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The Budapest Chromatography Con-
ference was a remarkable event of the
year 1985. Chromatographers from
Austria, Czechoslovakia, Egypt, Finn-
land, France, FRG,GDR, Great Britain,
Hungary, Italy, Japan, Mexico, The
Netherlands, Poland, Rumania, Swit-
zerland, Sweden, USA, USSR, West
Berlin and Yugoslavia came to Buda-
pest where they took part in the work
of the Conference. Although the scope
of the scientific contributions ranged
from the theory to practice and from
gas-liquid chromatography, through
GC-MS, to high-performance liquid
chromatography, a considerable portion
of the posters and lectures dealt with
the biological and medical application
of liquid chromatography. The most
interesting and up-to-date results and
the advances in liquid chromatography
have always been on the program of
this symposia series (also called Ameri-
can-Eastern European Symposia on
Liquid Chromatography), thereby this
Budapest Conference yielded such in-
teresting presentations as HPLC of
cloned insuline, analyses of free amino
acids in a quarter of an hour, determina-
tion of various substances from serum or
urine, HPLC of ecdysteroids, isotacho-
phoresis of oligopeptides, etc.

The volume presents the majority
of these valuable contributions.
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PREFACE

The Budapest Chromatography Symposium was the fifth of the
American - Eastern European Symposia on Liquid Chromatography
originally initiated by Tibor Dévényi in 1981.

Due to the friendly atmosphere and high scientific level
of our early Symposia, the number of papers presented at the
recent meeting has grown to over one hundred of which more than
half has been published in the Proceedings of the Symposium.

The lectures and poster presentations have dealt with a
wide range of topics from theoretical considerations to the
chemical, biochemical, biological and medical applications of
the various separation methods. The people who are involved in
these investications are employed by various institutions and
companies but they have one common characteristic: they apply,
develop, utilize or simply use a well-known method called chro-
matography.

One may raise a theoretical question: are these people
"chromatographers"? In 1950, L. Zechmeister, the famous Hungar-
ian-born scientist, objected to the creation of such a category
of scientific workers. On the other hand, in 1980, my coeditor,
Dr Ettre in a paper about the evolution of chromatography ex-
pressed his opinion that today, there is indeed such a disci-
pline. Neither was far from the truth. The rapid progress of
chromatography has basically changed the situation and has
given a full meaning to this word.

There are many scientists, responsible for this progress,
who are well known all over the world and who have contributed

to the evolution of various branches of chromatography. Among



them, some are involved in gas chromatography, while others in
high-performance liquid chromatography, or thin-layer chromato-
graphy. Some of the chromatographers have made contribution to
the theory, while others to the day-to-day application of the
technique. There is however one person who has contributed to
practically almost every field of separation techniques, from
gas chromatography to the development of high-performance
liquid chromatography, from the separation of amines, amino
acids and peptides and proteins to the modern theory of rever-
sed-phase HPLC: Csaba Horvdth, Professor of Chemical Engineer-
ing at Yale University. He has been the inventor of new methods,
mentor of Hungarian scientists. He also contributed to the suc-
cessof our American - Eastérn European Symposia series. He has
received numerous awards for his scientific achievements from
the Soviet Union to the United States. I would like to dedicate
this volume to him with my deepest regards, thanking him for
his help, and hoping that his achievements are only the start
of a long and continuous professional career, the most import-

ant part of which is still to come.

Huba Kaldesz

Vi



Csaba Horvdth, Professor of chemical engineering at Yale Uni-
versity, has pioneered the development of HPLC into a widely
used analytical tool and made significant contributions to
other areas of chromatography.

In the field of gas chromatography he is best known for
the introduction of novel column types. As early as 1964 he
built a high-pressure liquid chromatograph and was the first to
demonstrate the feasibility of high-performance liquid chroma-

tography having a speed and efficiency compared to that of gas
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chromatography. His work resulted in wide-ranging technological
advances as well as in significant contributions to chromato-
graphic science in almost all areas of modern chromatography.
For the separation of complex biological molecules he developed
pellicular stationary phases which are comprised of fluid im-
pervious microspheres having an appropriate retentive surface.
Dr Horvdth has been among the first chromatographers to use
ion pair chromatography for the analysis of organic substances.
He played a key role in the development of modern reversed-
phase chromatography and made major contributions to elucidat-
ing the physicochemical basis of the technique which has become
the most widely used branch of HPLC.

Professor Horvdth’s research during the past seven years
has led to the development of high-performance displacement
chromatography as a highly promising technique for preparative
scale separations. He has recently explored novel approaches to
the HPLC of proteins and nucleic acids and conducted studies on
the fundamentals of biopolymer chromatography, and his work re-
sulted in the introduction of various high-performance columns.
Presently he is engaged in research on the theory of non-linear
ehromatography.

Professor Horvdth is author and coauthor of over 170
scientific papers and numerous patents and is the editor of the
serial publication "HPLC - Advances and Perspectives” . Besides
chromatography, his research interests have been in the appli-
cation of chemical engineering science and principles to Llife
sciences and medicine; presently, his research activities are
equally divided between chromatography and various aspects of
biotechnology with particular regard to biochemical separations.

Professor Horvdth is a native of Hungary who graduated in
1952 with a diploma in chemical engineering from the University
of Technical Seciences in Budapest and thereafter served on the
faculty of the Department of Organic Chemical Technology. In
1956 he moved to the FRG and gained industrial ex-
perience at Farbwerke Hoechst AG in Frankfurt over the next
four years; Subéequently he completed his studies at the Johann
Wolfgang Goethe University in Frankfurt and received his doc-

torate in physical chemistry in 1963. The same year he emi-
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grated to the USA and became a research fellow at the Harvard
Medical School. In 1964 he moved to Yale University where he
has held various faculty appointments both in the School of
Medicine and in the Department of Engineering and Applied
Seience. In 1979 he was appointed Professor of Engineering and
Applied Science and since 1981 he has been on the faculty of
the newly reinstated Department of Chemical Engineering.

Professor Horvdth is a widely sought speaker at scientific
meetings all over the world and was the organizer of the highly
successful 8th International Symposium on Column Liquid Chroma-
tography in New York in 1984. He is the Chairman of the New
England Chromatography Council and serves on numerous commit-
tees dealing with matters of science policy. He 1s consultant
to several leading industrial organizations in the field of
biotechnology, analytical instrumentation and separation tech-
nology. He has been a member of the following scientific jour-
nals: Journal of Chromatography, LC Magazine, Separation
Science and Technology, Enzyme and Microbial Technology, Ana-
lytical Chemistry, CRC Handbook of HPLC, Journal of Molecular
Catalysis, Reactive Polymers, Ion Exchangers and Sorbents as
well as Fuels and Energy.

For his accomplishments in chromatography, Dr Horvdth re-
ceitved the Steven Dal Nogare Award in 1978, the M. Tswett Award
in 1979, and the Tswett Medal in Chromatography in 1980. He is
the recipient of the 1981 U.S. Sentior Scientist Humboldt Award,
the American Chemical Society Award for Chromatography in 1983,
and the Eastern Analytical Symposium Award in 1986.
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INTERFERENCE BY ON-COLUMN REACTIONS IN HPLC
CSABA HORVATH

Department of Chemical Engineering, Yale University,
New Haven, CT 06520, USA

INTRODUCTION

Chemical transformations of the sample in the column are
more frequent phenomena in liquid chromatography than is gener-
ally believed, and may occur due to a variety of reasons. Un-
toward reactions caused by active adsorbents have been known
for a long time /1/ and the theoretical elucidation of multiple
peaks and reaction zones on the chromatogram due to intercon-
verting species commenced with the work of Keller and Giddings
/2/ as early as in 1960. In method development the elimination
or at least attenuation of such adverse transformations is of-
ten necessary in order to obtain chromatograms with well de-
fined and separated peaks and is usually accomplished by ma-
nipulating chromatographic systems, mainly the mobile phase
composition and operating conditions. This is frequently done
by trial and error because the exact nature of the reaction of-
ten remains unidentified.

On the other hand it should be noted that on-column reac-
tions are not necessarily bad. Secondary chemical equilibria
having fast kinetics /3/, e.g., by pH control, ion-pair or
other kind of complex formation, are commonly used to enhance
the selectivity of the chromatographic system. In such cases
the injected eluite interacts with a particular component of
the mobile phase and traverses the column in a partially or
fully complexed form as a single peak. This is also an example
of interference by the complexation reaction because the condi-
tions are chosen so that the individual interconverting species



are not separated. In many analytical applications the highest
degree of such interference is sought in order tc obtain sharp
peaks. The name hetaeron, from the Greek name for companion,
has been suggested /4/ for the complexing agent added for this
purpose to the eluent. Such on-column reaction, therefore, can
serve as a powerful tool to expand the scope of a given chroma-
tographic system.

In our present discussion emphasis is placed on unbidden
chemical transformations which interfere with the chromato-
graphic separation process. As we shall see they occur when the
characteristic time of the reaction is commensurable with that
of the chromatographic separation process and result in unchro-
matographic elution profiles with concomitant reduction in the
efficacy of the separation. Whereas certain general rules can
be followed to diminish the unpropitious consequences of such
interference, it is desirable that the nature of the re-

action is recognized in order to suppress it in a specific way.

EXAMPLES FOR INTERFERING ON-COLUMN REACTIONS

In reversed phase chromatography nrotonic equilibria in-
volving ionogenic eluites are ubiquitous /5/. Since the kin-
etics of the dissociation and protonation reaction is fast the
eluite appears on the chrométogram as a single peak with a re-
tention factor which is the weighted sum of the retention fac-
tors of the two forms, i.e., the eluite acid and base. The re-
tention of other rapidly interconverting species can also ex-
hibit similar behavior, but if the rate of transformation is
relatively slow it interferes with the separation process /6/,
and the interpretation of the chromatogram. Such reactions in-
clude conformational changes, isomerization, complex formation
and reversible agglomeration of the eluite, which can take
place either in the mobile phase or on the stationary phase or
both. Irreversible reactions such as oxidation, hydrolysis and
solvolysis of the sample may also occur in the column. Besides
its annoying consequences in analytical work, the combined re-
action and separation may be of interest for other reasons,

however. For instance it has been exploited in gas chromato-



graphy to study reaction kinetics or formation of a given
product in "chromatographic reactors" which have extensive
literature /7, 8/.

The adverse effect of such on-column reactions on the sep-
aration is illustrated in Fig. 1. The chromatograms obtained
under conditions typical in HPLC show that a relatively slow
on-column reaction can result in the appearance of unexpected
peaks and bizarre elution profiles which are dependent on the

flow rate and reduce the efficiency of separation.
INTERPLAY OF REACTION KINETICS AND RETENTION

The combined effect of the reaction and retention in the
column is governed by the dimensionless Damk&éhler number, Da,
which can be considered as the ratio of the residence time of
the eluite in the mobile phase to the relaxation time of the
reaction /9/. In the case of an irreversible first order reac-

tion A » B, the Damk&hler number is given by

Da = Lkr /uo (1)

where L is the column length, kr is the rate constant of the
reaction and ug is the mobile phase velocity.

When the eluite is subject to a reversible interconversion
A ¥ B which takes place in both phases and has an equilibrium
constant KM in the mobile phase, the Damkéhler number is ex-

pressed /10/ as

Da = (kM’f k'p + kslf) (1 + 1/Ky) /ug (2)

where k’A is the retention factor of eluite form A, k and

ks, £
and stationary phases, respectively.

M, f
are the appropriate forward rate constants in the mobile

It has been shown /10/ that the degree of interference
caused by the chemical transformation is a function of Da. The
interference manifests itself in additional band spreading, in

the conversion of the sample to a product or in the elution of
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the interconverting forms of the sample as a single peak. The
degree of interference is the greatest at very large values of
Da, i.e., when the reaction rate is high, a long column and low
flow velocity are used. In this case the reaction does not give
rise to unusual peak shapes on the chromatogram. When the reac-
tion is practically irreversible the eluite is completely con-
verted into the reaction product whereas in the case of revers-
ible reaction the two forms elute together without additional
band spreading. In the chromatography of interconverting spe-
cies the maximum interference is sought except when the separa-
tion of the two forms is desired that requires minimum inter-
ference. This occurs at very small Da numbers, i.e., with slow
reaction, short column length and low flow velocity. Under such
conditions the eluite passes through the colump essentially un-
reacted or when it is present in two forms in the sample they
elute individually according to their prechromatographic equi-
librium distribution. The chromatographic results with on-
column reaction at the limiting very high or low Da values are
summarized in Table I.

At intermediate Damkéhler numbers in the range of 0.1 < Da
< 50, the system is very sensitive to changes in the operating
conditions which affect the magnitude of Da because both the
chromatographic retention process and the chemical reaction
proceed on the same time scale. Interference in this domain of
Da usually results in bizarre and unchromatographic elution
profiles such as those shown in Fig. 1. In analytical HPLC such
situations occur when the characteristic time for the reaction

2 to 103 sec and the higher the column effi-

ranges from 10
ciency the more appreciable is the effect of the reaction, i.e.
the band spreading engendered by the interference on the peak
shape and width. Figure 2 illustrates the dependence of the
degree of interference on the Damkéhler number in a typical
case /10/. Evidently the magnitude of interference also depends
on the retention values of the species involved and with re-
versible reactions on the equilibrium constant as well. The
chromatograms in Fig. 1 were obtained with columns having di-

mensions commonly used in analytical HPLC and the unchromato-



FPigs 1.

Chromatograms illustrating the adverse effect of on-
column reaction on the separation by reversed phase
chromatography standard octadecyl-silica columns under
typical conditions used in analytical work. (A) Oxida-
tion of hydroquinone derivatives. (B) Agglomeration of
Astrablue dye. (C) Mutarotation of methylfuran-1,2,3,4-
tetrahydroxy oxane; chromatograms a to d were obtained
at increasing flow rates.

Table I. Conditions for the limiting Damkéhler numbers rep-

resenting minimal and maximal interference caused by
on-column reaction and the effect on the chromatogram.

Damkéhler Reaction Column Flow Peaks on the chromatogram

Number Rate rate

A+ B AZ-ZB
Da << 1 slow short high A A and B separated
Da >> 1 fast long low B A and B together
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Fig. 2. Graph illustrating the degree of interference by on-
column reaction on chromatographic results as a func-
tion of the Damkéhler number. In the shaded critical
domain of Da the interference manifests itself by ad-
ditional band spreading and/or by unchromatographic
elution profiles. At high Da values the maximum inter-
ference leads to complete chemical transformation of
the sample or elution of its various forms as a single
peak. Adapted from data in Ref. 10.

graphic elution profiles indicate the pertinent Da numbers are
in the critical range.

Acid dissociation equilibria involving the eluite are per-
haps the most common reactions in liquid chromatography as men-
tioned above. The appropriate rate constants are of the order
of 10M_‘Is_1 and for carboxylic acids the dissociation constant
Ka is typically 2 x 10-5M. When the eluent pH and pKa are about
the same the Damk&hler number is of the order of 106, that is,
much too high for the protonic equilibria to have an effect on
peak broadening and peak shape. Thus due to the maximum inter-

ference the chromatographic system cannot distinguish between
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Fig. 3. Effect of flow rate, A, and temperature, B, on the
chromatograms of L-alanine-L-proline dipeptide under
conditions of reversed phase chromatography. From
Ref. 11

the acid and base forms of the sample. This level of interfer-
ence is often desirable in chromatographic separations.

The Damk&éhler number is proportional to the rate constant
of the reaction which usually increases with the temperature
much more strongly than the retention factor, and inversely
proportional to the flow rate. Therefore, changes in these op-
erational parameters, when Da is around unity, may dramatically
affect the elution profiles as suggested by Fig. 2. Under such
conditions interference by chemical reaction can conveniently
be diagnosed by varying the flow rate, or the temperature.
Figure 3 illustrates the effect of such changes on the chroma-
togram of the dipeptide Ala - Pro, which undergoes cis-trans
isomerization in the column /11/.

The degree of interference can often be changed by certain
additives to the mobile phase which may act as catalysts in ac-
celerating the reaction. It is frequently found that the nature
of the buffer can have a significant effect on separation ef-
ficiency and this dynamic role of the buffer /12/, which com-

plements its static role in maintaining the pH of the eluent
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Fig. 4. Simulated chromatograms illustrating the effect of slow
kinetics of interconversion at Da = 1.5 in column

having different efficiencies as indicated by the plate
number, N. From Ref. 15.

constant, is likely to be associated with such "catalytic" ef-
fects. For instance, the often observed peak sharpening effect
of phosphate at acidic pH which was first found by serendipity
at the beginning of modern liquid chromatography /13/ is be-
lieved to arise from its involvement in rapid proton transfer
reactions. The beneficial effect of trifluorocacetic acid in the
mobile phase used for peptide separations by reversed phase
chromatography /14/ may also be explained in a similar fashion.

The additional band spreading which arises from secondary
equilibria or some other kind of interconversion contributes a
certain plate height increment which can be calculated from the
appropriate kinetic and equilibrium parameters /10, 15/.

In HPLC, unlike in classical column chromatography, short
columns of high efficiency are used at high flow velocities.
Consequently in the critical Damk&6hler number domain the effect
of kinetic interferences on the elution profiles are usually

much more pronounced in HPLC than in low efficiency chromato-



graphic systems where the relatively large band spreading from
other sources may mask the interferences which arise from slow
kinetics /16/. This is illustrated on the simulated chromato-
grams in Fig. 4 where the elution profiles of two interconvert-
ing species having a retention factor ratio of about 1.6, and
equilibrium constant of 1.5 are shown at Da = 1.5 in three col-
umns having plate numbers of 100, 150 and 3750, respectively.
The interplay of reaction and retention has been treated
extensively in the literature. Most studies were conducted,
however, to develop a theoretical basis for elucidation of the
nature of the reaction and for extracting physicochemical in-
formation from chromatographic data. On the other hand in ana-
lytical method development the goal is to find means to mini-
mize or maximize the interference under conditions when no de-
tailed information is available on the nature and kinetics of
the reaction. In practice, therefore, each particular on-column
reaction is best analyzed on a "case history" basis to find

the most appropriate conditions for the separation.
CIS-TRANS ISOMERIZATION OF PROLINE CONTAINING PEPTIDES

Cis-trans isomerization of the peptide bond involving pro-
line residues is implicated in protein denaturation and has
therefore received considerable attention in the biochemical
literature /17, 18/. Since the relaxation times for the cis-
trans isomerization of such proline containing dipeptides are
in the order of minutes and the retention factors of the two
isomers in reversed phase chromatography are significantly dif-
ferent, they have been used as models for a detailed analysis
of the interplay of isomerization and retention in such chroma-
tographic systems.

The chromatograms in Fig. 3 illustrate the effect of flow
rate and temperature on the separation. By using an elaborate
theoretical analysis /10/ it was possible to calculate the rate
and equilibrium constants for the isomerization on the surface
of the octadecyl-silica stationary phase from chromatographic
data and from the known rate and equilibrium constants of the

inverconversion in free solution. The results /15/ are quite



revealing in that the equilibrium constants for the cis-trans
isomerization on the surface were found to be 3 to 16 times
smaller for small proline peptides than the corresponding equi-
librium constants in the mobile phase. This suggests that the
stationary phase surface stabilizes the cis isomers which are
retained stronger because of their greater hydrophobic surface
area than the trans isomers. Such a phenomenon has been ob-
served with larger peptides and proteins as well and found that
upon contact with the hydrophobic stationary phase the sample
converts to a more hydrophobic conformer which may be the de-
natured form of the protein /19-21/. Thus, from the kinetic
point of view the nonpolar surface of the stationary phase ap-
pears to catalyze such isomerization. Indeed, the study with
the proline peptides has shown that the rate constants for the
isomerization at the octadecyl-silica surface were significant-
ly greater than the corresponding rate constants in free solu-
tion. The results of such studies are of biological interest
because the stationary phase used in reversed phase chromato-
graphy may serve as a model for the low-dielectric environment
at the surface of biological membranes.

As far as the HPLC analysis of interconverting substances
is concerned the above discussion of system behavior with
changing Damk&hler number applies. At sufficiently high tem-
perature and high flow rate the two interconverting species
yield a single peak and their total amount can be readily quan-
tified. At sufficiently low temperatures the reaction rate can
be attenuated so that the two isomers elute without reaction on
the column and can be collected individually in the effluent.
Low temperature HPLC has been a powerful tool to minimize the
effect of on-column reactions. When the chromatographic separa-
tion is carried out at low temperatures where the reaction is
so slow that /22/ the value of the Damkéhler number is suffi-
ciently reduced the interference by the reaction can practical-
ly be eliminated. Since the relative amounts of the two forms
of the eluite are determined by their equilibrium distribution
in the sample, the sample history in terms of prechromatograph-
ic incubation time, pH and other conditions determines the re-
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lative size of the peaks of the two forms. Thus the equilibrium
constant can readily be measured by chromatographic analysis.
As mentioned above, when under the chromatographic condi-
tions employed the reaction rate is very slow the two otherwise
interconverting species traverse the coclumn independently. How-
ever, when they are collected in the effluent each of them may
undergo isomerization in postchromatographic treatment, i.e.
upon prolonged storage. Then rechromatography of each of the
two fractions under the same conditions can yield two peaks
again and the pattern repeats itself upon continuing the pro-
cess. This may be the source of frequently confusing observa-
tions and thereby hamper peak identification. In order to diag-
nose the situation it is necessary to vary the analytical
and/or extrachromatographic conditions on the basis of the

above physico-chemical considerations.

ON-COLUMN OXIDATION

The stationary phase proper may also catalyze the chemical
transformation of the eluite into another chemical substance.
Traces of heavy metals, mainly iron, may be extracted from the
mobile phase by the siliceous stationary phase /23/ in HPLC and
the surface bound metal may catalyze the oxidation of certain
eluites.

Such reactions with methoxy substituted hydroquinones were
studied in reversed phase chromatography /24/ and salient ob-
servations are listed in Table II. Fig. 5 illustrates the ef-
fect of the flow rate on the chromatograms of 2,6-dimethoxy
hydroquinone which is partially oxidized in the column to the
corresponding benzoquinone. From the results we infer that the
Damk&hler number is in the critical domain under the conditions
of the experiments. Between the peaks of the least retained
hydroquinone and most retained benzoquinone there is a "reac-
tion zone" typical for such on-column reactions and in this
case believed to contain both species and possibly semiquinone
intermediates. At sufficiently low column temperatures and high
flow rates the hydroquinone elutes as a single peak since the

effect of on-column reaction is negligible, whereas at high
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Fig. 5. Chromatograms illustrating the effect of the flow-rate
on ‘the elution profiles of 2,6-dimethoxyhydroquinone in
reversed phase chromatography. From Ref. 24.

Table II. Features of on-column oxidation of methoxy substi-
tuted hydroquinones in reversed phase chromatography

/23/

The siliceous stationary phase with adventitious heavy metals
bound to the surface acts as a heterogeneous catalyst in the
presence of oxygen in the mobile phase

Rate of reaction is on the time scale of chromatographic
separation

Reactants and products are continuously separated in the
column

+ Pretreatment of column with EDTA and reduction of oxygen con-

centration in the mobile phase attenuate or arrest the reac-
tion

Pretreatment of column with heavy metals augments the reac-
tion

12
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Fig. 6. Effect of sample size on the chromatogram of 2,6-
dimethoxy benzoquinone obtained by reversed
phase chromatography. From Ref. 24.

temperatures and low flow rates the hydroquinone is completely
oxidized and a single peak of benzoquinone appears on the chro-.
matogram. The latter case exemplifies that a peak on the chro-
matogram may represent a substance which is the product of a
chemical reaction and therefore chemically different from the
sample injected. Rechromatography by using the same system,
however, does not reveal that the original sample has been con-
verted and in the absence of some extrachromatographic identi-
fication misleading conclusions may be drawn from chromatog-
raphic results. As with other heterogenous catalytic
reactions the kinetics of the surface catalyzed oxidation dis-
cussed here is expected to follow Langmuir-Hinshelwood kinetics.
As a result of the non-linear reaction behavior the elution
profile depends on the sample concentration. Fig. 6 illustrates
the effect of the sample size on the chromatogram of 2,6-di-
methoxy hydroquinone when retention and reaction occur simul-
taneously on the stationary phase surface. As seen from the

chromatograms peak shape changes with the sample load in a
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qualitatively different way from that observed when the column
is overloaded and due to the high eluite concentration the
chromatographic process is governed by the non-linear domain of
the adsorption isotherm.

Removal of the metal from the stationary phase surface,
e.g., by washing the column with the solution of a chelating
agent such as EDTA may eliminate the catalytic sites and facil-
itate elution of the hydroquinone without reaction. In chroma-
tographic practice the addition of a chelator to the eluent has
been frequently found to improve peak shape and eliminate un-
chromatographic elution profiles. In most cases the chelating
agent is believed to preclude catalytic reactions or complexa-
tion by the heavy metal ions present in the column.

HPLC OF DEFEROXAMINE

Metals in the column can also give rise to other types of
chemical transformation of the sample. An example for the in-
terference by on-column metal complexation has been investi-
gated in reversed phase chromatography of deferoxamine, a che-
lating drug which binds Fe3+ very strongly so that the stabil-
ity constant of its iron complex, called ferrioxamine, is
10—30. It was found that traces of iron present on the station-
ary and in the mobile phase can complex with deferoxamine and
thus form ferrioxamine in the column /25/. The interference
caused by the reaction gave rise to anomalies in the chromato-
graphy of deferoxamine. When a small amount of deferoxamine was
injected it was converted into ferrioxamine in the column so
that only a single peak of the fast eluting ferrioxamine ap-
peared on the chromatogram due to maximum interference as seen
in Fig. 7. Upon injecting a large quantity of deferoxamine it
mostly eluted without reaction and at the low detector sensi-
tivity again a single peak was only obtained in the absence of
interference. Its retention was, however, much greater because
deferoxamine is much less polar than ferrioxamine. As depicted
also in Fig. 7 at intermediate sample size and detector sensi-
tivity a marked reaction zone was obtained which clearly re-

vealed the interplay of retention and reaction. The appearance
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Fig. 7. Chromatogram illustrating the on-column complexation of
deferoxamine with iron under conditions of reversed
phase chromatography at different sample loading. The
amount of deferoxamine injected was 1 ug (a), 10 ug
(b) and 100 ug (c).

of the reaction zone suggests that the system is operated
within the critical range of the Damkéhler number. Indeed,
variations of column temperature and/or flow rate brought
about significant changes in the shape of the elution profile
at -intermediate sample load.

The results illustrate again that fallacious conclusions
could readily be drawn from the chromatogram if the on-column
reaction were not recognized. In fact the study of this system
/25/ was initiated by some confusing observations on the reten-
tion behaviour of deferoxamine. Only upon finding that about
150 micrograms of iron was deposited on the stationary phase in
a regular size analytical HPLC column could the apparent anomaly
be explained. Also in this case washing of the column with EDTA
or bicine and maintaining a background chelator in the eluent

produced reproducible results as no iron was available for com-
plexation.
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CONCLUSIONS

Interfering on-column reactions can give rise to multiple
peaks from a single substance, unchromatographic elution pro-
files and the emergence from the column of a peak which rep-
resents the transformed substance rather than the sample com-
pound proper.

In a critical range of the Damk&éhler number, whose magni-
tude governs the chromatographic effect of the interplay be-
tween reaction and retention, the efficiency of the separation
is greatly impaired. With high efficiency columns used for
rapid separations in HPLC the adverse effect of relatively slow
kinetic phenomena is generally much more serious than with tra-
ditional chromatographic systems of relatively low efficiency.
Therefore the use of various precautionary measures such as the
adjustment of the mobile phase composition and column tempera-
ture is often required to obtain appropriate chromatographic
separations. Identification of peaks can also be encumbered by
on-column reactions and it has to be realized that the sub-
stance which emerges from the column as a single peak may not
be same as that injected. It is hoped that with time many of
such reactions will be diagnosed and methods developed to re-
duce their untoward effect on the chromatographic results. Al-
though great advances have been made in the fundamental theor-
etical understanding of the general phenomena, in practice each
requires specific analysis of the factors involved and there-
fore the compilation of a library of "case histories" may be
the most promising aid in coping with interference in chromato-
graphic method development.

As a final note it should be added that preparative liquid
chromatography at high concentrations of the feed components is
frequently plagued by chemical reactions which may take place
either between the components or between different forms of a
given component, or both. Due to the high concentrations the
reactions are usually non-linear and the analysis of such
doubly non-linear systems is rather complicated to say the
least. The interference caused by the reaction can be particu-

larly detrimental in displacement chromatography /26/.
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INTRODUCTION

Recently, Weber et al. /1/ demonstrated that depending on
the growth rate of tumours ornithine could metabolize either in
the urea-cycle to synthesize citrulline with carbamoyl phos-
phate (by ornithine carbamoyl transferase, OCT EC 2.1.3.3), or
to form putrescine by the rate-limiting key enzyme ornithine
decarboxylase (ODC, EC 4.1.1.17). Particular significance of
the imbalance arising in ornithine metabolism to neoplasia is
that carbamoyl phosphate and aspartate could alternatively be
utilized as precursors for nucleic acid synthesis /2/.
Concerning the polyamines it is considered that the concentra-
tion of putrescine (Pu), spermidine (Spd) and spermine (Spn)
and their biosynthetic enzymes are high in actively prolif-
erating cells both in vivo and in vitro, and increase rapidly
when growth or differentiation is induced /3, 4/. It is
generally thought that depletion of cellular polyamines by
inhibition of their biosynthetic enzymes is one of the most
promising fieldsin cancer chemotherapy /3, 5/. When P388
leukaemia-bearing mice were treated with DL-a-difluoromethyl-
ornithine (DFM), an irreversible inhibitor of ODC, we have
observed besides the depleticn of polyamines the characteristic
increase of some distinct nucleotide phosphates in the tumour
cells /6/.

In the present paper the applications of some HPLC methods
for monitoring the changes induced by DFMO treatment in the

3" 19



polyamine and nucleotide concentrations of P388 leukaemia cells

are demonstrated.

MATERIALS AND METHODS

All chemicals purchased from commercial sources were
analytical grade and purified according to HPLC standards.
Reagents were made with water distilled twice in glass and
dansylated polyamines were separated with LiChrosolv (Merck No.
6007) methanol. For ion-exchange chromatography of the nucle-
otides 1 M ammonium phosphate buffer (pH 7) was prepared from
75 % (w/v) orthophosphoric acid and 25 % (w/v) ammonium
hydroxyde solutions of analytical purity instead of Na-, or K-
phosphates. Reference polyamines (Pu, Spd, Spn) from Calbiochem
and nucleotide phosphates from Reanal (Budapest) were used.
Dl1-a-difluoromethylornithine hydrochloride monohydrate (DFMO,
RMI 71,782) was kindly donated by the Centre de Recherche
Merrell International (Strasbourg, France).

Apparatus

A Hewlett-Packard Model 1084B liquid chromatograph equipped
with a Model 79785A variable wavelength UV detector and a
79850LC terminal was applied throughout. Calibrations for
guantitative measurements were performed with reference com-
pounds used as external standards. Chromatographic parameters

were calculated in the conventional way /7, 8/.

P388 leukaemia cells and in vivo DFMO treatment

P388 leukaemia cells were maintained in BDF1 inbred male
mice by serial transplantation of 5.106 cells per animal in our
Institute as described earlier /9/. DFMO was given to BDFl mice
(60-70 per group) in 2 % water solution as sole drinking fluid
two weeks before the i.p. inoculation of P388 leukaemia cells
and continued through tumour growth. Another group of mice
served as control and received tap water. At the beginning of

the experiments 5-6-day-old tumour cells were transplanted into
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the animals of both groups. FP388 leukaemia cells were harvested
from 5-7 animals at every day of tumour growth by rinsing the
intraperitoneal cavity of mice with 2 ml ice-cold 0.33 %
citrate-0.15 M NaCl solution. Tumour cells were pooled, counted
and samples containing appropriate number of cells (50—100.10%

for polyamine and nucleotide determinations were centrifuged.

