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Vol. VII 1960 No. 1

P. SZAFRANSKI, M. BAGDASARIAN and L. TOMASZEWSKI

VITAMIN B, AND THE ACTIVATION OF AMINO ACIDS*

Instytut Biochemii i Biofizyki PAN,
Zaklad Chemii Fizjologicznej, AM, Warszawa
Kierownik: prof. dr J. Heller

Wagle, Mehta and Johnson [7, 8] have suggested some role of vitamin
Bys in the protein biosynthesis. They have shown that the incorporation
of labelled amino acids into protein in vitro has been lower in microsomes
deriving from livers and spleens of vitamin B, deficient rats than in
those deriving from normal animals. The addition of vitamin Bjs; has
risen the rate of amino acids incorporation in preparation deriving from
the vitamin deficient rats. It has been stated later that the rate of amino
acids activation has been lowered by as much as 40% when an
antivitamin, namely the vitamin By, anilide, was added. The experiments
performed by these authors to study the localization of vitamin By in
the celle have revealed that it occurs mainly in microsomes and in the
supernatant collected during centrifugation of the microsomes. It has
been stated on fractionation of the supernatant that 76% of the vitamin
present in it has been precipitated at pH 5 with the amino acid activating
enzymes. The preliminary fractionation of “pH 5 enzymes” has proved,
that nearly whole vitamin B, has been precipitated with the protein at
the ammonium sulphate saturation 0.4 to 0.6. This fraction represents
a mixture of the crude amino acid activating enzymes. Basing upon these
results Wagle, Mehta and Johnson [8] have suggested that vitamin Bja
plays some role in the amino acids activation. These reports have been
criticized recently [1, 4], but all the experiments, both those supporting
the hypothesis and those contradicting it, have been carried out on the
only slightly purified enzymatic preparations. Therefore, we have decided
to isolate the tryptophan activating enzyme up to the stage of its high
purity and to follow the vitamin B;, contents in various fractions
obtained during the process of the purification.

* Presented at the III International Symposium on Vitamins, Poznan,
21—24.1X.1959.
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4 P. SZAFRANSKI, M. BAGDASARIAN and L. TOMASZEWSKI [2)

EXPERIMENTAL

The tryptophan activating enzyme was isolated from the ox pancreas
acetone powder. The method described in the following appears to be
more convenient than that referred to by Davie, Koningsberger and
Lipmann [2], since it allows to obtain a powder retaining its activity on
storage and gives a high yield of active enzyme.

Methods. The activity of the tryptophan activating enzyme was
estimated by hydroxamic method [2]. Glycine hydroxamate prepared
according to Safir and Williams [6] was employed as the standard
solution. The accuracy of the method in our experiments remained
within the limits of £ 5% The vitamin By, content was estimated by
means of the Ford’s microbiological method wusing Ochromonas
malhamensis [3]. This method has been chosen for its high sensibility
and almost absolute specificity towards cyanocobalamine.

The protein content was estimated by the biuret method [5].

Acetone powder. 500 g. of fresh pancreas, free from fat and
conjunctive tissue was minced in a mincer with holes of about 1.5 mm.
in diameter. The tissue minced in this manner could be subsequently
well dehydrated and yielded a powder of long stability. The minced
pancreas was treated with 3 1. of acetone cooled to —15° and the
extraction was carried out for 15 min. at about 0°. Then the suspension
was quickly filtered under vacuo and the extraction twice repeated with
2 1. of cold acetone each time. The powder was washed with 500 ml.
of cold acetone on the Biichner funnel and dried quickly at room
temperature with a stream of cold air. The powder stored in vacuum
dessicator over CaCl, at 4° retained its activity for several months.

Fractionation. All the manipulations were performed at 0°. 50 g. of
the acetone powder were extracted with 700 ml. of 0.05M-KCl for
20 min. and stirred occasionally during this extraction. The suspension
was centrifuged for 15 min. at 4000 g, the sediment discarded while the
extract was collected and the activity of the tryptophan activating
enzyme was determined in it, as well as the vitamin Bj; content
(Fraction I). The results obtained in this fraction from different acetone
powders varied from 0.4 to 1.5 umoles of the hydroxamate formed per
1 mg. of protein per hour. The vitamin By, content in the same fraction
ranged from 0.6 to 2.1 mug. per 1 mg. of protein.

To further purification the extract was acidified with 2 N-acetic acid
to pH 4.55 and centrifuged at 4000 ¢. Vitamin By, was estimated in the
supernatant. It amounted for about 20% of the quantity found in the
extract from acetone powder. The remaining 80%0 was precipitated with
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the amino acid activating enzymes at pH 4.55. This precipitate was then
dissolved in 200 ml. of 0.2 Mm-Tris buffer, pH 7.6, and the insoluble
residue discarded after centrifugation. The supernatant, called Fraction II,
contained only 30°% to 60% of the vitamin By, that had been extracted
from acetone powder, since some part of the vitamin was discarded with
insoluble proteins. The total enzymatic activity of this fraction was
lower than that of Fraction I, the difference being 30°% to 45%, while
the specific activity was in certain cases more than twice that found in
Fraction I.

Solid ammonium sulphate was added to the Fraction II to give 0.45
saturation, the resulting precipitate was removed by centrifugation at
30000 g for 10 min. and discarded. The supernatant was acidified with
2 ~-acetic .acid to pH 4.55, centrifuged at 30000 g, the precipitate
dissolved in 20 ml. of Tris buffer, pH 7.6, and the insoluble residue
discarded (Fraction III). The loss of the total activity during the
preparation of the Fraction III was 20% to 50%, as compared with
Fraction II, but the specific activity was 8 times higher. It was rather
a considerable increase when compared to that observed during the
passage from the first fraction to the second.

Saturated ammonium sulphate solution was then added to the
Fraction III to reach up 0.45 saturation. The resulting precipitate was
discarded after centrifugation at 30 000 g for 10 min. and solid ammonium
sulphate was added to the supernatant up to 0.6 saturation. The
obtained precipitate was centrifuged in the similar manner and dissolved
in 10 ml. of water (Fraction IV). The loss of total activity at this step
was 45% whereas the specific activity increased about 3 times and the
vitamin By, content 2 times, as calculated per 1 mg. of protein.

Fraction IV was submitted to dialysis for 2 hours against 4 1. of
distilled water stirred continuously. The precipitate being discarded, the
liquid was acidified with 0.1 ~-acetic acid to pH 4.8 and centrifuged at
30 000 g for 5 min. Thus obtained precipitate contained the very active
enzyme but its specific activity was somewhat lower than that of the
next fraction. The supernatant was acidified with 0.1 N-acetic acid to
pH 4.55 and centrifuged at 30 000 g for 10 min. The resulting precipitate
was suspended in 2 ml. of water and some few drops of 0.1 N-NaOH
were added to give pH 6.5. The insoluble residue was removed by
centrifugation and discarded. The supernatant was the Fraction V. The
loss of activity was sometimes considerable at this step of the procedure
and reached up even as much as 80% of the total activity found in the
Fraction IV, but the specific activity increased strongly, and so did the
vitamin By, content as calculated per 1 mg. of protein. Fraction V
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contained the highly purified enzyme which showed one main fraction
and only some unsignificant contaminations on acetylocellulose
electrophoresis. The electrophoresis was carried out in 0.05 M-veronal
buffer, pH 8.5 for 3 hours, 0.6 mA being applied on 1 em. of the strip.
We have succeeded to crystallize the enzyme out of Fraction V using
ammonium sulphate (Phot. 1). The enzyme has been also crystallized at

Phot. 1. Crystals of tryptophan activating enzyme

its isoelectric point reached up with acetic acid. It was, however,
impossible to recrystallize it on account of too small amounts of the
enzyme. The specific activity of the crystalline enzyme was the same as
that found in Fraction V from which it had been crystallized.

The results of two typical fractionations have been gathered in
Table 1. The amount of vitamin Bj, as calculated per 1 mg. of protein
increased along the purification of the enzyme. Thus it might look
likely that the vitamin was bound to the tryptophan activating enzyme.
When one considers, however, that the molecular weight of vitamin B,
is 1300, while that of the enzyme is 20000 to 30000, according to
Lipmann et al. [2] one can calculate that there should be one molecule
of the vitamin for every 4000 to 6000 molecules of the enzyme. If the
equimolar ratio vitamin/enzyme were assumed, the molecular weight
of the enzyme would have to be about 130 000 000. There is no doubt,
however, that some considerable concentration of the vitamin is obtained
during the purification of the enzyme.

Another suggestion arises that the enzyme has some specific ability
to adsorb the vitamin selectively. To study this hypothesis the extract
of acetone powder containing itself about 20 ug. of vitamin B, was
treated with the equal amount of the vitamin, and the whole fractionation
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procedure was performed on the so enriched extract. The contents of
vitamin By, in individual fractions varied with the same range of values
as they did in the corresponding fractions of the extract without the
vitamin added. Thus the last experiment did not provide any evidence
for the selective adsorption of vitamin By on the tryptophan activating
enzyme. Yet it did not exclude this possibility, since the enzyme might
be completely saturated with the vitamin present in preparation
originally. It was possible, too, that vitamin By; was bound to other
proteins accompanying the enzyme, since electrophoresis showed that
even the preparations of the highest purity still contained some
contamination of heterogeneous proteins. Our results, when calculated as
the total vitamin By, content in the purified ehzyme, showed that the
vitamin occurred in amounts which could be considered as contamination only.

These results are not the only ones contradicting those of Johnson
et al. [7, 8], since Arnstein and Simkin [1] when working like Johnson on
rats have not found any difference between the rate of the protein
synthesis in the vitamin Bj,-deficient rats and in the normal ones.
Microsomes isolated from the livers of the vitamin By,-deficient rats and
from those deriving from the normal ones have shown the same rate of
incorporation of !*C-labelled amino acids. The addition of vitamin By,

Table 1
Vitamin Byy content in different fractions during purification of the tryp-
tophan activating enzyme isolated from ox pancreas

The figures are the results of two experiments a and b. The fractionation was
carried out on 50 g. of acetone powder.

