stele 6 — 26 mm 4 6 ± 2  (10) 9 8 ± 4  (8) <0-001
from tip

* Values are given as in Table 1.
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expected if the contribution of glycolysis, re lative to  th a t of the  pentose 
phosphate pathw ay, were g reater in the  tip  th an  in the  region 6 —26 mm 
from the  tip . Thus we have evidence th a t  the  change in the relative a c tiv ­
ities of phosphofructokinase and  glucose-6-phosphate dehydrogenase in 
favour of the la tte r  coincided w ith an increase in th e  activ ity  of the  pentose 
phosphate pathw ay  relative to  th a t of glycolysis.

The above changes occurred roughly a t the po in t in the  root where 
developm ent of the  stele becomes appreciable (Popham , 1955). Con­
sequently  the changes could have been a characteristic of the  stele. We 
tested  th is hypothesis in experim ents w ith  stele and  cortex isolated from 
the  root 6 —26 mm from  the apex (W ong and ap Rees, 1971). The reliability  
of our separation of stele from  cortex is dem onstrated  in Fig. 1.

Fig. 1. T ransverse sections of, A , stele ( X 440) and , B , co rtex  ( X 210) iso lated  from  pea
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Considerable activities of bo th  enzym es were found in bo th  stele and  
cortex (Table 3). The activ ity  of phosphofructokinase was sim ilar in ex tracts 
of stele and  cortex bu t th a t  of glucose-6-phosphate dehydrogenase was 
greater in ex tracts  of stele th an  in those of the  cortex. These results indicate 
th a t bo th  tissues have considerable capacities for glycolysis and  the  pentose 
phosphate pathw ay  and  th a t the  capacity  of the la tte r  pathw ay  is higher 
in  the  stele th an  in the  cortex. The p a tte rn s  of 1JC 0 2 production from 
1-14C and  6-14C glucose are those expected of tissues in which botn  pathw ays 
m ake substan tia l contributions to  glucose oxidation (Table 4). The technique 
is not sensit ive enough to  show w hether the  pentose phosphate pathw ay  
was even more active in the stele th an  in the  corresponding cortex.

Changes in th e  relative activities of the  tw o enzymes during differenti­
ation of the  root are em phasized in Table 5. We conclude th a t  all p arts  
of the  root exam ined possess m arked  capacities to  catalyse glycolysis and 
the  pentose phosphate pathw ay  and  th a t during differentiation the  relative 
capacities of the two pathw ays change in favour of the pentose phosphate 
pathw ay. This change is more m arked in the  stele th an  in the cortex. 
We th in k  th a t the  changes in enzyme activities are m eaningful in term s 
of carbohydrate  oxidation in  vivo because in general th ey  are accom panied 
by  the expected changes in the  p a tte rn  of glucose oxidation. The mechanism 
of the changes and their role in roo t m etabolism  have not yet been dis­
covered. The sim plest working hypothesis th a t  occurs to  us is th a t  the

ro o ts  JU— 21 m m  fro m th e a p e x . B oth sections wore sta ined  w ith  sa fran in  and fa s t green
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changes are due to  variation  in the  am ounts of enzymes and  th a t  this 
varia tion  determ ines th e  cells’ capacity  to  provide N A D PH 2 required for 
biosynthesis during differentiation of th e  root.
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