HPLC determination of polyamines

P388 leukaemia cells (50-100.10°) were homogenized in
2 ml 0.1 M phosphate buffer (pH 7) by sonication (MSE P6100,
at max. output for 1 min) and precipitated with 2 ml 0.7 N
perchloric acid. After centrifugation the supernatant was
collected and the precipitate was extracted again with 4 ml
perchloric acid. Supernatants were pooled and the polyamines
were pre-separated on a Dowex 50 x 8 column (40 x 5 mm I.D.)
eliminating the contaminants and other amines by step-wise
elution according to Seiler and Knddgen /10/. Dansylation
of polyamines was carried out as previously described /7/.
Dansylated polyamines were separated on a LiChrosorb RP-8
reversed phase column (200 x 4.6 mm I.D., 7 uym) and measured
at 254 nm using a programmed linear gradient of methanol in
water ranging from 70 % to 100 % (w/v) at a rate of 3 % metha-
nol per minute. A mixture of Pu, Spd and Spn containing 6.66,
3.33 and 3.33 nmol per 10 ul, respectively, was treated
identically with the biological samples and used for reference
and quantitation.

High-performance ion-exchange liquid chromatography

of nucleotide phosphates

Sedimented tumour cells were precipitated without previous
homogenization with 0.7 N ice-cold perchloric acid and
agitated vigorously for 3 x 1 min with a Vortex mixer. After
standing for 10 min at 0°C the samples were centrifuged
(5000 rpm, OOC, 10 min) , the supernatants were measured and
poured into conical centrifuge tubes. Ten mg of KHCO3 was

added to each 100 pl of supernatant and mixed. After centri-
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fugation the clear supernatants were collected and stored for
HPLC analysis at -20°C. High-performance ion-exchange chroma-
tography of nucleotide phosphates was performed on a Polyanion
SI HR 5/5 column (50 x 5 mm I.D., 8 ym, Pharmacia Biotechnology
International AB, Uppsala, Sweden) using special adapters for
fitting. The chromatograms were developed by a programmed
linear gradient of ammonium phosphate buffer (pH 7) ranging
from 0.01 to 1 M. Adenosine-, cytidine-, uridine- and
guanosine-5'-mono-, di- and triphosphates (AMP, ADP, ATP, CMP,
cpp, CTP, UMP, UDP, UTP, GMP, GDP and GTP) were identified and
measured at 254 nm. Results were expressed in nmol nucleotides
per 106 tumour cells. Mean values and standard errors were

statistically evaluated.
RESULTS AND DISCUSSION

A continuously increasing number of publications devoted
to the separation and measuring of metabolites from various
biological sources indicates the importance and superior
applicability of high-performance liquid chromatographic
techniques in biomedical research /11, 12/. Investigation of
polyamines and nucleotides in relation to the metabolic events
proceeded during proliferation and/or drug treatment of
different tumour cell lines has been effectively promoted by
HPLC methods /7-12/. Figs 1 and 2 show that HPLC of dansylated
polyamines on LiChrosorb RP-8 reversed phase packing and of
nucleotides on Polyanion SI HR 5/5 ion-exchanger provided
excellent resolution for both groups of compounds and allowed
their quantitation in P388 leukaemia cells in a range of
0.1-10 nmol. Accuracy and advantages of liquid chromatographic
determination of polyamines have been reported earlier /7, 8/.
Regarding the separation of nucleotides phosphates it has to
be noted that commercial analytical grade sodium or potassium
phosphates were not suitable for gradient formation because of
their relatively high content of UV-absorbing impurities and
because, unfortunately, these contaminants could deteriorate
the ion-exchanger in a short time. The best results were

obtained when ammonium phosphate buffer prepared from its
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constituents, e.g. from analytical grade phosphoric acid and
ammonium hydroxide was used. The separation of nucleotide
phosphates on the Polyanion SI HR 5/5 column was definitely
specific of the quality of counter-anion. Only phosphate
buffers provided adequate resolution, while increase of the
ionic strength with acetate, chloride, sulphate or carbonate
ions did not result in appropriate separations. The linear
program of ammonium phosphate concentration gradient that
proved to be the most suitable for the fractionation of some
critical pairs of monophosphates (CMP-UMP, AMP-IMP), as well as
for the elution of GTP (at 0.8 M approx.) is listed in Fig. 2.
However, the impurities of the buffer sometimes resulted in
an extra peak at the end of the chromatogram that might cause
an inaccuracy in measuring GTP.

In the present work we applied successively two HPLC
methods, reversed-phase separation of dansylated polyamines
(Fig. 1) and ion-exchange chromatography of nucleotide
phosphates (Fig. 2) for monitoring the in vivo metabolic
changes in P388 leukaemia cells. These changes were induced
either by the tumour growth itself, or by the peroral DFMO
treatment of leukaemia-bearing animals. We have shown earlier
that P388 leukaemia cells grown intraperitoneally in BDFl
mice have an active polyamine metabolism mostly at the early
phase of cell proliferation {(1-2 days), while a continuous
decrease of all polyamine fractions could be observed through
tumour growth /9, 13/. It has also been reported that competi-
tive or irreversible inhibitors of biosynthetic enzymes of
polyamines deplete the cellular polyamine content, slow the
growth and division of cells and produce marked antitumour

effect in different in vivo and in vitro models /3, 4, 5/. In

an attempt to demonstrate the antitumour effect of DFMO in
P388 leukaemia cells we have shown the inhibition of ODC
activity as well as the depletion of some polyamines due to
the DFMO treatment of tumour-bearing animals /6/. However,

the changes in cellular polyamines went along with tumour
progression and scheduled for the late exponential period of
tumour growth (3-6 days). Fig. 3 shows that DFMO caused either

a 30-45 per cent lowering of cell count per animal, or 30-60
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Figure 1. Reversed-phase (LiChrosorb RP-8, 20 x 0.46 cm, 7 um)
separation of dansylated polyamines (Pu, Spd, Spn)
originated from 3-day old control (CONTROL) and
DFMO-treated (DFMO) P388 leukaemia cells.

per cent depletion of Pu and Spd, respectively. On the con-
trary, Spn increased continuously with 20-50 per cent in
comparison to the controls of the same age in accordance with
some other tumour models investigated /3, 4/.

Determination of nucleotide phosphates in P388 leukaemia
cells originated either from tumourous control or DFMO-treated
animals led to two further conclusions:

(a) The predominant nucleotides (AMP, ADP, ATP, UTP, CTP
and GTP), like polyamines, displayed characteristic growth-
dependent changes related, in principle, to the shift from
aerobic to anaerobic glycolysis in leukaemia cells proceeded

during the progression of tumour /6/;
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Figure 2. Ion-exchange HPLC of nucleotide phosphates on Poly-
anion SI HR 5/5 column (50 x 5 mm, 5 um). Separation
of REFERENCES is compared with the nucleotide patterns
of 3-day old control (CONTROL-3) and DFMO-treated
(DFMO-3) P388 leukaemia cells. Total nucleotides
correspond to 5.10° tumour cells. Abbrevations see
in Methods. Gradient program:

t (min) 0 2 25 28 30 31 35
Buffer (Mol) 0.01 0.15 0.30 1.00 1.00 0.01 STOP

(b) DFMO treatment resulted in significant elevation of
uridine-, cytidine- and adenosine-phosphates in leukaemia
cells on days 3-4 following transplantation of the tumour
(see Figs 2 and 4) that reflected on the effect of DFMO on
the ornithine metabolism.

In the studies of Weber et al. /1, 2/ it has been
demonstrated that beyond the biosynthesis of polyamines (Pu)

via ODC the alternative pathway for ornithine utilization is
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Figure 3. Changes induced by DFMO treatment in the putrescine
(Pu) , spermidine (Spd) and spermine (Spn) content
of P388 leukaemia cells and in the cell count per
animal (dotted line) depending on the growth of
tumour.

the urea-cycle, in which citrulline is formed from ornithine
and carbamoyl phosphate by ornithine carbamoyl transferase
(OCT, EC 2.1.3.3). Considering the results presented here it
is suggested, therefore, that a simultaneous inhibition of
ornithine-requiring enzymes (ODC and OCT) by DFMO may prevent
the access of ornithine for the biosynthesis of polyamines and
citrulline as well, and may result in enhanced utilization of
the metabolites carbamoyl phosphate and aspartate for the
synthesis of uridine and cytidine nucleotides.

Our in vivo observations on P388 leukaemia cells arein

accord with the in vitro results of Heby et al. /4/, who also
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Figure 4. Changes induced by DFMO treatment in the nucleotide
phosphates of P388 leukaemia cells depending on the
growth of tumour. Abbreviations see in Methods.

found a significant elevation of UTP, CTP, ADP and ATP in
Ehrlich ascites carcinoma cells treated in tissue culture

with 5 mM DFMO. The practically identical results obtained
with different tumour lines and experimental conditions may
suggest that there is a common feature of rapidly growing
tumours related to the metabolic imbalance of ornithine.
Little is yet known about the activity of urea-cycle and
related enzymes in the fast-growing tumour cells, put our
results look as to give an indirect evidence for the mechanism
mentioned above and for the varied effects of DFMO on the

ornithine imbalance in tumour cells. Further investications are
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required to support this interpretation, and to clarify the

significance of DFMO treatment in the ornithine metabolism of

neoplastic cells.
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HPLC-ANALYSIS OF FREE AMINO ACIDS IN BIOLOGICAL FLUIDS,
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University of Hohenheim, Stuttgart 70, FRG

SUMMARY

In repeated reports the potential use of HPLC in analyzing
free amino acids (AA) in biological fluids is claimed. However,
it appears that the validity of this approach has not yet been
adequately controlled. Improper sample handling results in un-
reliable results and inappropriate identification which in-
validate quantitation and recovery of major free AA constitu-
ents in plasma, tissue or urine.

By carefully controlling factors and limitations inherent
in methodology, we developed an ultra rapid and sensitive auto-
mated system enabling precise, specific, and routinely manage-
able measurement of the 23 major free AA in tissues and plasma
in the lower picomole range precolumn derivatization with
OPA/3-mercaptopropionic acid (OPA/3-MPA) or 9-fluorenylmethyl-
oxycarbonylchloride (FMOC) in less than 13 and 25 min, respect-
ively. The combined error of the method ranged between 2-6%
(C.V.) with either methods. The HPLC results were in excellent
agreement with those earlier acquired by using alternative con-
ventional methods in plasma, muscle and liver.

It is to conclude that, although HPLC providesa powerful
tool in AA research, adequate use of the method requires the
exercise of great caution in controlling factors which may
jeopardize the reliability of analyses.

Simultaneously with all technical developments, which made
HPLC-amino acid analyses easily available, a new danger occurred

As more use is made of extensive analytical programs, there
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must be an equally wide awareness of limitations inherent in
these new methods and in the interpretation of their findings.
It is regrettable that the attention that must be paid to de-
tails in handling the samples are sadly often neglected result-
ing in certain artifacts and thus, in unreliable results. Con-
sequently, in this report certain shortcomings and technical
pitfalls will be commented upon which easily can lead to errors
invalidating proper identification and adequate quantitation of

amino acids.

THE SAMPLE

Indeed, it is important to decide, when to take the sample,
how to perform sampling and what kind of sample will be used
for the analyses (1). A common misconception manifests itself
that the amino acid concentrations in serum are equal with
those of plasma (2, 3). Unfortunately the majority of free
amino acid determinations with HPLC is performed in serum (4-8).
However, as repeatedly reported, most of the free amino acid
concentrations in serum are not only considerably higher than
those in plasma, but in real extent they exhibit substantial

variations compared with those measured in plasma (2, 3).

SAMPLE HANDLING

Adequate deproteinization is one of the most important
factors, unfortunately often neglected. The best recommendation
is to use 5-sulfosalicylic acid (9, 10). Another popular depro-
teinization is the so-called picric acid method (11). This
method suffers, however, from the disadvantage that the re-
covery of tryptophane, aspartic acid and citrulline and to some
extent glutamic acid, hydroxy-proline and proline is not com-
plete (12, 14).

It is known that precipitation with PCA, TCA and organic
solvents such as acetonitrile and methanol may result in pro-
teolysis, and/or incomplete extraction (15, 16). Thus, it is

not surprising that the use of such precipitation methods has

30



resulted in concentrations either highly exceeding (6, 8, 17)
or far below (5, 7) the true physiological values.

There are several reports available showing that glutamic
acid and aspartic acid rise slowly and glutamine and asparagine
fall equivalently in samples stored at -20° c. Additionally,
losses of tryptophane and cystine are reported. These changes
are minimized by storage at -70° ¢ at which temperature protein
free filtrate samples can be stored over a year period, without
appreciable alterations of amino acid concentrations (9, 12,
18, 19). It might be remembered that the same considerations
must be made when analyzing amino acids with an automated de-
vice. Thus to avoid loss of glutamine and asparagine one must

keep sample-injectors at a temperature range of +4 - +6°c.
IDENTIFICATION AND QUANTITATION

A considerable problem seems to regard proper identifica-
tion of free amino acids in biological fluids based on a cor-
responding standard run. It is remarkable that in. a recent work
the most important free amino acid in serum, glutamine could
not be detected and other amino acids known to be present in
measurable amounts (1-MeHis, 3-MeHis, ADA) could not be re-
covered. Rather more striking is the fact that the authors were
not able to identify and recover the major urinary amino acid
constituents, carnosine and 3-MeHis, whereas certain other uri-
nary amino acids are obviously wrongly identified (7).

Thus it might be concluded that despite the advanced basic
technology currently achieved, which may enable proper applica-
tion of HPLC in routine biological practice, the validity and
value of this approach has not yet been adequately controlled
and verified. Thus, the majority of HPLC applications dealing
with biological samples obviously reports erroneous concentra-

tions.
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Rapid, sensitive and specific HPLC method

for routine determination of tissue free amino acids

Our main intentions were to develop a routinely manageable
HPLC method by considering first: various derivatization meth-
hods, the mode of detection and the use of different columns;
second: to optimize the analytical conditions, preferentially
tailored for automated analyses of free amino acids in human
plasma and tissue specimens, and third: to carefully control
the validity of the results obtained.

As earlier reported excellent separation of 26 major phy-
siological amino acids was obtained in biological samples
(plasma, muscle and liver) in the lower pmol range. As deriva-
tization agent OPA/3-mercaptopropionic acid was used and the
detection was made with fluorescence. The separation was per-
formed on a Superspher CH-8 column (4 um) with a length of
250 x 4 mm eluting with a sodium-phosphate-buffer and aceto-
nitrile gradient at a flow rate of 1.2 ml/min. The linearity of
individual free amino acids was calculated at various concen-
trations (125 - 1000 pmol/ml) by considering the relative flu-
orescence of each amino acid. As shown in Fig. 1, the obtained
linearity was good for all amino acids analyzed, irrespective
of fluorescence yield. By using these conditions, the method
facilitates precise measﬁrement of free amino acids in human
biological tissues in less than 40 min. A comparison between
HPLC amino acid results and those acquired from the conventio-
nal amino acid analyzer for the same samples is illustrated in
Fig. 2. As shown the HPLC results compared favourably with
those obtained with the conventional amino acid analyzer. The
actual correlation between the two methods was highly signifi-
cant (r = 0.97, p < 0.001) in 120 comparative analyses (20).

In a current work this method (20) has been developed to
an ultra rapid and sensitive HPLC-system for measuring individ-
ual free amino acids in biological fluids by using similar de-
rivatization conditions by employing shorter columns (125 x
x 4.6 mm) with 3 um particle size at an enhanced flow-rate and
steeper gradient slope. These new conditions facilitate separa-
tion of the 23 major tissue free physiological amino acids in
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Fig. 3. Standard elution profile of 23 major free physiological
amino acids (Spherisorb ODS II, 3 um, 125 x 4.6 mm
flow-rate 1.5 ml/min). Each peak represents 30 pmoles
(21).

(Reprinted from Graser et al (21) with permission)

the lower pmol range in less than 13 min, as shown in Fig. 3
(21) . Muscle, plasma and liver free amino acid concentrations
(Fig. 4), as determined by HPLC, are in the expected physiolog-
ical range (21) and compare favourably with those obtained by
conventional amino acid analyzer (22, 23).

The reproducibility of the method, calculated as the de-
viation in a single determination from the mean fluorescence
yield, ranged between 4.2 and 6.8%, whereas the reliability of
the method ranged bétween 1.6 and 6%. The error of the method
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in a single determination based on duplicates ranged between
4.5 and 8.2%, whereas in duplicate determination it was esti-
mated to yield between 3.2 and 6.1%. In recent ongoing studies
the error of the method could be considerably improved by using
automated on-line derivatization and subsequent injection (to
be published).

One may thus conclude that the use of OPA/3-MPA method has
discernible advantages such as high sensitivity, feasibility of
automated on-line derivatization and short analysis time. How-
ever, one has to keep in mind that the instability of the OPA
adducts requests great care in standardizing the.entire analyt-
ical procedure. Moreover, as known, derivatization with OPA
cannot be used to detect proline, hydroxy-proline and other
secondary amines.

We are in progress to use an alternative derivatization
agent - 9-fluorenylmethylchloroformate (FMOC) - enabling the
detection of secondary amines, especially those of proline and
OH-proline (24). The derivatization with FMOC requires manual
extraction with pentane, whereas the injection of the sample in
the present work was automated. FMOC reacts with amino acids
beneficially in sodium-phosphate-buffer at pH 7.7 within 45
sec. Immediately after derivatization, the reaction mixture
must be repeatedly (6-fold) extracted with 1 ml of pentane in
order to minimize the formation of a FMOC-hydrolysis product.
Excellent separation of 23 physiological amino acids including
proline was obtained in standard runs and biological material
(human plasma) as exemplified in Figs 5 and 6, respectively.
The separation was performed on a LiChroCART Superspher CH-8
column (4 um) with a length of 125 x 4 mm, capped with a guard

column 10 x 4 mm (7 um particle size). The elution was carried
out with a sodium-acetate-buffer/ acetonitrile gradient at a
flow-rate of 1.5 ml/min. By using these conditions, the method
facilitates precise measurement of free amino acids in less
than 25 min.

One may conclude that the superior sensitivity, stability
and the feasibility to detect secondary amines (Pro and HO-Pro)
favour the FMOC method against the OPA-method, whereas the

labourous extraction procedure is to be rendered as a clear
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Pro could not be elected by OPA method, whereas His,
Cys and Trp could not be detected by FMOC-method

disadvantage. The combined error of the method based on dupli-
cates ranged between 2-6%. A comparison of the results acquired
from the OPA- and the FMOC methods shown in Fig. 7 illustrats
the excellent agreement between the two analytical systems.

As an overall conclusion our results indicate that HPLC
provides a powerful tool in the study of amino acid metabolism.
There are factors, however, which make the blind approval of
uncontrolled results dangerous thus the adequate use of the
method requires that the results obtained should be accepted

with caution.
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INTRODUCTION

Samples from biological material, animal brain tissue
extracts in particular, contain a number of acidic amino
compounds: amides, amines, peptides and their derivatives,
which are only poorly separable in ion-exchange chroma-
tography. Since highly ionized moieties (carboxyl-, sulfonyl-
or phosphoryl-groups) are their main chromatographic deter-
minants, different compounds elute in the same fractions
(1 - 3). For example, Mangan and Whittaker (4) found at the
beginning of the chromatograms, in addition to glycero-
phosphocholine, glycerophosphoethanolamine and phospho-
choline, 18 other unidentified non-phosphorus-containing
ninhydrin-positive substances in guinea-pig brain subcellular
fractions. Some of these were presumed to be acidic peptides.
Recently, we have identified from the brain with mass
spectrometry and amino acid analysis after thin-layer
chromatography and various hydrolytic and derivatization
methods several small acidic taurine-containing peptides

(5 - 9). In this connection we also tried to refine amino
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acid analyzer methods to separate these peptides from each
others and from other interfering acidic compounds.
Traditional amino acid analysis, based on ion-exchange
chromatography, has very slowly adopted recent advances made
in liquid chromatography. A guard column, inserted between
the sampling valve and the analytical column, has only with
the latest technology become applicable, though it
effectively can protect the analytical column against damage
by trapping highly retentive substances and particles which
reduce column performance. A guard column with the same
stationary phase as the analytical column has generally been
recommended. However, any dissimilar separation principle
might prove advantageous 1in enhancing the selectivity of
substances. This 1is particularly desirable with sensitive

detection of important compounds in trace amounts.

MATERIAL AND METHODS

In order to obtain an enhanced selective separation in the
area of acidic amino compounds, Brownlee Labs, Inc., standard
guard cartridges (Alumina and Silica adsorption columns,
RP-18 and RP-300 reverse phase columns, 4.6 mm id x 3 cm with
5 and 10 pm sorbants) were used in front of the 20 cm long
Kontron AS70 ion-exchange column kept at 313 K in a Kontron

Chromakon 500 amino acid analyzer. The elution buffer was the
first lithium citrate buffer, pH 2.6 (5.05 g LiOH x H,0,
Merck, 17.4 g citric acid x H20, Merck, 70 ml methanol,

Merck 9.9 ml HC1l Suprapur, Merck, in 1 liter of distilled
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water with 2 ml Brij 35, Sigma, added after filtration

through a Millipore 0.22 uym filter). The detection was the

fluorescence method after the reaction with o-phthalaldehyde
according to the instrument manual.

The following peptides used in the present study were syn-

thesized by us: a-glutamyl-taurine, y—-glutamyl-taurine,
B-alanyl-taurine, Y-aminobutyryl-taurine, B-aspartyl-N-
methyl-taurine and a,y-glutamyl-ditaurine. In addition,

only commercial reference substances were used as 50 umol/1l
solutions in various combinations and they were obtained from

Fluka, Merck, Sigma and Vega-Fox Biochemicals.

RESULTS AND DISCUSSION

Cysteate derivatives

The first compounds eluting from biological samples in an
amino acid analyzer are carbamylphosphate, an intermediate of
the urea cycle, and cysteate, homocysteate and
cysteinesulfinate. Cysteate and cysteinesulfinate are the
major intermediates in taurine biosynthesis from cysteine.
Pasantes-Morales et al. (10) have shown their presence also
in brain extracts with enzymatic determination. The simul-
taneous determination of cysteate and cysteinesulfinate,
separately, can be done with high-performance liquid
chromatography (11) and with adsorption chromatography (3).
None of the four guard columns used in the present study

improved significantly their separation from each others.
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Phosphohydroxy amino compounds

O-Phosphates are the major class of phosphorylated amino
compounds in proteins (12). They include phosphoserine,
phosphothreonine and phosphotyrosine. In addition to two-
dimensional thin-layer electrochromatography (13) and paper
electrophoresis (14), which fail to give quantitative
results, nigh-performance liquid chromatography (15) has been
applied to determination of these phosphohydroxy amino acids.
Also ion-exchange chromatography has been used (16-18).

Phosphoserine is the compound eluting first in most

commercial standard reference mixtures. Phosphothreonine has
the same retention time, but phosphotyrosine is eluted
somewhat later. Glucosaminephosphate also belongs to this
group and it normally comes out shortly after phosphoserine.
According to Martensen and Levine (19) lowering of the pH
of the elution buffer to 2.0 resulted in somewhat improved
separation. The guard columns tested here did not affect the

separation of phosphoserine from phosphothreonine. However,

most 1impressive results were achieved with the lithium
citrate buffer, pH 2.6, used throughout this study, and the
Alumina type guard column, which retained all of these
phospnoliydroxy amino compounds. In the case of overlapping
substances, such as phosphoserine, phosphothreonine and
Y-glutamyl-taurine, it 1is advantageous to bind interfering
phosphohydroxy compounds to the Alumina guard column and

quantitate thereafter y-glutamyl-taurine.



Substances interfering with taurine determination

The complexity of the taurine fraction in automated amino
acid analysis was encountered in our systematic evaluation of
free amino acids in bovine brain synaptosomes and synaptic
vesicles (20). The peak with the retention time of authentic
taurine has also been found by other investigators to be
contaminated with urea (:21.) 5 glycerophosphoethanolamine
(4,22,23), and taurine-containing peptides (3).

James (21) added ethanol to the samples after precipi-
tation of proteins with sulfosalicylic acid, 1in order to
improve the separation of taurine from urea. Although the
fluorescence of urea is very low, it is a source of error in
taurine determination. Erbersdobler et al. (24) have
suggested a decreased elution temperature and optimization of
the buffers to improve the separation of taurine from
phosphoethanolamine, glycerophosphoethanolamine and urea.
Only a lowering of the elution temperature to the ambient one
did not improve the separation in our system, but the
combination to another conventional practice, viz. to the
usage of a 5 cm longer column, a good separation was achieved
(Figure 1). Gurusiddaiah and Bromser (25) found that in three
from four amino acid analysis systems checked by them taurine
and glycerophosphoethanolamine did not coelute. They also

+

suggested a Na system for analysis of taurine in brain and
T 3

an accelerated Li system for the analysis of the other

amino acids. With this praxis the resulting taurine value is

still erroneously high - whether the sample is hydrolyzed or
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not - because of the presence of small acidic taurine-

containing peptides (6-9, 26, 27).

The synthetic taurine-containing peptides tested here
could be separated by two-dimensional thin-layer chroma-
tography (Figure 2) using 0.25 mm thick silica gel (Kieselgel
G) plates and 70 § (v/v) ethanol (I): 75 % (w/v) phenol (II)
in water. In the amino acid analysis some peptides were
always eluted together and only three peaks were obtained

(Figure 3). This remained the general picture also with
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Figure 1. Analysis of phosphoserine (P-SER), glycerophospho-
ethanolamine (GPE), taurine (TAU), phosphoethanolamine (PE)
and urea in Kontron Chromakon 500 automatic amino acid
analyzer using a longer column (25 cm instead of the 20 cm

column) at ambient temperature.
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Figure 2. Analysis of taurine and synthetic taurine-contain-
ing peptides with two-dimensional thin-layer chromatography

using 0.25 mm thick silica gel plates and 70 % (v/v) ethanol

(I1): 75 3 (w/v) phenol (II) in water. 1 : *aurine (I:II
0:54:0.19)., 2 = +y-glutamyl-taurine (0.72:20:17)4 3 =
Y-aminobutyryl-taurine (0.54:0.26), 4 = S8-alanyl-taurine
(0.49:0.25), 5 = PB-aspartyl-N-methyltaurine (0.58:0.23),
6 = a,y-glutamyl-ditaurine (0.69:0.13). a-Glutamyl-
taurine reacted very poorly with ninhydrin, hence it is not

visible.

Figure 3. Separation of a mixture of taurine and synthetic
taurine-containing peptides in an automatic amino acid

analyzer with Kontron AS70 resin as three peaks.

1 Y-glutamyl-taurine and B-aspartyl-N-methyltaurine,

2 taurine, Yy-aminobutyryltaurine, B-alanyl-taurine and

a,y-glutamyl-ditaurine, 3 = a-glutamyl-taurine.
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different guard columns. The acidic groups in these peptides
determined their elution order. The pK-values of the carboxyl
groups in glutamate are 2.19 and 4.25 (28). The two possible
configurations of glutamyl-taurine possess entirely different

retention times, viz. 4.6 and 107.1 min.

Hypotaurine and aspartylglucosamines

Hypotaurine (30 umol/kg wet weight in mouse brain:; 29),
the immediate precursor of taurine, is completely overlapped
in many amino acid analyzers by the 1large peak of urea
(7 mmol/kg wet weight in mouse brain; 3). On the other hand,
urea co-elutes with aspartylglucosamines with some other
resins (30). Aspartylglucosamines are abundant in aspartyl-
glucosaminuria, an autosomal, recessively inherited inborn
error of metabolism predominantly occuring in Finnish
population (31,32). They can be hydrolyzed away and then the
small peak of hypotaurine can be analyzed alone (3). For
qualitative purposes the separation can also be done with
thin-layer chromatography with subsequent scraping off and
extraction of the zone containing glycoasparagines (30). The
guard columns tested in this study affected particularly the
retention time of hypotaurine improving its separation from
the reference substance 2-acetamido-1-N-(4'-L-aspartyl)-2-
deoxy-B-D-glucopyranosylamine. Thus, with the resin Kontron
AS70 combined with any of the guard columns tested here, it
should be possible to quantitate without prior extra
purification the amount of aspartylglucosamines eluting in

this peak.
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CONCLUDING REMARKS

The present results are compiled in Table 1 and Figure 4.
The most important finding is probably the retention of all
the phosphohydroxy amino compounds by Alumina-type guard
column. Two of these, phosphoserine and phosphothreonine, are
co-eluted with y-glutamyl-taurine. After their removal the
amount of y-glutamyl-taurine can be determined. B-Aspar-
tyl-N-methyltaurine has not been detected in brain samples so

far. Fluorescence detection with increased sensitivity is

Table 1. Effects of various guard columns on ion-exchange

chromatographic separation of acidic amino compounds

Compounds Guard column type

Alumina Silica RP-18 RP-300
Cysteate
derivatives 0 0 (+) 0

O-Phosphate

group + = + (+)
Taurine group - - + 0
Hypotaurine &

glycoasparagines + + + +

0 no change
(+) slight improvement

+ improvement

- decrease
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particularly applicable to these determinations. The results
can also be used with benefit with amino acid analyzers
equipped with a stream divider to collect the separate

fractions in the elution order.

The silica-based quard column did not generally affect the
separation very much. Slight positive effects could be
obtained using the reverse phase guard column RP-18 which is
silica with a covalently bond short alkyl chain. Its
separation is based on differences in the hydrophobicity of
samples, and in lieu of amino acid analyzers using
water-based buffers does not show its full power. The
hydrophilic components pass through the reverse phase column
with little if any retention. However, the peaks ranging from
cysteate to phosphoethanolamine could be dispersed as
function of retention time using RP-18 (Figure 4). A longer
column would probably still enhance this effect.

p I—

Figure 4. Relative retention times of various acidic amino
compounds in an automatic amino acid analyzed with Kontron

AS70 resin (A), and with different guard columns: Alumina

(B), silica (C), RP-18 (D) and RP-300 (E). 1 = cysteate,
2 = cysteinesulfinate, 3 = homocysteate, 4 = phosphoserine,
5 = phosphothreonine, 6 = phosphotyrosine, 7 = glucosamine-
phosphate, 8 = taurine, 9 = glycerophosphoethanolamine,
10 = phosphoethanolamine, 14 = B-alanyl-taurine,
12 = B-aspartyl-N-methyltaurine, 13 = Y-aminobutyryl-
taurine, 14 = a-glutamyltaurine, 15 = y-glutamyl-taurine,
16 = a,y-glutamyl-ditaurine, 17 = hypotaurine, 18 = urea,

19 = aspartylglucosamines
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When using a guard column in front of the analytical ion-

exchange column the choice of the resin should be carefully

considered. An identical resin can be used if no changes in
separation are desired. If increased selectivity in
separation is endeavoured, Alumina, Silica, RP-18 or RP-300
may be considered, in particular, when accurate and precise

quantitative estimation assumes paramount importance.
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ABSTRACT

In biological systems endogenous formaldehyde can react
with L-arginine and, due to this interaction, different NC-
hydroxmethyl derivatives can be produced. The serum and urine
samples free from proteins were dissolved in distilled water
and were applied to a Sephadex G-15 column equilibrated with
distilled water. The combined and dried fractions were dissolv-
ed in distilled water and an aliquot of this solution was in-
jected into a modified normal-phase HPLC column. Ethyl acetate
was used as the eluent. The separation parameters of hydroxy-
methyl-L-arginines were determined.