{ | - | ivi s :
Fraction i E;‘;‘::’ 'prot:;:rt?:x\g)! 'y:(?f“;gtgtgf vit:-?it;“mz l ﬁ;’;%f ‘ v(nx::‘sl/l:n:.n
l , : ’ mate/hr.) (mi:g) mate/mg. of | of protein)
1 f | protein/hr.) |
e a T 19380 | 14922 | 1783 | 071 | 09 .
Lt i 11480 | 17000 | 24820 1.48 e
3 : | a 8815 | 8342 10910 ﬂ' Vr_'l_.z_s_‘—'
b 3740 12 144 8 380 3.25 224
> il 508 | 4014 1764 7.90 347 |
2 ) v 9193 | 2410 | 13.60 T
A 1 a | 2271 | 2215 | 1180 2000 | 530
W b i =agnt 8928 | 2285 3000 |1 765
LV a 290 | 1363 | 180 |- 47.00 630
b | b B 1B | T8N | 4380 T90s
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to the former preparations did not influence the rate of amino acids
activation nor that of their incorporation into microsomes.

It results apparently, from our experiments, that vitamin By, is not
any component of the tryptophan activating enzyme. Hence Johnson’s
suggestion on the direct participation of the vitamin in the amino acids
activation does not appear to be justified.

The authors wish to express their very thanks to Prof. dr Wi
Mozolowski for his most valuable discussion on the paper presented.

One of the authors (P. S.) wishes to thank Dr. T. S. Work for the
guidance in isolation of the tryptophan activating enzyme in the National
Institute for Medical Research, Mill Hill, London.

SUMMARY

The tryptophan activating enzyme was isolated from the ox
pancreas acetone powder. The amount of vitamin By, as calculated per
1 mg. of protein increased on purification and reached its highest value
in crystalline enzyme. However, when molecular weight of vitamin By,
was considered, as well as that of the enzyme. it resulted from the
calculations that one molecule of the vitamin corresponded to 4000-6000
molecules of the enzyme. Thus, it became apparent that vitamin By, did
not take any direct part in the tryptophan activation.
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WITAMIN Bi: I AKTYWACJA AMINOKWASOW

Streszczenie

Z proszku acetonowego otrzymanego z trzustki wolowej wyizolowano
enzym aktywujacy tryptofan. Ilo§¢ witaminu B, w przeliczeniu na mg
bialka wzrasta podczas oczyszczania enzymu az do stadium krystalicz-
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nego. Z przeliczen jednak uwzgledniajacych ciezar czasteczkowy wita-
minu By, i ciezar czasteczkowy enzymu wynika, ze na jedna czasteczke
witaminu By, przypada 4000 do 6000 czasteczek enzymu. Widaé stad, ze
witamin By, nie bierze bezposredniego udzialu w aktywacji tryptofanu.

Otrzymano 6.7.1959 r.

Addendum. Johnson has recently revised his opinions concerning the
eventual role of vitamin By, in the amino acids activation at the session
of the 3-rd International Symposium on Vitamins which took place on the
21 to 24 September, 1959 at Poznan. He suggests now that vitamin Byg
plays some role in the next step of the protein biosynthesis, i.e. in the
transfer of the activated amino acids to the soluble ribonucleic acid.

It seems, however, that it is very difficult to interpret his results,
since under conditions of the experiments the activated amino acids do
acylate proteins non-enzymatically what falsifies to some extent the
values found for the enzymatic incorporation of amino acids into protein
(Moldave K., Castelfranco P., Meister A.. J. Biol. Chem. 841, 234, 1959).
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Kierownil:: prof. dr J. Heller

It is admitted, that the protein biosynthesis does occur in microsomes.
‘This opinion is based upon the observation, that when !*C-labelled amino
acids are administered to animals the greatest part of the radioactivity is
recovered in microsomes of liver, which is known to be an organ of
high protein biosynthesis. Yet a part of *C-labelled amino acids appears
in soluble cytoplasmic proteins, too. The question arises, whether there
is any relationship between proteins of microsomes, and perhaps of other
subcellular structures, on the one hand, and those of the soluble
cytoplasm, on the other. Some data indicate that there exists such
a relationship, indeed. Simkin [8] has incubated labelled microsomes
within the system applied usually to follow the protein biosynthesis in
vitro, and has stated that radioactive proteins have appeared in the soluble
fraction. Peters [6] has shown that the extraction of microsomes, as well
as of mitochondria, with deoxycholate has liberated a protein which was
immunologically and electrophoretically similar to the serum albumin.
Campbell et al. has obtained similar results [2].

The present experiments are related with our previous work [7], in
which we have fractionated soluble cytoplasmic proteins, which have
shown a high rate of incorporation of radioactive amino acids. In this
paper we present the results obtained on fractionation of the radioactive
microsomal proteins, using the methods applied previously to soluble
proteins. Thus, we are able to compare microsomal proteins with the
soluble cytoplasmic ones. The comparative electrophoretic studies have
also been done on these two groups of proteins.

(833)]
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EXPERIMENTAL

Methods. *C-labelled amino acids were prepared by hydrolysis of the
Chlorella radioactive protein [7].

The isolation of ribonucleic acid (RNA) and protein were carried out
as described in the previous report [7], as well as the measurement of
the radioactivity of protein.

Nitrogen was estimated by the Kjeldahl method [1].

Protein was determined at 290 mu in Unicam SP 500 spectrophotometer
[10].

RNA was determined at 260 mu, the yeast RNA being used as
standard [5].

Paper electrophoresis was performed according to Kohn [4].

Preparation of microsomes

Guinea pigs, 6—38 months old, were used for experiments. They were:
starved for 24 hours, then injected with the mixture of radiocactive amino
acids into jugular vein, the administered dose heing 36 wc/kg of body
weight. Animals were Kkilled by decapitation 30 minutes after the
injection, and livers were removed. Further procedure aiming to get
microsomes was identical to those described earlier for the supernatant
[7]. The microsomal material obtained after centrifugation at 42000 g
was suspended in 38% (v/v) glycerol. The volume of glycerol was twice
that of fresh liver tissue. The suspension was centrifuged at 42 000 g for
45 min., then the speed was reduced for about 10 min. Microsomes were
washed once more with glycerol in the same manner. 24 grams of liver
yielded usually 38 mg. of total microsomal nitrogen.

Fractionation of microsomes

Microsomes washed with glycerol were divided into two parts and
extracted after a procedure based on the method of Simkin and Work [9].
One part was treated with 0.5 ml. of 1mM-NaCl solution per 1 mg. of
microsomal nitrogen, while the same amount of 0.1 M-NaHCO,/Na,CO,
buffer, pH 9, was added to the other. The two suspensions were
homogenized in homogenizer with polyacrilic piston for 45 sec. at
1500 r/min., and allowed to stand for 20 min. in ice. Then, they were
centrifuged at 42 000 g for 15 min. The sediments were treated once more
with 1 wm-sodium chloride solution or 0.1 m-carbonate buffer, pH 9.
respectively, in amounts of 0.25 ml. per 1 mg. of microsomal nitrogen,
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homogenized as previously, and the insoluble residue removed by
centrifugation, while the supernatants obtained on both extractions were
combined.

Thus, two extracts of microsomes were obtained: one of them
contained proteins dissolving in 1wm-sodium chloride, while the other,
those soluble in 0.1 m-carbonate buffer, pH 9. The both extracts were
subfractionated subsequently by means of calcium chloride and
ammonium sulphate at their various concentrations [7].

The contents of RNA and protein, and the
radioactivity of protein

Table 1 shows the contents of microsomal RNA and proteins, soluble
in 1 m-sodium chloride, as well as the RNA/protein ratios found in each
fraction. It can be seen that over 73%o of RNA and 57% of proteins were
found in fractions precipitated at ammonium sulphate saturations of 0.3
to 0.5. The other fractions were less aboundant in these compounds.

Table 1

The protein and RNA contents in the individual fractions of the Guinea
pig liver microsomal nucleoproteins soluble in 1wm-sodium chloride
The extracted suspension of microsomes con‘ained 18 mg. of total nitrogen. Protein
was estimated at 290 mu, RNA at 260 mpu.

Final concentration ] Protein 0/y of to- RNA 0/y of to- i RNA/pro-
of salt | (mg.) tal protein (mg.) tal RNA ‘ tein ratio
B E————— : T
0.004 M-CaCl 3L o 0.09 09 | 003
0012 ,; o A BRI L T 0.6 ’ 0.02
002s ., .. 3.96 60 | o004 | 03 | o0l
0.2 saturation of | | ‘ ’ l
(NH4),S04 32 | 47 | 014 1.3 ‘ 0.04
03 Ly B Looads | 128 © 027 | 27 | 003
0:4:1 Bson ks fi2432) |- 368 390/ .| 11387, | 016
. o V] R 5 ol R ’ 3200 '| Y357 0.63
0.6 e e | 261" | 3.7 0.20 \ 1.9 0.08
08 e Progoe | 64 | ok | 2s 0.06
1.0 e i 2.88 ‘ 4.2 0.02 ‘ 0.2 0.01
Nucleoproteins before I ! ‘ l
fractionation 65.54 | 100.0 | 1009 | 1000 0.15

The distribution of proteins among the fractions obtained from the
carbonate extract of microsomes, presented in Table 2, differed from this
described above. Nearly the half of proteins was precipitated within three
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Table 2

The protein and RNA contents in the individual fractions of the Guinea
pig liver microsomal nucleoproteins soluble in 0.1 m-carbonate buffer, pH 9

The extracted suspension of microsomes contained 16 mg. of total nitrogen. Protein
was estimated at 290 mu, RNA at 260 mu

Final concentration ! Protein | 0/ of to- | RNA ' 0/y of to- ! RNA/pro- {
of salt | (mg.) ! tal protein (mg.) | tal RNA | tein ratio |
0.004 M-CaCl, 4.10 7 R R 1l i TR fe )
0.012 ,, ,, . 8.64 11.0 0.71 10.0 0.08
0025 = . | 22.80 29.0 1.01 14.2 0.04
0.2 saturation of | |
(NH4),S04 L 099 1.3 | o004 | 0.6 | 004
03 g e 2.52 32 i oo | 0.7 0.02
0. SO |  14.72 1878 " = o23 | 30 S EG6)
s DA P saE ] sk I ome L ssaliaashy
0:6. Gy | 4.88 6.2 0.39 5:501 11F 08
B8 5 | 460 | 59 053 | 74 | J082
19, o i | e | de | ooe. fh | 013
i | | | {
Nucleoproteins before l ! i I !
fractionation { 7830 | 1000 | 713 | 1000 | 0.09

calcium chloride fractions and only one of the remaining fractions, namely
this precipitated at ammonium sulphate saturation of 0.4, contained over
18% of proteins soluble in the car-

bonate buffer. or
1 -
sooal- 3000
£
b~
& 2000
1000 |~
s %
Umwﬂmaj a3 04 05 06 08 1

W ammonium

gulpﬁ:fe saturation

sulphate saturation d b
Diagr. I. The radioactivity of the liver Diagr. II. The radioactivity of the
microsomal proteins, soluble in liver microsomal proteins soluble in
1 m-sodium chloride. Radioactivity is 0.1 wm-carbonate buffer, pH 9. Radio-
expressed as counts’hour/mg. of activity is expressed as counts/hour/
protein. Animals were killed 30 min. mg. of protein. Animals were killed
after the administration of C-amino 30 min. after the administration of
acids ¥C-amino acids

http://rcin.org.pl



15] MICROSOMAL and CYTOPLASMIC PROTEIN 15

Diagrams I and II show the radioactivity found in various protein
fractions extracted either with sodium chloride or with carbonate buffer,
respectively. Proteins soluble in sodium chloride, precipitated at the
ammonium sulphate saturations of 0.3 to 0.5 containing the greatest part
of RNA present in the extract (Table 1), did not exhibit any particularly
high radioactivity (Diagram I).

There were three groups of radioactive proteins in the carbonate
extract, designated a, b, and c. The group a consisted of fractions
precipitated with calcium chloride, the group b was thus obtained at
ammonium sulphate saturation of 0.2 to 0.5 and the ¢ was that precipitated
between 0.5 and 1.0 of ammonium sulphate saturation. The last group
contained fractions of the highest specific radioactivity.

These results were analogous to those found when the supernatant
proteins had been fractionated in the same way [7]. In both cases three
groups of radioactive proteins had been found. One of them had been
precipitated at low concentrations of calcium chloride, the other at the
ammonium sulphate saturations of 0.15 to 0.45, and the third one at those
between 0.45 and 1.0.

We proposed to examine further this analogy between the microsomal
proteins and those of the supernatant by means of paper electrophoresis.

Paper electrophoresis

Livers previously perfused with 0.25 m-sucrose solution were used
in these experiments. Microsomes and supernatant were prepared from
this liver. The carbonate extract of microsomes, as well as the
supernatant, were both subfractionated into three fractions with
calcium chloride and ammonium sulphate. The first fraction contained
proteins precipitated at the calcium chloride concentration of 0.025Mm,
the second those precipitated at the ammonium sulphate saturation of 0.5,
and the third one was that obtained at the total saturation. The fractions
obtained from microsomes were designated a, b, and ¢, respectively
(Diagram II), while those deriving from the supernatant were called I, II,
and III, likewise as previously reported [7].

Each of the nucleoprotein fractions was digested with RNA-ase
(Light) in 0.02 m-carbonate buffer, pH 9, one part of the enzyme being
added for 100 parts of RNA (w/w). Digestion was carried out in a dialysis
bag against 10 1. of 0.02 m-carbonate buffer, pH 9, for 15 hours at 37°.
The digested RNA was thus removed by dialysis, and the protein
remaining inside the bag was then concentrated by lyophilization and
subjected to paper electrophoresis. The electrophoresis of protein yielded
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satisfactory results only in the case of the ammonium sulphate fractions:
¢ ol microsomes and III of the supernatant [7]. The other fractions were
either insoluble (even after the addition of ethylenediaminetetraacetate)
or they did not give any good separation on electrophoresis. The
electrophorograms of the microsomal ¢ fraction, as well as of the III
fraction of supernatant are given in the Fig. 1. It can be seen from it that

Fig. 1. Electrophorogram of (A) microsomal proteins, fraction ¢, and (B) that of the
supernatant proteins, fraction III. Details in the text

bk

.

Fig. 2. Electrophorogram of the proteins isolated from (I) microsomes and of
proteins isolated in the same way from (II) supernatant, microsomes being removed

the proteins present in these fractions both of microsomes and of the
supernatant behave during electrophoresis in the very similar way.
Although there exist some differences in the quantities of protein
contained in individual electrophoretical fractions, yet their qualitative
resemblance is apparent.
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To substantiate this resemblance we isolated from microsomes one
electrophoretically individual protein and a corresponding one from the
supernatant. We have discarded the calcium chloride fraction of the
supernatant (the final concentration of calcium chloride being 0.025 w),
since this fraction was contaminated with small amounts of microsomes
that were not entirely removed on centrifugation under given conditions.
We have done the same with the carbonate extract of microsomes to
keep the identical procedures in both cases. Protein was precipitated in
supernatant, as well as in the carbonate extract at the total saturation of
ammonium sulphate, then centrifuged and dissolved in some few
millilitres of the 0.02 m-carbonate buffer, pH 9, and dialysed with
RNA-ase, as described above. Proteins were isolated from these solutions,
according to the procedure given by Kekwick for preparation of y-globulins
[3]. The proteins thus obtained were subjected to paper electrophoresis.

The electrophoretic mobilities of the two proteins (Fig. 2) are very
similar. The isolation of the -electrophoretically homogeneous protein
from microsomes, as well as from the supernatant, altogether with the
former results points out the resemblance of protein patterns in the two
studied materials.

DISCUSSION

The demonstrated resemblance, between the microsomal proteins and
those of the supernatant from the guinea pig liver indicates that some
relationship exists between the proteins of these two cell components.
Three groups of radioactive, '‘C-labelled proteins were found in
microsomes, as well as in the supernatant precipitating in both materials
under similar conditions. This resemblance has been substantiated
electrophoretically, too. There are some fractions in proteins of microsomes
and in those of the supernatant which show the similar electrophoretical
properties, but albeit with different quantities. These resemblances have
been observed not only in one but in several fractions, what pleads for
the similar nature of the studied proteins. This has been substantiated,
too, by the isolation of two individual proteins from microsorhes and from
the supernatant which behave in the same manner on electrophoresis.

However, the resemblance of microsomal proteins to those of the
supernatant is not a sufficient evidence for the hypothesis that the
biosynthesis of all these proteins does occur in microsomes. Although
many authors have stated that the microsomes-free supernatant
incorporates *C-amino acids to a slight extent only, and that the addition
of microsomes results in the appearance of radioactivity mainly in
microsomes, yet these data do not exclude any possibility of the protein

2
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biosynthesis in the soluble fraction of cytoplasm. Our earlier experiments
have suggested it to be so, indeed [7]. These suggestions are strongly
supported by the isolation of nucleopeptides from the guinea pig liver
supernatant, which may be some intermediates in protein synthesis (in
press). Thus, polypeptides might be formed in the soluble fraction
of cytoplasm and then be bound to microsomes to get their secondary
structure. Then the protein molecule might be detached from microsome
and pass into the soluble cell fraction. The process of liberation of
microsomal proteins has been already stated. Simkin [8] has incubated
14C-labelled microsomes within unlabelled supernatant in the presence
of ATP and Mg**, and he has found labelled proteins in the microsomes
surrounding solution. This fact would be able to explain the resemblance
we have found between the microsomal proteins and those of the
supernatant.

Basing on these results it seems to be possible to admit as working
hypothesis that polypeptides might be synthesised in the soluble fraction
of cytoplasm, then transferred to microsomes, where they would get
their secondary structure and would be likely to return into environment
as the soluble proteins of cytoplasm.

The very capable assistance of Miss K. Derkus is gratefully
acknowledged.

SUMMARY

The guinea pig were killed 30 min. affer injection of radioactive amino
acids, livers were removed, microsomes were preparated and extracted
with 1 m-sodium chloride solution or with 0.1 m-carbonate buffer, pH 9.
The extracts were subfractionated with calcium chloride and ammonium
sulphate. In the carbonate extract three groups of proteins, which
incorporated '*C-amino acids, were found. These proteins behaved on
fractionation likewise as soluble proteins of cytoplasm. The resemblance
between some microsomal proteins, and those of the supernatant was
substantiated electrophoretically, too. Two corresponding individual
proteins were isolated one from microsomes and the other from the
supernatant, which showed both the same electrophoretical mobilities.
The possibility of some steps of protein synthesis in the soluble fraction
of cytoplasm was discussed.
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POROWNAWCZE BADANIA NAD BIALKAMI MIKROSOMOW
1 ROZPUSZCZALNYMI BIALKAMI CYTOPLAZMY WATROBY
SWINKI MORSKIEJ

Streszczenie

Swinki morskie zabijano w 30 min. po dozylnym podaniu "*C-amino-
kwasow, wypreparowywano watrobe, izolowano mikrosomy i ekstrahowa-
no je za pomoca 1 m-chlorku sodu, wzglednie 0,1 m-buforu weglanowego,
pH 9. Nastepnie oba wyciggi rozfrakcjonowano za pomoca chlorku wap-
nia i siarczanu amonu. W wyciggu weglanowym mikrosoméw wykazano
obecno$é trzech grup radioaktywnych frakcji bialkowych, wysalajacych
si¢ podobnie jak rozpuszczalne bialka cytoplazmy. Podobienstwo miedzy
kilkoma bialkami mikrosoméw i supernatantu potwierdzono réwniez za
pomocy elektroforezy. Z mikrosomow, oraz z supernatantu wyizolowano
takze indywidualne biatko o tej samej ruchliwosci elektroforetycznej.
Dyskutowana jest mozliwo$¢ syntezy bialka w rozpuszczalnej czesci
cytoplazmy.

Otrzymano 2.8.1959 r.
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W ostatnich latach wielokrotnie stwierdzano, ze oleje roslinne obnizajg
u ludzi poziom cholesterolu surowicy, co moze mie¢ korzystny wplyw na
kliniczny przebieg miazdzycy naczyn [1, 4, 9] i rodzinnej hypercholeste-
rolemii [9]. W poszukiwaniu przyczyn tych zjawisk badano miedzy inny-
mi wplyw diet olejowych na intensywnos¢ proceséw syntezy cholestero-
lu. Zagadnieniem tym zajeliSmy si¢ w naszej pracy, lecz w odréznieniu
od wigkszo$ci autorow badaliSmy intensywno$§¢ proceséw syntezy zarow-
no cholesterolu, jak i kwaséw tluszczowych u dojrzalych szczuréow pod
wplywem dlugotrwalego stosowania diety z olejem sojowym.