INTRODUCTION

In biological systems a "pool" of C1 methyl groups has a
basic significance. Formation of endogenous formaldehyde, which
can have a purely chemical, enzymatically not supported, methyl-
ating effect, can also take place from nitrosamines. This reac-
tion is catalysed by N-demethylase /1, 2/. Environmental fac-
tors like viral infections also have an influence on the in
vivo formation of formaldehyde /3/. Endogenous releasable for-
maldehyde is known to occur at low concentrations in biological
systems. Thus, in normal human blood 0.4 - 0.6 ug/ml and in
urine 2.8 - 4.0 pg/ml have been detected with 14C—dimedone rea-
gent. However, significant deviations have been observed in
different tumorous conditions, with values ranging from 8-10-
fold higher to 10-fold lower than the reported normal formal-

dehyde concentration /4/. Recent results on the carcinogenicity
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of formaldehyde /5/ suggest that formaldehyde might contribute
to the carcinogenic action of dimethylnitrosamine. A thiazol-
idine derivative is formed when formaldehyde reacts in vivo
with cysteine /6/. A’ thiazolidine derivative has also been im-
plicated in the biological reactions of aldehyde, as cysteine
is reported to alleviate the toxicity of aldehyde in experi-
mental animals /7/. A significant increase in urinary alkali-
hydrolysable thiols has been observed after administration of
aldehyde to experimental animals /8/. There seems to be a mech-
anism that prevents the accumulation of endogenous formaldehyde.
This mechanism works so that the undesirable surplus of formal-
dehyde should react with some éormaldehyde acceptor and is
eliminated after having been structurally changed due to this
interaction. Our experiment has proven that in this respect
first arginine and then certain mobile compounds, e.g. cysteine
or glutathione containing thiol groups, and the formaldehyde-
reducing ascorbic acid should be taken into consideration
/9/. The guanidine groups of arginine react rapidly with form-
aldehyde. The product of this interaction is the hydroxymethyl
derivative of arginine. The rate of this reaction is higher
than that of any other reaction of formaldehyde taking place in
biological systems. The rate constant was 0.035 min_1. It was
proven that hydroxymethylation takes place first on the imino
part and then on the primary amino group of the guanidino group.
The hydroxymethyl structure was proven by NMR-spectroscopy
20 s

We have isolated the hydroxymethyl-L-arginines from human

serum and urine.

EXPERIMENTAL
Materials and Methods

The standard amino acids, L-arginine (Arg), NGNG-dihydroxyh

methyl-L-arginine (DHMA), NG—monohydroxymethyl—L—arginine
(MHMA) and NGNG,N’G—trihydroxymethyl—L-arginine (THMA) were
purchased from Reanal, Budapest, Hungary, and were prepared ac-

cording to our method described earlier /10/. Sephadex G-15 and

58



Visking dialysis tubing 20/32 were purchased from Pharmacia,
Uppsala, Sweden, and from Serva, Heidelberg, F.R.G., respect-
ively. A Liquochrom 2010 (Labor MIM, Hungary) liquid chromato-
graph was used in our work; OE 320 Labor MIM injector fitted
with a 20 pl sample loop was used for injection. The separation
was carried out on a 25 cm x 4 mm I.D. column packed with mod-
ified Chromspher-Sil (Labor MIM) normal silica (10 um). The
modification of the column consisted of the production of a
covalent bond between the silicate and stearic acid with the
help of carbodiimidazole. The new semi-nonpolar system was used
for the separation of the antibiotics /11/. All other materials
were analytical grade, and were obtained from Reanal, Budapest,
Hungary.

Analysis of serum and urine

Human serum and urine samples from five normal adults were
collected individually. 20.0 ml of serum, or urine was equi-
librium dialysed against 200 ml of distilled water. The protein-
free solution was evaporated to dryness at room temperature.
The rest was dissolved in 3 ml of distilled water, applied to a
Sephadex G-15 column equilibrated with distilled water and
eluted with distilled water.

The column was calibrated with the preparation of hydroxy-
methyl-L-arginines. On the basis of calibration the correspond-
ing fractions were combined and dried in vacuum at room tempera-
ture.

The rest was dissolved in 1.0 ml of distilled water and an
20 ul aliquot of this solution was injected into the HPLC col-
umn. The sample contains the hydroxymethyl-L-arginines from 0.4
ml biological fluid.

The Chromatographic parameters were:

Eluent: ethyl acetate (LichrosolvR - Merck)

Absorption wavelength: 265 nm

Absorbance unit: 0.02 a.u.f.s.

Flow rate: 0.8 ml/min

Temperature: 25%g,
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RESULTS AND DISCUSSION

Figure 1 illustrates a typical chromatogram of the stan-

dard hydroxymethyl-L-arginine mixture.

Start

1
6 8 10 12 14 16 18 2 22 24
retention time (min)

ESRS -

S

Fig. 1.

Fig. 1. Chromatogram of a NG—hydroxymethyl-L—arginine standard
solution (concentration: 10 pg/ml).
Column, 25 cm X 4 mm ID Chromspher-Sil (Labor MIM),
covered by stearic acid; eluent, ethyl acetate
(LichrosolvR-Merck); flow rate, 0.8 ml/min; detection

at 265 mnmy a.u.£.s. = 0.02.
Peaks: 1 unidentified L-arginine derivative; 2 trihyd-

roxymethyl-L-arginine; 3 dihydroxymethyl-L-ar-
ginine; 4 L-arginine; 5 monohydroxymethyl-L-ar-
ginine.
Table I shows the separation parameters of a standard hydroxy-
methyl-L-arginine mixture measured in the specified HPLC system.

Five urine samples contained 14.0 i 5.0 pyg/ml (214 mg/day)
L -arginine, 4.5 £ 0.9 ug/ml (~4.5 mg/day) MHMA, 2.6 X 1.1 ng/ml
(2.6 mg/day) DHMA and zero THMA.

Five serum samples contained 15.5 = 4.5 Hg/ml L-arginine,
2.6 £ 0.7 ug/ml MEMA, 3.7 £ 0.5 pg/ml DHMA and 1.0 & 0.5 ug/ml
THMA.

Formaldehyde, mobilized in the form of hydroxymethylated
arginine which is present in both blood and urine, can have ac-
cess to cell components it could not attain spontaneously. In
this respect methylol-arginine can be regarded as a formal-
dehyde donor. The hydroxymethyl derivative of arginine can thus
bring formaldehyde into a biologically effective state (bio-
phase) which it could not otherwise reach, being hindered by
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Table I. capacity factor (k’), separation factor (o) and rela-

tive separation factor (resolution, Rs) values for hy -
droxymethyl-L-arginines on modified semi-nonpolar
silica packings

Eluent: ethyl acetate (LichrosolvR-Merck); flow rate:
0.8 ml/min.

Substance k"’ o Rs
Unidentified L-arginine 0.50
derivative
Trihydroxymethyl-L- 1.50 3.0 107
arginine (THMA)
Dihydroxymethyl-L- 2.00 4.0 12.0
arginine (DHMA)
L —arginine 2575 5.5 1353
Monohydroxymethyl-L- 375 755 10.6

arginine (MHMA)

various barriers. Under a given ionic strength and pH condi-

tions,

the methylol derivative is likely to be in equilibrium

with the concentration of the intact arginine and free formal-

dehyde in the system. In our model, the endogenous or exogenous

accumulation of arginine in a biological system would result in

a decrease of the free endogenous formaldehyde concentration or

in an increase of the methylol-derivative of arginine. A de-

crease of arginine would cause the amount of free endogenous

formaldehyde to increase or that of the methylol derivative to

decrease.
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Abstract
Size-exclusion chromatography was carried out at room temperature for

the identification of binding from non-binding; and, if there was binding,

for the determination of binding constants. Two techniques were developed:

internal calibration and external calibration. The systems chosen for study

were the binding of L-tryptophan methyl ester and of 5-hydroxy-L-tryptophan

to bovine serum albumin. However, only L-tryptophan methyl ester was inves-

tigated in detail and the data plotted in the form of scatchard graph.

Unlike L-tryptophan, its derivative, L-tryptophan methyl ester, does not

give a straight line, indicating that bovine serum albumin has more than one

binding site. Curve fitting analysis yields the binding constants as follows:

L

k1 = 6.0 x 10

in the measurement of the peak area (negative), the error is expected to be

» B, =15 nk, = 4.0 x 103 » D, = 25. Due to the uncertainty
relatively large.

INTRODUCTION

Based upon the classical method of gel filtration by Hummel and Dz:taye:r1

for the determination of the binding parameter r (the number of moles of
ligand (small molecules) bound per total number of moles of protein (macro-

molecule)), we have developed two techniques in HPLC (high performance liquid
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chromatography): internal caiibration amd external calibration. The two
techniques may be characterized by two simple mathematical equations, respec-
tively:

Lb

—_ (internal calibration)
P

. [

r -

(7]

Where Lb is the absolute amount of ligand in ,umoles, P the absolute amount

Hi
1}

(external calibration)

of protein, also in ,umoles; [ ] refers to molar concentrations, and b in both
equations refers to "bound". Our goal, as with other analytical methods, is
to make the measurements accurate, simple and fast. Both technicues have
already been tested on two different systems, the binding of warfarin (an
anticoagulant drug) to serum albumins and that of L-tryptophan (an essential
aminp acid) to serum albumine?. The results were found to be highly satis-
factory. This paper reports our efforts to extend the two techniques to the
binding of L-tryptophan methyl ester to bovine serum albumin, and to describe

qualitatively binding and non-binding elution profiles.

EXPERIMENTAL

Materials

I-tryptophan methyl ester (lot no. 32F-0327) was obtained from Sigma
(St. Louis, Missouri, U.S.A.), S5-hydroxy-L-tryptophan (lot no. 15414) trom
Nutritional Biochemicals (Cleveland, Ohio, U.S.A.), and bovine serum albumin
(lot no. J-72212) from Metrix, Armour Pharmaceutical Co. (Chicago, Illinois,
U.S.A.). All other chemical were reagent grade and were used as received.

Glass distilled water was used in all experiments.

Preparation of Solutions

Solutions for the mobile phase and for injected samples were prepared

according to the methods described in detail in the previous publicationaz'3
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Chromatography
For size-exclusion chromatography the apparatus is usually very simple.

We only used a Waters Assoc. pump A-6000, and injector UK-2, a UV variable
wavelength detector and a recorder. The column used was Waters I-125

(30 cm x 7.8 mm I.D., particle size 37-53 ,um).

RESULTS

Table I describes the preparation of protein samples to compare the two
techniques. Samples A, B, C, D and E were prepared for internal calibration

and F and G for external calibration.

Table I. Preparation of Protein Samples

Sample Protein stock Ligand Phosphate
solution solution buffer

(160 M) (L7 M) (0.05 M, pH 7.k4)
ml nl ml
A 500 125 625
B 500 250 500
c 500 375 375
D 500 500 250
E 500 750 0
F 500 0 750
G 0 0 1250

It is now a well-established conclusion that, if a ligand is contained
in the mobile phase, the appearance of two peaks (usually a positive peak

followed by a negative peak) is an indication of the binding of ligand (small
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molecules) to macromolecules. The first peak (e.g., the positive one)
represents the complex, whereas the second peak (e.g., the negative one)
represents the loss of free ligand. The area of the second peak is a measure

of the amount of the ligand bound to the macromolecule. Figure 1 shows the
elution profiles to compare binding with non-binding. Three experiments were

run under identical conditions, i.e., same column, same flow rate, same
wavelength and same a.u.f.s. The mobile phase was also the same: 9.4 M
S-hydroxy-L-tryptophan in 0.05 M phosphate buffer, pH 7.L4. In each
experiment, 100 il of sample was injected. The samples were: a. 0.03 M KC1,
b. 66 M BSA in 0.03 M KCl and c. 66 M methylated BSA in 0.03 M KCl. As
shown in Fig. 1, we found only one peak (negative) in methylated BSA (Fig. 1¢)

similar to the profile in 0.03 M KC1 (Fig. 1a), whereas we found two peaks,

MIN-
Fig. 1

Elution profiles of the binding or non-binding of the ligand to
protein., Detector: UV at 280 nm, 0.4 a.u.f.s. lFlow rate: 1.0 ml/min.
Mobile phase: 9.4 M 5-hydroxy-L-tryptophan in 0.03 M KC1 aqueous
solution. Samples: 100 ml of: a. 0.03 M KC1, b. BSA in 0.05 M
sodium phosphate buffer, pH 7.4, and c. methylated BSA in 0.03 M KC1

aqueous solution.
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a positive peak followed by a negative peak in BSA. This unequivocally indi-
cates that 5-hydroxy-L-tryptophan does not bind to methylated BSA. The
removal of approximately 77 free carboxyl groups out of 100 from the protein
results in the change in confoma.tionh , thereby preventing the binding of
S-hydroxy-L-tryptophan. Similar results were obtained when we tested with
L-tryptophan, i.e. the 1igand binds to BSA, but not to methylated BSA. (Chroma~
tograms are not shown.)

In Figures 2 and 3 we give an example of the binding of L-tryptophan
methyl ester to bovine serum albumin. Fig. 2 illustrates the method of

internal calibration, whereas Fig. 3 illustrates the externmal calibration.
Such an example was also shown in previous publica.tionaz’B. In comparison we
found a small peak appearing in front of the second peak (negative) in the
present case. This makes the second peak less symmetrical near the base
line. Such kind of asymmetry was not found in warfarin binding and
L-tryptophan binding. Both bovine serum albumin and L-tryptophan methyl
ester (L-tryptophan too) are absorbed in the region around 280 mm. It
obviously shows some interference in absorption of uncomplexed serum albumin
on the L-tryptophan methyl ester. For the first approximation we treated

the data in the present work in the same way as L-tryptophan or warfarin

peak. The uncertainty in the measurement of the area is, of course, greater.

In Fig. 4 we present the binding data in a Scatchard plot. In contrast
to the binding of L-tryptophan to serum albumins, the curve is not linear,

indicating that there are more than one binding site in BSA for L-tryptophan

methyl ester. The shape of the plot is in good agreement with that reported
5

in literature” where the classical equilibrium dialysis method was employed.

Our values of the ordinate, [r sy are slightly higher than those in the
L
; &

literature, possibly due to the greater uncertainty in the measurement of

the area of the second peak (negative).
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MIN-

Fig. 2
Eiution profiles of the binding of L-tryptophan methyl ester to BSA.

Experimental condition same as in Fig. 1. Mobile phase: 28.3 M
L-tryptophan methyl ester in 0.05 M sodium phosphate buffer, pH 7..L.

Samples: 100 ml of 4, B, C, D, and E (see Table I).
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MIN-

Fig. 3
Elution profiles of the binding of L-tryptophan methyl ester to BSA.

Experimental condition including the mobile phase same as in Fig. 2.

Samples: 100 ml of F and G.

@ INTERNAL CALIBRATION
60— O EXTERNAL CALIBRATION
_ ®
r 1
Lt
10*
4-0—
(®)
® 0
@
2.0
1 | - 1 |
) 05 -0 I'5 2:0
ir
Fig. L

Scatchard plot for the binding of L-tryptophan methyl ester by BSA.
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DISCUSSION

Assuming that BSA has two binding sites n, = 1 and n, = 25 for L-trypto-

1

phan methyl esterS » we used the same curve fitting method for analysis as we

did for wa.rfa.rin.2 The constants estimated are: k1 =6.0 x 10)"

in comparison with the literature va.luesS: ]v:1 = 31X 10"‘, n2k2 = 1.6 x 103 .

» gk, =k.2x 102,

The agreement is not as satisfactory as in the case of binding of L-tryptophan
or warfarin to serum albumin.

The blockage of the negative charge carried by the carboxylate of
L-tryptophan by methyl ester makes the molecule more ionic in character (i.e.,
a cation). The application of an electrostatic correction to the data
5/[L]f is perhaps more important in L-tryptophan methyl ester than in L-trypto-
phan. The correction factor that McMenamy and Oncley5 used is exp (2 zpzA W),
where Zp and ZA are the net charges on the protein molecule and L-tryptophan
methyl ester, respectively, and W is the electrostatic parameter of the Delye-

Hiickel theory. We did not make such a correction because neither we nor

McMenamy- Oncley have enough experimental data for accurate analysis.
McMenamy and Oncley had only four experimental points in their plot;

we had nine. We believe that the application of the electrostatic correc-
tion on the limited amount of data, 5/[L]f, does not necessarily lead to

the estimation of accurate binding sites and binding constants. Recently,
Klotz sreiously questioned the validity of the Scatchard plots. He stated,
"eees it is apparent that extrapolations in the Scatchard graph to yield a
total number of receptor sites are generally not correct." It is our general
impression that unless additional studies at higher and lower ligand concen-
trations are carried out, that is, unless more experimental points are ob-
tained in the two extreme regions (very low and very high, particularly very
high to reach a plateau), the Scatchard plot can only provide a rough estimate;
it cannot lead to accurate calculations. It is our effort and goal to run

HPLC experiments faster and simpler in order to get more experimental points
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distributed in wider regions. At present, we are satisfied by demonstrating
that not only can the HPLC method obtain values of T as well as the classical
method equilibrium analysis, but that the HPLC method is obviously faster

and simpler.
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INTRODUCTION

Chromatographic data have been successfully applied in
Quantitative Structure - Activity Relationship (QSAR) studies
/1/. Lipophylicity as an important physico-chemical property of
biocactive molecules has been frequently used in QSAR studies
/2, 3, 4/. It can be determined by the classical partition meth-
od between water and n-octanol /5/, by reversed-pnase thin-layer
chromatography (RPTLC) /6, 7, 8/ and by high-performance liquid
chromatography /9, 10, 11/. Recent research indicates that the
chromatographic methods, although they are rapid and simple, do
not need pure compounds and use only a few micrograms of mate-
rial, have some drawbacks: the support may partially retain its
original adsorptive character even after coating /12/ and the
RM values depend on the adsorption behaviour and on the surface
pH value of the support /13, 14/. The Ry
arly decrease with increasing concentration of the organic

values generally line-

phase of the eluent; however, in some cases, the RM values in-
creased at higher organic phase concentration /15/. This pheno-
menon has been explained by dual retention mechanism /16/: the
free silanol groups of the support influence the retention
mainly at higher organic phase concentrations.

In spite of their biological importance the number of
chromatographic methods developed to determine the lipophilic-
ity of amino acids is surprisingly small. This is probably re-
lated to the fact that on an impregnated silica support most

frequently used in reversed-phase TLC, the retention of amino
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acids is low /17, 18/. Therefore, mainly, various partition
methods have been used to determine the lipophilicity of amino
acids /19, 20/. Until now only some a limited number of re-
versed-phase TLC methods have been described, all, using water-
insoluble alcohols saturated with water, with acetic acid or
with ammonia solutions /21, 22/.

The objectives of our work were to find a simple reversed-
phase TLC system for the determine action of the lipophilicity
of amino acids and to compare the R, values with the partition

M
coefficients.

MATERIALS AND METHODS

Layers of 0.25 mm thickness were prepared on glass plates
(20x20 cm) from the following supports and from their mixtures:
Kieselgel G after Stahl (Merck) Darmstadt, FRG), MN-Aluminium-
oxide G (Macherey-Nagel, Diiren, FRG), Cellulosepulver MN 300
(Macherey-Nagel) and Kieselgur G (Merck). The composition of
the mixed supports is given in Table I.

After drying the plates were impregnated by immersion
overnight in the solution of 10% paraffin oil in n-hexane.
Amino acids were dissolved in distilled water at a concentra-

tion of 2 mg/cm3 and 3 mm3

of each solution was spotted on the
plates. Various water: methanol mixtures (up to 60% methanol
concentration) served as the eluent for mixed supports, while
water and 1:1 water:methanol were used as the eluent for pure
supports. After development the plates were dried and the spots
were detected by the standard ninhydrin technique.

The actual RM values were extrapolated to zero methancl
concentration separately for each mixed support according to

the following equation:

= S i

where RM = the actual lipophilicity value of an amino acid de-
termined at C% methanol concentration,RM(o) = the RM value for
0% methanol concentration, and C = methanol concentration in
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Table I. Composition of the mixed supports

No of Kieselgel® Aluminium Cellulose Kieselgur®*
support % oxide % % %
i § 70 30 - -
IT 50 50 = =
IIT 30 70 = =
v - 30 70 -
v = 50 50 -
VI - 70 30 =
VII - 30 = 70
VL EL = 50 — 50
IX = 70 = 30

*gilica gel.

*#*Diatomaceaus-earth support.

the eluent (vol %). In order to facilitate the calculations

100-RM values were used instead of the RM values.

As both reserved-phase TLC parameters (intercept = RM(O)

and slope = b) may correlate with the log P values /23, 24/,
linear correlations were calculated between the reversed-phase

TLC parameters and the log P values taken from ref. /20/:

log P = a # by*R

1" Rm(o0) ¥ b,*b (2)

2

RESULTS AND DISCUSION

In most cases a higher methanol concentration increased

the retention (higher R,, values) of amino acids (Fig. 1). The

M
effect was the same for basic (Fig. 2 ) and acidic amino acids
(Fig. 3.). The behaviour of amino acids under these reversed-
phase TLC conditions differed from the expected general behav-

iour. According to our knowledge the R, value of all compounds

M
investigated until now decreased at higher organic phase con-

centration; however, the RM values of amino acids increased
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linearly with increasing methanol concentration in the eluent.
This somewhat surprising finding can be explained by the assump-
tion that the decreasing dielectric constant (increasing meth-
anol concentration)of the eluent suppresses the dissociation of
the polar groups of amino acids, resulting in higher lipophilic-
ity

The parameters of Eg. 1. are compiled in Table II. The re-
gression coefficients of all equations in Table II indicate a
significance level higher than 95%, except His on support I
(90% significance level). As Asp and Cys were too strongly re-
tained on supports II and III, we did not have sufficient data
for calculation according to Eg. 1. In some cases the RM values
of amino acids did not significantly depend on the methanol con-
centration in the eluent (Trp on supports I, II, III, IV, VI,
IX; Leu on support I; Ile on supports I, VIII; Phe on supports
IT; IILy; IV Wy VNI VIE, IX; Pro ©n supports III, VIII; and Tyx
on supports ITII, V, VI, VIII, IX); therefore, these data were
excluded from the further calculations.

Both RM(O)
the composition of the support. This finding again proves that

and the slope (b) values depended heavily on

the character of the suppor considerably influences the reten-
tion. We assume that only mixed supports of these types are
suitable for the determination of the lipophilicity of the
amino acids, because the retention is negligible on silica cel-
lulose and diatomaceous earth supports while it is too strong
on alumina, independently of the organic phase concentration in
the eluent. The correlation between the Ry values and the com-
position of the mixed supports is generally non linear (Fig.4.),
Gly, His and Lys remained on the start on alumina support in an
eluent consisting of 1:1 water:methanol. The dependence of the
Ry values on the composition of the support is easily under-
standable; the more alkaline is the overall surface pH value of
the support, the more considerable the retention. Glu and Lys
exhibited similar retention behaviour; thus, this finding sug-
gests that the carboxyl groups have a preponderant role in the
retention, while the impact of amino groups is of secondary im-

portance.
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°% methanol °% methanol
Fig. 1. Dependence of the Fig. 2. Dependence of the R
values of glycine on values of lysine onM
the methanol concen- the methanol concen-
tration in the eluent tration in the eluent
1+ support III. 1. ‘support III.
2. suppoxrt IT. 2. support II.
3. support I 3. support I.

The slope values (b) also increased at increasing alkali-
nity of the support.We could not find any plausible explanation
for this phenomenon; perhaps the alkaline environment promotes
the suppression of dissociation of the hydrophilic polar groups.

The parameters of Eg. 2. are summarized in Table III.
Since for uncharged Arg we did not find partition data, it was
omitted from the calculations.

The reversed-phase TLC parameters correlated well with the
partition data on all mixed supports; the significance level
was over 99.9% in most cases, proving that correct lipophilic-
ity values can be obtained in these reversed-phase TLC systems.
However, we could not find a reversed-phase TLC system which

was suitable to simultaneously determine the lipohilicity of
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Table TI. Parameters of the linear correlation (Eg.1) between
the eluent

No. of support

Amino

L II b 0 i IV v
acids -
R P B P R P R P Ry
Ala -70.60 1.547 -54.20 1.687 -48.14 2.071 -85.80 1.313 =-65.39
Arg 20.80 1.887 34.00 1.880 42,29 2.349 -40.50 1.848 -7.20
Asn -32.60 2.227 =-7.40 2.267 13.43 2.063 =-35.99 1.562 63.73
Asp 14.60 2.407 - - - - 13,95 1.581 4397
Cys 35.17 3.167 - - - - -2.16 0.952 69.20
Gln 51.00 1.947 -29.80 1.933 =-23.36 2.264 -69.50 1.582 -=19.97
Glu -36.60 2.693 -3.80 2.607 32.81 1.594 -38.04 2.038 0.37
Gly -50.40 1.953 =33.80 2.047 22,46 2.539 -66.04 1.514 -32.03
His 2.80 1.067 19.80 1.367 3193  1.621 =32.24 1.368 121
Ile - - 8.20 0.487 21.36 0.536 -54.79 0.660 =-11.03
Leu - - 14.00 0.493 26.00 0.729 -44.02 0.753 -4 .57
Lys 13.40 2.440 18.20) 2,613 36.24 2.677 -57.44 1.942 -26.55
Met -16.80 0.713 4,60 0.847 21.50 0.993 -26.79 1.077 -12.83
Phe 24,00 0,240 - - - - - - -
Pro -36.50 0.653 =-45.50 0.920 - - -96.40 1.025 =-64.,07

Pro(OH) -63.20 1.393 -59.40 1.593 -55.75 2.096¢ -87.78 1.362 -78.23

Ser -49.60 2.147 -32.40 2.427 -23.43 2.771 -53.32 1.661 -16.04
Thr -40.60 1.940 -15.60 1.980 1.89 2.132 -45.58 1.440 - 4.88
Trp = = = = = = = = 81.89
Tyr -23.50 0.860 0.50 6t827 — = -26.00 0.533 =

Val -40.00 0.927 -34.00 1.213 -=21.46 1.467 =75.50 0.979 -54.87
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the RM values of amino acids and the methanol concentation of
No. of support
\% VI VII VIIT IX
P R P R b Ry P Ry b
1.442 -47.20 1.586 -105.84 2.049 -72.72 1.391 -33.43 1.554
1.504 -5.66 1.745 =46.37 1:772 =10.32 1.613 1,37 1.922
1.144 35.51 1.056 -17.44 1.868 60.01 1211 4.25 1.450
1.470 68.72 1.882 39.24 1.803 43.16 1.488 82.23 2.039
2,093 38.95 0.629 -4.82 1.151 93,91 1.322 44,64 0.711
0.861 -16.04 1597 =701 2,024 =26.22 1.095 -0.55 1.426
14295 20:57" 125055 =20,.97 = 2.207 12.22 0,917 37.16  1.483
1.332 =18.83 1.617 -71.80 2.020 -33.59 1.254 -9.28 1.718
1.047 19:31 1.040 =15.96 1.292 -4.85 1.039 32,35 1.290
0.379 7.42 0.683 -42.25 0.901 - - 22.83 0.677
0.402 23,98 0.512 -35.26 1.178 -2.14 0.344 37.80 0.581
1.827 -23.64 2.311 —76::97 = 2540 =35.,89 2.001 =11.27 2191
0.749 40.04 0.724 -6.26 1.022 -9.17 0.547 52.62, " 0.874
= = = = = 56.83 =0.570 = =
0.583 =-69.01 1.016 =127.68 1.343 - - ~72.60 1.272
1.455 -66.25 1.790 =-107.99 1.616 -93.82 1.452 -51.86 1.633
1.208 6.47 1.479 34.08 1.571 -24.71 1373 10.66 1.839
0.901 11.12 1.574 =20.34 1.275 =11.09 1.181 30.23 1.430
-0.734 = = 33.90 -0.360 79.36 =0.921 = =
= = = -18.61 0.734 = = = =
0.960 -18.98 0.941 -81.26 1.318 -45.21 0.648 -2.35 0.805
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Table III. ?orrgl?tion between the partition coefficients and RPTLC parameters of amino acids
Eq.2.
No. of support
Parameters

a1 II LT T Iv \Y VI VII VIII IX
n 18 17 15 18 18 1174 19 17 17
b1-103 0.30 -3,30 =7.25 =021 =0.37 -1.52 -2.82 =125 0.15
b2 =1.02 -1.14 -1.20 =113 -0.67 -0.90 -0.80 -0.78 =113
a -0.25 -0.16 =0,13 ~1.28 =201 1256 -1.64 -1.97 -1.22
2 0.8402 0.9034 0.9188 0.6479 0.4455 0.6198 0.5966 0.7078 0.8075
r 0.9166 0.9505 0.9586 0.8049 0.6674 0.7873 0.7724 0.8413 0.8986
b; 2 1 6 14 2 4 " 20 10- 2
bé % 99 94 86 98 96 89 80 90 98
s 0.59 0.42 0.41 0.59 0.63 0.61 0.62 0.66 0.61
s1-103 6.06 4.80 3.82 312 2.70 2.69 2.39 2.05 1.85
s, 0.12 0.10 0.11 0,21 0.19 0.19 0.17 0.14 0.15
F 36.80 60.80 62.25 13.82 6.07 11.41 11.80 17.06 29.40
t 0.05 0.69 1.90 0.07 0.14 0257 1518 0.61 0.08
t, 8.56 11.02 10.74 5.25 3.44 4.74 4.75 5.42 7.50
F99.9% 11.34 1178 12,31 11.34 3.74* 6.51"% 10.97 1178 11.78
tgg.gg 4.07 4.14 4.32 4.07 2.95%* 4.14 4,02 4.14 4,14

"Fgse "Fgggr  tggs
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°% methanol °/ silica

Fig. 3. Dependence of the R Fig. 4. Dependence of the
values of glutamic N retention of some
acid on the methanol amino acids on the
concentration in the composition of the
eluent support.

1. support III. Eluent: 1:1 water-
2. support II. methanol

3. support I

all amino acids. The normalized slope (b;) and the t1 values

clearly indicate that the contribution of R to the correla-

M(0)
tion between the partition coefficients and the reversed-phase
TLC parameters of amino acids is negligible and insignificant.
This means that the RM(O)
ing to the surface pH of the supports depending on the pK val-

value of amino acids changes accord-

ues of the carboxyl and amino groups and it changes independent-
ly of the partition coefficients. This fact also confirms the
validity of the approaches described by Cserhdti /23/ and Valkdé
/24/, i.e., that the slope (b) values contain valuable informa-
tion concerning the lipophilic character of the compounds in-

vestigated.
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HPLC WITH FLUORESCENCE DETECTION FOR THE ANALYSIS OF
DECARBOXYLATED S-ADENOSYLMETHIONINE AND ITS ANALOGUES
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INTRODUCTION

Decarboxylated S-adenosylmethionine (dc-SAM) plays a key role in the
biosynthesis of the polyamines spermidine and spermine as the donor of the
propylamine portion (l1). In previous publications (2, 3), we described an
HPLC method based on UV detection at 254 nm for the determination of
dc-SAM and its precursor S-adenosylmethionine (SAM) in various tissues of
rats. This HPLC method allowed us to show that the treatment with
a-difluoromethylornithine (DFMO), a potent enzyme-activated inhibitor of
ornithine decarboxylase (ODC), lead to a pronounced increase of dc-SAM in
the prostate of rats (2). The sensitivity of the method, however, proved
unsatisfactory for the determination of dc-SAM in urine, plasma or such
tissues as thymus or lung with low dc-SAM content. Therefore, we described
recently how the well-known reaction of chloroacetaldehyde with the
adenine moiety (4, 5, 6) has been used to advantage for the analysis of
dc-SAM in urine (7). The precolumn derivatization with chloroacetaldehyde
lead to the formation of the l,Né—etheno derivatives of dc-SAM and its
analogues which were then analysed by HPLC with fluorometric detection. A

similar derivatization procedure had previously been described for the

* To whom correspondence and reprint requests should be addressed.
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analysis of methylthioadenosine (MTA) in urine samples, but no use had
been made of the separation efficiency of actual HPLC procedures (8).

In this paper, we shall describe the application of this HPLC
procedure with precolumn derivatization and fluorometric detection to the
analysis of dc-SAM in urine and in an other biological fluid i.e. plasma
and in certain tissues with low dc-SAM content. The gain in sensitivity of
the new method will be illustrated by the study of the effect of a chronic

treatment with the ODC inhibitor, (2R,5R)-6-heptyne-2,5-diamine, MDL 72175

(9,10) on the dc-SAM levels in urine of mice and in urine, plasma and

several tissues of rats.