METODY'

Do doswiadczen uzywano samcoOw szczurzych, wagi 290 do 430 g.
Pierwsza grupe zwierzat karmiono dieta beztluszczowa, druga — marga-
rynowa, trzecia — olejowa po beztluszczowej, czwarta — olejowg po mar-
garynowej. Szczegolowy sklad diet podaje tablica 1. Czas karmienia kaz-
da dieta wynosil 4 tygodnie.

Po okresie diety szczurom wstrzykiwano dootrzewnowo po 100 P'c
roztworu octanu sodu, znakowanego weglem "C w grupie karboksylowej.
Po czterech godzinach szczury ogluszano i dekapitowano, pobierajac przy
tym krew z otwartych naczyn szyjnych. Nastepnie wyjmowano watroby
i z kazdej odwazano trzy probki po 1,0 g. Prébki homocgenizowano
w szklanym homogenizatorze Pottera i Elvehjema z 5 ml wody i 10 ml

* Praca wykonana dzieki subwencji Komitetu anzdzycowego Polskiej Akademxi
Nauk.

f21]
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220 T. KLOPOTOWSKI i ZOFIA SMIETANSKA [2]

18°/0 KOH w 95% etanolu. Estry hydrolizowano przez ogrzewanie w tem-
peraturze ok. 80° przez 4 godziny. Po oziebieniu hydrolizatu ekstrahowano
z niego cholesterol eterem naftowym (p. w. 35-60°) czterokrotnie. Eks-
trakty odparowywano a osad rozpuszczano w mieszaninie acetonu i 95%

Tablica 1

Sklad diet

Wartosci podano w 9y suchej wagi paszy

I Bez- | Margary- Olejowa
i tluszczowa | nowa
| Maka pszenna 50 35 35
Sacharoza 25 25 25
| Kazeina 1 20 20 20
Margaryna — 15 e
Olej sojowy - - 15
Mieszanina witaminow* 0,5 0.5 0,5
Mieszanina soli
Osborne’a i Mendla 4,5 4,5 4,5

* Mieszanina witaminéw wg [10] zawierala kalciferol, biotyne, kwas foliowy, g-karoten, me-
nadion, amid kwasu nikotynowego, ryboflawine, tiamine, witamin B,., pantotenian wapnia,
«-tokoferol, choline i inozytol.

etanolu 1:1 (obj./obj.), po czym wytracano digitonid cholesterolu. Po
przemyciu rozpuszezano go goracym metanolem i po ostudzeniu dopelnia-
no do okreslone] objetosci. Z tego roztworu pobierano prébki do pomiaru
radioaktywnosci oraz do oznaczania chemicznego metoda Sperry
i Webb [17].

Hydrolizat pozbawiony cholesterolu zakwaszano 6 N-kwasem solnym
i ponownie czterokrotnie ekstrahowano eterem naftowym. Eter odparo-
wywano, a osad rozpuszczano w 10 ml 0,2 N-KOH w 50% (obj./obj.) eta-
nolu. Po ponownym, ostroznym zakwaszeniu. powtarzano ekstrakcje.
Ekstrakty odparowywano i osady rozpuszczano w 5.0 ml 95% etanolu,
zobojetnionego wobec fenoloftaleiny. Po pobraniu probek do oznaczen ra-
dioaktywnosci, w resztach roztworéow oznaczano kwasy tluszczowe
przez miareczkowanie 0,04 N-NaOH. wobec fenoloftaleiny jako indy-
katora [12].

Dla pomiaru radioaktywnosci badane probki nakraplano na miseczki
cynowe. Po wyschnieciu mierzono ich aktywnosé¢ licznikiem Geigera-
Muellera z okienkiem mikowym grubosci 1,2 mg/ecm?®. Wyniki uzyskiwano
odejmujac aktywmosé tla i po korekcji do warstwy nieskonczenie cien-
kiej, przeliczano na 1,0 g watroby.
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WYNIKI I OMOWIENIE

Poziom cholesterolu w surowicy

W naszych do$wiadczeniach (Tabl. 2) obserwowalismy statystycznie
znamienny wzrost poziomu cholesterolu w surowicy pod wplywem diety
olejowej. Jest to zgodne z wynikami prac tych autoréw, ktérzy, podobnie
jak my, stosowali diety bezcholesterolowe [2, 10, 16]. Natomiast w do-
swiadczeniach, gdzie dieta zawierala cholesterol stwierdzano spadek jego
poziomu w surowicy [7, 11, 16]. Wydaje si¢ wigc mozliwe, ze diety olejo-
we obnizaja poziom cholesterolu w surowicy, w poréwnaniu z odpowied-
nia kontrola, wtedy, gdy zawieraja one cholesterol lub nastepuja po die-
cie cholesterolowej.

Tablica 2

Wplyw diety na poziom cholesterolu w surowicy szczurow

Obok wartoéci $rednich podano wartosSci $redniego bledu sredniej arytmetycznej.
W nawiasach podano ilo$ci niezaleznych oznaczen.

Dieta Cholesterol
(mg %)

Beztluszczowa ! 794446 (9)

Margarynowa : 76,5-+4,5 (6)
Olejowa, po beztluszczo-

wej 82,3439 (8)
Olejowa, po margaryno-

wej i 96,4+4.4 (7)

Stezenia cholesterolu i kwasow tluszczowych w waqtrobie

Jak to przedstawia tablica 3, diety olejowe powoduja w watrobie, po-
dobnie jak w surowicy, znaczny, statystycznie znamienny wzrost stezen
zaréwno cholesterolu, jak i kwasow tluszezowych. Wyniki te sa zgodne
z wynikami tych prac, gdzie uzywano do doswiadczen szczuréw dojrza-
lych, u ktérych poziom kontrolny cholesterolu w watrobie wynosil okolo
2,5 mg/g watroby [2, 18]. Natomiast autorzy, ktorzy badali wplyw oleju,
badz kwasu linolowego na poziom cholesterolu watroby u oseskow szczu-
rzych, podaja zgodnie prawie dwukrotnie wyzszy poziom kontrolny i jego
obnizanie pod wplywem diet z nienasyconymi kwasami tluszczowymi
[10, 15].Nie wiadomo jednak, czy zalezno$¢ zmian stezen cholesterolu od
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Tablica 3

Wplyw diet na zawartosé lipidow w watrobie szczura

Obok wartosci Srednich podano wartosci $rednich bledéw $redniej arytmetycznej.
W nawiasach podano ilo§¢é badanych szczurow

Dista | Cholesterol = Kwasy thuszczowe
3 s ) Uile) L
! Beztluszczowa 2,66 +0,20 (10) | 0,093--0,004 (11)
Margarynowa 3,01-4-0,18 (9) 0,129-+-0,017 (8)
Olejowa, po beztlusz-
| czowej 4,09 40,48 (6) 0,202 £ 0,011 (9)
' Olejowa, po marga-

rynowej 4,31+-0,68 (5) | 0,205-+0,016 (8)

poziomu wyjsciowego lub wieku szczuréw dotyczy roéwniez kwaséw
tluszczowych, nie znalezliémy w piSmiennictwie zadnych danych na ten
temat.

Intensywnos¢ proceséw syntezy cholesterolu i kwaséw tluszczowych

Srednie warto$ci radioaktywnosci wlaczonej w cholesterol i kwasy
tluszczowe (Tabl. 4) wykazuja réwnoleglos¢é w poszczegélnych grupach.
Wewnatrz grup obserwowano jednak znaczny rozrzut wynikow, mimo
zgodnosci probek dla pojedynczych szczuréw. W decydujgcej mierze bylo
to wynikiem indywidualnej zmiennosci, czego wyrazem jest niska zna-
miennos¢ statystyczna réznic. Zjawisko to wystepowalo réwniez u innych

Tablica 4

Wplyw diety na wlgczanie radioaktywnosci octanu-1-"C

w lipidy waqtroby szczura
Wyniki podano w impulsach na minute na 1 g watroby, + S$redni blgd Sredniej
arytmetycznej. W nawiasach podano ilo§¢ niezaleznych pomiarow

dS:::l Dicta ' Cholesterol | Kwasy tluszczowe ‘
1 | Beztluszczowa 3074118 (4) 1967 4+ 834 (4)
Margarynowa 223+ 46 (6) 1222-4-383 (6)
| Olejowa, po bezttuszczo-
| wej 4354-115 (6) 2804 +-730 (6)
] Olejowa, po margaryno-
! wej ; 3471135 (5) 2057 -+492 (5)
2 | Beztluszczowa 564+ 95 (5) 6858+ 1705 (5)
| Margarynowa 368+ 60 (3) 3569 +329 (3)
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autoréw prac nad synteza lipidow in vivo, np. z trzech do$wiadczen Avi-
gana i Steinberga [2] tylko w jednym obliczona przez nas wartosé P byla
nizsza od 0,05. W zwigzku =z koniecznosScia zmiany licznika Geigera-
Muellera w czasie pracy, w tablicy 4 ujeto jako osobne doswiadczenie
2 grupy zwierzat, gdzie radioaktywno$é mierzona byla innym licznikiem.
Niewyjasniona pozostaje dla nas wysoka synteza kwasow tluszczowych
w tym drugim doswiadczeniu. Byé moze, ze miala tu wplyw na wyniki,
poza zmiang licznika, réwniez inna pora roku (lato) niz w doswiadczeniu
pierwszym. -

Obydwa mnasze doswiadczenia wykazuja nizsza synteze zaréwno cho-
lesterolu, jak i kwasow tluszczowych po diecie margarynowej, w porow-
naniu z beztluszczowa. To samo odnosnie cholesterolu stwierdzili Muk-
herjee i Alfin-Slater, ktorzy wykazali ponadto, ze pod wplywem diety
z uwodorowanym olejem kokosowym wytwarza sie w watrcbie inhibitor
syntezy cholesterolu, zlokalizowany przez nich we frakcji o okreslonej se-
dymentacji, prawdopodobnie we frakcji mitochondrialnej [15].

Natomiast dieta olejowa wywarla odwrotny wplyw ma intensywnosc¢
procesu syntezy cholesterolu. Synteza byla tu o 40 do 50% wyzsza niz
w odpowiednich grupach wyjsciowych. To samo stwierdzili liczni autorzy
w innych niz nasze warunkach do$wiadczalnych: zaréwno in vivo [2, 13,
18], jak i in vitro na skrawkach watroéb szczuréw karmionych réznymi
olejami [13, 15, 18], u szczuréw dojrzalych [2, 13] i u oseskéw [13], po
dietach z olejem kukurydzy |2, 13], rzepakowym [18], bawelnianym [15]
oraz z estrem metylowym kwasu linolowego [15], po diecie wielotygodnio-
wej [2, 15], jak i po trzydniowe]j [13]. Ta zgodnos¢ licznych i réznych prac
pozwala na wyciggniecie wniosku, ze nienasycone kwasy tluszczowe
zwiekszaja synteze cholesterolu u szczuréow.

Poréwnujac stezenie cholesterolu w watrobie z intensywnoscia pro-
cesOW jego syntezy, wnioskujemy, ze nie zawsze zachodzi homeostatyczne
obnizanie jej przez akumulujacy sie cholesterol, tak jak to opisali Frantz
i wspél. [5] u szczuréw karmionych cholesterolem. O homeostatycznym
dzialaniu cholesterolu watroby musi wiec decydowaé nie tylko stezenie,
ale réwniez jego postaé¢ lub pochodzenie.

Jak to przedstawia tablica 4 stwierdzono zmniejszenie syntezy kwa-
sow tluszczowych pod wplywem diety margarynowej. Natomiast dieta
olejowa nie miala takiego wplywu, a nawet srednie wlaczonej radioaktyw-
nosci w gram watroby byly wyzsze w poréwnaniu z dieta beztluszczowa.
Wyniki te sa sprzeczne z wynikami Hilla i wspol. [8], ktorzy stwierdzili
znaczny spadek inkorporacji octanu-1-'C w kwasy tluszczowe pod
wplywem wszystkich badanych diet tluszczowych, w tym diety z olejem
kukurydzy. Praca nasza rozni sie¢ od pracy Hilla gléwnie tym, ze stoso-
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waliSmy diete olejowa przez cztery tygodnie, oni za$ tylko przez trzy dni.
Nie mozna jednak rozstrzygna¢, czy moze to tlumaczy¢ rozbieznosé¢ wy-
nikow.

Resumujac, w naszych warunkach doswiadczalnych olej sojowy pod-
wyzszal poziom cholesterolu osocza, co moze by¢ skutkiem stwierdzanego
jednoczesnie wzmozenia jego syntezy. Natomiast liczni autorzy stwier-
dzali obnizanie sie cholesterolu osocza pod wplywem diet zawierajacych
ol'eje roslinne [1, 4, 7, 9. 11, 16]. Z analizy warunkéw do$wiadczalnych
prac nad wplywem oleju na poziom cholesterolu osocza wnioskujemy,
ze obnizenie to zachodzilo pod wplywem olejéw stosowanych po dietach
naturalnych (a wiec zawierajacych cholesterol) u ludzi [1, 4, 9], lub tez
stosowanych lacznie z cholesterolem u zwierzat, w stosunku do diety bez
oleju [7, 11, 16]. Jak wynika z doswiadczen Gordona i wsp6l. [6] oraz
Byersa i Friedmana [3], nienasycone kwasy tluszczowe zwiekszaja kata-
bolizm cholesterolu. Mozliwe jest wiec, ze na diecie bezcholesterolowej
olej zwieksza procesy zarowno syntezy jak i katabolizmu cholesterolu,
z przewaga tego pierwszego, co daje w efekcie wzrost poziomu choleste-
rolu osocza. Natomiast na diecie zawierajacej cholesterol procesy jego syn-
tezy sa zahamowane [14] przez akumulacje egzogennego cholesterolu
w watrobie [5]. By¢ moze, ze w tych warunkach podawany olej nie wy-
wiera pobudzajacego dzialania na synteze cholesterolu, zachowuje za$ swe
dzialanie wzmagajace jego katabolizm, co daje w efekcie obnizenie po-
ziomu cholesterclu w osoczu. Sprawdzenie czy efekt dzialania oleju na
poziom cholesterolu w surowicy zalezy od jego obecnosci w diecie, oraz
czy w tych warunkach rzeczywiscie dochodzi do przewagi procesow kata-
bolizmu mad procesami syntezy. bedzie tematem nastepnej pracy.

Dzigkujemy Panu Prof. D. Aleksandrowowi za cenne wskazowki do-
tyczace badanego przez nas zagadnienia oraz Panu Doc. K. Ostrowskiemu
za udostepnienie aparatury do pomiaru radicaktywnosci.

STRESZC7 ENIE

Oznaczano zawartos¢ lipidow surowicy i watroby oraz wlgczanie
octanu-1-""C w cholesterol i kwasy tluszczowe watroby u szczuréw kar-
mionych dietami beztluszczowa, margarynowa oraz dietg zawierajaca olej
sojowy. Stwierdzono, ze dieta olejowa (bez cholesterolu) podnosi poziom
cholesterolu surowicy oraz zwigksza zawartos¢ cholesterolu i kwaséw
tluszczowych w watrobach dojrzalych szezurow.
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Pomimo wyzszych stezen badanych lipidow w watrobach szczuréw,
karmionych dieta zawierajaca olej sojowy, ich synteza, mierzona przez
wlaczanie octanu-1-1*C, byla wyzsza w poréwnaniu ze szczurami, utrzy-
mywanymi na dietach beztluszczowej i margarynowej. Oznacza to, ze
wzrost zawartosci cholesterolu i kwaséw tluszczowych w watrobie nie
zawsze wywiera homeostatyczny wplyw na szybkosé ich syntezy.

Zaobserwowano, ze dieta margarynowa mieznacznie podnosi zawartos¢
lipidow watroby, pomimo ze powoduje zmniejszenie syntezy zaréwno
cholesterolu, jak i kwasow tluszczowych.
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THE INCREASED LIPIDS SYNTHESIS IN THE LIVERS OF RATS FED
A DIET CONTAINING SOYA BEAN OIL

Summary

The serum and liver lipid content and the incorporation of injected
acetate-1-C in liver cholesterol and fatty acids were determined in rats
maintained on fat-free, margarine and soya bean oil diets.

It was found that soya bean oil diet (without cholesterol) rises the
serum cholesterol and fatty acids content in livers of adult rats.
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In spite of higher concentrations of investigated lipids in livers of
oil-fed rats their synthesis as measured by the acetate-1-'*C incorparation
was greater as compared with rats maintained on fat-free and margarine
diets. It means that the increase of cholesterol and fatty acids liver content
does not exert in each case an homeostatic influence on their synthesis.

It was observed that margarine diet slightly increases the lipids
content in liver, notwithstanding causes a depression of synthesis both of

cholesterol and fatty acids.
Otrzymano 23.10.1959 r.
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THE SYNTHESIS OF THE PYRIMIDINE RING FROM
L-CARBAMYLASPARTIC ACID IN EXISED BLADES OF WHEAT
SEEDLINGS

Zaktad Biochemii Roslin, Instytut Biochemii i Biofizyki PAN, Warszawa

Various workers [11] have shown in recent times that in animal organs
as well as in microorganisms pyrimidine nucleotides may be synthesised
from L-aspartic acid and carbamyl phosphate. L-carbamylaspartic acid
(L-CA), dihydroorotic acid, and orotic acid are the intermediate products
of this reaction.

In this paper the interesting question has been investigated, whether
one of the known precursors of the biosynthesis of pyrimidine nucleotides
in microorganisms [5, 8, 14, 16] and animal organs [7, 12, 14], namely
1-CA may also be utilized for the same purpose by the higher plants.

MATERIAL AND METHODS

D-CA was prepared from D, L-aspartic acid and KCNO, according to
the Nyc and Mitchell method [9].

L-CA was synthesised in the same manner, except that L-aspartic
acid was used. As free L-CA has not as yet been obtained in crystalline
form, therefore the barium salt was prepared in the following manner.
The reaction mixture was treated with 5 volumes of ethyl alcohol and the
resulting precipitate discarded. The supernatant was then concentrated
on the water bath to a thick syrup, treated with alcohol as above and the
precipitate again discarded. This was repeated 4 more times and the
barium salt was prepared from the last supernatant. It contained neither
aspartic acid, nor KCNO and the estimation of the ureido group proved
that the product was nearly 100° pure.

CA was determined by the method of Reifer and Toczko [13], bound
pentoses by the method of Paege and Schlenk [10] and phosphate

[29]
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determinations were made by the method of Fiske and SubbaRow [2].
Absorption  spectra  were  measured with the Jobin-Yvon
spectrophotometer, type “Algerie”.

EXPERIMENTAL
1. INGESTION AND METABOLISM OF L-CA BY THE PLANT

Wheat seeds, variety ““Ostka chlopicka” were sown in large Petri
dishes on moist filter paper and germinated for 5—6 days at a temperature
of 25°. Roots were separated from the young shoots and 3 g. of blades
were quickly weighed and immediately introduced into previously
prepared solutions of distilled water, D-CA and L-CA, respectively, and
exposed to direct sunlight. The solutions fed contained in 2 ml. about
100 vm of substrate neutralized to pH of about 6.0 (The barium salt of
L-CA was previously converted to the K-salt). After 6 hours of ingestion
the blades were exhaustively washed with water to remove all traces of
the externally adhering substrates, crushed in a glass mortar placed in
an ice bath and extracted 3 times with about 8 ml. of 0.6 N-HCIO,. The
undissolved residue was centrifuged off and the supernatant collected in
a 25 ml. volumetric flask and brought to volume with 0.6 N-HCIO,. This
solution will henceforth be referred to as “raw extract”.

Table 1

Ingestion and metabolism of carbamylaspartic acid by blades of wheat

seedlings

bk ' Ingested | Uptake | Found |Metabolized® Biriog |
’ substance M | M M |
| D-CA 50 | s62 | 00 | 0630
[ L-CA ‘ 545 | 42.5 144 0710

H,0 0.0 : 2.4 00 | 0600
T T 9.5 95 | o700 |
, H,0 0.0 0 | 00 | 0585 '
| L-CA | 506 | 344 19.2 i 0820 |
' | HO fooray | 30 0.0 | 0660
y g b YT T | =4 o = E
v L-CA | 620 53.0 130 | 0910
| |  H:0 | 0.0 4.0 00 | 0770 ’

* The figures in this column are composed of the metabolized added L-CA + the amount
of L-CA found in the control.
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Already in the first experiments it was shown that the plant can
metabolize L-CA, but cannot metabolize D-CA. This was proved by the
determinations of the quantity of ingested L-CA, and the amount of the
non-metabolised L-CA left unchanged in the tissue after 6 hours of
incubation. The total uptake of L-CA was determined from the difference
between the known amount of L-CA supplied to the medium, and the
quantity left in the solution after incubation.