MATERTALS AND METHODS

Chemicals

With the exception of S-(5'-deoxy-5'-adenosyl)-3-methylthiopropyl
-amine bisulfate (dc-SAM), S-(5'-deoxy-5'-adenosyl)-3-thiopropylamine
bisulfate (dc-SAH), S-(5'-deoxy-5'-adenosyl)-3-ethylthiopropylamine
bisulfate (dc-SAE) prepared according to published procedures (11,12),
all other SAM analogues were products of Sigma (St.Louis, MO, USA). D,L-a-
difluoromethylornithine (DFMO, MDL 71782) and (2R,5R)-6-heptyne-2,5-
diamine (MDL 72175) were synthetised in our Centre (9,13). Octanesulfonic
acid sodium salt (0SA) was from Eastman Kodak (Rochester, NY, USA) and ortho-
phthalaldehyde (OPA) was obtained from Carl Roth (Karlsruhe, FRG). All other
chemicals, including the 45% aqueous solution of 2-chloroacetaldehyde, were

from E. Merck (Darmstadt, FRG).

Animals

Female albino mice (30-40 g) and male Sprague-Dawley rats (350-

400 g) were from Charles River (Saint-Aubin-les-Elbeuf, France).
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Chromatographic system

. Instruments : The HPLC system used was similar to the one previously
described (3,7) and was comprised of two M6000A pumps, a M440 UV detector,
a M680 solvent programmer and a WISP injector, all from Waters Associates
(Milford, Mass. USA). The fluorescence of the etheno derivatives was moni-
tored with a Kontron instrument SFM 23 LC (Ziirich, Switzerland). The
excitation wavelength was set at 270 nm with the emission wavelength held
at 410 nm. The column was an Ultrasphere-IP (25 cm x 4.6 mm) packed with
5 um spherical particles from Beckman (Berkeley, CA, USA). The main column
was protected with a guard column (7 cm x 2 mm) filled with pellicular
ODS media (particle size 37 - 53 ym) from Whatman (Clifton, N.J., USA).
The two columns, main and guard, were thermostated at 40°C in a jacket with

a circulating water-bath.

Mobile phases

Two different mobile phases and gradient profiles were used. System
I was identical to the one previously described (3). System II éiffered
mainly by the pH's of the eluents and by the gradient profile used. Mobile
phase A consisted of a 98/2 (v/v) solution of 0.IM NaHzPO4 and acetonitrile
and contained 8 x 10_3M OSA. The pH of eluent A was adjusted to 3.65 with
1 ml of 3M H3PO4 per liter. Mobile phase B was obtained by mixing 740 ml
of 0.2M NaH,PO, with 260 ml of acetonitrile and contained 8 x 107 osa.
Its pH was adjusted to 4.3 with 1 ml of 3M H3P04 per liter. The two mobile
phases were filtered with Millipore filters, a HA filter for eluent A and
a FHUP for eluent B as previously described (3, 7). A linear gradient was
used, leading in 30 min from 75% of eluent A and 25% B to 24% of eluent A
and 76% of B. The gradient controller then triggered a linear return, in

0.5 min, to the initial conditions, followed by a stabilization period of

10 min before the next injection proceeded. The flow rate was 1.5 ml/min.
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Sample preparation and derivatization procedures

Standard Samples

The derivatization conditions were similar to those recently described
(7). Five ml of a 5-10 pM standard solution of the different SAM analogues
were reacted at 40° with 0.5 ml of the 457% aqeous solution of chloroacetal-
dehyde and at a pH of 3.5-3.8 after addition of 100 pl 3M sodium acetate.
After 14 hours, the reaction was stopped by cooling in ice and the solution

kept at 0 to 4°C in the refrigerator before injection.

Preparation of the biological samples

* Mouse urine : The urine of mice was collected from individual mice
over a three day period. At the end of each day, the urine collected was

diluted with an equal volume of 0.4M HC1O0 In view of the low volumes

4
obtained, the urine of the three consecutive days was pooled for each mouse
and filtered over a 0.22 pym Millipore Millex filter. The sample preparation
then followed the procedure described for rat urine (7). One and a half ml
of this filtered urine, to which was added 1 ml of a 0.66 uM solution of
dc-SAE, the internal standard, were purified over a cation-exchange column,
Dowex AG 50W-X 8 (5 cm x 1.2 cm). After washing with 10 ml of HZO and 25 ml
of 2M HCL, dc-SAM and dc-SAE along with the polyamines were eluted with

25 ml of 6M HCl. After evaporation on a rotavapor, the residue was dissol-
ved in 1.5 ml of 0.2M HClOA. This solution was then used in part for the
analysis of dc-SAM and the polyamines by direct injection.onto the HPLC
using the procedure described (3) and in part for the derivatization with
chloroacetaldehyde. Typically 500 pl of this 0.2M HClO4 extract were reacted

with 50 pl of chloroacetaldehyde solution at a pH of 3.5 - 3.8 after addition

of 50ul of 3M sodium acetate. The samples were heated for 12 - 16 hours at
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40°C. The reaction was stopped by cooling and stored at 0 to 4°C. Usually

10 to 20 pl of the reaction mixture were injected onto the column.

* Rat urine : The urine collection, prepurification and derivatiza-
tion were similar to that previously described (7). Urine was collected

individually over an equal volume of 0.4M HC1l0, for a 24 h period and fil-

4
tered over a 0.22 pym Millipore Millex filter. Ome and a half ml of this
acidified urine, to which were added 3 ml of a 0.69 uM solution of the inter-
nal standard dc-SAE, were purified over the Dowex column in the same way as
for the mouse urine samples. After evaporation of the 6M HCl eluate, the
residue was dissolved in 1.5 ml of 0.2M HClOQ. A part of this solution was
then directly injected onto the HPLC for the determination of dc-SAM by UV
detection and for the analysis of the polyamines after post-column deriva-
tization with OPA, by using chromatographic system I as previously described
(3). Another fraction, 500 pl, was derivatized with chloroacetaldehyde by

using the same conditions as for the mouse urine samples and analysed by

using chromatographic conditions IT.

* Plasma samples : The rats were killed by decapitation and 8 to 10 ml
of whole blood were withdrawn into heparinazed tubes. After centrifugation
at 700 g for 15 min, the plasma was collected and an equal volume of
0.4M HClOA was added. After centrifugation at 18000 g for 20 min, the
supernatant was removed and filtered over a 0.22 pm Millipore Millex filter.
To a 500 pl aliquot were added 100 pl of a 3.3 pM solution of dc-SAE, the
internal standard, and this solution was derivatized with 50 ul of chloro-
acetaldehyde and 50 pl of 3M sodium acetate at pH 3.5 - 3.8 and at 40°C
for 12 - 16 h. The samples were stored at 0 - 4°C before injection onto HPLC

proceeded.
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Tissue analysis

The different tissues of rats were homogenized in 0.2M HCIOA, usually

5 ml, for the following tissue weights, testis (1.0 - 1.5 g), thymus

(0.3 - 0.6 g), duodenum (0.3 - 0.5 g), prostate (0.5 - 0.6 g), pancreas
(0.8 - 1.2 g), and parts of the lung (0.3 - 0.5 g). After centrifugation
at 18000 g during 20 min, the supernatant was filtered over Millipore
Millex filter. To a 500 pl aliquot were added 100 pl of a 3.3 uM solution
of dc-SAE and 50 pl of chloroacetaldehyde. The pH was then adjusted to 3.4
- 3.8 by addition of 25 to 50 pl of 3M sodium acetate (depending on the
tissue) and samples heated at 40°C for 12 to 16 h, as for the urine

samples. The samples were then stored at 0 - 4°C and 10 to 50 pl injected.

Calculations

The calculations for the dc-SAM values were performed by the
internal standard method. The amount of dc-SAE added was precisely
determined by separate HPLC analysis using HPLC systems I or II with UV
detection. Previous calibration and recovery studies had shown that indeed
dc-SAM and dc-SAE display the same recovery and derivatization kinetics

7).

RESULTS

1) Chromatographic separation

Eluent system I was identical to the one previously described (3)
for the simultaneous analysis of dc-SAM and the polyamines. It was mainly
used for the analysis of the polyamines after post-column derivatization
with ortho-phthalaldehyde. It was also applied for the determination of
dc-SAM by UV detection at 254 nm for the tissue samples with sufficiently
high dc-SAM content. This system also allows a separation of the different
etheno derivatives, as shown by the chromatogram of a standard sample in

Fig. 1. This system I, however, was not found suitable for the analysis of
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Figure 1 :

Chromatogram with fluorescence detection (Aexc = 270 nm, Aem =410
nm) of a standard solution of the etheno derivatives of dc-SAM and
its analogues. Chromatographic system I was used with pH = 2.65 of
eluent A and pH = 3.25 of eluent B, and a gradient leading in 30 min
from 85% of eluent A and 15% of B to the final conditions of 100% of
eluent B.

Amounts in pmoles : eSAH (5.0), €SAM (5.4), €SAE (3.5), eMTA (6.1),
edc-SAH (5.3), €ETA (l.1), edc-SAM (5.4), edc-SAE (4.3).

The sensitivity of the SFM 23 fluorescence detector was set at

high and the attenuation of the SP4100 integrator at 8 with

the input selector at 1V.
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Figure 2 :

Chromatogram of a standard solution of the etheno derivatives
of dc-SAM and analogues with fluorescence detection. Chromato-
graphic system II was used with pH = 3,65 of eluent A and pH =
4.3 of eluent B as described in Materials and Methods.

Amounts in pmol for the different compounds are given between
brackets. The conditions used for the detection and recording

were the same as in Fig. 1.

€dc-SAM in biological samples because of interferences by unknown
compounds. Therefore, system II was developed which differes mainly by its
higher pH values and its gradient composition. Fig. 2 shows a typical
chromatogram obtained under these conditions, by fluorescence detection,
with a standard mixture of about 1 pmol of the different etheno
derivatives. This chromatogram clearly illustrates the sensitivity of this
new procedure with a gain in sensitivity comprised between 10 and 20 times
as compared to previous methods (3, 14). The gain in sensitivity is
further illustrated in Fig. 3 which shows the chromatograms of rat urine
samples obtained by UV detection without derivatization (A) and by

fluorescence detection after derivatization to the etheno analogues (B).
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Figure 3 :

Chromatograms of urine samples of a control rat after Dowex
prepurification. Chromatogram A was obtained by direct injection of

10 pl of the 0.2M HC10, solution obtained after Dowex

4
prepurification and evaporation, with chromatographic conditions I
and UV detection at 254 nm. Chromatogram B was obtained with the
urine sample of the same rat, by fluorescence detection after
derivatization with chloroacetaldehyde and injection of 10 pl of the
reaction mixture. The chromatographic conditions used for B were the
same as in Fig. 2 with the attenuation set at 16 or 32 (x2). The

amounts in pmol of edc-SAM and edc-SAE for the 10 pl injected are

given between brackets.

For the underivatized samples, dc-SAM is detectable by UV absorbance but
several other peaks are observed in the vicinity. However, the precolumn
derivatization of the same rat urine sample, leading to the etheno

derivative, gives a peak corresponding to edc-SAM which is well detected

and free of observable interferences. The peak of edc-SAM in this sample
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of urine of control rats corresponds to 31.5 pmol of dc-SAM for the 10 ul
injected. The gain in sensitivity and in selectivity obtained by the
precolumn derivatization into the etheno derivatives with subsequent
fluorescence detection, has, therefore, been extensively used for the
analysis of dc-SAM and its analogues in all the urine, plasma and tissue

samples having a low dc-SAM content.

Effect of a chronic treatment with (2R,5R)-6-heptyne-2,5-diamine

(MDL 72175) on the dc-SAM level in urine of mice

In order to study the cumulative effect of a chronic treatment with
a potent inhibitor of ornithine decarboxylase, mice were treated for 4
months with 0.2% (w/v) MDL 72175 in the drinking water. Individual 72 h
urine samples were collected on the three last days of the treatment and

were purified as described in the methods. Fig. 4 shows typical chromato-

Table T Effect of a chronic treatment a) with MDL 72175 ont the dc-SAM levels

in urine of mice b).

nmol/ml nmol/day
Control 4.5 + 0.4 5.1 + 0.6 (n = 10)
MDL 72175 13.0 + 2.3 1959 # 45 (0 = 9)
treated (*%) (*%)

a)
0.2% (w/v) in drinking water for & months.

b)
Values are expressed in nmol/ml or nmol/day + SEM. Statistically significant

differences compared to controls as determined by Student's t-test are shown

by (**), p < 0.005.
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Figure 4 :

Chromatograms of the edc-SAM analogues with fluorescence detection
of mouse urine : A, control and B, mouse treated for 4 months with
0.2% (w/v) MDL 72175 in the drinking water. After prepurification

over Dowex and evaporation, a 0.5 ml aliquot of the 0.2M HClO4

solution was reacted with 50 pl of chloroacetaldehyde and 50 pl of
3M sodium acetate at pH 3.5 - 3.8 and 40°C for 14 h. A 10 pl aliquot
was injected onto the HPLC with chromatographic conditions identical
to those of Fig. 2 and the attenuation set at 16. The attenuation
was increasgd by a factor of 2 (x2) or 4(x4) and the amounts in pmol
of edc-SAM and edc-SAE for the 10 ul injected are indicated between

brackets.

grams obtained with fluorescence detection of mouse urine samples after
derivatization with chloroacetaldehyde. In the control sample (A), e€dc-SAM
is clearly detected, 15.5 pmol for the 10 pl injected, and corresponds to
4.5 nmol of dc-SAM per ml of crude urine. This value is comparable to the
values found for dc-SAM in urine of rats (7). After treatment (B), the
level of dc-SAM is markedly increased. As described in the experimental

procedure, dc-SAE was used as internal standard. Table I summarizes the
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values obtained. The data show that the treatment with the ODC inhibitor
leads to a four-fold increase of the dc-SAM values in urine as expressed
in nmol excreted per day. It is noteworthy that the increase in level of
dc-SAM, after treatment with MDL 72175, is accompanied by the concomittant
increase of the peak with a retention time of 15.5 min. This peak has been
fully characterized and shown to correspond to the N-acetylated metabolite
of dc-SAM (NAc-dc-SAM) (15). Other peaks, corresponding probably to eSAM,
eMTA are also observed but no full characterization of the identity of

these peaks has been made.

2) Effect of four days treatment with MDL 72175 on the dc-SAM levels

in plasma, urine and different tissues of rats.

Previous studies have shown that the treatment with ODC inhibitors
leads to a marked increase of dc-SAM levels in various organs (2) and
urine (7) of rats and mice (see above). Therefore, it was of interest to
study if similar increases would be observed in other body fluids such as
plasma. Rats were treated for 4 days with 0.2% (w/v) of MDL 72175 in the
drinking water. On day 4 blood was withdrawn after decapitation, as
described above. Whereas the urine samples were purified and derivatized
as described, the plasma and other tissue extracts in 0.4N HClOA were
simply reacted with chloroacetaldehyde at a pH of 3.3 to 3.8, without any
prepurification. The crude reaction mixtures were injected onto the HPLC
column. The chromatograms obtained by the injection of 100 pl of the deri-
vatized plasma samples are shown in Fig. 5. In the control rat, (A), a
small peak of edc-SAM is identified and corresponds to 0.7 pmol of dc-SAM
for the 100 pl injected and to a dc-SAM level of 19 pmol for 1 ml plasma.
After treatment with MDL 72175, (B), its height clearly increases and

amounts to 3.5 pmol for the 100 pl injected. This result shows that
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Figure 5 :

Chromatograms of the edc-SAM analogues with fluorescence detection

of rat plasma : A, control and B, rat treated for 4 days with 0.27%

(w/v) MDL 72175 in the drinking water. The derivatization was

performed as described in Materials and Methods, by reacting a 500

pl aliquot, to which were added 100 pl of the 3.3 pM solution of
dc-SAE, with 50 pl of chloroacetaldehyde and 50 pl of 3M sodium
acetate at pH 3.5 - 3.8 and 40°C for 14 h. A 100 pl aliquot of this
reaction mixture was injected into the column with chromatographic
‘conditions identical to those of Fig. 4 and attenuation increased by
a factor of 4 (x4). The amounts in pmol of edc-SAM and edc-SAE for

the 100 pl injected are listed between brackets.

although the level of dc-SAM in plasma is rather low, it is significantly

increased after treatment with an ODC inhibitor. Similar increases, 3 to 5
times, are also observed in urine samples of the same rats.

Fig. 6 presents the chromatograms of the derivatized extracts of

duodenum samples of the same rats. Although edc-SAM is quite low, 0.75 pmol
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Table IT

water for 4 days, on the dc-SAM level in plasma, urine and various

tissues of rats.

Effect of repeated treatment with MDL 72175, 0.2% (w/v) in drinking

(NS)

Body Fluid
or Control Treated
Tissue MDL 72175
Plasma 17.2 + 0.6 86.5 + 5.7%
e (*%*)
8.6 + 0.5 x 1072 3.3 + 7.5 x 10°®
Urine - —(*)
3b 3b
91 + 10 x 10 319 + 29 x 10
- (F*%)
(o 3 3
Prostate 324 + 0.5 x 10 1290 + 98 x 10
ak (**%)
Duodenun® 350 * 56 63+ 5.5 x 103
)
Th c 234 + 16 658 + 78
ymus (***)
c 3 3
T estis 1.45 + 0.15 x 10 1.92 + 0.16 x 10

Means + SEM for five rats in each series.

a) Values are expressed in pmol/ml.

b) Values in pmol/total urine excreted in 24 h.

c) Values in pmol/g net weight.

Statistically significant differences from controls determined by

Student's t-test are shown by (*) p < 0.05, (**) p < 0.005, (***) p < 0.001

(NS) not significant.
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for the 25 pl injected, in the control rat (A), its level is markedly
increased in the treated rat with a parallel increase of the peak
corresponding to eNAc-dc-SAM. Two other peaks have been identified as
corresponding to €SAM and eMTA. Other representative tissues presenting
different ODC activities (16) have also been analysed, i.e. prostate,
thymus and testis. The results are summarized in Table IT along with those
obtained for urine and plasma. The value found for dc-SAM in the prostate
thymus and testis of control rats are in overall good agreement with those
published (2). No reference values could be found for the dc-SAM levels in
plasma and in the duodenum. These results listed clearly show that in the
tissues with high ODC activity, i.e. duodenum and prostate (16), the
treatment with an ODC inhibitor leads to a an enormous increase of the

dc-SAM levels, 110 and 385-fold respectively. Marked increases in the

dc-SAM levels had also been previously observed in various cell cultures
with high ODC activity (2, 17) after treatment with a-difluoromethyl-
ornithine, another ODC inhibitor. For tissues with lower ODC activity
(16), i.e. thymus and testis, the dc-SAM level is much less affected.

More interestingly, in urine and in plasma a similar 3 to 5-fold increase
of the dc-SAM level is observed after treatment with MDL 72175. These
results suggest that the analysis of dc-SAM in urine and in plasma may be
proposed as a non-invasive method for the estimation of the ODC inhibition
after treatment with various inhibitors. The analysis of dc-SAM in the
plasma and urine of patients undergoing therapy with ODC inhibitors may,

therefore, be an index of the biochemical efficiency of the treatment.

g8*
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Figure 6 :

Chromatograms of the edc-SAM analogues with fluorescence detection
from rat duodenum : A, control and B, rat treated for 4 days with
0.2% (w/v) MDL 72175 in the drinking water. To a 500 pl aliquot of
the tissue extract were added 100 pl of a 3.3 uM solution of dc-SAE
and 50 pl of chloroacetaldehyde. The pH was adjusted to 4 with

40 ul of 3M sodium acetate and the mixture heated at 40°C for 15 h.
A 25 pl aliquot was injected with the chromatographic conditions
identical to those of Fig. 4 and the attenuation increased by a
factor of 8 (x8) for the peak of edc-SAM in (B). The amounts in

pmol of edc-SAM and edc-SAE for the 25 pl injected are given

between brackets.

CONCLUSION

Our results clearly demonstrate that this new HPLC procedure for the
analysis of dc-SAM through its fluorescent 1,N6-etheno derivative is a

highly sensitive and selective method. The sensitivity obtained, in the

subpicomole range, allows an unambiguous determination of the dc-SAM
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levels in plasma and urine for which the previously used HPLC procedure
with UV detection was not sensitive enough. The derivatization procedure
with the use of dc-SAE, a close structural analogue of dc-SAM, as internal
standard, is shown to be easily applicable for the analysis of dc-SAM in
various tissues. The application of this method to the analysis of dc-SAM
levels in human urine (7) and plasma samples should allow us to monitor

the treatments with various ODC inhibitors in clinical studies.
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DETERMINATION OF HISTIDINE, 1-METHYLHISTIDINE AND
3-METHYLHISTIDINE IN BIOLOGICAL SAMPLES BY HPLC.
CLINICAL APPLICATION OF URINARY 3-METHYLHISTIDINE
IN EVALUATING THE MUSCLE PROTEIN BREAKDOWN IN
UREMIC PATIENTS

G. ALI QURESHI, A. GUTIERREZ and J. BERGSTROM

Department of Renal Medicine, Karolinska Institute,
Huddinge University Hospital, S-141 86 Huddinge, Sweden

SUMMARY

A high-performance liquid chromatographic method based on
precolumn derivatization of amino acids with o-phthalaldehyde/
mercaptopropionic acid which permits determination of histidine,
3-methylhistidine and l-methylhistidine and 18 other amino
acids in small volume of plasma and urine. The separation is
conducted on a reversed-phase C18—column by using a two-solvent
system by a multi-step gradient under 50 min.

The method was applied to study 4 uremic patients kept on
meat-free diet for 16 days to evaluate the time required to ob-
tain a steady-state condition with regard to plasma concentra-
tion and urinary excretion of 3-MH.

INTRODUCTION

3-methylhistidine (3-MH) is produced in actin of all
muscle fibers and in myosin of white muscle fibers by post-
translational methylation of peptide-bound histidyl residues
/1-3/. When these proteins are catabolized 3-MH is liberated
and excreted quantitatively and unchanged in the urine /4-6/.

Therefore, the urinary excretion of 3-MH is considered to
be an index of the in vivo rate of endogenous myofibrillar
protein breakdown /7-9/, provided that the individual is main-
tained on a meat-free diet (i.e. a diet not containing 3-MH)

under steady state conditions.
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Young and Munro /7/ showed that 80% of the excreted 3-MH
comes from actin and the remaining 20% from myosin in adults.
Actin and myosin comprises 65% of the total muscle protein and
30-35% of the total body protein pool, thus being the two most
abundant proteins in the body.

Unlike 3-MH, little is known about the metabolism of 1-
methylhistidine (1-MH) apart from that it exists in dipeptide,
anserine,. =

Numerous methods have been put forward for the quantita-
tion of 3-MH based on ion-exchange chromatography /10-14), high
performance liquid chromatography /15-18/ and gas chromatogra-
phy /19-21/. These methods mostly suffer from the lengthy pre-
paration of the samples and subsequent separation and detec-
tion. Besides, the methods allow only the determination of
3-MH and only in one study /17/ a limited number of other amino
acids could be quantitated.

In this communication, we present a rapid procedure for
the separation of 21 amino acids of protein-free biological
specimens by HPLC method. We have optimized our experimental
conditions for the resolution of histidine (His), 3-MH and 1-MH
from othgr amino acids. The method is based on the pre-column
derivatization " of amino acid with orthophthalaldehyde (OPA) in
presence of_g:hercaptopropionic acid (3-MPA) and the detection
has been made at Eex = 340 nm and Eem = 450 nm. The separation
is performed on a reversed-phase column with two-solvent system
The protocol also allows for the quantitation of tyrosine (Tyr),
phenylalanine (Phe) and 16 other amino acids.

This method of analysis was applied for the quantitation
of 3-MH in plasma and urine of uremic patients kept on meat-
free diet for 16 days to measure the muscle protein break-down.

EXPERIMENT
Chemicals

Individual crystalline samples of L-amino acids were ob-

tained from Pierce (Rockford, IL, USA) (AMAC Standard Kit No.
20065) . 1-MH, 3-MH, citrulline, phosphoserine, carnosine and
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taurine were obtained from Sigma (St. Louis, MO, USA), Individ-
ual standard stock solutions (1 uM) were prepared in distilled
water by addition of a few drops of 0.1 M HCl. A standard mix-
ture containing 23 amino acids was prepared to a concentration
of 0.1 yM and stored at -70°C until analyzed. This standard
mixture was diluted as required with distilled water. Methanol
"HPLC grade" was obtained from Rathburn Chemicals (Walkerburn,
Scotland). Sodium dihydrogenphosphate and disodium hydrogen-
phosphate and boric acid all "Anala R" grade were obtained from
Merck (Darmstadt, FRG). Sodium hydroxide, hydrochloric acid and
perchloric acid (70%) in pure form were obtained from B.T.
Baker. 3-Mercaptopropionic acid (3-MPA) was obtained from
Fluka (Bucks, Switzerland) whereas orthophthalaldehyde (OPA)
was obtained from Sigma. Brij (30%) was obtained from Pierce.
Water used for preparation of buffers and standards was ion-
exchange and sterile (Milli-Q Water Purification System, Milli-

pore) .

OPA-reagent

50 mg of OPA were dissolved in 2 ml of methanol, to this
8 ml of 0.4 M borate buffer (pH 10.4 containing 0.6% of 30%
Brij) was added. To this mixture, 100 pl of 3-MPA was added.
The reagent mixture was kept at 4°c for 24 hrs before use. The

reagent is stable for a week.

Preparation of buffer and the gradient used

7.1 g anhydrous NaZHPO4 and 6.9 g NaH2P04 . H20 were dis-
solved separately in 1 1 deionized H20 to make solutions of
0.05 M concentration. A buffer of pH 7.2 was made by mixing
NaH PO4 to Na,HPO, gradually. This buffer is diluted to the

2

concentration of 0.02 M with deionized H,0. For pump A, mobile

phase consisted of 20 mM phosphate buffei: Tetrahydrofuran
(99:1) (solvent A) and for pump B 20 mM phosphate buffer: Meth-
anol (30:70) (solvent B) was used. Solvent A and B were filtered
through 0.45 um type HA and HV (Millipore, Bedford, MA, USA),

respectively. The gradient used is shown in Fig. 1. The flow
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rate was maintained at 1 ml/min during the run apart from the
first 3 min when the flow rate was increased linearly from 0.2
ml to 1.0 ml/min. The column is equilibréted with 100% solvent
A for 5 min before and afterevery run.

Handling of biological samples

200 pl standard mixture of amino acid (100 nm/ml), urine
or plasma was treated with the similar volume of either 30% SSC
or 1. M HClO4 and centrifugated at 5000 rpm for 15 min. 200 ul
of supernatant was added to 300 pl of double distilled H,0. If

not immediately analyzed, this solution was stored at —70°C.

The derivatization of OPA with sample was done according
to ref. 18.

Apparatus

The chromatograph consisted of two solvent delivery pumps
6000 A and M 45, multiple sampler 710 B, data module, system
controller 730 B, a 420 fluorescence detector equipped with an
excitation monochromator (340 nm) and an emission cut-off fil-
ter (450 nm), all manufactured by Waters Associates (Millford,
My
Hypersil-ODS column with 150 x 4.6 mm dimension obtained from

USA) . Separation of amino acids was carried out on a 5 um

Shandon Product Ltd. (Cheshire, England). A pre-column (50 x

X 4.6 mm) packed with C18 material obtained from Waters As-
sociates was connected to the analytical column. The new analyt-
ical column was conditioned first with 50:50 H,0: Methanol and
then with 100% solvent A for 1 hr each before use.

Patients

Plasma and urine were collected from 4 patients with
chronic renal failure over 19 days (creatinine clearance < 10
ml/min) . The patients were given a diet containing 80 g of meat
and providing 40 g of protein per day for the first two days.
From the third day, meat was excluded from the diet but the
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protein intake remained the same i.e. 40 g per day for the fol-
lowing 17 days. Plasma samples were collected on 3rd, 8th, 10th,
12th, 15th, 17th and 19th day. Urine samples were collected
during 24 hrs on 3rd, 7th, 9th, 11th, 16th and 18th day.

All samples collected were kept at -70°C if not analyzed
immediately.

RESULTS AND DISCUSSION

3-mercaptopropionic acid (3-MPA) /22, 23/ is recently in-
troduced as an alternative to 2-mercaptoethanol (3-ME) and
Ethadiol (E) where it has been shown that OPA in presence of
3-MPA reacting with amino acids forms more stable derivatives
with their fluorescence response comparable to 2-ME and E. The
reaction of OPA with amino acid in presence of 3-MPA' is rapid
and takes 2-3 min to complete at room temperature. However,
the time-dependence factor is proved to be a hinder in the re-
producibility of the results. Thus, using an automatic injector
avoids the unstability of derivatives with time factor which
otherwise is observed with a manual injector /24/. Besides, the
time of the reaction between OPA and amino acids can exactly be
controlled. This procedure shows consistent results with SD of
1-2% over triple analyses.

A typical chromatogram of standard amino acid and plasma
sample of an uremic patient is shown in Fig. 1 and Fig. 2, re-
spectively. The whole separation takes less than one hour.
Apart from the quantitation of 3-MH, His and 1-MH, this method
also allows quantitation of 18 other amino acids. As the
changes in urinary and plasma levels of several of these amino
acids have been correlated with various disease states /25/,
this method of analysis could be used for diagnostic purposes.

The correlation coefficient (r) between area response and
the molar concentration in range of 5-100 nm/ml per 25 pl injec-
tion of His, 3-MH, 1-MH, Tyr and Phe is between 0.983 to 0.998.
Fig. 3 shows a linear relationship between the area and concen-

tration of five amino acids.
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Fig. 3. Representative standard curves for OPA-MPA derivatives
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However, by variety of criteria this method of analysis
appears to adequately resolve 3-MH, 1-MH and His from other
amino acids. No preliminary sample purification other than de-
proteinization is necessary, thus avoiding the possibilities
for technical errors.

Besides, the use of an automatic injector permits repro-
ducible results and eliminates the need for tedious manual in-
jector which may create variable time factor which otherwise
gives unreliable results in recording the fluorescence inten-
sity of OPA amino acid adduct.

This method of analysis was applied to study 4 patients
with chronic renal failure kept on meat-free diet for 16 days.
In all these 4 patients the 3-MH urinary excretion reached a
plateau value between 12-14th day of meat-free diet as is shown
in Fig. 4. The plasma concentration of 3-MH also showed the
same tendency, whereas the concentration of 1-MH and His re-
mained unchanged (Fig. 5). In a previous study /18/ it was
shown that patients with chronic renal failure kept on meat-
free diet for 8 days showed a continuous decrease in plasma
concentration and urinary excretion of 3-MH without reaching a
plateau. In healthy individuals the urinary 3-MH excretion
equilibrates within 3 days under the similar conditions /27,
28/.

The reason why a prolonged period of adaptation (12-14
days) on meat-free diet is required in patients with severe re-
nal failure is that the renal clearance of 3-MH is reduced in
proportion to the reduction in glomerular filtration rate /26/.
This long adaptation period may restrain the use of 3-MH ex-
cretion for the evaluation of muscle protein breakdown in such

patients.
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INTRODUCTION

Non-proteinogenic amino acids incorporated into the sequ-
ence of a peptide hormone can be responsible for changes in the
biological effects. If the side-chain of an amino acid contains
an amino acid-amide bond, it seems to be less flexible and the
biological effect can be stronger or more selective. If the
peptide binding in the sequence can be substituted for a unit
of -CH,-NH-, the peptide becomes also less rigid, is enzyme-
resistant and causes different biological effects /1, 2/.

Arginine and lysine often play a key role at the active
centre of some peptides. Amino acid analogues containing ethyl-
enediamine (EDA) have been applied to replace these basic
amino acids. For this reason they can be used as non protein-
ogenic amino acids with a basic character. Aminoethyl-glutamine
and -isoglutamine derivatives (o- and y-GluEDA) have been pre-
pared from glutamic acid, and o-GluEDA has been built into posi-
tion 8 in the sequence of vasopressin.