The estimation of L-CA in the tissue was carried out in the following
manner: aliquots of the raw extracts were neutralized with 2 N~-KOH in
an ice bath to pH of about 7.0, potassium perchlorate was removed by
centrifugation, and the supernatants were put through a Dowex-1-chloride
column (1 X 10 em., 50—100 mesh). The columns were exhaustively
washed with distilled water, and then eluted with dilute HCIl. As was
shown in trial runs with pure solutions, L-CA was removed quantitatively
with the first 25 ml. of 0.1 N-HCI], and therefore the elution of extracts
from plant material was carried out under these conditions. In this way
the eluate was made free of urea and citrulline, which were removed
with the water washings. However, it is possible that the eluate may still
have been contaminated with traces of other ureido compounds. Results
are shown in table 1.

As can be seen from table 1 the total ingested amount of D-CA was
recovered in the plant tissue, whereas L-CA was recovered only in about
40—80%. This suggested that 20—60%0 of L-CA was metabolized within
6 hours of ingestion.

2. ISOLATION AND IDENTIFICATION OF PRODUCTS OF L-CA METABOLISM

In accordance with the scheme of biosynthesis of pyrimidine
nucleotides it was decided to search among the products of metabolism
for any possible compounds containing the pyrimidine ring. The
extracts were diluted with 0.6 N-HCIO, in proportion 1 :25 and optical
densities were ineasured spectrophctometrically. Maximum differences
in absorption were observed at 270 mp. As can be seen from table 1,
column 6, extracts from plants fed with L-CA have shown distinctly
stronger absorption in UV, then extracts from plants fed with D-CA or
the controls. It was therefore deduced that L-CA is a precursor of
biosynthesis of substances absorbing strongly in UV.

Orotic acid

The products of L-CA metabolism were isolated and identified in the
following manner: 10 ml. of the raw extracts (sample No. 4 from table 1)
from the control plants and the plants fed with L-CA were neutralized
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and the KClO; removed as above. The supernatants were then treated
with 10 ml. of about a 10°% solution of neutral lead acetate
Pb (CyH30,), - 3 H)O, made alkaline with 2 ml. of 2 N-KOH and the
precipitate centrifuged off. The supernatants were discarded, the
precipitated washed once with 5 ml. of a 1% solution of neutral lead
acetate and extracted twice with 5 ml. and 2 ml. of 1 N-H;SO;. The
combined extracts were brought to pH of about 3.0 with a saturated

600
0400+~
&
l S
~ o200}
i
0 2

No. of fractions

Fig. 1. Graph of gradient elutions of the extracts from plants fed with
L-carbamylaspartic acid ( ) and control ( )

solution of Ba(OH), and the barium sulphate removed by centrifugation.
The supernatants were made up with distilled water to 25 ml. in
a volumetric flask and 1 ml. being used for the determination of optical
density and 10 ml. for partition paper chromatography. UV absorption
was measured on further dilution of the extract with 0.6 N-HCIO; in
proportion of 1 :10, corresponding to the quantities cited in table 1. The
observed galvanometer readings at 270 mu were 0.580 for the control and
0.730 for the sample fed with L-CA.

The extracts to be chromatographed were first put through
Dowex-1-chloride columns (1 X 25 ml, 50-100 mesh), washed
exhaustively with distilled water, and then eluted with dilute hydrochloric
acid using gradient elution technique and collecting separately 5 ml.
fractions. The concentration of the eluent was gradually increased,
starting from 0.001 N and ending with 1 N-HCI, collecting 100 fractions.
The bulk of metabolites resulting from feeding the plant with L-CA was
eluted in fractions 57-64 with a concentration of HCl above 0.02N as
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shown by  the determinations of optical densities at 270 ‘mu. The
graphically assembled results are shown in Fig. 1.

The combined fractions 57-64 have shown maximum absorption at
280 mu suggesting that the product of biosynthesis from L-CA may be
orotic acid. However, the product obtained in these fractions was
-spectrophotometrically not entirely identical with the curve of pure orotic
‘acid. Therefore the fractions 57-64 were further purified and isolated by
means of partition paper chromatography. They were concentrated under
reduced pressure in a vacuum dessicator over NaOH to a volume not
exceeding 0.3 ml. (The concentration was carried out in the refrigerator
at a temperature of 4° for a period of several days). The solutions were
then applied in a narrow band of about 1 cm. in length on a sheet of
Whatman No. 1 filter paper against a solution of pure orotic acid.
(Nutritional Biochemical Corp.). The chromatograms were run at room
temperature for 26 hours, using a mixture of propanol-water (60 : 40 v/v)
as the liquid phase [4]. :

Although the chromatogram of the unknown substance has shown
only one spot corresponding to the spot of pure orotic acid, yet the whole

Table 2
Optical densities at 280 my. from eluates of 12 strips from the orotic acid
chromatogram
Eluate from : Orotic acid | L-CA fed | Control
strip No. i standard I plant l plant
| 005 | 000s | 0005
e
2 0.000 0.000 0.000
s o | 0w | oo
~ o - S S [F ebs - | ol
s | o000 | 000 | .0020
sy e Ty P o KAy a8
S 0440 0.875 E 0.022
8 0000 0.020 0.010
9o | 0015 0015 | 0020
0 | 000 | 0000 0.000
n | oo | o000 | 0005
2 | 0000 | 0005 | 0015

chromatogram was cut into 12 horizontal strips of 3 cm., each of them
was then eluted with 5 ml of 1.0 N-HCI1 and optical densities measured
at 280 mu (Table 2). It was shown that almost all of the applied material

3
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was recovered from the strip eluate No. 7 correspoding to an Ry ==0.57,
exactly at the level at which the sample of pure orotic acid has been
recovered. This eluate has been used for the purpose of further
identification of the unknown substance.

First of all absorption spectra were determined at pH 1.0, 7.0 and 13.0.
At the same time the spectra of a solution of pure orotic acid (0.14 pm
per 1 ml.) were measured under the same conditions. The concentration
of orotic acid was so chosen as to obtain optical density correspoding as

it

3 B

0600

e
———O—
S

§

Optical density
s
=0
5

iB
220 240

Fig. 2. Absorption spectra of orotic acid and the first product
isolated from L-carbamylaspartic acid fed plants:

’

, orotic acid in pH 1.0, 7.0 and 13.0, respectively .
X, 0, A, first product in pH 1.0, 7.0 and 13.0, respectively

nearly as possible to the optical density of the unknown sample. As

can be seen from Fig. 2 the UV absorption curves of the unknown

substance are identical with the spectrum of pure orotic acid.

Determination of pentoses, phosphate and ureido compounds were then
carried out. Only insignificant traces of pentoses were detected, tests for
phosphate and ureido groups were entirely negative. Finally, the strip
eluate No. 7 was put through a Dowex-1-chloride column as above, washed
with little water and then with 50 ml. of 0.01 N-HCl collecting 10
fractions of 5 ml. each. Next 40 more 5 ml. fractions were collected
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applying the gradient elution technique, starting with 0.01 N-HCl and
increasing the concentration of the acid systematically to 0.05N. The
final elution was carried out with 50 ml. of 1 N-HCl collecting 10
fractions of 5 ml. each. Optical density at 280 mr was then determined
in each fraction and the graph is shown in Fig. 3. The unknown
substance behaved exactly in the same way during the process of

0.100~

Easomy

3l

0 7 7 % @
No. of' fractions

Fig. 3. Graph of gradient elutions of orotic acid and the product from

L-carbamylaspartic acid fed plants (The elutions for orotic acid and the unknown

substance were overlapping all the time, therefore, no differences can be seen in
the graph)

gradient elution as the solution of pure orotic acid, and therefore the
results obtained prove that the isolated compound was pure and
identical with orotic acid.

The total amount of orotic acid in the 3 g. of blades fed with L-CA
was equal to 44 um. (Of the 25 ml. of raw extract, 10 ml. were
precipitated with lead acetate, which was then dissolved in dilute
sulphuric acid and made up to 25 ml. Again a 10 ml. aliquot was put
through the column and chromatographed. The strips of the chromatogram
were eluted to 5 ml. of dilute HCl and 1 ml. was used for the
spectrophotometric analysis. Thus: 0.14 wm X 2.5 X 2.5 X 5= 4.4 um).
In the control plants immersed in water no measurable amounts of orotic
acid could be detected.

Uridine
10 ml. of raw extracts from the control and the L-CA fed plants (exp.
No. 3, Table 1) were freed of KCIO; and treated on a Dowex-1-chloride

column (10 ¢m.) as before. The columns were washed 3 times with 5 ml.
portions of distilled water and the combined efluents and washings were
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again put through a Dowex-30-H" column (1 X 10 cm.) to remove all
cations. After washing the columns 3 times as above, the combined
liquids were concentrated at 4° to about 0.2 ml. under reduced pressure
in a vacuum dessicator over NaOH. The concentrate was then applied
to Whatman No. 1 paper and the spot developed in Wyatt’s solvent [15]
as the liquid phase. The dried chromatogram was cut into 20 horizontal
strips of 2 cm., each was separately eluted with 3 ml. of distilled water
and optical densities were then determined at 260 mw. Except in the

#

0.200 '*,A .
p » \
‘l
\
\
\

0. 700

Optical ensity

' Roovo
220 240 260 280 300 326
A(mu)

Fig. 4. Absorption spectra of uridine and the second product
isolated from L-carbamylaspartic acid fed plants: uridine
in pH 1.0 and 7.0, uridine in pH 13.0.
<, second product in pH 1.0 and 7.0, | second product in pH 13.0

one strip corresponding to R;= 0.64, no differences between the control
and the L-CA fed plant were observed in the various eluates. Optical
density for the L-CA fed plant was equal tc 0.215, whereas the reading
for the control plant amounted to 0.105.