An amino acid-amide derivative (GlyEDA) has been made from
glycine, as the equivalent of a des-carboxyl-lysine analogue.
This basic aminoethyl-Nco—glycine amide gives the C terminal
part of the analogue: a 9-des GlyNHZ, 8-GlyEDA vasopressin, (9-
des glycineamide, 8-aminoethyl Nco-glycine amide) vasopressin.

In the same manner the C terminal end of a tuftsin ana-
logue has been formed: Thr-Arg-Pro-GlyEDA, Threonyl-arginyl-
prolyl—(aminoethyl)-Nco-glycine amide.
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Moreover, we have used a substituted glycine analogue,
aminoethyl-glycine (AEG), which is a special amino acid having

two basic amino groups and is similar to glycylglycine. This
dipeptide was replaced in the sequence of Leu-enkephalin.

These peptides have been prepared by solid-phase synthesis
and by known coupling methods.

Their purities were checked by RP-HPLC, on RP C-18 column
cartridges /3/. Methanol-water or acetonitrile-water mixtures
containing phosphate, acetate or carbonate buffers (pH 2-9) and
trifluorocacetic acid were used as the mobile phases.

The purity control of peptides prepared for biological in-
vestigations is very important (the HPLC purity grade).

For this, the most suitable procedure is reversed-phase
HPLC. The reaction time during the whole synthesis can be fol-
lowed with this analysis, or the HPLC can be directed to the

purification or further separation of given end-products.

EXPERIMENTAL PROCEDURES*

One chromatograph used was a laboratory assembled instru-
ment. Its principal components were an Orlita DMP 1515 (Giessen
F.R.G.) pump and variable wavelength photometer fitted to an 8
ul flow cell (CECIL Model 212, Cambridge, Great Britain). The
column was 125 mm long, with an i.d. of 4 mm. The column pack-
ing material was ODS Hypersil, with a particle size of 5 um /4/.
Injection was performed with a 10 pl 7011 loop injector (Rheo-
dyne, Inc. Berkeley, California, USA).

An LKB instrument with an Uvicord S 2138 photometer, a
2150 HPLC pump and a 10 pl loop injector (Rheodyne) was also
used. A 250 mm long Ultropack column, with an i.d. of 10 um was

utilized for separation.

*ABEREVIATIONS

EDA=ethylenediamine, BOC=tert.-butyloxycarbonyl, Z=benzyloxy-
carbonyl, M.A=mixed anhydride, Bzl=benzyl, MeCN=acetonitrile,
MeOH=methanol, TFA=trifluoroacetic acid, Aeg=aminoethyl-glycine
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1% 8—aminoethyl—Nco—isoglutamine vasopressin, (8-GluEDA) vaso-

pressin.

This analogue was prepared by solid-phase synthesis. First
it was necessary to synthesize the adequately protected deriva-
tive. We used tert.-butyloxycarbonyl oa- and y-benzyl-L-glutam-
ate as the starting materials /5/. From these the amide ana-
logues were synthesized by mixed anhydride methods with mono-
benzyloxycarbonylethylenediamine /6/.

The BOC-protected derivatives of the two amide analogues
were obtained by catalytic hydrogenolysis. In the last step the
protected a analogue was produced in a larger quantity by acyl-
ation with isobutylchloroformate, while in the case of the ¥y
analogue two derivatives were obtained because of transpeptida-
tion (See SCHEME 1).

The two derivatives IV and VIII were investigated by HPLC
(See Fig. 1).

BOC-glycine resin was subjected to eight cycles of depro-
tection, neutralization and coupling to yield the protected
nonapeptidyl resin 2Z-Cys(Bzl)-Tyr(Bzl)-Phe-Gln-Asn-Cys(Bzl) -
—Pro—?luEDAZ

Gly-R

The resin R was ammonolysed in methanol. The peptide
derivative was reduced with sodium in liquid ammonia and re-
oxidized with potassium ferricyanide /7/. (See SCHEME 2.)

This lyophilized peptide analogue was purified by moderate-
pressure liquid chromatography /8/.

Liéhroprep RP C-18 (Merck) with a particle size of 25-40
um was used as the column packing. The column was 610 mm long
with an i.d. of 15 mm.

The following gradient was used: buffer A: 0.1 M ammonium
acetate (pH=6.5); buffer B: 0.1 M ammonium acetate containing
60% MeCN. A gradient was applied from 0% to 100% B in 192 min.
Flow rate: 3.2 mL/min; pressure 1.2 MPa; absorbance:xl at 277 nm.
Fractions were collected manually. The fractions of the main

peak (tR=117 min) were collected and lyophilized.
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SCHEME 1.
REACTION ROUTES OF & AND &-GLUEDA DERIVATIVES
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SCHEME 2.
THE SYNTHESIS OF [8-GIUEDA] VASOPRESSIN

A
Cys Tyr Phe Gln Asn Cys Pro Glu EDA Gly
!
| : 80c1+-@®
: Boc—+oH  H+@®
z
BOC ; ®
BOC—-OH H :
! BOC . ®
| BOC—KOH M > ®
| Bzl
i BOC ®
| Bzl z
BOC—ONP H S : ®
1
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Bzl Vi
80C—kOH H :
|
B OC L.
Bzl Bzl Z
z - OH H R
Bl Bzl 4
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Na /NH3 reduction || ox. K3[Fe (CN)g]
\Y
(6 —— Tyr — Phe — G Asn Cys Pro Glu NH-{CHgly —NH,
| | |
< < Gly NHp

The purity of this analogue was controlled by HPLC using
the LKB instrument. (See Fig. 2)

2. 9-des glycineamide, 8—Nco—aminoethyl—glycineamide vasopres-—

sin, (9-des GlyNH 8-GlyEDA) vasopressin.

2'
This analogue was also prepared by solid-phase synthesis.

BOC-glycine-resin was used and the reaction route was the same

as for the previous analogue resulting in

Z=Cys(Bzl) -Tyr (Bzl) -Phe-Gln-Asn-Cys (Bzl) -Pro-Gly-'R'
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Fig. 1. Separation of deriv-
atives (a) IV and (y) VIII by
HPLC on an ODS Hypersil

(125%x4 mm) column.

Eluent: 70% MeOH - 30% 0.01
M/L sodium acetate buffer
(pH=4); flow rate 0.8 mL/min;
2500 p.s.i; absorbance 0.02 at
254 nm; chart speed 30 cm/hour

Fig. 2. HPLC control of (8-
GluEDA) vasopressin.
LiChrosorb (250x4 mm) column,
Eluent: 20% MeCN - 80% water
(0.1% TFA); flow rate 1 mL/min;
absorbance: 0.2 at 226 nm;
chart speed 12 cm/hour

Fig. 3. HPLC control of (9-

des GlyNH,, 8-GlyEDA) vasopres-
sin; ODS Hypersil (125x4 mm)
column.

Eluent: 50% MeOH - 50% 0.02 M
ammonium carbonate buffer
(pH=8.5); flow rate 1.3

mL/min; 1900 p.s.i.; absorb-
ance: 0.02 at 254 nm; chart
speed: 30 cm/hour



From this the protected octapeptide was split off with
ethylenediamine in methanol. The reduction and reoxidation were
performed under the same conditions as earlier. (See SCHEME 3.)

Desalting of the product was achieved on Sephadex G 15,
elution being carried out with aqueous acetic acid (20%), and
purification was completed by gel filtration on Sephadex G 15,
elution being achieved with 0.2M aqueous acetic acid.

The purity of this compound was controlled on an ODS

column (See Fig. 3) and on a Lichrosorb column (Fig. 4).

tR:Gmm
15sec
Fig. 4. HPLC control of (9-
des GLyNH., 8-GlyEDA) vasopres-—
sin; LiChrOsorb (250x4 mm)
Vel column.
=
:J,J Eluent: 20% MeCN - 80% water
T (01% TFA); flow rate 1 mL/min;
024 681 2mn absorbance 0.2 at 226 nm; y
TIME chart speed 12 cm/hour

3e Threonyl-arginyl-prolyl—Nco—aminoethyl—glycineamide, Thr=
Arg-Pro-GlyEDA

Z-Thr-Arg-Pro-GlyEDAZ, the protected tuftsin analogue

NO was synthesized by mixed anhydride

2
and dicyclohexylcarbcdiimide (DCC) coupling methods.
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SCHEME 3.
THE SYNTHESIS OF [9des Gly NHp,8-GlyEDA] VASOPRESSIN
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" 30sec

Fig. 5. HPLC control of Thr-
Arg-ProglyEDA, a tuftsin
analogue.LiChrosorb (250x4 mm)
L\\— column.
Eluent: 20% MeCN - 80% water
y (0.1% TFA); flow rate 1 mL/min;
24 6 8 min absorbance 0.2 at 226 nm;
TIME chart speed 12 cm/hour

Lbj

o

BOC-protected amino acids were used and BOC was removed
with TFA or HCl. H-Thr-Arg-Pro-GlyEDA was obtained by catalytic
hydrogenolysis with Pd black.

The purity of this analogue was controlled on a LiChrosorb
column /9/ (See Fig. 5).

4. Tyrosyl-aminoethylglycyl-phenylalanyl-leucine-trifluoro-
acetéte, TFA x H-Tyr-Aeg-Phe-LeuOE

This basic non-proteinogenic amino acid AEG can be substi-
tuted for the glycylglycine in Leu-enkephalin. First of all Aeg
was first prepared from EDA and monochloracetic acid, and then
protected with BOC /10/.

The protected tetrapeptide BOC-Tyr-AEG-Phe-Leu-OMe was
prepared by mixed anhydride and DCC coupling methods. BOC pro-
tected amino acids were used and, after coupling, BOC was re-
moved with TFA. Hydrolysis was carried out with NaOH.

The purity of this product was controlled on a Hypersil
column (see Figs 6 and 7) /11/.
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tp = Smin
R3Osm

Fig. 6. HPLC control of
TFA x Tyr -AEG-Phe-Leu, a Leu-
enkephalin analogue;
ODS Hypersil (125x4 mm) column.
Eluent: 50% MeOH - 50% 0.02 M
ammonium carbonate buffer
(pH=8.5); flow rate 1.3 mL/min;
; e absorbance 0.05 at 254 nm;
0 8 6 & 2min 1900 p.s.i.; chart speed 30

TIME cm/hour

3

tR=7mm
30sec

Fig. 7. HPLC control of

TFA x Tyr-AEG-Phe-Leu a Leu-
enkephalin analogue;

ODS Hypersil (125x4 mm) column.
Eluent: 60% mEOH - 40% 0.02 M
phosphate buffer (pH=2.5);

-7 flow rate 1.26 mL/min; absorb-
ance 0.05 at 254 nm; 1450

™E P.s.i.; chart speed 30 cm/hour

I
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SUMMARY

N°° aminoethyl glutamine and isoglutamine (o- and y-

GluEDA) , N=° aminoethyl glycine amide (GlyEDA) and aminoethyl-
glycine (AEG), as amino acid derivatives, can replace the basic
arginine and lysine in the sequences of the following peptides:

vasopressin, tuftsin, Leu-enkephalin.
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Liquid chromatographic systems with ODS Hypersil and

LiChrosorb reversed-phase materials were used for the separa-

tion of these peptide derivatives.

Methanol-water and acetonitrile-water mixtures containing

acetate, carbonate and phosphate buffers or trifluoroacetic

acid were used as the mobile phase. These methods are applic-

able for the purity control of these derivatives.
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HYDROGEN PEROXIDE

H. KALASZ,1 L. KERECSEN,1 B. MATKOVICS ¢ and I. HOLL0513

1Department of Pharmacology, Semmelweis University of Medicine,
Budapest, VIII. Nagyvdrad tér 4, 2Biological Isotope
Laboratory, Jézsef Attila University, Szeged, K&zép fasor 52,
and 3Research Laboratory, Hospital for Physical Eduction and
Sports, Budapest, Hungary

SUMMARY
Basic decomposition products of (-)deprenyl can be de-
tected from the reaction between hydrogen peroxide and (-)de-

prenyl carried out in a test tube. This reaction may serve as a
model for the metabolism of (-)deprenyl and gives the possi-
bility of screening the tentative metabolic pathways prior to
the "in vivo" experiments; the results also support some recent
data on the oxidative dealkylation of tertiary amines during

their "in vitro" transformation.
INTRODUCTION

(=) Deprenyl (JumexR, Eldeprle) the firstly described
selective inhibitor of B-type monoamino oxidase (MAD) and
still the only one in clinical practice (for review see /1/),
is now widely used as adjuvant to levodopa, thereby in the
treatment of Parkinson’s disease (for review see /2/).

The basic metabolites of (-)deprenyl, published earlier,
are amphetamine, methamphetamine /3/, as well as propargyl-
anara /4-6/. These metabolites were identified using gas chro-
matography /3/, thin-layer chromatography (TLC) /4/, spacer-
displacement thin-layer chromatography (SD-TLC) /5, 6/. A re-
cent report in the literature describes the metabolism of (-) -
deprenyl by non-mammalian organisms, namely the metabolic pro-
file of (-)deprenyl in Cunninghamella echinulata, fungi which
possess a cytochrome P-450 system /7/. At the sz2me time, novel
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data strongly suggest an alternative way of demethylation of
tertiary amines that is the oxidative demethylation utilizing
the peroxidase/Hzo2 system /8/.

MATERIALS AND METHODS

Solvents and chemicals as chloroform, diethylether, sodium
hydroxide, sodium chloride, triethanolamine were purchased from
Reanal (Budapest), (-)deprenyl [N-methyl-N-propargyl-(2-phenyl-
1-methyl)-ethyl ammonium chloridelwas obtained from Chinoin
(Budapest, Hungary).

TLC silica plates Fyg, were purchased from E. Merck
(Darmstadt, FRG). Test Dye Mixture II was obtained from CAMAG
Inc. (Muttenz, Switzerland).

Spacer displacement thin-layer chromatography was per-
formed using silica gel stationary phase, the running solvent
was chloroform - triethanolamine (95:5 v/v), the samples were
spotted at a distance of 30 mm from the bottom edge of the
plate and the Dye-Mixture II was lined parallel to the bottom
edge of the TLC plate at a distance of 25 mm.

Gas chromatography - mass spectrometry was performed using
a Hewlett-Packard HP-5985B instrument. The stationary phase was
methylsilicone, the diameter and length of the capillary tube
were 0.5 mm and 25 meter, respectively, the carrier gas was
helium.

Reaction of (-)deprenyl with hydrogen peroxide: 1 mg of
(-)deprenyl was dissolved in 0.4 ml phosphate buffer, and
0.2 mg of hydrogen peroxyde was added. In the 5th hour of the
reaction 0.1 g of sodium chloride, 1 ml of 0.5 mol/l sodium
hydroxide solution and 1 ml of diethyl ether was added to the
reaction mixture. The mixture was shaken for 5 minutes and the
aqueous layer was frozen at -359C. The ether layer was removed

from the top of the aqueous layer and was taken into dryness.
RESULTS

The pH optimum of the reaction was checked using spacer

displacement thin-layer chromatography. The results are given
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Fig. 1. Optimization of pH for reaction between deprenyl and
hydrogen peroxide. Abbrevations: st = start;
df = displacer front; cf = carrier front; 2, 3; 4, 5,
6, 6.5, 7 = spots of products of reactions performed at
pH 3, 4, 5, 6, 6.5 and 7, respectively; The stationary
phase, carrier and displacer were silica plate, chloro-
form and 5% triethanolamine in chloroform. Camag Test
Substance No. II was used as spacer.

0X-BCKGR 6693 14
864 SCANS  ( B64 ”z. 14" NS)
px 1.0 NASS RANGE: [39.8, 304.9 TOTAL ADUND= 179392,

1
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Fig. 2. Gas chromatogram of the reaction mixture.

in Fig. 1. The fragmentation of (-)deprenyl may be best ob-
served when a pH = 6.5 buffer was used.

Reaction products were investigated by gas chromatography=-
mass spectrometry. Fig. 2 depicts the gas chromatogram recorded
by total ion monitor, while Fig. 3 gives the mass spectra of
the substances present in the reaction mixture, i.e. that of
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Fig. 3. Mass spectra of the individual peaks of the gas
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c: methamphetamine, d: amphetamine.
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unaltered (-)deprenyl, propargylanara, methamphetamine and
amphetamine can be seen in Figs 3a, 3b, 3c and 3d, respectively.

DISCUSSION

The N-dealkylation of tertiary amines is generally re-
garded as the consequence of action of oxidizing enzymes /9/
when the cytochrome P-450/NAD(P)H is also involved in the pro-
cedure.

The presence of hydrogen peroxide in the reactions with
participation of some oxidative enzymes, e.g. MAO has also
been known /9/. Data in the literature suppor£ this view prov-
ing that the endproducts of biotransformation of (-)deprenyl

by Cunninghamella echinulata ATCC 9244 are amphetamine and

methamphetamine /7/. These results were explained /7/ by the

similarity of cyctochrome P-450 system of C. echinulata to that

of the mammalian organisms. A recent publication /8/ suggested
that in addition to oxidative reactions catalyzed by the cyto-
chrome P-450 system. An alternative way can be the transforma-
tion facilitated by the peroxidase/ﬁ202 systems, both types of
reactions yield the corresponding secondary amine and formalde-
hyde /8/. Similar reaction route was shown in the cases of O-
demethylation /8/.

The presence of hydrogen peroxide in the reactions with
participation of some oxidative enzymes, e.g. MAO has also been
observed /9/.

In our recent work, the identification of the metabolites
of (-)deprenyl was done using spacer-displacement thin-layer
chromatography (SD-TLC) /5-6/. These methods were also used in
this experimental series, where the pH optimum was checked by
SD-TLC, and the metabolites were identified by GC-MS. In the
course of the identification work, not only the mass-fragments
of the generated compounds were taken into consideration, but
also the mass spectra of the standard compounds were compared
to that of the reaction products.

The results indicate that the pH optimum of the oxidative
dealkylation reaction generated by hydrogen peroxide shows a
definite optimum at pH = 6.5. Furthermore, each of the known
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metabolites of (-)deprenyl can be identified from the reaction
products, that is propargylanara, methamphetamine and amphet-
amine.

CONCLUSIONS

(-)Deprenyl can be transformed into its main metabolites
by the reaction with hydrogen peroxide. In the case of similar
types of tertiary amines, this reaction gives the possibility
of scouting the potential metabolites prior to the "in vivo"
experiments. At the same time, these experiments render in-
direct proof that the formation of amphetamine, methamphetamine
and propargylanara are the results of the oxidative dealkyla-

tion of (-)deprenyl during its metabolism.
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The present paper concerns the development of methods for
the separation and identification of aromatic propargylamines.

The synthesis of amines was carried out by interaction of
primary or secondary aromatic amines with propargylbromide.
The reaction proceeds according to the following scheme:

R)-N-H + BrCH,-C=CH —» Rl—N—H+ ... CH=C-CH,Br~
I |
Rs Ry
NaOH + H20
R e R,-N-CH,-C=CH + NaBr + H,0
1 2
Ry
Rl = H; or C6H5; R2 = C6H5, or C6H4COCH3

Insuch a way phenyl-, diphenyl- and acetylphenylpropargyl-
amines were prepared (for abbreviations see Table I). As a

result a mixture of aromatic amines is obtained.

Table I. Abbrevations used to identify the amines

NN Abbrevation Chemical name

1 PPA phenylpropargylamine

2 DPPA diphenylpropargylamine

3 APPA acetylphenylpropargylamine
4 DPA diphenylamine

5 APA acetylphenylamine




The amines were separated by adsorption chromatography.
The applied glass columns had a length of 80 cm, an I.D. of-
1.5 cm, and a flow rate ~1 ml/min. Brockman II neutral A1203
was used for the separation. Accordingly a weakly polar eluent
(mixture of 10 % acetone and 90 % heptane) was selected /1/.
This eluent was used for the separation of aniline - PPA and
diphenylamine (DPA) - DPPA. A mixture of 30 % acetone and
70 ¢ heptane as the eluent was used for the separation of
acetylphenylamine (APA) and APPA. The isolated products were
identified by thin-layer chromatography using glass plates with
an A1203 layer or Silufol UV plates. Aniline, DPA and APA were
used as the test mixture.

The development of the plates consists of treatment of
the plates by CBr4 with subsequent UV-irradiation. CBr4 forms
donor-acceptor complexes with the aromatic amines.

The photochemical reactions of the donor-acceptor com-
plexes occurring under UV-irradiation lead to the formation of
coloured products.

We have investigated the formation of donor-acceptor
complexes based on aromatic propargylamines and CBr4 /1/. The
ratio of the components is identified by means of the isomolar
series technique /2/. It is equal to 1l:1. The coefficient of
molar extinction of the complexes and the complex formation
constant K is estimated using the Benesi-Hildebrand relation /3/.

Parameters of the donor-acceptor complexes of PPA, DPPA
and APPA with CBr4 are shown in Table II.

Table II. Parameters of donor-acceptor complexes of PPA, DPPA,
and APPA with CBr

4
<o Ratio of the -1 -1 =1
Amine components hv, ev g,1 Mol “em K, 1 mol
PPA 1:1 3.90 5.0 + 10% 0.61
DPPA 1:1 3.40 3.3 + 102 1.10
APPA 1s1 3.65 1.9 . 102 PP i

hv - energy transfer, e¢- coefficient of molar extinction,

K - equilibrium constant.
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The values of K suggest that the bond between the amine
and CBr4 in these complexes is weak. In the case of weak
donor-acceptor complexes electron transfer from the donor to
the acceptor can only be realized under photoexcitation.

The photoinduced electron transfer from amine to CBr4
leads to the formation of coloured products. The colour of the
resulting products depends on the nature of the amines under
study. The structure of the coloured products was investigated
in the reaction between DPPA and CBr4 /47 .

. The coloured product was isolated and its structure and
properties investigated. It is a green compound with a melting
point of 30°C. The absorption spectra of the initial DPPA

(curve 1), the donor-acceptor complex of DPPA with CBr, (curve

2) and the coloured product formed (curve 3) are shown4in
Fig. 1. The coefficient of molar extinction at 670 nm is equal
to 4.0 x 103 1-mol lem ™). With the help of this value, the
quantum efficiency of the dye formation was determined. It is
found to be equal to 0.18.

The products absorbs at a greater wavelength than the
initial compound, which means that the length of effective
conjugation increases.

Proton magnetic resonance investigation indicates two
phenyl and one acetylene groups, the disappearance of the
methylene group and the appearance of a wide signal of one
proton. The carbon-carbon triple bond is also evidenced by
the presence of bands at 650 em L, 2120 em™ ! and 3300 cm™! in
IR-spectroscopy data.

These data suggest that the photochemical reaction
involves the loss of a hydrogen atom by the methylene-group
and the formation of the carbon-nitrogen double bond.

Accordingly, the propargyl group becomes conjugated with
the phenyl ring and the length of effective conjugation in-
creases. These experimental data allowed to conclude that the
coloured product has the structure of (C6H5)2§(Bf)=CH—C5CH.
The presence of bromine is estimated by mass-spectral investi-
gation: the molar mass is equal to 286.

The mechanism according to which this compound is formed

depends on whether the incident light wavelength is situated
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Fig. 1. The absorption spectra of DPPA (a), the donor-
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within the DPPA own absorption band (X = 280 + 20 nm) or the
charge transfer band (A = 365 + 15 nm).

The photoexcitation in the charge transfer band appears
to lead to the occurrence of energy transfer from the excited
donor-acceptor complex to free DPPA molecules with the formation
of a "collision" complex /5/.

We have shown /4/ that the formation of the coloured
product from DPPA by photoexcitation in the charge transfer
band occurs as follows:

(a) DPPA-CBr,™» ! (DPPA-CBr,)* - photoexcitation of the
K complex.
(b) l(DPPA'CBr4)*—l+ DPPA-CBr4 - deactivation of the singlet

state of the complex.

(c) 1(DPPA-CBr4)*k—S'-E> 3 (DPPA-CBr,)* - singlet-triplet
k transition.
(d) 3(DPPA-CBr4)*—-2--> DPPA-CBr4 - deactivation of the
" triplet state.

(e) 3(DPPA'CBr4)* + DPPA sitp DPPA + 3DPPA* - triplet energy

transfer from the donor-
acceptor to DPPA.
DPPA in the triplet state forms a "collision" complex with a
nonexcited CBr, molecule:

(f) 3DPPA* + CBr, -S» 3(DPPA)* . CBr

4 4
The photodissociation of this complex results in a

coloured product whose structure was discussed above:

k = k
(¢) 3(opea)*- cB 4 -4 (oPPA*- + Br” ... cBryr) B
+ =
(CGHS)ZN(Br ) =CH-C=CH + CHBr3
(kl, ks—t’ k2, k3, kc’ kd' kp are the rate constants of the

corresponding reactions).
As shown above, the colour of the resulting product
depends on the chemical constitution of the initial time. Thus,

the colour of the products is as follows:

PPA - brown aniline - orange
DPPA - green diphenylamine - blue
APPA - lemon APA - yellow
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Additionally we have shown that the adsorption power of
aromatic amines is defined by the structure of the amine. It
is decreased on passing from primary to tertiary amines. The
presence of conjugated double bonds or polar grdups in the
amine molecules leads to an increasing of absorption power.
The following sequence is valid:

(CGHS)ZNCH =C=CH (DPPA) < (CGHS)NH—CH -C=CH (PPA) <

2
COCH3)NH—CH

2

(C -C=CH (APPA) <(C6H NH (DPA) <

64 2 5)2
(CGHS)NHZ(anlllne) < (C6H4COCH3)NH2(APA)
Thus the formation of dondr-acceptor complexes of aromatic
amines with CBr4 and the subsequent photochemical transforma-
tion permits the clear identification of the aromatic propargyl-

amines.
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Retention of substances in stationary liquid phase contain-
ing a component being able to form complexes with sorbate mole-
cules depends on the concentration of the complexing agent
/1, 2/. If polar substances are analyzed, the influence of
interfacial sorption on retention must also be considered. A
method for the evaluation of complex formation and interfacial
sorption effects on retention of substances has heen offered
in the literature /3-5/. This method requires the measurements
of retention volumes on two sets of columns (with and without
the complexing agent); moreover, this model also accounts for
adsorption on the surface of the uncovered solid support
directly from the gas phase /6/.

In the present study we consider both the influence of
complexation and interfacial sorption in typical conditions of
gas-liquid chromatography - when the support surface is
completely coated with the stationary phase - using the general
approach developed by Berezkin et al. /7, 8/. Assumptions made
are that in the complexing process only the molecules distrib-
uted in the liquid phase volume take part and that only the
solute molecules not fixed in the complex are adsorbed on the
support surface.

In the full differential equation of equilibrium elution
chromatography of a single substanceagﬁder the action of longi-
tudinal elution factors the term Bk—sg-was introduced by

Andersons and Mek3s /9/ to account for complex formation:
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where u - carrier gas linear velocity, x - the coordinate,
t - the time, Cgr Cpr Cgrv Bgr O = the concentrations of the
chromatographed substance in the gas and liquid -phase, at the
gas—liquid and liquid-solid interfaces and fixed in the complex,
respectively; Bgr Brr By ~ the fractions of the gas, liquid
phase and complexing agent in the cross-section of the column,
respectively; BGL and Bg ~ the ratios of the gas-liquid and
liguid-solid interfaces to the sorbent volume, D* - the
effective longitudinal diffusion coefficient. Combining eq. (1)

with the corresponding equations of the sorption isotherms:

By = fL(cG) (2)
ar = Fer'%e (2
¢, = £ £ (AT (cg) (4)
cg = foL(l—fk[A])(cG) (5)

and solving the obtained equation by the methods described by
Rachinskii /10/ and assuming that the isotherms are linear we

obtain:
Vi oy
o * — P, ]
VN = KLVL + KGLSL + K KLmkVL + KSKL(l K VL)SS (6)
(VN - the net retention volume, VL and SL - the volume and the

surface area of the liquid phase in column, Vk and m - the
volume and the mass of the complexing agent in column, KL’ KGL’
KS - partition and interfacial adsorption coefficients,

K* - complex formation constant).

Equation (6) offers the possibility of simultaneous
evaluation of the contributions of the separate sorption
process to Vg and the determination of the sorption coeffi-
cients and complexation constants assuming a linear dependence
of VN on the concentration of the complexing agent /A/. This
equation is valid if the sorbate forms 1l:1 complexes with the
complexing agent.

We have applied equation (6) to the investigation of the
sorption of C4—C15 n-di- and trialkylamines, arylamines, hete-
rocycles of pyrrole, pyridine, piperidine, and pyrazine series
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at 125, 140 and 150”. The stationary phases used were Apiezon
M (15 % on Celite 545, 40-60 mesh) modified with copper, nickel
and cobalt stearates (0.1l; 0.18 and 0.24 mole/l). Experiments
were carried out using gas chromatographs Varian Aerograph
2068 and Yanagimoto GCG-5DH; helium was used as the carrier

gas at 40-50 ml/min. Date compiled in the tables are based on
experiments carried out at 140°; retention of amines at 125
and 150° was analogous to the data established at 140°.

Sorption of amino compounds in binary liquid phases
consisting of Apiezon M and transient metal stearates is main-
ly determined by the processes occurring in the volume of the
liquid phase - by complexation and physical intermolecular
interactions - and to some extent by adsorption on the solid
support surface. Adsorption of amines on the gas-liquid inter-
face is negligible (its contribution to VN is about 0.1 %).

Complex stability constants K* (Table I) show that the
ability of transient metals to form complexes with amines
increases in the series Ni<Cu<Co - along with the increase of
the ionic radii, ionization energies and potentials of the
metals (excepting primary arylamines that form the most stable
complexes with nickel). The more stable complexes with metal
stearates are formed by dialkylamines and methylpyridines,
the less stable complexes are characteristic for trialkyl-
amines and N-alkylanilines, as ligands. The stability of the
complexes is lower when the nitrogen atom in the amine molecule
is sterically hindered or when the electron density at the
nitrogen atom is decreased.

The influence of physico-chemical and structural para-
meters of amines on their complexing ability was evaluated by
means of regression analysis of the K* values. As follows from
the data given in Table II, the basicity of the amines is of
great importance at complexing with transient metal stearates.
For the alkylamines studied the value of the ionization
potential, IP, is the dominating factor in the complexing
process (correlation coefficient r for single-factor regression
equation amounts to 0.95-0.96). In the case of nitrogen hetero-
cycles the K* values are better correlated with the energy

values of the highest occupied molecular orbital (HOMO) of the
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Table I. Complex formation constants and relative contributions of the complex formation
process to the total net retention volumes of amines at 140°

K*, 1/mole

S

k s

*

i o e
VL

Amines =
VN
Apiezon M + Apiezon M +
L () 35000) 5 O (C; 855000} 100/l CU0) 5 INLIE 83 000) g B0 o | O o, 000

n-Dialkylamines 53 = 55 62 - 63.5 70.8 = 70.9 62 ~ 63 65 - 66 64
n-Trialkylamines 152 = 2:0 1a5 = 252 4.5 - 4.8 3 -5 4 - 6 10 - 11
Aniline 14.0 8:2 10.8 3052 20,2 2105
o-Toluidine 10.8 T3 7.4 2542 18.4 15,2
m-Toluidine 171 8.9 X2 34.5 219 22.4
p-Toluidine 26.2 12.5 14.9 44.5 28.0 2851
N-Alkylanilines L8 = 23 2561 = 8 4.2 = 4.3 5ui0: = 1655 Z+B = 79 9 & 1A
N,N-Dialkylanilines 1.5 = 1.6 1.8 = 1.9 3ed. = 35 4.3 = 4.5 5:0 = 5.5 6l = 75
Pyrroles LT = 2:2 2:4 = 350 4 = 5 5 = i6 7 =18 o = 11
2-Methylpyridine 21.4 29.4 302 39.8 47.6 43.4
2,4- and 2,5-Dimethyl-
pyridines 38 ~ 55 42 = 52 45 — 55 54 - 64 56 = 62 52 = 58
2,6-Substituted
methylpyridines 3 -4 8 -9 4 -6 10 21 %~ 22 g = 10



donor EHOMO‘ The importance of amine basicity in the complexing
conforms with the data of Mulliken /11/, Rose /12/,and Laub and
Pecsok /13/ establishing the existence of a correlation between
the values of the stability constants of charge-transfer com-
plexes and the electron-donor activity of the donor molecules.
The sterical hindrance to the nitrogen atom seems to be more
important in the case of arylamines.

Bier /14/ established that in general, no correlation was
observed between the complexing ability and the dipole moments,
u, of the molecules for charge-transfer complexes. This factor
(Table II) is significant only for complexes formed by linear
alkylamine molecules. The coefficients of the 1ln K* vs. u2
correlation increase in the series Co<Ni<Cu which corresponds
to the increase of the polarizing ability of the ions.

Gas chromatography data also permit to make some assump-
tions concerning the type of the bonding in the formed com-
plexes. The existence of correlation between K* and the EHOMO
values for heterocycles (Table II) indicates that the formation
of the donor-acceptor bond is realized by a transfer of the
electron density from the highest occupied molecular orbital
of the nitrogen base molecules to the vacant d-orbitals of the
metals. On the other hand, correlation of K* with the energy

of the lowest vacant molecular orbital E indicates the

possibility of the formation of the datigzMgond by transfer of
electrons from the metal to the lowest vacant molecular orbital
(LVMO) of azaheterocycles. In the cases of complexing with
cobalt stearate the formation of the donor-acceptor bond seems
to be prevailing, the dative bond with participation of LVMO

of amine being far less significant.

Model equations representing ln K* as a linear combina-
tion of the values of ionization potentials (excess charge on
the N atom), dipole moments and the sum of Palm's steric
constants EEg (Table II) are found to adequately describe the
behaviour of the studied set of amines.

Contribution of the complexing process to Vy of amines
(Table I) constitute 50-70 % only in the case of dialkylamines,
2,4- and 2,5-dimethylpyridines; only in these cases (at K*>40

1/mole) the complexation process is the dominating type of the
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Table II. Characteristics of the correlation between the sorption coefficients, and
the physico-chemical and structural parameters of amino compoundsa)

Apiezon M +
Cu(Cl7H35COO)2 Ni(Cl7H35COO)2 Co(Cl7H35COO)2
T F r ¥ XS E
1 . 2 3 4 5 6 7
Alkylamines 2
ln K* = b, + byu 0.930 39 0.910 34 0.890 27
1ln K* = bO + b3 IP 0.720 6 0.643 5 0.743 9
In K* = b_ + byu + by IP + b,IEg 0.996 196 0.155
(bo = -9.21; b, = 3.40; b3 = 1.21; b4 = 0.27)
Arylamines
In K* = bo 5 b4ZEg 0»911 29 (0% -7 5) 20 0.865 18
1ln K* = bO + b3 IP 0.962 74 0:955 62 0.949 55
ln K* = bO + bzu + b3 LP 0.981 63 0.140
(bo = =25.09; b2 = 1.87; b3 = 3+25)
Azaheterocycles
ln K* = bo + b6 EHOMO 0.875 25 0.820 14
ln K* = bO + b7 ELVMO 0.895 31 0.810 13
ln K* = b_ + byu + b4):Eg + bgay 0.994 153 0.148
(b0 = -2.49; b, = 1.75; by = 5.24; b8 = —-6.54)
Alkylamines
In X. =b. 4+ biM Q575 9 0.79 12 0.91 34 0.70

L o 1

In KL = bO + bSPKBH+ 0.66 6 0.57 3 0i.63 4 1.35
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Table II. continued

1 2 8 4 5 6 7

Arylamines

1n By oim bo + blM 0.60 3 0is51 2 0,91 ST 0 o) B

1n KL = bo + bSpKBH+ 0.61 4 0..55 3 0.79 lo 0.28
Azaheterocycles

1n K = bO + blM 0.89 18 0.88 24 0.87 16 0.43

1n KL = bo + bzu 0.81 10 0.81 10 0.83 11 0,506

1n KL = bo + b7 Er vmMo 0%:8i: 10 0.83 1163 1 0.81 10" 0%53
Alkylamines

1n KS - bo + bSnH(N) 0.94 44 0.88 22 0.94 44 0.20

1n KS = bO + bz“ 0.92 35 0.94 54 0.94 44 0.20
Arylamines

1In Ks = bO + bSnH(N) Q89 23 0.92 32 0.94 44 0.90

1In Kg = bo = b3 IP 0.94 43 0.95 56 0.96 80 0.68
Azaheterocycles

1n Kg = by + be Eyomo 0.82 10 ©:75 6

1ln Kg = b ek b7 E; vmo 0.98 97 0.89 19

a)§p§ecification: M - molecular mass, u - dipole moment, IP - ionization potential, XEO - sum

of Palm's sterical constants, Egomp - energy of the highest occupied molecular orbita?, ELVMO-
energy of the lowest vacant molecular orbital, np(y)- number of hydrogen atoms in amino group,
gy - excess partial charge on the nitrogen atom, bg, bl, b2, b3, b4, bg, bg, b7, bg - coeffi-
cients at corresponding terms ig regression equations, r - coefficient of multiple regression,
T<(n—=2)

it = r2

F - value of F-test for r[F = , where n is the number of measurements ].



intermolecular interaction at sorption in metal stearate
solutions.

The existence of a linear dependence between the conplexing
enthalpies and entropies (see Fig. 1) indicates'the similarity
of the structures of the complexes formed by 1) ‘dialkylamines,
2) trialkylamines, pyrroles, indoles, 2,6-dimethylpyridine, and
3) methyl- and dimethylpyridines, pyrazines.

Processes caused by physical intermolecular interactions
in the bulk of the stationary phase (Apiezon M + stearates)
constitute 33-38 % of the value of Vy for dialkylamines and up
to 90 % of the value of VN in the case of trialkylamines,
alkylanilines and pyrroles exerting a slight trend to complex
formation (Table III). The partition coefficient K mainly
depends on the molecular masses of the amines; at this type of
sorption the dispersion intermolecular interactions are
dominating (r up to 0.91; see TableésII, III). The KL values
(Table III) are much higher than the value of K,
on the columns with pure Apiezon M /15/ indicating that here

determined

some specific interactions also take place. Correlation of .
1n K, on ELVMO (heterocycles) or on PKgp* (alkyl- and aryl-
amines) indicates the possibility of hydrogen bond formation
N-H ... O (or involving LVMO of the heterocycle). In physical
interactions of the nitrdgen bases with the stearoyl radical
the influence of the dipole moments of molecules seems to be
also significant.

Adsorption of amino compounds on the stationary liquid-
solid support interface (Table IV) was found to be suppressed
in comparison with the system without the complexing agent/15/.
Contributions of adsorption to Vy do not exceed 5-6 % (instead
of 14-15 % on pure Apiezon M); in systems containing cobalt
stearate they constitute only 3 % of Vy- The decrease of
adsorption can be partially assigned to the modifying effect
of the polar. component of the liquid phase covefing the active
siﬁes on the support surface. However, increased contributions
>f adsorption to the VN values in the case of trialkylamines,
alkylanilines and pyrroles (cf. Table IV and /15/) allows to
assume that concurrent interactions are taking place in the

volume of the stationary phase. If the nitrogen base has a

148




15 16 ~17 18 19 20
cal
mole-grad
Fig. 1. Relation between the complex formation enthalpy and entropy

1l - Trialkylamines, 2,6-dimethylpyridine, pyrroles, indole;
2 - Methylpyridines, pyrazines; 3 - Dialkylamines.

’
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Table III. Partition coefficients and relative contributions
of the process to the total specific retention
volumes of amines

Aok K K VS - 100/Vy

Apiezon M + stearate: of | Apiezon M + stearate of

Ni | cu. | Co Ni | Cu .. Co
Diethylamine 5729 693 38,3 36 .0 33.1 34d..3
Dipropylamine 121 .4 124.7 82.2 35.8 32:17 35.3
Dibutylamine 304.0 435.0 301.3 36.5 33l 34.3
Diamylamine 847.0 1069.2 37.6 34..5
Triethylamine 56771 235 29.4 90.8 (o }a W/ 75.0
Tripropylamine 70.0 82.7 11342 90.1 91.3 88.7
Tributylamine 342.4 3734 540.2 88.2 89.1 88.7
Triamylamine 1566.5 1786.7 2610,1 88.1 88.8 88.7
Aniline 191E,9 177 <6 180.5 68.3 78.4 T:8%3
o-Toluidine 297 .5 293.0 3296 7357 80.2 84.7
m-Toluidine 384.7 367.6 8510 6347 774 776
p-Toluidine 372:0 390.9 345.7 53.6 70.8 7 15
2,4-Xylidine : ; 601.4 76 .6
2,5-Xylidine 6052 80.2
2,6-Xylidine 5872 86.8
N-Methylaniline 1851 2223 283152 90.3 89.9 88.8
N-Ethylaniline 258.4 26/95.1 401.3 89.7 88: 5 89.6

N,N-Dimethylaniline 220.0 236.4 331.4 89.4 90.9 90.2
N,N-Diethylaniline 440.2 452.6 642.8 90/, 1 90.6 90. 2

Pyrrole 18.0 190 31.2 873 87:3 87:2
1-Methylpyrrole 20.8 22.3 31.8 91.0 90.9 88.1
2,5-Dimethylpyrrole 59.7 64.9 93 .5 87.3 88.1 88.3
2-Methylpyridine 83.6 80.7 llo.8 58.7 Lo LEg I 54.8

2,3-Dimethylpyridine 188.8 185.5 258.9 56.4 48.6 53.5
2,4-Dimethylpyridine  206.6 194.7 292.4 35.6 352 38.4
2,5-Dimethvlpyridine 191.8 183.0 260.3 45.1 42.5 45.3

2,6-Dimethylpyridine 6257 64.2 92.5 89.4 77.5 88.5
2,4,6-Trimethylpyridine 201.5 87.7
Pyrazine 58.9 531
Methylpyrazine 86.5 56.6
2,5-Dimethylpyrazine 123.8 65.5

1-Methylpiperidine 57.2 80.1 76 .4 88.9 575 60.3
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Table IV. Adsorption coefficients of amines on the stationary phase - solid support interface
and relative contributions of the process to the total net retention volumes

S
e
KSKL (1-K* —S) SS
Ks Ve
Class of . . 100
§ V.
amines N
Apiezon M + Apiezon M +
Ni (C; ;H3,C00), |Cu(CyH,,000), |CO(CyH35000), | Ni (C17H35C°°)2| Cu (G4 H,000) , |Co(CyH,000),
C4Cg nDialkyl- & -8 o
amines (7.7-11) 10 (5.7-7)10 (7.1~7.6)10 1.8 = 2.5 1% =17 a1
Cs<i0 n-Dialkyl- -9 -8
amines (5.5-14) 10 2.8 + 10 0.1 ~ 0.8 0.4 - 0.5 Bl = 1
C¢Cy5 n-Trialkyl- 6 %
amines (1.8-2.8)10 (1.3-2.4)10 (1.0-1.1)10 51 4-5 0.2 = 0.7
Arylamines (1.3-1.6}10 (1.2-1.6)10° 7 (2.4-2.7)10 1.1~3.8 0.8 = 1.4 0.1 - 0.2
N-alkylanilines  (1-7-2.2)10 (1.5-1.9)10°%  (1.6-3.3)10°° 8.5 <& 2.9~ dik 1.0 ~ 3.3
Pyrroles (1.5~3.3)10 (1.5-1.2)10"7 (1.2-1.7)10°® 4.6 = BB 5.3 = &4 1.2 - 1.9
Alkylpyridines (1.2-5.0) 10 (1.7-8)1078 (1.2-12)1077 0.3 - 1.6 0.8 - 1.3 1.8 - 3.3

Pyrazine bases

(1.1-1.7)167




strong affinity to the complexing agent, interactions between
the latter and the sorbate in the bulk liquid are predominant.
On the other hand, if the affinity of the amine to the com-
pPlexing agent is oniy minor, the amine molecules are able to
interact with the support surface.

Correlation analysis of the Ks values (Table II) gives
evidence for the existence of interaction of the amines with
two types of active sites on the support surface: with the
silanol hydrogen atoms (correlation of 1n KS on IP or on
EHOMO) and with sites possessing increased electron density
(correlation of 1n Kg on the number of hydrogen atoms bonded
to the nitrogen atom or on ELVMO)‘

The decrease in the interfacial sorption in systems with
binary stationary phases including the polar component seems
to be a rather general phenomenon. The polarity of the liquid
phase causes a modification of the active sites on the support
surface but the superficial activity of the polar component
leads to a decrease in the adsorption on the gas-liquid inter-
face.

As a conclusion, the use of an extended equation (6)
along with regression analysis provides the evaluation of the
separate sorption processes that take place in the gas-binary
stationary phase system ‘containing a complexing agent and a
solid support; it allows to establish that the intermolecular
interactions are responsible for each definite process.
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SUMMARY

The composition of volatile amines from dry bakery yeast
autolysate and changes occurring during five-year storage have
been studied. Volatile amine concentrates isolated by two
methods (extraction and vacuum distillation) were compared.

A total of 54 compounds were identified by gas chromatography
utilizing the retention indices, while the structures of 11
heterocyclic compounds were confirmed by gas chromatography-
mass spectrometry. The gas chromatographic data have shown
that the amount of dimethyl-, trimethyl-, butyl-, propyl-tert-
butyl-, dimethylisopropyl-, dimethylisobutyl-, and dimethyl-n-
heptylamines in the autolysate increased after storage and
this correlated with the deterioration of the organoleptic
properties of the autolysate and with a decrease in its amino
acid content.

INTRODUCTION

Amino acids obtained from natural raw materials by hydro-
lysis are used in the medical and food industries as a major
ingredient in nutritive mixtures and as additives in the
production of dry soups, briquetted meat and fish, canned meat
and sauces. They are also utilized as a reactant in the produc-
tion of artificial flavouring materials by the Maillard reac-
tion. At present hydrolysates of plant and yeast proteins are
extensively used. Belikov and coworkers /1/ have..developed a
procedure for the preparation of a mixture of amino acids and
lower peptides by the autolysis of the bakery yeast Saccharo-
myces cerevisiae. Autolysates to be used as an additive in

foodstuff have to meet strict requirements concerning their
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organoleptic properties. It is generally known that amino acids
are precursors of volatile amines that can influence the orga-
noleptic properties of foods. Investigation of the volatile
amine composition of used autolysate is also important in view
of the problem of determination of amines as possible precur-
sors of carcinogenic N-nitroso compounds in foods /2/.

Volatile components of the basic fraction of bakery yeast
autolysate have been studied by gas chromatography-mass spectro-
metry /3/. However, only heterocyclic bases, viz., eight alkyl
pyrazines and a thiazole derivative were detected. The absence
of primary aliphatic amines such as methyl-, ehtyl-, isobutyl-
amines, etc. resulting from the decarboxylation of amino acids
may have been due to the procedures used for the isolation and
analysis of the organic bases. Changes in the properties of
bakery yeast autolysate during its storage have not been
studied.

In order to prove the presence of aliphatic amines in the
volatiles of the basic fraction of bakery yeast autolysate we
applied two methods for the isolation of the volatile amines:
extraction of the dry autolysate powder and vacuum distillation
of the 10 % aqueous hydrolysate solution. Changes in the
composition of the volatile amines and amino acids and in the
organoleptic properties of the autolysate upon prolonged

storage were also studied.

EXPERIMENTAL
Reagents and Materials

The autolysate of bakery yeast Saccharomyces cerevisiae
treated to remove peptides, nucleic components and fat impuri-
ties was studied as powder with 8 % moisture content /1/. The
same sample was investigated after five-year storage at room
temperature in glass vessel with a ground stopper.

Freshly distilled solvents and recrystallized chemically
pure grade reagents ("Reakhim") were utilized. Volatile amines
were extracted from the bakery yeast autolysate with freshly
distilled absolute ether. In preparing the agueous solutions,

double-distilled water purified from organic bases was used.
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Isolation of the Volatile Amines

We have utilized two methods for the isolation of the
volatile amines:

I: extraction with absolute diethyl ether from the dry
autolysate powder followed by distillation of the volatile
amines and their separation from nonvolatile substances;

II: distillation from a 10 % aqueous autolysate solution
in vacuo.

The procedures are detailed in Fig. 1. The volatile amines

were concentrated in the form of their HCl salts.

Sample Preparation for GC and GC-MS Analysis

The hydrochloric saltsof the volatile amines were washed
with 3x3 ml absolite hexane to remove the organic compounds
belonging to other classes which could be absorbed by the
hydrochlorides and thus distort the results of the GC analysis.
Just prior to the analysis, the volatile amines were regener-
ated from 5-10 mg of the salts with an alkali under a layer of
chromatographically pure n-pentane or n-hexadecane according to
the procedure described earlier /4/. The sample size for GC
analysis on packed columns was 4-7 pl.

The salts isolated by method II contained a large amount
of ammonium chloride.In order to increase the relative concentra-
tion of the salts of organic volatile amines in the sample,
the hydrochlorides were extracted with glacial acetic acid
(32 ml) /5/. From 0.3 g salts 0.06 g was obtained after the
extraction. The sample size for GC-MS analysis on a capillary

column was 0.5-1.5 ul.

Instrumentation

The volatile amines were analysed with a Model 104 Pye
Unicam (U.K.) gas chromatograph with a flame ionisation
detector. Separation of the amine mixtures was carried out at
100° on three glass columns (270 cm x 4 mm i.d.) packed with
Chromosorb G AW (80-100 mesh) coated with 4 % Apiezon L + 1 %
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Method I Method II

AUTOLYSATE, AUTOLYSATE
50 g 100 g
Extraction of dry autolysate 10 % aqueous solution
powder with abs.ether of the autolysate
(3 x 150 ml)

Extraction of the ether
solution with diluted (0.2 N)
HEC1l (3 x 100 ml)

Dy

Alkalification of theaqueous solution
to pH 8.3 and addition of a pH 8.3
borate buffer solution

Vacuum distillation at 25° with
concentration of the amines in traps
cooled to -80° and containing 0.2 N
ethanolic HC1

Evaporation of the amine hydrochloride
solution to dryness in vacuo at 40-50°

F i

HC1l salts of the amine HC1l salts of the amines
32 mg/100 g of the 330 mg/100 g of the
autolysate autolysate

Fig. 1. The scheme of the isolation and concentration of
volatile amines from bakery yeast autolysate.

158



KOH, 5 % Triton X-305 + 0.5 % Na3P04, or 5 $ PEG-1000 + 0.5 %
Na3PO4. High-purity nitrogen was used as the carrier gas, with
flow rates in the range of 15-50 ml/min. The mass spectra were
obtained in the electron impact mode (70 eV) with a Model
R-10-10B Nermag (France) gas chromatograph-mass spectrometer
equipped with a computer. The mixture was separated at 100° ¢
using a PEG-40M + KF coated capillary column (40 m x O0.27 mm
i.d.) prepared by the high pressure static method /6/. The
injected sample was split 1:20.

Identification

The volatile amines were identified by gas chromatography,
on the basis of retention data. We have utilized a BESM computer
with a program described earlier /7/. Retention indices of more
than 250 organic bases were stored and the actual data compared
with the stored data. The program also takes into account the
possible deviations between the stored and measured retention
indices /8/.

Identification of the compounds by the mass spectra was
performed via comparison with spectra known from the literature
/9-11/.

RESULTS AND DISCUSSION

The composition of the identified substances can depend
on the procedure of their isolation and their original concen-
tration. When studying the flavour components of vegetable
hydrolysates Withcombe, Mookherjee and Hruza /12/ utilized the
technique of gas extraction (75° for 24 hrs) with concentration
of the volatiles on porous polymer sorbents and GC-MS for their
identification. They discovered more than 70 compounds which
included none of the alkyl amines. A possible reason for the
absence of aliphatic amines was the severe conditions used in
their isolation which mainly resulted in the formation of
heterocyclic compounds. It is known that the reaction of
pyrazine formation occurs easily in the 70-120° temperature
range /13/..Withcombe, Mookherjee and Hruza /12/ showed that
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the composition of the identified substances from the
same isolation method will be different if different sorbents
(Tenax, Porapaks Q or R) are used in their concentration.

As mentioned earlier we have studied the relative advan-
tages of two methods used for the extraction of volatile amines.
Method I was time consuming but it reduced the possibility of
emergence of additional volatile - amines during distillation
from the alkaline medium. Method II was simpler; however, here
the whole autolysate was reacted with alkali. Comparing the
recoveries of volatile amines we have found that in the
distillation method (Method II) 10 times more products were
obtained than with the extraction method (Method I). Comparison
of the qualitative composition after GC analysis on the Triton
X-305 + Na3PO4 column has shown that the composition of the
volatile amines was close: 24 substances out of the 28 volatile
amine peaks isolated by extraction were also found among the 31
peaks obtained by distillation (see Table 1). As shown in Table
1 the amount of the amines isolated by distillation and
detected in peaks No. 3, 7, 10, 14 and 18 exceeds by an order
of magnitude the quantity of substances isolated by extraction.
The relative volatile amine content present in one of the two
investigated samples was not large; therefore, the distilla-
tion method was selected for further investigation.

After the analysis of the volatile amines on three columns
with stationary phases of different polarity (Apiezon L + KOH,
Triton X-305 + Na3PO4 and PEG-lOOO + Na3PO4), we have identi-
fied 54 compounds by computer-processing of the GC data. These
are listed in Table 2. A total of 34 compounds out of these 54
compounds are aliphatic amines while the other 20 are hetero-
cyclic basés. Among the primary amines found methyl-, ethyl-,
isobutyl-, n-butyl-, and isopentyl-amines were probably the
products of Strecker cleavage of the a-amino acids, while
n-heptyl- and n-octylamines can result from the cleavage of the
higher fatty acids present as traces in the autolysate. Among
secondary aliphatic amines we have found methylated, ethylated
and propylated amines although n-propylamine itself could not
be identified in the mixture. Among the tertiary amines six

methylated amines, four propylated amines, and triethylamine
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Table I. Comparison of the composition of volatile amines
isolated by extraction (extr.) and distillation (dist.)

methods
Retention indices?* Ratio of
Peak No. extraction distillation peak area (A)
(Method 1I) (Method II) Adist ./Aextr.

i 514 521 05
2 602 596 2.8
3 654 644 1240
4 693 708 23
5 724 - -

6 750 750 0.1
7 804 799 29.3
8 847 842 0.8
9 - 884 =
10 922 918 10.8
11 - 949 —
12 964 963 156
43 1000 999 1.4
14 1031 1027 17.8
LS 1058 1052 0.9
16 1079 1083 6.9
17 = 1095 =
18 1119 1115 1251
19 11:29 1130 3.9
20 1150 1146 8.3
21 - 1157 =
22 1:157.8 1174 Trace
23 1187 = =
24 1203 1198 9.7
25 = 1214 =
26 1224 1221 9.4
27 1245 1242 2.4
28 - 1254 -
29 1264 = =
30 1280 1275 6.0
31 - 1296 =
32 1307 1307 2.8
33 1324 1319 6.0
34 1346 - -
35 1366 1365 3.2

*Measured on a 270 cm x 4 mm i.d. packed column
containing 5 % Triton X-305 and 0.5 % Na3PO, on
Chromosorb G AW 80-100 mesh, at 100°cC.
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Table 2. Volatile nitrogen-containing bases present in the
bakery yeast autolysate

Group Compound

Methylamine
Ethylamine
Isobutylamine
Primary amines n-Butylamine
Isopentylamine
n-Heptylamine
n-Octylamine
Dimethylamine
Methyl-sec-heptylamine
Ethyl-n-pentylamine
Ethylcyclohexylamine
Ethyl-n-octylamine
Di-n-propylamine
n-Propylallylamine
n-Propyl-tert-butylamine
n-Propyl-n-heptylamine
n-Butyl-sec-butylamine
Isobutylisopentylamine
sec-Butyl-n-pentylamine
tert-Butyl-n-hexylamine
Diisopentylamine
Trimethylamine
Dimethylisopropyl amine
Dimethylisobutyl amine
Dimethyl-n-heptylamine
Tertiary amines Dimethyl-n-octylamine
Methyldi-n-pentylamine
Triethylamine
Ethyldi-n-propylamine
Di-n-propylisopropylamine
Di-n-propyl-sec-butylamine
Ethylene imine
Pyridine*
2-Picoline¥*
3-Picoline
4-Ethylpyridine*
2,4-Lutidine*
2,6-Lutidine*
Piperidine
Heterocyclic compounds N-Methylpiperidine*
2,6- and/or 2,5-Dimethyl-pyrazine*
2,3-Dimethylpyrazine
Trimethylpyrazine
Tetramethylpyrazine
2-Methoxypyrazine
Piperazine*
2-Methylpiperazine*
N,N-Dimethylpiperazine*
N-Propylpyrrole*
Pyrrolidine
2-Amino-propanol-1l
Aminoethanol

Secondary amines

Amino alcohols

*Identification through the retention indices confirmed by GC-MS data.
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were also detected. The heterocyclic bases were represented

by ethylene imine, pyrrolidine, N-propyl pyrrole, alkyl sub-
stitued pyridine, piperidine, pyrazine and piperazine deriva-
tives. Unfortunately, only 11 substances were at the level of
1077
the identification on the basis of GC data. The mass spectra

g/ml providing interpretable mass spectra which confirmed

of aliphatic amines were absent. The GC-MS analysis of a model
mixture containing di-n-propyl- and dimethylisopropylamines,
pyridine and 2-picoline at the lO_8 g/ml level showed that the
mass spectrometer records only the spectra of heterocyclic
basis. Aliphatic amines, perhaps, are completely adsorbed on
the surface of the metal transfer lines, ionisation cell walls,
etc.Thisis possibly also the reason why aliphatic amines have
not been found in the study of odour components of vegetable
protein hydrolysate /12/ and bakery yeast autolysate /3/. The
aliphatic amines could only be identified on the basis of the
GC data.

Change in the composition of the volatile amines during
protein food storage is often responsible for the appearance
of off-flavour /14/. It was observed that the autolysate
colour is changing from white to yellow-brown after five year
storage while undesirable properties notes are enhanced and
unpleasant components are emerging in changing the odour of
the material. We have compared the volatile amine composition
of freshly prepared and stored samples both qualitatively and
quantitatively:; the Triton X-305 column was used in these
measurements. Table 3 lists the information obtained. As seen
there is no appreciable change in the qualitative composition
of the volatile amines although some new compounds could be
identified (see e.g., peaks Nos 22, 33, and 34). However, the
total amount of these compounds is insignificant and does not
exceed 0.1 %. It should be noted that the trimethyl amine
(peak No. 1), dimethyl amine (peak No. 2), dimethylisopropyl-,
and dimethylisobutyl amine (peak No. 4), n-butyl- and n-propyl-
tert-butyl amine (peak No. 7) and dimethyl-n-heptylamine
(peak No. 15) contents increased 11.8; 21.3;57.5; 17.1 and
74.8 times respectively. The presence of aromatic heterocyclic

bases is not typical of the stored autolysate. For example,
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Table 3. Changes in the volatile amine content during the
storage of the bakery yeast analysate

Peak Retention index* Ratio of
No. EReELE IR SEHSERECS Fresh Stored peak area (A)
(£fx.) (st.) Ast./Afr.
1 Trimethylamine 521 556 1128
2 Dimethylamine 596 610 21.3
3 Methyl- and ethylamine 664 653 543
4 Dimethyl-isopropyl- and
dimethylisobutylamine 708 719 57«5
5 Triethyl- and diisopropyl
amine 750 758 9.0
6 Isobutyl-, ethylpentyl- and
methyl-sec-heptylamine 799 806 2.6
7 n-Butyl- and n-propyl-tert-
butylamine 851 856 1y e
8 Diisopropyl- and di-n-propyl-
ethylamine 884 = =
9 1Isopentyl-, n-propyvlallyl-
and N-methylpiperidine 918 923 .9
10 Di-n-propylisopropylamine 949 955 10.2

11 Pyrrolidine,ethylene imine 963
12 n-Butyl-sec-butylamine,

piperidine 999 1003 4.1
13 Di-n-propyl-sec-butylamine 1027 1035 0.8
14 N ,N-Dimethylpiperazine,

isobutylisopentylamine 1052 1053 3.6
15 Dimethyl-n-heptylamine 1083 1083 74.8
16 n-Pentyl-sec-butylamine 1095 = =
17 Pyridine 115 = =
18 tert-Butyl-n-hexylamine 1130 - =
19 2-Picoline 1146 1143 1.4
20 Ethylcyclohexyl- and

heptylamine 1157 1152 11.4
21 Dimethyl-n-octylamine,

N-propylpyrrole 1174 = =
22 Not identified = 1185 =
23 Methyldi-n-pentylamine 1198 1195 153
24 3-Picoline and 2, 6-lutidine 1214 - -
25 Not identified 1220 1217 0.3
26 Not identified 1236 = =
27 2,5- and/or 2,6-Dimethyl-

pyrazine and 2-methoxypyrazine 1242 1240 2.6
28 2,3-Dimethylpyrazine,

2,4-1utidine and n-octylamine 1257 1260 B
29 Piperazine, 2-methylpipera-

zine and n-propyl-n-heptyl-

amine 12175 1274 6.0
30 Ethyl-n-octylamine 1296 1292 Trace
31 4-Ethylpyridine,

trimethylpyrazine 1307 1305 Trace
32 2-Aminopropane-1l-ol,

aminoethanol 1319 = =
33 Not identified = 1327 =
34 Not identified 1332

35 Not identified 1365 1360 0.07

*Measured on a 270 cm x 4 mm i.d. packed column containing 5 % Triton
X-305 and 0.5 % Na3PO4 on Chromosorb G AW- 80-100 mesh, at 100°C.



peaks Nos 17 and 24 corresponding to pyridine and to the mixture
of 3-picoline and 2,6-lutidine disappeared during storage.

The pyrazine base content increased only insignificantly (see
Table 3).

It is interesting to note that the opposite took place upon
the storage of dried milk protein concentrates (casein and co-
precipitate): the concentration of pyridine and alkyl pyrazines
increased /14/. The amount of heterocyclic bases increased from
42 to 79 % during casein storage’while in the case of the auto-
lysate the percentage of these substances decreased from 15 to
5 %. The accumulation of aliphatic amines from 69 to 95 % may
be considered as a criterion of the quality of the autolysate
during its storage in contrast to the protein material.

In order to establish the relationship between the
instrumental and organoleptic data and to elucidate the role
of the volatile amines in the autolysate odour we evaluated the
odour of the components eluted from the Apiezon L + KOH, after
separation at 100°. The "aromagram" of the volatile amines is
shown in Fig. 2. We established the fractions responsible for
the following odours; bread, chocolate, and musty. In the frac-
tion with bread odour we identified piperazine, 2,6-lutidine
and N-propyl pyrrole. In dry autolysate the fraction with the
odour of dried mushrooms has a major role; however, we could
not find it here among the volatile amine fractions. Probably
components belonging to other classes of organic compounds are
responsible for the mushroom odour. For example, it is known
that the components of the neutral fraction, octene-1-01-3, have
a mushroom-like smell /15/. The significance of the neutral and
acidic fractions in the odour of the yeast autolysate Gistex
X-II has been emphasized by Hajslova and coworkers /3, 16/.

Since amino acids can be the precursors of volatile amines
we have assumed that the accumulation of volatile amines during
storage will correlate with the change in the amino acid com-
position of the autolysate. The data we have obtained for 16
amino acids indicated a 10.6% decrease in the total amount of
amino acids and a 6.1% decrease in the amount of the essential

acids after three-year storage.

165



991

immon?aggna‘

amines

o
q
-
o
o
Y
>
o
- g
E :
; 9 b
] 3 + .§ EE
a w n > 3
© 0 # u + © g
g 4 ] ot 8 - ®
i 3§ ¢4 gqd 4 4
S g5 = % B
. oR. 2 B G
o o L] »
J‘/\} N
% .gl,:. s e
0 5 10 15 20 25 30 35 40 45 min.

five-year storage period. Column: 270 cm x 4 mm. i.d., containing 4% Apiezon L +

1. % KOH.