Among the known nucleosides only uridine shows with this solvent
an Rp=0.64 and the spectrophotometric analysis of the unknown
substance was proved to be identical with the uridine curve as shown in
Fig. 4. The unknown compound contained 27.0 ng of pentoses and only
14.25 ug of pentoses were recovered from the strip of the control plant.
The total amount of uridine recovered from the 3 g. samples of blades
amounted to 0.17 um in the L-CA fed plant and 0.08 um in the control.
According to theory, 24.75 pg. and 12.75 ug. of pentoses should be
recovered, respectively. The eluates contained no phosphate and no
ureido compounds.
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DISCUSSION

The data presented here show that the blades of wheat can utilize
L-CA, and therefore it was reasonable to assume that this substance is
an intermediate product of metabolic processes not only in the animal
and in microorganisms but in the higher plants as well. We were able
to prove that L-CA is metabolized in the higher plant to compounds
containing the pyrimidine ring. Plants fed with L-CA have shown to
contain orotic acid which was identified and isolated by means’ of
spectrophotometry, ion exchange and partition paper chromatography.
The large quantities of orotic acid found in the plant fed with L-CA
prove that this carbamyl amino acid is easily metabolized, and the
mechanism of transformation is similar to the one discovered for animal
organs and microorganisms. As shown in the text the D-form of
carbamylaspartic acid cannot be at all utilized by the plant.

Apart from orotic acid the L-CA fed plants have shown a considerable
increase in the content of uridine. This is in agreement with the findings
of Cannellakis [1] who proved that uridine may be an intermediary
product in the biosynthesis of uridine monophosphates in rats. Uridine
may play a similar part in the synthesis of pyrimidine nuclectides in the
plant, but this requires further confirmation.

Next to orotic acid and uridine we have found in the L-CA fed plants
some other products that show absorption of UV light at 270 mu and are
eluted from Dowex-1-chloride columns with 0.003 N-HCI (Fig. 1, fractions 5—10).
This concentration of HCI is optimal for the elution of mononucleotides, and
the identification of these compounds is now under way in our laboratory.

The unexpected presence of so much orotic acid in L-CA fed plants
may be due to the fact that the exised blades do not metabolize normally
to the end owing to lack of ribose-5-phosphate and ATP, both essential
for the further metabolism of orotic acid to mononucleotides [3, 6].
However, it cannot be entirely excluded that under certain conditions
orotic acid may act as a store of the pyrimidine ring structure, utilized
for the formation of compounds containing this ring, and not necessarily
for the exclusive synthesis of pyrimidine mononucleotides.

SUMMARY

It was proved that L-carbamylaspartic acid is easily metabolized in
the exised blades of wheat. Orotic acid and uridine were identified and
isolated among the products of L-CA metabolism. It is therefore
concluded that the transformation of L-CA in the higher plants follows
the same path as in animal organs and microorganisms.
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SYNTEZA PIERSCIENIA PIRYMIDYNOWEGO Z KWASU L-KARBAMYLOAS-

PARAGINOWEGO W ODCIETYCH ZDZBLACH KIELKOW PSZENICY

Streszczenie

Wykazano, ze kwas L-karbamyloasparaginowy ulega szybkiej prze-

mianie w Zdzblach mlodych kielkoéw pszenicy. Z produktéw przemiany
zidentyfikowano i wyizolowano kwas orotowy i urydyne. Na podstawie
otrzymanych wynikéw wnioskuje sie, ze przemiana kwasu L-karbamylo-
asparaginowego w roslinach wyzszych przebiega w podobny sposéb jak
w organizmach zwierzecych i drobnoustrojowych.

Otrzymano 28.10.1959 r.
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Polyphenol oxidase (tyrosinase, phenoloxidase) has long been
recognized to participate in sclerotization and melanization of insect
cuticle (for references see [13]). Other functions of this enzyme in
insects are, however, obscure although numerous investigations have been
done to elucidate this problem. In some investigations on the role of
polyphenol oxidase in insects [7, 14, 15, 16] substances have been used
which are known to inhibit this enzyme. No precise information is,
however, available concerning their effect on insect polyphenol oxidase
since most of the inhibition studies concerning this enzyme have been
carried out on polyphenol oxidase from plant material or from the
mammalian malignant tissue, melanoma. It seemed therefore desirable
to examine the action of inhibitors on polyphenol oxidase from insect
material.

The present paper deals with the effect of resorcinol, cysteine,
thiourea and diethyldithiccarbamate on polyphenol oxidase from the
wax-moth. A preliminary report on a part of this investigation has been
published [2].

METHODS

Fully grown larvae of the wax-moth, Galleria mellonella L.
(Lepidoptera) were homogenized in a glass homogenizer with 9 volumes
of ice-cold 0.25 m-sucrose .

! Separate experiments proved that the activity of polyphenol oxidase was
independent of whether the homogenate was prepared in distilled water, in
phosphate buffer, pH 6.4, or in 0.25 Mm-sucrose. Sucrose solution was applied in this
investigation because portions of the same homogenate were used for isolation of
mitochondria in another study.

[39]
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The activity of polyphenol oxidase was measured with catechol as
substrate in conventional vessels of a Warburg apparatus at 30°.
Incubation medium contained in a total volume of 2.0 ml.: 1.0 ml. of the
homogenate; 20 pumoles phosphate buffer, pH 6.4; 30 wmoles catechol,
added from the side arm; inhibitors and other additions as indicated in
the text. The experiments were always carried out in duplicate parallel
runs.

Synthesis od %3S labelled thiourea: One to two mg. elementary sulphur
containing 1 mc 35S was heated during 30 min. at 200° with a few
mg. KCN. Potassium thiocyanate which was thus formed was extracted
with ethanol and, after evaporation of ethanol, dissolved in a small
volume of water. Potassium thiocyanate was then converted into the
ammonium salt by means of NH,-form of Amberlite resin IR-120 and
heated dry at 160°-170° during 30 min. Thiourea *S which was formed
by thermal isomerization of NH;SCN was separated from the remaining
ammonium thiocyanate on a small Dowex 2 column (chloride form).
Thiourea was washed out from the column with water, whereas
thiocyanate was eluted with 2 N-HCI and discarded.

Chromatography of thiourea was carried out on Whatman No. 1
filter paper in the mixture: butanol-acetic acid-water according to
Horak [6]. Spots of thiourea were detected by spraying with diluted
ammonia-silver nitrate solution.

Radioactivity was measured with a thin-window Geiger-Miiller
counter. Results were corrected, if necessary, for self-absorption of the
material counted.

RESULTS

Figures 1, 3, 5 and 7 show the total O, uptake by the system:
homogenate-catechol in the presence of various inhibitors, and figures 2,
4, 6 and 8 illustrate the variations in the rate of the O, uptake which is
the measure of the activity of polyphenol oxidase.

In the absence of inhibitors (curves marked as “control” in Fig. 1 to 8)
the course of oxygen uptake is not linear and the rate of O, uptake
decreases steadily during the incubation. This is the effect of a well
known [3] inactivation of polyphenol oxidase which accompanies the
oxidation of substrates (the so called “reaction inactivation”).

It was found that the various inhibitors used in this investigation
differed in their effect on the initial activity of the enzyme as well as on
the course of oxygen uptake during the incubation. This is considered in
details below.

Resorcinol. Resorcinol appeared to be a rather weak inhibitor of
wax-moth polyphenol oxidase. As can be seen from Fig. 9, a concentration
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Time of incubation (hours) Time of incubation (hours)
Fig. 1. The effect resorcinol on the total Fig. 2. The effect of resorcinol on the
oxygen uptake rate of oxygen uptake
O, control; ®, 5X10—* m-resorcinol; A, 10—3m-resorcinol; 2, 2 X 10 m-resorcinol

of 3 X102 m is necessary to diminish the activity to 50 per cent. The
inhibition is approximately constant with time (Table I), and the curves
of O, uptake in the presence of various concentrations of resorcinol as
well as in its absence are similar in their shape and character (Fig. 1).
The same concerns the activity curves (Fig. 2).

Table 1

Inhibition of wax-moth polyphenol oxidase by various concentrations of
resorcinol, cysteine, thiourea and sodium diethyldithiocarbamate

The activity was measured at the beginning of incubation and after 45 or 55 min.
of incubation

. Concentration (mm)
Time of = L
Inhibitor incubation 0.1 02 0.5 08 1 2 5 10 50
(min.)
per cent activity*
Resorcinol 0— S5 102 89 79 37 23 T
45—60 97 79 54 16 9 3
Cysteine 0— 5 74 52 49 33 26 10
© 4560 76 63 60 42 28 4
Thiourea 0— 5 83 39 20 13 12 10
55—60 110 131 160 121 85 0
Na diethyldithio- 0— S5 37 24 10 8 7 4
carbamate 45—60 59 58 52 21 19 12

* Activity of the not inhibited control at the same time of incubation was taken as 100
per cent.
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Fig. 3. The effect of cysteine on the Fig. 4. The effect of cysteine on the
total oxygen uptake rate of oxygen uptake

O, control; ® 5% 10+ y-cysteine; 4, 10— y-cysteine
3 Y ’

Cysteine. The inhibition by cysteine is similar to the inbibition by
resorcinol in the sense that the degree of inhibition is approximately
constant during the incubation (Fig. 3 and 4, Table I). As it is seen in
Fig. 9, a 50 per cent inhibition is brought about by 3 X 10~4 -cysteine.
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Fig. 5. The effect of thiourea nn the Fig. 6. The effect of thiourea on the
total oxygen uptake rate of oxygen uptake

O, control; ®, 5 X 10~ m-thiourea; 4, 10—3 y-thiourea; 0, 5X10—% m-thiourea

Thiourea. The effect of thiourea differs considerably from that of
resorcinol and cysteine. With concentrations up to 10~%wm, a strong
inhibition can be observed only during a short initial period of incubation
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{Fig. 6). At that time the concentration of about 1.6 X 10 * m is sufficient
to inhibit the enzyme activity to the half (Fig. 9). Fig. 5 shows that the O,
uptake, in the presence of 5 X 10 * m and 10* m~thiourea, which 1s low

500! 9
500+ ?7
3 £
J oot %o» o
3 3
£ s} 27
4
< (S
wop B4l
-~
S,
100F
+
0 ; 2. _; 4 0 1 :‘ 3 4
Time of incubation (hours) Time of incubation (hours)
Fig. 7. The effect of sodium diethyldi- Fig. 8. The effect of sodium diethyldi-
thiorabamate on the total oxygen up- thiocarbamate on the rate of oxygen
take uptake

J, control; ® 5 X 10— m-diethyldithiocarbamate; 4, 10— m-diethyldithiocarbamate.
Sodium diethyldithiocarbamate was used as ethanol solution; each sample, including
the control, contained 0.1 ml. ethanol

during the initial phase of incubation increases considerably after
a certain time and, after some 2 or 3 hours, usually surpasses the total
oxygen uptake by the control. It is seen (Fig. 6) that the rate of oxygen
uptake by inhibited samples increases while that by the not inhibited
control decreases steadily as result of “the reaction inactivation”

3
{og [concentration]

Fig. 9. The effect of various concentrations of O, resorcinol, ®, cysteine, A, thiourea
and [, sodium diethyldithiocarbamate on the initial activity of wax-moth polyphenol
oxidase. The activity was measured during the first 5 min. of incubation
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phenomenon. As consequence, the “inhibited” activity surpasses after
a certain time of incubation the activity of the control (Table 1) and
attains in its maximum a level which is sometimes several times higher
than that of the activity of the control at the same moment of incubation.
However, concentrations as high as 5 > 10 * M bring about an almost
complete and constant inhibition.