Temperature:

100°c.

Fig.2. "Aromagram" obtained of the volatile amines of the bakery yeast autolysate, after a



The most profound transformations were observed for lysine,
arginine, leucine and isoleucine. The decrease in the leucine
content may be explained by its decarboxylation: isobutylamine
and dimethylisobutylamine,its methylated derivative, are the

degradation products.

CONCLUS IONS

As a conclusion we can state that aliphatic amines and
heterocyclic bases of the pyridine and pyrrole series have been
identified for the first time in the odour concentrate of the
bakery yeast autolysate. It has been shown that an accumulation
of certain aliphatic amines takes place upon prolonged storage
which correlates with the deterioration of the organoleptic
properties of the material and with a decrease in the amino
acid content. The accumulation of the aliphatic amines in-
creases the carcinogenic risk due to the emergence of N-nitroso

compounds in foods ~nntaining the autolysate as an additive.
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SUMMARY

A method for the isolaticn and quantitative determination
of insulin is described. Genes for the production of A and B
human insulin chains were cloned and introduced separately
into E. coli for the prcduction of two hybrid polipeptides.
A and B insulin chains were isolated, purified, and there-
after joined by disulfide bridge formation in vitro. Two
different chromatographic systems were used to verify the
reproducibility of the method. The peaks corresponding to
insulin were analyzed by polyacrylamide gel electrophoresis
and the amino acid composition was determined. The results
were in good agreement with literature values.

INTRODUCTION

To study the chemical constitution of insulin /1/ from
its constituent peptides A and B, a method of reversed-phase
HPLC was developed, which permitted the isolation and quanti-
fication of the correctly reassociated insulin molecules from
the incorrectly reassociated products and unreacted peptides.
From the hydrophilic reagents which form ion-pairs used in

the separation of peptides /2/, formic acid was selected for
the following reasons:

1) The products of reassociation of the A and B chains
are quite insoluble in phosphoric acid, for the ion-pairing
reagent /2, 3/ which is used in the analytical method for the

identification of insulin. Use of formic acid eliminates
this problem.
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2) by using formic acid in eluent A (the resolution
having been optimized) with a linear gradient of acetonitrile
(effluent B),a capacity factor was obtained which was suffi-
cient /4/ to isolate ‘the insulin during its recovery. The
solid residues obtained after lyophilization dissolved easily
in a variety of solvents, thereby yielding products with
characteristics that not only made their characterization by
amino acid analysis and by polyacrylamide gel electrophoresis
easier but also permitted an easier handling in later proc-
essing. This method made possible the isolation and characte-
rization of the human insulin molecules which resulted from
the correct association in vitro of A and B chains which had
been produced in bacteria.

MATERIAL AND METHODS
Aggaratuses

Two different chromatographic systems, both from Spectra-
Physics, were used. The first was a modular analytical system:
SP8750 combined with the Rheodyne Injector Loop (10 ul), the
SP8700 solvent delivery system, the SP8400 variable wavelength
detecter, and the SP4100 computing integrator. The second was
the Performance SP800OOB semi-preparative system with a 100-y1l
injector loop. In both systems, the same Water Radial Pak
pBondapak C18 cartridge was used. Sample and solvents were
clarified by filtration through porous membranes (0.22 um)
from Millipore.

Reagents

HPLC grade water was obtained from pre-treated water by
using an organic filter apparatus (cat. No. XX1504-710) from
Millipore. Acetonitrile (lichrosolv grade art. 30) was from
Merck. Formic acid (Baker 0128) was redistilled.under vacuum
(20 mm Hg). Insulin from bovine pancreas (Sigma 1-550) was
used as the standard.
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Procedure

Both eluent A [0.5 % (v/v) distilled formic acid pH 2.7
in ultra-pure water] and eluent B (acetonitrile) were filtered
through a porous membrane (0.22 ym) and degassed with helium.
The insulin standard was dissolved in eluent A, filtered, and
chromatographed to determine its retention time (Figs 1 and
2). Two to 22 ug of this standard were used to determine the
linearity of response (Fig. 3). The external standard proce-
dure was used to calculate the yield. To calculate the
confidence limits of the method /5/ the standard was run three

times at each concentration (Table I).

Chromatographic conditions

The Spectra-Physics system was programmed to provide a
linear gradient elution in order to separate the correctly
associated peptides from other products (Figs 4 and 5). The
mobile phase consisted of eluent A and eluent B. The linear
gradient was from 20 % to 40 % eluent B. The mobile phase was
pumped at a flow rate of 2.5 ml/min and the column effluent
was monitored at 280 nm. Chromatography was performed at room
temperature in a uBondapak 018 cartridge. The injection volume
of. the sample was 10 pyl for the quantitative determinations
and 100 ul for the isolation and characterization of the
desired product.

RESULTS AND DISCUSSION

The newly developed method permitted the isolation of
insulin correctly reassociated from the cleaved A and B chains
of the commercial product, with a high degree of purity as
determined by amino acid analysis (Table II). The purity was
determined by polyacrylamide gel electrophoresis in which only
one band, co-migrating with that of the standard, was observed
(Fig. 6)
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Fig. 1 Schematic chromatogram showingthe retention

time of standard insulin; Spectra-Physics
System; column: Radial Pak uBondapak Cig

(8 mMm x 10 ym x 10 ym) mobile phase: linear
gradient from 20 % to 40 & CH3CN in ©O.5 % formic
acid pH 2.7, flow rate = 2.5 ml/min.

UV = 280 nm.

Table I. Statistical results from the HPLC analysis
of insulin standard

172

Insulin sample s.p.2 C.L.b

(ug)
2 -5 0.03504 + 0.0398
6 - 10 0.06565 + 0.074511
L1 R=r]"4 0.2129887 + 0.2417
15 - 23 0.121417 + 0.1378

s.D.? = standard deviatiss of five runs at

each concentration
c.L.P = confidence limit
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Fig. 2. Full chromatogram of bovine insuline standard.
Retention time of tbe insulin peak: 8.3 min.
Conditions as given in Fig. 1. Sample amount:
25.9 ug bovine insulin.
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Table II. Amino acid analysis of insulin

Amino acid Literature Commercial Reassociated

values insulin insulin
aspartic acid 3 3.05 2,98
threonine 1 103 0.98
serine 3 302 278
glutamic acid 7 6.9 45 8
proline 1 0.3 0.68
glycine 4 396 3.94
alanine 3 30 3.23
cysteine 6 N.D.?Z N.D.@
valine 4 4.3 4.39
isoleucine 2 0.2 0.07
leucine 6 5 5.86
tyrosine 4 337 4.52
phenylalanine 3 2«32 3.0
histidine 2 2.07 1.9
lysine 3l 083 QLTS
arginine il 0.81 0.88
%N.D. = Not determined
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Fig. 5. Full chromatogram of reassociated insulin.
Retention time of the insulin peak: 8.3 min.
Conditions: as given in Fig. 1.
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Fig. 6. Electrophoretic analysis of HPLC-purified and reassociated insulin in polyacrylamide
gel (5 % stacking; 12 % separating). Run at pH 9.5 in a discontinuous electrolyte
borate~sulfate-chloride; Jovin J4179 system.
Tracks: 1) associated human insulin purified by HPLC after concentration,
2) associated human insulin purified by HPLC, 3) porcine insulin standard,
4) porcine insulin peptide B standard, 5) porcine insulin peptide B standard.




From the agreement between the data obtained for the test
and standard samples, in both chromatographic systems, and
from the acceptable confidence limit values, we conclude that
this new method is reproducible.
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AND PURIFICATION

PETER STEHLE and PETER FURST

Institute for Biological Chemistry and Nutrition,
University of Hohenheim, Stuttgart 70, FRG

SUMMARY

The intravenous application of glutamine-, tyrosine- and
cystine-containing short chain peptides is specially indicated
in postinjury conditions, in childhood and in uremia. We have
synthesized di- and tripeptides including the above amino acids
by employing the N-carboxy anhydride method.

In the present study, synthesis and purification progress
were controlled by analytical capillary isotachophoresis (ITP)
The separations were made in PTFE capillaries attached to a
newly developed detector block allowing detection of the linear
stepwise conductivity signal and UV detection at 254 and/or 206
nm. The peptide fractions were analyzed by using anionic elec-
trolyte systems at pH 6.0 and 9.1. Isotachophoretic analyses
after synthesis and during purification progress served as a
rapid, sensitive, specific and quantitative determination of
the single peptides. Additionally, simultaneous detection of
free amino acids and its derivatives as well as contaminating
organic and inorganic ions was feasible, enabling optimization
of synthesis and purification procedures. The new detector
block used allowed UV detection at 206 nm, facilitating speci-
fic determination of certain peptides not absorbing at the com-
monly used higher wavelengths of 254 and 280 nm.

Advantages of analytical isotachophoresis
over other techniques (e.g. HPLC):
- simultaneous determination of various anionic and cat-
ionic compounds (salts) in a single run
- no column packing material and no derivatization step
are necessary

-'short time of analysis
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INTRODUCTION

As recently emphasized, intravenous application of a so-
called "complete-well balanced" amino acid solution including
all physiological amino acids in physiological proportions
might be a mandatory component of an optimum clinical nutrition
in various diseased states (1-4). However, podr solubility and/
or instability of certain amino acids as glutamine (Gln),
tyrosine (Tyr) and cystine ([Cys]z) hindered the formulation
and preparation of such solutions (4-8).

In order to facilitate inclusion of the above amino acids
to parenteral nutrition, we have synthesized highly soluble and
stable Gln-, Tyr- and (Cys)z—containing di- and tripeptides,
L-alanyl-L-glutamine (Ala-Gln), L-aspartyl-L-glutamine (Asp-
Gln), N2-L-tyrosinyl-N6—L-tyrosinyl—L—lysine (Tyr-Lys[Tyr]) and
L-cystinyl-bis-L-alanine ([Cys-Ala]z) as previously described
{9, 10). In subsequent reports, the potential use of analytical
capillary isotachophoresis (ITP) in characterizing these syn-
thetic peptides after purification was demonstrated (11-13).

In the present study, ITP was successfully used to monitor
synthesis and purification progress of the above short chain
peptides. Applying conductivity and UV detection (254 nm and/or
206 nm), satisfactory analysis of peptide material in amounts
of less than 200 ng was feasible. Apart from the qualitative
approach, ITP provided proper quantitative information about
the composition of the samples analyzed without the requirement
of analyzing suitable reference substances, thereby promoting

optimization of peptide synthesis and purification process.

MATERIALS AND METHODS
Peptide synthesis and purification

Ala-Gln, Asp-Gln, Tyr-Lys(Tyr) and (Cys-Ala)2 were syn-
thesized by applying the N-carboxy anhydride (NCA)-method and
subsequently purified as previously described (9, 10). Crude
materials, intermediate and end products obtained during syn-
thesis and purification were isotachophoretically analyzed in

concentrations and amounts given in the figures.
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Table 1. Operational systems for anionic separations

Leading electrolyte Terminating electrolyte

System 1 0.07 M G1™ 0.01 M B-alanine
Ammediol Ammediol
0.4% HPMC Ba(OH)2
pH 9.1 pH 10.2

System 2 0.005 M MES 0.01 M B-alanine
Ammediol Ammediol
0.4% HPMC Ba(OH)2
pH 9.1 pH 10.2

System 3 0.01 M Cl1™ 0.01 M MES
Bis-Tris Tris
0.4% HPMC
PH 6.0 pPH 6.0

Analytical isotachophoresis

ITP analyses were performed by using a LKB 2127 Tachophor
equipped with a PTFE capillary (230 mm x 0.55 mm ID) as pre-
viously described (13, 14). Conductivity and UV signal was
monitored by a two channel recorder (Kipp & Zonen, Delft, The
Netherlands) with a chart speed of 6 cm/min-. The separations
required about 10 min, and current at detection was generally
60 pA.

The operational systems used are outlined in Table 1. For
preparing these solutions analytical grade chemicals and ultra-
pure water were used as previously described (13, 14).

The peptide (Cys—Ala)2 (reference substance) was purchased
from Bachem (Bubendorf, Switzerland). Free amino acids Ala,
Gln, Tyr and (Cys)2 as well as L-alanyl-L-alanine (Ala-Ala)
were obtained from Sigma (St. Louis, MO, USA).
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RESULTS AND DISCUSSION

It is well known that the course of peptide synthesis de-
pends on the chosen reaction conditions as pH, temperature,
blocking groups, solvents and especially the ratio of the
starting amino acid materials. Thus, for optimization of syn-
thesis procedures various trials under modified reaction vari-
ables must be carried out. Furthermore, suitable analytical
techniques are necessary to elucidate the amounts of peptide(s)
formed and resting starting material in the respective crude
products.

Applying electrolyte system 1, three crude materials of
(Cys-Ala)2 obtained under different reaction conditions were
analyzed. The respective isotachopherograms are depicted in
Fig. 1 showing the presence of at least seven discrete zones in
various amounts in both conductivity and UV signals. In these
analyses UV detection was made at 254 nm. It is clearly visible
that several compounds present in the crude preparations ex-
hibited characteristic UV, levels at this wavelength. This en-
abled a direct classification of the sample components since
only the free amino acid (Cys)2 as well as (Cys)z-containing
peptides might show specific UV absorption according to the
presence of disulfide bonds.

These assumptions could be verified by analyzing commer-
cially available reference substances. Compared to the iso-
tachophoretic pattern of electrolyte system 1 (A), the respect-
ive isotachopherogram (B) is illustrated in Fig. 2. Free (Cys)2
as well as (Cys—Ala)2 revealed characteristic UV levels,
whereas for free Ala no UV absorption could be measured. Indeed,
it is evident that the characteristic conductivity step heights
and UV: levels derived on one hand from the crude preparations
and on the other hand from the standard substances are identi-
cal. Further minor UV absorbing zones detected in the crude ma-
terials must correspond to (Cys)2-containing side products as,
by example, di-or tetrapeptides.

Apart from the qualitative approach, ITP provides quanti-
tative information about the composition of the samples ana-
lyzed (11-13, 15). According to the basic theory firstly de-
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Fig. 1. Isotachophoretic analyses (electrolyte system 1) of
three crude samples of (Cys-Ala), (A-C). For each se-
paration, 10 pl were injected, corresponding to 7.64 ug
of material. =
Key: 1 = S02—; 2 = HCO4; 3,5,7 = unknown side products;
4 = (Cys-Ald),; 6 = (Cys),; 8 = Ala

b e g
t 1 min

Fig. 2. Isotachophoretic analysis (electrolyte system 1) of a
reference mixture of (Cys-Ala), (2), (Cys), (3) and
Ala (4). (A) electrolyte system; (B) reference mixture
(2.5 pl injected, corresponding to 1.91 ug (Cys-Ala),,
1.20 ug (Cys)y and 0.45 ug Ala). 1 = HCO§

scribed by Kohlrausch (16) in the so-called regulating func-
tion, fhe concentration in a separated sample zone is directly
proportional to the leading ion concentration. Since the ion
concentration in each zone is constant,quantitative evaluation
of isotachopherograms is possible by measuring single zone
lengths and total zone lengths, respectively.
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Table 2. Zone lengths of (Cys-Ala)j, (Cys)2, Ala and unknown
side products in the different crude preparations in
percent of total zone length

(Cys-Ala), (cys), ala Sum of side

products
Crude material I 21.0 7.0 62.2 9.8
Crude material II 2615 6.9 58.8 T9
Crude material III 29.1 61 54.6 10,2

Consequently, the respective zone lengths of (Cys-Ala)z,
(Cys)z, Ala and side products in the different crude prepara-
tions were calculated in percent of the total zone length
(Table 2). Obviously, a considerable increase in the formation
of (Cys-Ala)2 accompanied by a proportional decrease in unre-
acted free amino acids could be achieved by varying the reac-
tion conditions.

As mentioned above, the measurement of characteristic UV
levels provides information about the chemical structure of the
separated compounds thereby allowing a direct differentiation
of the detected ions. In this context it is to be noted that
only peptides containing (Cys)2 and aromatic amino acids re-
vealed characteristic UV levels at the commonly used wave-
lengths of 254 nm and/or 280 nm. As shown in Fig. 3, analysis
of the crude material of Tyr-Lys(Tyr) applying electrolyte
system 1 (Table 1) revealed 8 fully separated zones and one
mixed zone. In addition to the main zone corresponding to Tyr-
Lys(Tyr) six of the minor zones exhibited characteristic high
UV levels thus indicating the presence of Tyr-residues in these
compounds.

In contrast to the Tyr-containing peptide, analysis of the
crude material of Ala-Gln applying electrolyte system 2 result-
ed in one main zone and four minor zones, none of them showing
characteristic UV levels at 254 nm (Fig. 4A). Only the occur-
rence of so-called "marker or separation peaks" (presumably due
to different refractive indices of the separated zones) (10)
between non-UV absorbing zones facilitated the evaluation of

the UV signal. Nevertheless it is to mention that in certain
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uv
254 nm 1
t
1 min
Fig. 3. Isotachophoretic analysis (electrolyte system 1) of a
crude sample of Tyr-Lys(Tyr) (5 ul injected, corres-

ponding to 4.73 ug of material)
Key: 1 = HCOZ; 2 = Tyr-Lys(Tyr); 3 = Tyr

uv
206 nm

Fig. 4. Isotachophoretic analyses (electrolyte system 2) of a
crude sample of Ala-Gln: UV detection at 254 nm (A) and
206 nm (B). For each separation, 20 ul were injected,
corresponding to 8.68 pg of material.
Key: 1 = Ala-Ala; 2 = Ala-Gln; 3 = unknown peptide;
4 = Gln; 5 = Ala

operational systems no such marker peaks are detectable thereby
invalidating the evaluation of the UV signal (10, 15). Further-
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more, the lack of characteristic UV levels complicates the
identification and classification of unknown sample compounds.

As currently reported, adequate solution of this problem
could be achieved by using a new available detector block which
allows UV measurement at 206 nm (14). In all previous types of
capillary plates, UV signal was measured directly through the
capillary wall. Thus, the high absorption and dispersion of the
capillary material (generally PTFE) hindered the use of wave-
lengths below 230 nm. The great improvement of the new UV de-
tector lies in the fact that the fibre optics leads the light
directly into the interior of the liquid system resulting in a
significantly smaller loss of UV light intensity. Consequently,
this detector system facilitates UV measurement at wavelengths
below 230 nm.

The great advantage of measuring UV absorption at 206 nm
in the analysis of crude Ala-Gln material is illustrated in
Fig. 4B. In contrast to 254 nm (Fig. 4A), four of the separated
zones exhibited characteristic UV levels at 206 nm. According
to the high absorption coefficient of peptide bonds at 206 nm
(17), the main peptide Ala-Gln as well as two minor peptides
show high UV absorption, whereas low (owing to the presence of
the amide group) or no UV-absorption could be measured for free
Gln and Ala, respectively.

As demonstrated for Ala-Gln, UV detection at 206 nm allows
a direct classification of unknown sample ions enabling a di-
rect differentiation between peptides formed during synthesis
and unreacted free amino acids. Thus, ITP analysis of crude
peptide materials provide valuable information about the prog-
ress of peptide synthesis thereby highly facilitating the opti-
mization of the synthesis procedure.

The suggestion that ITP could be useful as a monitor for
controlling peptide purification progress was first made by
Kopwillem and colleagues (18-20). They analyzed the crude mate-
rial as well as peptide containing fractions obtained during
the purification procedure of synthetic tetradeca-, deca- and
undecapeptides. Recently, Friedel and Holloway employed ITP in
the analysis of intermediate and end products during synthesis
of a pentapeptide (21). In these studies detection was made by
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monitoring thermometric signal and UV detection at 254 and/or
280 nm. Owing to the relatively low sensitivity of thermometric
detection, high amounts (about 30 pg) of peptide material were
necessary to obtain satisfactory results. Additionally, the
characteristic wave form of the thermometric signal rendered a
quantitative and qualitative evaluation difficult. Thus, only
the enrichment of the main products during the purification
process could be followed.

In the present study, crude materials, intermediate and
end products obtained during the development of purification of
Ala-Gln and Asp-Gln were analyzed applying conductivity detec-
tion and UV measurement at 206 nm. Compared to the analysis of
the crude Ala-Gln material (A) both free amino acids Ala and
Gln could be removed during the first gel-chromatographic puri-
fication step (B) as illustrated in Fig. 5. Furthermore, the
zone length for the main product was markedly increased and
moderate increaseswere also noted for Ala-Ala and the unknown
side product. This might be due to the simultaneous removal of
salts during the first purification step. The majority of the
two contaminating products could be removed applying further
gel filtration purification steps (C, D). In the final product
an enrichment of Ala-Gln approaching 100% could be achieved.
Only traces of Ala-Ala were detectable.

The crude material (A) and the different purified peptide
fractions (B, C) of Asp-Gln were analyzed similarly but apply-
ing electrolyte system 3 (Table 1) as depicted in Fig. 6. In
addition to Asp-Gln only traces of Asp and small amounts of
overreaction products could be detected after the first puri-
fication step (B). After the second gel chromatographic separa-
tion (C) an enrichment approaching 100% was observed for Asp-
Gln.

A further valuable advantage of ITP compared with chromato-
graphic techniques is well emphasized in Fig. 6. In addition to
the respective starting material and the synthetic peptides
formed, ITP allowed a simultaneous detection of contaminating
inorganic ions in the same run. Obviously in the crude material
as well as in the intermediate product of Asp-Gln a further
zone, only detectable in the conductivity signal was observed,
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Fig. 5. Isotachophoretic analyses (electrolyte system 2) of
Ala-Gln before (A) and after (B-D) the different puri-
fication steps. For each separation, 20 pl were in-
jected, corresponding to 8.68 ug of material.

Key as in Fig. 4.
(Reprinted from Stehle and First (14) with permission)

m_,%ﬂ%

L3
s
1 min

t
A B c

Fig. 6. Isotachophoretic analyses (electrolyte system 3) of
Asp-Gln before (A) and after (B, C) the different puri-
fication steps. For each separation, 10 ul were injec-
ted, corresgonding to 5.49 ug of material.

Key: 1 = 50473 2,3,4 = unknown peptides; 5 = Asp;
6 = Asp-Gln.
(Reprinted from Stehle and Fiirst (14) with permission)
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suggesting the presence of contaminating sulphate derived from
the peptide synthesis procedure.

In the present study, it may be concluded that ITP was
found to be a rapid and reliable method in the analysis of syn-
thetic short chain peptides. Compared with previously used de-
tection systems, application of unspecific conductivity detec-
tion and UV monitoring at 206 nm considerably increased the
resolution and sensitivity, enabling qualitative and quantitat-
ive measurement of peptide material in amounts of less that 200
ng.

Compared to HPLC, certain advantages of ITP are obvious:
(1) simultaneous detection of starting material, peptides
formed during synthesis and contaminating inorganic ions is
feasible; (2) quantitative information is provided about the
composition of the sample analyzed without the mandatory use of
suitable reference substances; (3) no column packing material
and no derivatization step are necessary. Consequently, the
application of analytical capiilary isotachophoresis might im-
prove the control of synthesis and purification progress in
peptide chemistry.
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STUDY OF PROTEIN ASSOCIATION AND MICELLE FORMATION IN
SURFACTANTS BY MICROCOLUMN EXCLUSION CHROMATOGRAPHY
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Sciences of the USSR, Leningrad, USSR

ABSTRACT

The application of microcolumn exclusion chromatography to
the determination of equilibrium and kinetic association
constants of proteins is described. Taking phospholipase A, as
the example the relationship between association and enzymgtic
activity was investigated. A method was developed for the
determination of the critical concentration of micelle forma-
tion (CCM) in surfactants.

INTRODUCTION

Problems related to the determination of physico-chemical
constants of samples available only in very small amounts often
occur in molecular biology. Microcolumn chromatography which
makes it possible to reduce the amount of the substances inves-
tigated by about two orders of magnitude is an invaluable
method for the investigation of such biological samples avail-
able in small amounts. Liquid exclusion chromatography is
traditionally used for the separation of substances according
to the size of their molecules but can also be applied to the
study of physico-chemical properties of reacting systems, e.g.
of protein associations or micelle formation in surfactants.

The mechanism of the catalytic action of proteins is often
based on their association. Of particular interest are systems
consisting of twokinetically different components which can
reversibly pass from one form to the other. The process depends

on the content of various ligands and the concentration or the
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aggregate state of the substrate. This mechanism of the cataly-
tic action of enzymes is widely observed in nature /1/.

Natural diphilic substances capable of forming micelles
are not biologically inert because they participate in the
process of suction and metabolism. Evidence exists that the
property of forming ordered aggregates is a fundamental factor
in the biological activity of surfactants. Liquid size exclusion
chromatography (SEC) permits the evaluation of the main para-
meter characterizing the micellar system: the critical concen-
tration of micelle formation (CCM)/2/.

MATERIALS AND METHODS

Experiments were carried out using a model KhZh-1305 micro-
column chromatograph (Special Design Bureau of Analytical
Instruments, USSR Academy of Sciences) equipped with a double-
beam spectrophotometer with a scanning range of 220-600 nm. The
optical path length of the cell was 1.5 mm with 1l-pl volume.
The cell volume of the precision syringe micropumps was 2 ml
with the flow rate of the eluent ranging from 8 to 4000 ul/h.

Glass microcolumns (250 mm x 1 mm I.D.) used for the study
of the proteins were packed with Sephadex G-75, superfine
(Pharmacia, Sweden) or Bio-gel P-60, >400 mesh (Bio-Rad Lab.,
USA) . The same columns packed with Sephadex G-25 or G-75 were
used for the determination of CCM of the surfactant.

A phospholipase sample and a model substrate, dihexanoyl
lecithin, were obtained from the Institute of Bioorganic
Chemistry, USSR Academy of Sciences (Moscow). The following
standard proteins were used for calibration: cytochrome C,
ribonuclease, myoglobin, chymotrypsinogene A, ovalbumin and
bovine serum albumin (Serva, FRG). Sodium dodecyl sulphate
(Fluca, Denmark) was used without additional purification.

Other reagents were of "pure for analysis" grade.
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RESULTS AND DISCUSSION

Determination of equilibrium and kinetic association constants

for phospholipase A,

Four levels of sample study exist in the investigation of
association: 1) association diagnostics, 2) determination of
the number of components, determination of 3) equilibrium and
4) kinetic constants, and 5) study of the relationship between
association and the functional activity of the enzyme.

Transport methods (sedimentation, chromatography and
electrophoresis) sensitive to the size of molecules are widely
used in the study of association. Size-exclusion chromatography
has an advantage over other methods because it may be used in
all the stages of association investigations. In many cases a
comprehensive analysis of protein association is possible with-
out the application of other methods. The study of association
in stages 1-3 has been very soundly based theoretically by
Gilbert /3/ and Ackers /4/. The methodologic approach in stages
4 and 5 has been developed by us /5, 6/. The concentration
dependence of the elution volume of the associating protein
has been used for the determination of equilibrium constants.
The concentration dependence of dispersion of the chromato-
graphic boundary permits the determination of the kinetic
constants for association. For this purpose stepwise chroma-
tography ensuring the constant composition of components in
the plateau region has been used /7/. Moreover, the centre of
gravity of the leading and tailing fropts of the stepwise
chromatogram corresponds to the weight-average retention volu-
me of reaction components /7/. When a series of chromatographic
experiments is carried out stepwise over a wide concentration
range, large quantities of protein are consumed. In order to
form a wide protein zone it is necessary to apply a sample
with a volume of about the column volume. Hence, when the
experiments are carried out, for example on a 60-cm long
column with 7 cm diameter, approximately 500 mg protein is
needed, and when a 25-cm long column with 4 cm diameter is
used, about 100 mg protein is employed. Moreover, one series

of experiments is sufficient for the study of association on
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levels 1-4, whereas the establishment of the mechanism for
enzymatic activity usually requires several series of experi-
ments in a chromatographic system saturated with some ligands.
In this case the major factor is the consumption of the
expensive eluent.

When SEC is carried out on columns with O0.5-1 mm I.D.,
protein consumption is greatly reduced (by approximately two
orders of magnitude). Hence, microcolumn chromatography pro-
vides a real possiblity to study the association reaction and
its relationship to the enzymatic activity of proteins only
available in small amounts.

During the SEC of the reacting system, separation into
components occurs only for slow reactions. If the reaction
proceeds rapidly, the chromatogram shows only a single peak
with a sharp leading boundary and a spread trailing boundary.
When the rates of the reaction and of the separation process
are comparable, polymodal distribution can be observed. How-
ever, this distribution does not correspond to individual
components. The most complex problem in the study of associa-
tion is the determination of the number of components. However,
therearxe criteria making it possible to distinguish between
a two-component and a multicomponent system. If only two
components are present, the problem is considerably simplified.
Let us consider the application of SEC to the determination of
the equlibrium and the rate constants taking as an example the
simplest monomer - n-mer reaction:

Sy
nA 18, A (14
n

Since the elution volume of the centroid of the front is
the weight-average elution volume of the reaction components,
the concentration dependence may be used to find the
equilibrium constant:

= V1 o

&/
L,ncl
W' O 1 = Kl,ncl

where Cl is the concentration of the monomer and CO is the

Vn

(2)

overall protein concentration. By varying Kl % it is possible
r
to achieve the best coincidence between the curve satisfying

eq. (2) and the experimental dependence GW(C The elution

o)+
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volume of the monomer (Vl) may be found by the extrapolation
of the dependence VW(CO) to infinite dilution and the elution
volume of the n-mer (Vn) can be calculated from \21 and the
calibration dependence V(M) or V(RSt) where M is the molecular
weight and RSt is the Stokes radius of the protein.

Hence, the equilibrium constant Kl,n and the degree of
association n for a two-component system is uniquely determined
from the concentration dependence GW(CO).

For equilibrium the follcwing relationship are valid:

2K - - 2
k€% = k,Cpy K =ky/k, = Cy/Cy

where kl and k2 are the kinetic constants for the direct and
the reverse reactions, respectively. It is desirable to use

(3)

the rear fronts of the chromatographic zones for the determina-
tion of k1 and k2 because they provide more information about
the reaction kinetic than the leading fronts do /8/. Zone
spreading may be described with the aid of a dimensionless
dispersion coefficient

L= cvz/VZ = 1N (4)

where °V2 is the dispersion of the elution volume and N is the
plate number. If the reaction takes place, zone spreading
depends not only on purely chromatographic factors but also on
the recombination of the monomer and the associate. Hence, the
measured dispersion coefficient is summed up from dispersion
and a certain added kinetic value depending on the rate
constants and the reaction equilibrium /8/.

This method was used by us for studying the association
of phosphplipase A,.

Phospholipase A2 hydrolyzes the ester bond of fatty acids.
Moreover, the presence of ca* ions is absolutely indispensable
for the activity of this enzyme and the hydrolysis rate
depends on the aggregate state and increases markedly when the
substrate exists in the micellar phase /9/. There are reasons
to assume that the active form of the enzyme is an associate,
probably a dimer /10/. Hence, it is of interest to character-
ize the equilibrium and the kinetics of phospholipase A,

association and their dependence on the presence of ca2* ions
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Kd on Stokes radii of proteins. 1 - cytochrome C,
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2 - ribonuclease, 3 - myoglobin, 4 - chymotrypsinogen A,
5 - ovalbumin, 6 - phospholipase A2 (monomer) ,
7 - phospholipase A2 (dimer).

and of the substrate in the monomeric and the micellar forms.

In order to determine the degree of association or the
size of the associate Ackers'calibration dependence /11/ may be
used:

R=a+b erfc * K (5)

d
where a and b are constants, Kd is the distribution coefficient
and erfc-lKd is the inverse function (Fig. 1). The degree of
association may be determined according to a model for the
merging of two globular proteins into a single sphere from the
values of Rl =(16.8 + 0.3)108 cm and R2 = (21,0 + 0.3)108 cm.
Then we have n = (Rn/R1)3 = 1.95 + 0.08. Hence, the reaction

proceeds according to the monomer-dimer scheme.
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Fig. 2. Concentration dependence of the dispersion coetrticient
2 1
LV(M) = v/Vw for phospholipase A2 leading boundary
of chromatogram. (1) CCa2+ =105 (2) CCa2+ = 0.02 M.

Fig. 2 shows the experimental concentration dependences
of dispersion coefficients for the rear fronts of the chromato-
grams for spontaneous association and for that induced by Ca2+.
These dependences are of the extreme character. This fact is
due to the mixed kinetics of the chromatographic process at
intermediate concentrations when association and mass transfer
provide comparable contributions to front spreading. The rate
constants determined on the basis of experimental data and
eqg. 8 are given in Table 1.

2+

The evidence obtained shows that Ca ions do not change

the position of the monomer-dimer equilibrium and only somewhat
retard the rates of dissociation and association. Hence, Ca2+
ions alone cannot serve as agents stabilizing the active
dimeric form of phospholipase A2. Since data are available
showing that dimerization rate increases markedly in the
presence of a micellar substrate, the effect of the substrate

in the monomeric and the micellar forms on the dimerization
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Table 1. The equilibrium and the rate constants for
phospholipase A,

ca?*concentration Ky X 1078, w1 K, X 1072, wts! ko, e
4
0 . 4.2
0.02 653 M2V

Vo/ve

o7

08

a5

05 1.0 1.5 CONCENTRATION, mg m{’

Fig. 3. Concentration dependence of the reduced weight-average

elution volume VW/Vt for phospholipase 'A2 (Sephadex
G-75 column) obtained in the systems: Tris-HC1-KC1l

(2, x), Tris-HC1-KCl-BaCl, (1, 0); Tris-HC1-KC1l-BaCl,-S
([S] = 1 mg/ml < CCM) (1,A); Tris-HCl-KCl-BaCl,-S

2
([S] = 20 mg/ml > CCM) (3, O0); S - substrate (dihexa-

noyl-lecithin), CCM - critical concentration of
micelle formation.
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equilibrium was investigated. For this purpose the chromato-
graphic system was saturated with the substrate at appropriate
concentration in the presence of an inhibitor and the depen-
dences of reduced weight-average retention volumes were
obtained. These data are given in Fig. 3. Dimerization
constants K = (4.5 + 0.2) ml/g were found for spontaneous
association and for association in the presence of an inhibitor,
and K = (1.6 + 0.1) ml/g was determined for a system containing
the inhibitor and the monomeric substrate. Hence, it can be
seen that the inhibitor slightly shifts the equilibrium towards
the monomer, and the substrate in the monomeric form does

not affect the association equilibrium.

Fig. 3 shows the concentration dependence of reduced
weight-average elution volume of phospholipase A, in the
presence of the micellar substrate ([S] = 20 mg/ml) and the
inhibitor Ba2+. This dependence is linear. Extrapolation to
zero concentration gives the value of 0.54 which corresponds
to the reduced elution volume of the dimer.

Hence, the chromatographic data shown in Fig. 4 lead to
the unequivocal conclusion that the micellar substrate comple-
tely shifts the association equilibrium of phospholipase A2
towards the dimer. However, this dimer forms a complex with

the micelle only in the presence of Ca2+

, Whereas Ba2+ pre-
cludes the formation of the complex. After the completion of
the enzymatic reaction the enzyme is regenerated in the form
of the monomer.

Chromatographic method also permits a direct observation
of the reaction between the enzyme and the substrate in a
system saturated with the substrate and various ligands. In
this case differential detection may be used in which the
detector is insensitive to one of the components.

Thus, the product of the reaction between phospholipase
A2 and dihexanoyl lecithin is not detected at the wavelength
of 290 nm. Fig. 4 shows the stepwise zone of the micellar
substrate which is eluted in the form of a complex polymodal
chromatogram. Furthermore, the peaks of the leading front are
due to the formation of thermodynamically stable micelles with

a large size and the plateau region at the rear front corres-
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Fig. 4. Frontal chromatograms of phospholipase A2 (C = 0.2

mg/ml) (1,4) and the substrate in the range of true

solutions (2) and micellar concentrations (3). Buffer
solutions containing a micellar substrate and 20 mM of
Ba2+ 2+

pectively; detection was carried out at 290 nm. A
2+

or Ca were used for the elution of 1 and 4 res-

buffer solution containing Ba was used for the elu-
tion of 2 and 3; detection was carried out at 230 nm.
VOl and VOt are elution volumes for the substance ex-
cluded from the gel pores for the leading and the

tailing fronts of chromatograms (blue dextran). Vel
and Vtt are complete elution volumes for the leading and
the tailing fronts of chromatograms with tryptophan.

Vw - the centre of gravity of the leading front.

ponds to the equilibrium concentration of the monomeric

substrate.

The reduced elution volume for micelles determined from

the centre of gravity of the leading front \—IW/Vt is 0.52, i.e.

the micelles are of an average size close to that of the di-

meric phospholipase A

2 (R = 21 ®) because the presence of the

complex would lead to a considerable decrease in retention
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volume as compared to that for the dimer.

If phospholipase A2 is eluted in a system with a promoter
(Ca2+) and a micellar substrate, in the course of chromato-
graphy the substrate undergoes hydrolysis and the monomeric
enzyme is regenerated. Therefore the centroid of the leading
front is displaced toward the reduced weight-average value for
the monomer.

It is important that in this case in the presence of
Ca2+ (Fig. 4/4) the chromatogram of phospholipase A2 reproduces
the shape of the elution curve for the micellar substrate (Fig.
4/3) and in the presence of Ba2+

4/1) .
Hence, by using microcolumn SEC alone it was possible to

is of the usual shape (Fig.

calculate the equilibrium and kinetic association constants
for phospholipase A2 and to establish the mechanism for the
catalytic action of this protein.

Determination of critical concentration of micelle formation

in surfactants by liquid size-exclusion chromatography

Experiments with a diphilic substrate of phosphoplipase
A2 showed that in elution exclusion chromatography of sur-
factants the zone of the monomer is separated from that of
micelles and the area of the former is not related to the
general concentration of the surfactant but depends only on
the thermodynamic properties of the solution: the critical
concentration of micelle formation (CCM). When the proposed
procedure is used, a single chromatogram of the surfactant at
a concentration exceeding CCM is sufficient for the evaluation

of CCM from the following ratio:

surface under the monomer peak x overall concentration of the

total surface under the chromatogram surfactant = CCM

A throroughly investigated substance, sodium dodecyl
sulphate (SDS), was used to check this method. Fig. 5 shows

SDS chromatograms at various concentrations. The calculated
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Fig. 5. Chromatograms of sodium dodecyl sulphate on a
25 cm x 0.1 cm I.D. column packed with Sephadex G-75
at various surfactant concentrations. 1 - monomeric
surfactant, 2 - thermodynamically stable micelles,

3 - micelles undergoing fast recombination.

2

TIME
Fig. 6. Hypothetical chromatogram of fast recombinating

surfactant. 1 - zone of monomer.
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values of CCM are in good agreement with those obtained by
other methods /2/.

The chromatograms of the surfactant are characterized by
some specific features reflecting the dependence of the rate
of micelle dissociation on their size. A range of thermodyna-
mically stable micelles exists (Fig. 5/2), the monomer peak
retains constant surface regardless of the overall concentra-
tion and the peak of thermodynamically unstable micelles is
characterized by a train (the rear front is spread as a result
of micelle dissociation in the column). For the latter peak
retention volume depends on the overall concentration of the
surfactant (Fig. 5/3).

The shape of the chromatogram in Fig. 5 suggests that
the micelles of the surfactant form relatively stable struc-
tures of large size. They are separated according to size
during chromatography and exhibit a long half-life period. If
the recombination of micelles had proceeded rapidly, the
chromatogram should have had the form shown in Fig. 6, i.e.,
would have had a broad train of dissociating micelles passing
into the monomer zone. The size of micelles was evaluated on a

column packed with Sephadex G-75 calibrated with proteins.
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I. INTRODUCTION

The broad applicability of ion-exchange chromatography,
which ranges from separation of inorganic and organic ions to
that of proﬁein molecules and other biomolecules, has made it a
powerful and versatile tool for chemical and biochemical separ-
ations. The technique was originally limited to the use of nat-
ural products such as cellulose, clay and other minerals con-
taining mobile ions that would exchange with ionic materials in
the surrounding solute phase. Because of the low exchange ca-
pacity of these natural products, however, practical utiliza-
tion thereof was limited, and synthetic organic polymers cap-
able of exchangingions were developed.

Among the first generation of synthetic ion exchange mate-
rials were the ion-exchange resins /1/,The fundamental frame-
work of these ion-exchange resins is an elastic three-dimen-
sional hydrocarbon network comprising ionizable groups, either
cationic or anionic, chemically bonded to the backbone of a
hydrocarbon framework. The network is normally fixed, insoluble
in common solvents and is chemically inert. The ionizable func-
tional groups attached to the matrix carry active ions which
can react with or can be replaced by ions in the solute phase.
Therefore, the ions in the solute phase can be easily exchanged
for the ions initially bound to the polymeric resins. Typical
examples of commercially available ion-exchange resins are the
polystyrenes cross-linked with divinylbenzene (DVB), and the
methacrylates copolymerized with DVB. The ion-exéhange resins
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made from polymeric resins have been successfully applied for
the removal of both organic and inorganic ions from aqueous
media but they are normally unsuitable for the separation of
biopolymers such as proteins. This is due, among other things,
to their narrow pores which are unable to accommodate the dif-
fusion of large protein molecules and their hydrophobic nature
leading to high non-specific adsorption and the eventual de-
naturing of protein molecules.

The next generation of chromatographic materials useful
for separation of proteins and other labile biological sub-
stances was based on cellulose ion exchangers. /2/ These lacked
nonspecific adsorption and had practicable pore structure. Such
prior art ion-exchange celluloses are made by attaching sub-
stituent groups with either basic or acidic properties to the
cellulose molecule by esterification, etherification, or oxida-
tion reactions. However, only limited capacity can be achieved
by such derivatization method without destruction of the cel-
lulose structure.

A third generation, of ion-exchange materials, which were
developed to solve some of these problems, were the ion-
exchange gels. Those gels are cross-linked polysaccharides
/3, 4/. They exhibit very low nonspecific adsorption which makes
them ideal as a matrix for biological separations. However,
the porosity of ion-exchange gels is critically dependent on
their swelling properties, which in turn are affected by the
environmental ionic strength, pH and the nature of the counter-
ions. Swelling of gels in a buffer is caused primarily by the
tendency of the functional groups to become hydrated. The
amount of swelling is directly proportional to the number of
hydrophilic functional groups attached to the gel matrix, and
is inversely proportional to the degree of crosslinking present
in the gel. This characteristic swelling is a reversible pro-
cess, and at equilibrium there is a balance between two forces:
The tendency of the gel to undergo further hydration, and hence
to increase the osmotic pressure within the gel beads, and the
elastic forces of the gel matrix. Gels without crosslinking
provide large pores and high capacity due to maximum swelling.
They suffer, however, from the weakness of structure integrity
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and can easily be crushed with a minimum amount of pressure.
Removal of the solvent from the gels often results in collapse
of the matrix. Highly crosslinked gels have mechanical strength,
but lose capacity and pore size due to restrictions in swell-
ing.

The failure of single components to have both capacity and
dimensional stability led to yet another generation of ion-ex-
change materials comprising composite structures, e.g., hybrid
gels. Hybrid gels are made by combining a semi-rigid component
for the purpose of conferring mechanical stability with a se-
cond component, a softer network, which is responsible for car-
rying functional groups. Cellulose, which would otherwise be
very soft and compressible, as well as low 1in capacity, can be
made stronger through hybridizing with cross-linked polyacryl-
ates. The cellulose-acrylate composite matrices developed by us
and applied in the present study are based on this principle.
The media can be made to carry either anionic functional groups
such as DEAE and QAE or cationic groups such as CM and SP, as
well as epoxy groups for affinity. The fabrication of the media
to a thin sheet paper form was performed by conventional paper
making technology.

The composite sheet of active chromatography media is spi-
rally wound around a perforated cylindrical core having a
longitudinal axis to form a plurality of layers around the
axis. The cylindrical core is provided with apertures near the
top for the flow of samples from the circumferential channels
into the open interior of the core and then exiting through the
top aperture. The stationary phase and caps of this subassembly
are sealed by thermoplastic fusion to the core and also to the
ends of the composite media.The whole unit is then slipped into
a cylinder and thermoplastically fused to the cylinder top edge
to form a cartridge. Fluid can thus flow radially from the out-
side through the multiple layers of media to the center core
and exit through the top open channel.

Human plasma was chosen as the bio-model to study the per-
formance and efficiency of protein separation by this cartridge

due to its importance in the bio-medical field.
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II. METHODS AND MATERIALS

The method involves three basic manipulations. The first
step consists of plasma dilution to reduce the electrolyte con-
centration to the ion-exchange operating range. The second step
consists of filtration to remove lipidic substance and fibrin
clots. Finally the third step consists of ion-exchange adsorp-

tion and elution.

Pre-Treatment of Plasma

Outdated human plasma was received from the local Red
Cross. Plasma was first diluted with low-molarity buffer at
1:10 ratio in order to bring the electrolyte concentration
down to the level where ion-exchange process can be conducted
effectively. Otherwise, the counter ion of the electrolytes in
plasma will mask the charge sites causing interference on pro-
tein adsorption. Diluted plasma was applied to a prefiltration
column packed with depth type of filters in stacked form. The

pre-filter material was pure cellulose (ZetaPlus 013).

Ion Exchange Procedure

The preparation of albumin /5/, IgG /6, 7/, and prothrom-
bin complex /8, 9/ by using combination of anionic and cationic
exchangers of Sephadex® and Sepharose® was reported. The ion
exchange property of the present matrix applied in this study
differ considerably from Sepharose, as well as the pure cellu-
losic type as shown from the pH effect on protein adsorption
capacity in Figure 1. We discovered that the chemical behavior
of the ion-exchange groups can be governed by the following
factors: the chemical nature of the solid support where ionic
groups are linked, the length of the spacer where ionic groups
are located, as well as the neighboring chemical groups around
the charge sites. Since the composite matrix we synthesized has
functional groups introduced to the solid structure by poly-

merization instead of derivatization, the optimal condition
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for ion-exchange chromatography on binding and elution of pro-
teins are slightly different than in other matrices. The best re-
sults can be obtained only by observing the pH effect on matrix
adsorption capacity with BSA as an example shown in Figure 1.
In the present study, a 5-in. diameter QAE cartridge containing
approximately 300 grams of matrix material is preequilibrated
by three cartridge volumesof 10 mM phosphate buffer at pH 7.2.
IgG shows minimum interaction toward the matrix under such con-
dition and thus filtered through the cartridge leaving the
other proteins adsorbed on the cartridge. A stepwise elution
was performed to elute the adsorbed proteins separately accord-
ing to their relative strength of interaction toward QAE

groups.

Affinity Chromatography

The affinity matrix was made by grafting the epoxy con-
taining acrylate to the cellulose. The composite structure con-
taining high number of epoxy groups is oxidized by 2% sodium
periodate at room temperature for converting the epoxy to al-
dehyde groups. Ligands such as lysine /10/, arginine /11, 12/,
and benzamidine /13, 14/ can be coupled to the matrix through
Schiff base formation by reacting their respective amino groups
with the aldehyde groups generated in the matrix. The unreacted
aldehyde groups are reduced by 1% sodium cyanoborohydride. 20-

30 mg of ligands were generally bound per gram of matrix.

Assay Methods for Plasma Proteins

Protein separation was continuously monitored by measuring
optical density at 280 nm by Gilson flow cell model. Protein
concentration was determined by UV absorption at 280 nm and
checked by both Biuret Standard Assay from Bio-Rad and also by
nitrogen analysis with Brinkmann Kjeldahl nitrogen analyzer.
Albumin was measured by cellulose acetate membrane electro-
phoresis. IgG, IgA and IgM were determined by radial immune
diffusion kits from Miles Laboratory. Transferrin and oy anti=
trypsin were determined by radial immuno diffusion assay from
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Figure 1. Effect of pH on protein adsorption by cellulose-
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Kallestad Laboratories of Austin, Texas. The sensitivity of
these kits is approximately 2.73 mg/dl for o, anti-trypsin and
1.5 mg/dl for transferrin. The purity of IgG and albumin were
checked by HPLC using a Beckman Model 100 A liquid chromato-
graph.

The protein adsorption capacity study was conducted by
mixing 100 ml of bovine serum albumin, or other proteins of in-
terest, at 10 mg/ml concentration dissolved in 10 mM phosphate
buffer of specific pH with 1 gram of media for 1 hour. After
centrifugation the protein loss in the supernatant was measured
by 0.D. 280. 10 mM acetate buffer was used at pH below 6.0.

SDA-PAGE was performed on 5-15% gradient gels (0.075

cmx60 cmz) and run on a Bio-Rad Mini Vertical Slab Cell for 40

minutes at 200 V (constant voltage). The gel was stained with
Coomassie Blue. Percent purity of various fractions was deter-
mined by densitometry (Helena Quick Scan).

The plasminogen concentration was determined by the chromo-
genic substrate S-2251 and the Kallikrein by S-2302 from Kabi
Stockholm, Sweden, and by following the procedure prescribed in
the work of Alving et al. /17/.

IIT. RESULTS

One liter of diluted and filtered plasma containing 62
grams of total protein was applied directly to the preequi-
librated cartridge (zZetaPrep HP 3200 QAE) at 400 ml/min. The
pressure drop across the cartridge was 5 psi. The filtrant was
found to be highly pure IgG as measured by electrophoresis on
cellulose acetate and further confirmed by SDS-PAGE. More than
80% of IgG was recovered. The cartridge was then eluted step-
wise according to the conditions specified in Figure 2 and also
in Table 1. Peak B in Figure 2 immediately following the fil-
trant was also identified as IgG. It is tentatively identified
as IgG subclass 4. Peak C was found to be transferrin of 85-90%
purity. The majority of plasma proteins were eluted in Peak E
which was a mixture of o4 antitrypsin, and albumin with IgA ap-
pearing at the beginning of the peak and IgM at the tail part

of the peak. Figure 3 illustrates the relative locations where
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Table 1. Plasma Protein Recovery from the QAE Cartridge

Sample Elution Condition Total Protein Plasma Protein Components
Identification pPH Conductivity Recovery IgG Transferrin AT Albumin

Peak A 7.18 3105 4.92 g 4.92 g 0 0 0
B 7.14 315 0,35 0::35 0 0 0
(& 6.53 4.30 2.64 traces 2.45 0 0
D 6::05 4.60 0.24 traces 023 0 0

E 4.45 5.65 21.80 traces 017 176 g 20.0

F 4.40 1124559 8.14 g 0 0 0 8.0

G 4.15 3950 3.86 g 0 0 0 1
H 4.0 80.0 0.1 g 0 0 0 0




the minor protein components were found. Both fibrinogen and

plasminogen were detected in Peak E. Haptoglobin and complement
s
ance shown in Table 1 was estimated from the combination of

and C5 were found to be present in Peak G. The material bal-

electrophoresis pattern, RID and Bio-Rad protein assay. Trans-
ferrin recovered in Peak C can be further purified on a DEAE
cartridge at pH 6.4. When the albumin fraction (Peak E) is ap-
plied to an SP cartridge at pH 6.4, the albumin should pass
through unadsorbed, while transferrin and other proteins are
retained on the cartridge.

Proteolytic enzymes such as Kallikrein have been identi-
fied as a major causé of IgG instability due to cleavage of IgG
molecules (15). The removal of Kallikrein by benzamidine and
soybean trypsin inhibitor (STI) was performed by coupling the
ligands on the epoxy containing matrix shown in Figure 4.
Better results were obtained with STI ligand than with benza-
midine under similar conditions. However, it was found that the
STI ligands are more sensitive to environmental conditions
probably due to their relatively complex structure as compared
to benzamidine. The removal of plasminogen from albumin eluted
in Peak E by a lysine affinity column was performed under the
conditions also prescribed in Figure 4. The sequence of the
entire plasma process is shown in Figure 5. The yield of each
protein component was proven to be over 80% from a number of

tests conducted in the laboratory,
IV. DISCUSSION

The major advantage of applying ion-exchange chromato-
graphy in protein separation is that high purity products can
be obtained by avoiding protein denaturation caused by exces-
sive steps of solvent treatments involved in the Cohn process.
vThe formation of aggregates and degradates in proteins received
from Cohn process are eliminated in the AMF chromatography pro-
cess.

The major drawback in applying chromatography to large
volume plasma fractionation has been the limitation in flow

rate and the pressure build-up due to the swelling of the con-
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(a) Kallikrein removal by Benzamidine column

Human IgG in Peak A from QAE cartridge

Volume = 1 liter
Protein conc. = 0.25%
Buffer: 10 mM NaH2P04 131 milli unit of active K/ml
pH: 6.4
+0.15 M NaCl Column size= in. 3 cm
Flow: 20 ml (3 um particles)
per min | Benzamidine coupled
= 500 mg
Kallikrein eluted from
l the column by 0.2 M
Glycine HC1l at pH 2.3

IgG free of Kallikrein

(b) Plasminogen removal by Lysine column

Albumin in Peak E

Volume = 2.5 liter
Protein conc. = 0.1%
0.21 active units/ml

Buffer: 10 mM Column size= 3 cm

phosphate (3 um particles)
pHe 7.4 #0.15 Lysine coupled
M NaCl = 300 mg

Flow: 20 ml/min

by 0.1 M € Amino

Plasminogen eluted
l caproic acid pH=40

Albumin free of plasminogen

Figure 4. Proteolytic enzyme removal by affinity
chromatography
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1 liter plasma

Diluted 1:4 with 0.005 M
phosphate buffer
pH=7.14 conductivity=3.65 mS

cellulosic

pre-filter

l

5 in. dia.x 9 1/2 cm length
QAE cartridge

Unbound Eluted luted
IgG  Transferrin Albumin
Benzamidine Lysine Affinity
Affinity Column Column
Kallikrein Plasminogen
free IgG free Albumin
Figure 5. Sequence for separating plasma proteins by ion

exchange and affinity cartridges
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ventional matrices. The general approach on resolving this
problem is to strengthen the matrix through cross-linking. The
composite matrix reported here demonstrated the applicability
of this semi-rigid thin sheet media for large scale operations.
The cartridges can be connected either in parallel or in series
or in combination for handling large volumes of bio-fluids.
Contact time required for adequate adsorption of proteins on
ZetaPrep cartridges was found to be in the order of 1 to 3
minutes. Adequate resolution can be achieved by using a 5-inch
diameter cartridge as demonstrated from the present study. High
protein yield are usually obtained when the protein of interest
passes through the cartridge as a filtrant with the impurities
adsorbed to the cartridge.

The simplicity of the cartridge system eliminates the cum-
bersome procedures of column packing and pre-conditioning or-
dinarily involved in chromatography. Since very little is known
about the kinetics and radial diffusion of the cartridge struc-
ture, the best flow condition for maximum utilization of capac-

ity can only be learned from field testing.
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SUMMARY

Controlled pore glass activated with vanillin was chosen
for the separation of anionic proteins from Trametes versicolor
fungus by affinity chromatography. The chromatographic separa-
tion was optimized by the regulation of the boron concentration
on the surface of the controlled-porosity glass by heat treat-
ment. Better resolution of anionic proteins was obtained by the
modification of the MgCl, concentration in the linear gradient.
The separated anionic protein fractions contained peroxidase,
laccase and glucose oxidase. It is assumed that the vanillin
affinity of these enzymes is significant for their physiologi-
cal role in lignin biodegradation.

INTRODUCTION

The woody plant tissues contain about 20-30% lignin. Lignin
is a phenylpropane biopolymer (Fig. 1). The phenylpropane sub-
units form lignin. The phenylpropane subunits of lignin are
coupled by a number of linkage types. They are bound to each
other via aliphatic chains or aromatic rings. Due to that lig-
nin is a very complex and variable molecule. Therefore, the en-
zymatic pathway of lignin biodegradation is not yet well under-
stood. Many authors agree that fungi possess enzymatic abili-
ties for lignin biodegradation /1, 2, 3/. The so-called "white
rot" fungi which are especially good lignin degraders have been
described. Amoung them there are two types of fungi, Trametes

versicolor and Phanerochaete chrysosporium /1, 2, 3/.
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Fig. 1. Cinnamyl unit-precursor of lignin.

The products of lignin biodegradation by "white rot" fungi
were discovered and described by Chen et al. /4/ and Leatham
and Kirk /5/ (Fig. 2). As shown in Figure 2 one of the enzy-
matic products of lignin biodegradation is vanillic acid. Usu-
ally the products of the enzymatic reaction form complexes with
corresponding enzymes.

The present paper describes the possibility of a specific
separation of fungal enzymes from the mycelium of Trametes ver-
sicolor fungus through affinity chromatography using vanillin
as the ligand. The fungal enzymes separated by the optimized
affinity procedure are probably useful in lignin biodegrada-

tion.

MATERIAL AND METHODS

Cultures

Pure culture of Trametes versicolor (L.ex Fr/Quel) was sup-

plied by the Museum of Fungi in Paris. The mycelium of Trametes
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versicolor was grown in submerged cultures on the mineral me-
dium as described earlier /6/. Five-day-old mycelia were homo-
genized and proteins from the homogenate were precipitated
using 80% saturated (NH4)ZSO4. The precipitate was dissolved in
0.005 M acetate buffer, pH 5.4, dialyzed and lyophilized before

further use.
Methods

Protein was determined according to Lowry et al. /7/. Per-
oxidase (EC 1.11.1.7) and laccase (EC 1.10.3.2) activities were
determined as described earlier /6/. Glucose oxidase (EC 1.1.3.4)
activity was estimated after Svoboda and Massey /8/. The elec-
trophoretic separation of proteins was carried out in the sys-
tem of Laemmli /9/ with Na2504. The gels were loaded with 100 ug
protein samples. After electrophoresis the gels were. stained
with Coomasie Blue G 250 and destained as described earlier

710/

Controlled porous glass activation

Controlled-porosity glass (CPG) was prepared from sodium
borosilicate Vycor glass and kindly supplied for our experi-
ments by Dr. A.L. Dawidowicz (Department of Physical Chemistry,
M. Curie-Sklodowska University, Lublin, Poland). In affinity
experiments two types of CPG were used:

1. Sodium borosilicate Vycor glass (100-200 um fraction)
was prepared as previously described /11/. The physico-chemi-
cal properties of CPG were: specific surface area 171.6 mz/g

and average pore diameter 79 2 (cpc - No 1).

2. Sodium borosilicate Vycor glass (100-120 um fraction)
had the same physico-chemical properties as the glass descri-
bed above but it was modified by further thermal treatment (20
hrs at 7OOOC) which led to the enrichment of their surface in
boron atoms /12/. This material was also additionally hydroxy-
lated by etching in 3N HC1l at 100°C for 1 hr (CPG No 2):.

The CPG was further activated with V-aminopropyltriethoxy-

silane and vanillin before use for chromatography column pre-

226



paration as described earlier /11/. Each of the CPG activated
with vanillin was packed in a 6.0 cm x 0.5 cm I.D. column. The
columns were equilibrated with 0.02 M acetate buffer, pH 5.4. A
sample containing 15 mg of fungal proteins dissolved in this
buffer was added to the top of the column. Proteins were eluted
and collected in three fractions as shown in Figures 3 - 6. The

eluate was always collected in 5 ml portions.

RESULTS AND DISCUSSION

In earlier papers it has been shown that the heat treat-
ment and hydroxylation of CPG can modify the elution profile of

fungal proteins in the chromatographic procedure using vanillin

pH 54 pH 54 —=36 (NH, )5 SO,
3 0—=07M
A280
10F
* + + >
2
4100 <
2
O] @ c
3
&
05
' ' 450
| | | i | 1

20 40 60
Tube number

Fig. 3. Affinity chromatography of fungal proteins activated
with vanillin. The matrix was sodium borosilicate Vycor
glass (100 um) heated at 500°C for 4 hrs. Specific sur-
face area, 171.6 mz/g. Average pore diameter, 79 X. The
column (6.0 x 0.5 cm I.D.) was equlibrated using 0.05 M
acetate buffer, pH 5.4, and then two linear gradients of
pH and (NH4)2SO4 were used in 2 x 50 ml volumes.
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Fig. 4. Affinity chromatography of fungal proteins activated
with vanillin. The matrix was sodium borosilicate Vycor
glass, 100 um, additionally heated at 700°C for 20 hrs
and hydroxylated. The column was equilibrated using
0.05 M acetate buffer, pH 5.4, and then two linear gra-
dients of pH and KNH4)2SO4'in 2 x 50 ml volumes.

as the ligand /10, 11/. This paper presents results or further
experiments with two types of CPG matrices and vanillin as the
ligand for the optimization of the affinity chromatography pro-

cess of fungal enzymes from Trametes versicolor.

As shown in Figure 3 the proteins from the mycelium homo-

genate of Trametes versicolor are separated into three main

fractions of the chromatography column using CPG No 1. The
first fraction contains proteins which have no affinity to van-
illin. The second and third protein fractions are separated on
CPG No 1 but they are not homogenous in polyacrylamide gel
electrophoresis (Fig. 3). It should be mentioned that the lat-
ter fractions are interesting in regard to the main topic of

this paper (Fig. 3).
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Fig. 5. Affinity chromatography profile of the third fraction
of fungal proteins on the CPG column activated with
vanillin. The CPG matrix is as given in Fig. 2. The
first two steps of chromatégraphy are identical to in
Fig. 2 and are omitted. The Figure shows the optimiza-
tion process of the elution using NaCl or MgCl2 gradi-
ents.

By changing the CPG matrix (CPG No 2) it has been possible
to separate the proteins of fraction II into 2 peaks (Fig. 4).It
was then checked out by means of MgCl2 and NaCl concentration
gradients replacing (NH4)ZSO4 gradient elution for a better
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Fig. 6. Affinity chromatography of fungal proteins activated
with vanillin. The CPG matrix is as given in Fig. 2.
The sequence of the elution was as follows: I) 0.05 M
acetate buffer, pH 5.4; II) linear pH gradient 0.05 M
acetate buffer, pH 5.4 - 3.6 (2 x 50 ml); III) MgCl2
gradient 0.2 -:1.2 M. Protein heterogeneity is shown
in the form of polyacrylamide gel electrophorograms.
The dimensions of the column size are the same as in

the other figures.

separation of fraction III of the fungal proteins. The results
are shown in Figure 5. The elution profile of fraction III pro-
teins from the column was optimalized using MgCl2 gradient

(Fig. 5). The same concentrations of NaCl as MgCl2 used for

fungal fraction III elution give no positive results. Only 0.7
M (NH4)2$O4
activated CPG column (Fig. 5). Figure 6 shows the fully opti-

enables elution of fraction III from the vanillin-

mized elution profile of fungal proteins from the chromatogra-
phy column. This figure also presents the discovered enzyme ac-

tivities and electrophorograms. In the flow-through fraction I
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a laccase-type enzyme was discovered. It is interesting that
another form of a laccase type enzyme was present in fraction
IITI which possesses a high affinity to vanillin.

The most interesting finding is the separation profile of
fraction II (Fig. 6). Two forms of peroxidase have been observ-
ed. One form of peroxidase was also homogenous in the electro-
phoresis. The other isoform of peroxidase was eiuted together
with the glucose oxidase activity. In this elution peak two
protein forms have also been observed in disc electrophoresis
(Fig. 6). It is significant that glucose oxidase activity ac-
companies the peroxidase. Glucose oxidase catalyzes glucose
oxidation and in this reaction H,0, is the first substrate of
peroxidase while the second products are phenolic compounds. It
is possible that glucose oxidase forms an enzymatic complex
with peroxidase and thus these enzymes could have better steric
cooperation in the oxidation of phenolic compounds.

As conclusion, it should be stated that in the mycelium of
Trametes versicolor fungus some anionic proteins have differ-

entiated affinity to vanillin. These proteins also have enzy-
matic activities connected to the oxidation of phenolic com-
pounds which implies their physiological role in the biotrans-
formation process of lignin.
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