Sodium diethyldithiocarbamate. This inhibition resembles the
inhibition by thiourea in the sense that a release of the inhibition occurs
during the incubation (Fig. 7 and 8, Table I). However, the maximum
activity of the inhibited samples usually does not surpass the actual
activity of the control.

The inhibition by thiourca

This was further examined in order to explain the mechanism of the
release of the inhibitory effect. It was observed that the release of the
inhibitory effect of thiourea occurred

only then when the enzyme was ¢
12 !
* <6
q 3
3 33
U
3 3
@3 § 4
3 H
2 =’
X 6F &
= :
5 il 8
5
= A 1 !
E 0 1 2

Time of incubation (hours)

2p Fig. 11. The effect of ascorbate on the-

release of the. inhibition by thiourea.

O, controls: I, no thiourea, no ascor-

g fj'me of readf’mfmn (hour:) 4 bate; 1I, no thiourea, 15 pmoles sodium

ascrobate (both controls give identical

Fig. 10. Correlation between the initial curves); @, 10—+ M-thiourea; a, 10—

activity of polyphenol oxidase partially m-thiourea and 5 wmoles ascorbate; (I,

inhibited by 5 X 10—* m-thiourea (me- 10-* m-thiourea and 10 pmoles ascor-

asured during the first 5 min. of bate. Arrows indicate the moment

incubation) and the time needed for when all the ascorbate has been oxidi-
maximum reactivation of the enzyme zed, as calculated from O, uptake

incubated together with the inhibitor and the substrate. Preincubation of
the homogenate with either the inhibitor or the substrate alone was not
effective in abolishing or even shortening the initial period of inhibition..
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Many experiments showed (Fig. 10) that the lower the initial ‘activity
of an inhibited sample the longer was the period of inhibition. No
disappearance of the inhibition was observed when the concentration of
thiourea was high enough (e.g. 5 X 10~% m) to stop the activity -of
polyphenol oxidase completely (Fig. 6).

It is known that ascorbate reduces the products of phenol oxidation
and prevents the accumulation of reddish brown pigments which usually
appear during the enzymic oxidation of catechol and p-cresol. In the
present investigation it was found that the addition of ascorbate to the
incubation medium prolonged the period of inhibition (Fig. 11). The

Table 2

Binding of S from thiourea by compounds insoluble in
trichloroacetic acid
For the variations in the enzymic activity during incubation see Fig. 6, the curve
correspoding to 5 X 124 m-thiourea. Details of experiment. see text
= g
Counts/min. in TCA-
Time of incubation precipitate as per cent |
of total counts

0 0
60 min. 2
90 min. 15
140 min. 21
24 hours* | 80

* The incubation of this sample was continued overnight at room temperature and
without shaking.

inhibition is released when all the ascorbate has been already oxidized
and the reddish brown pigments begin to accumulate.

In a series of experiments the usual mixture containing the homogenate
and catechol was incubated with 5 X 10—* m-thiourea until the inhibition
disappeared and, at this moment, a new: portion of fresh homogenate was
added. The total activity of the resulting mixture was then approximately
equal to the sum of activities of the fresh homogenate and of the inhibited
sample, thus indicating that the added portion of the fresh enzyme was
not inhibited.

All these experiments indicate that the release of the inhibition by
thiourea depends on a disappearance of thiourea during the incubation.
It may be supposed that thiourea is oxidized or bound by some
intermediate products of catechol oxidation. If these products are being
reduced by ascorbate, no destruction of thiourea occurs and no release
of the inhibition takes place.
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Several analytical methods were used to determine whether the
concentration of thiourea diminished during the incubation. All these
methods appeared, however, to be either not sensitive or not specific
enough. Therefore, in order to follow the fate of thiourea used as inhibitor,
the 35S labelled thiourea was used.

Labelled thiourea (final concentration, 5 X 10~ m; 30 000 counts per
min.) was incubated with the usual medium containing homogenate and
catechol. At various intervals, samples were taken from the mixture. They
were deproteinized with trichloroacetic acid (TCA), centrifuged, and the
radioactivity was measured in the supernatant and in the precipitate. It
appeared (Table 2) that radioactive sulphur was gradually bound to some

200

i

A

J

Counts per minute
o 8
T

Fig: 12. Distribution of %S on chromatograms of TCA-supernatants. S, starting line:
T, spot ot thiourea; F, solvent front. Inactivation: A, at the beginning of incubation;
B, after 45 min. of incubation; C, after 90 min. of incubation

TCA-insoluble material. This process was, however, slow and could not
explain a complete disappearance of the inhibition which occurred after

90 min. of incubation as only 15 per cent of total radioactivity was bound
with TCA-insoluble compounds at that time.

A more precise insight in the fate of radioactive thiourea was possible
by the application of paper chromatography. Samples of TCA-supernatants
were chromatographed and the radioactivity was measured along the
chromatogram strips. A quantity of carrier thiourea was added to each
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sample in order to facilitate the localization of the spots of thiourea. It
appeared that in samples taken at the beginning of the incubaticn
practically all the radioactivity was found in the spot of thiourea
(Fig. 12 A). As the incubation proceeded, more and more of *S was found
in some unidentified compounds whose Ry value was higher than that of
thicurea (Fig 12 B), and after 90 min. of incubation no radioactivity could
be detected in the spot of thiourea (Fig. 12 C).

DISCUSSION

The present results show that the inhibitory effect o1 resorcinol,
cysteine, thiourea and sodium diethyldithiocarbamate on wax-moth
polyphenol oxidase (Fig. 9) is of the same order of magnitude as on
polyphenol oxidases from potato tuber and mushroom [4, 9, 11, 12].

In the present investigation a special attention was directed on
thiourea, since its inhibitory effect showed a spontaneous release during
the incubation with the homogenate and the substrate. A striking
phenomenon was observed: the activity of the enzyme in the presence of
thiourea attained after a certain time of incubation a levei which was
much higher than that of the activity of the (not inhibited) control at the
same moment of incubation. This fact apparently depends on both the
release of the inhibition and the delay in the reaction inactivation.

A similar release of the inhibition has been observed on plant
polyphenol oxidase with glutathione [5, 8] and with phenylthiocarbamide
and thiourea [1]. Bernheim and Bernheim [1] have suggested that some
products of substrate oxidation may compete with the inhibitor for active
centres of the enzyme, thus releasing the inhibition. Accordingly to this
view, the concentration of the inhibitor does not change during the
incubation but the enzyme becomes protected against its action. The
present investigation shows, however, that thiourea disappears from the
medium. This was suggested by experiments in which no inhibition was
observed when a fresh portion of homogenate was added to the medium
containing homogenate, substrate and thiourea at the time when the
original inhibition disappeared. The results of the experiments with
ascorbate and the observations which showed that the greater was the
initial rate of substrate oxidation the shorter was the time needed for
complete reversal of the inhibition allowed to suppose that thiourea was
eiher oxidized or bound by some oxidation products.

A direct evidence in support of this view was obtained by experiments
with labelled thiourea. It was shown that practically all the sulphur
originally present in thiourea molecules was incorporated into some
compounds other than thiourea at the moment when the inhibition was
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completely released. No precise information is, however, available so far
concerning the fate of thiourea during the incubation. As sulphydryl
-groups are known to combine easily with quinones [10], it can be supposed
that thiourea, probably as sulphydryl tautomeric form, may be bound
by quinones which are formed during the oxidation of catechol. During
the incubation these compounds may gradually polymerize and/or bind
with proteins, thus forming complexes insoluble in trichloroacetic acid.

The fact that the maximum activity of the “inhibited” enzyme highly
surpasses the activity of the not inhibited control at the same moment of
incubation indicates that in the presence of the inhibitor the enzyme is
probably protected to some extent from the reaction inactivation during
the initial period of low activity. This is in accordance with the assumption
(cf. Dawson and Tarpley [3]) that the degree of reaction inactivation
depends on the total amount of oxygen consumed by the system.

The effect of diethyldithiocarbamate on polyphenol oxidase of the
wax-moth differs from the effect of thiourea. Although a gradual increase
of the activity is also observed in the presence of diethyldithiocarbamate,
the activity of the inhibited enzyme does not surpass in its maximum
that of the control. This difference in the effect of the two inhibitors is
not well understood. It can be supposed that diethyldithiocarbamate,
similarly as thiourea, is decomposed during the incubation but that this
decomposition is not complete.

It follows from the present investigation that a possibility of a partial
or even full reactivation must be taken into account in interpreting the
results of all those investigations where thiourea, diethyldithiocarbamate
and possibly other related compounds are used as inhibitors of polyphenol
oxidase,

We wish to thank Professor W. Niemierko for his advice and interest
in the course of these investigations.

SUMMARY

The inhibition of polyphenol oxidase from wax-moth larvae by
resorcinol, cysteine, thiourea and sodium diethyldithiocarbamate was
investigated.

The degree of the inhibition by thiourea and diethyldithiocarbamate
diminished during the aerobic incubation of the enzyme and the substrate
(catechol) with the inhibitor. After a certain period of time, which was
dependent on the concentration of the inhibitor, the inhibited enzyme
attained (with diethyldithiocarbamate as the inhibitor) or surpassed (with
thiourea) the activity of the control.
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The mechanism of the release of the inhibition by thiourea was
investigated with 35S labelled thiourea. It was found that during the
incubation thiourea was gradually converted into some other compounds.
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BADANIA NAD INHIBITORAMI POLIFENOLOKSYDAZY U OWADOW

Streszczenie

Badano hamujacy wplyw rezorcyny, cysteiny, ticmocznika i dwuety-
lodwutiokarbaminianu sodu na aktywnos$¢ polifenoloksydazy z gasienic
mola woskowego, Galleria mellonella L. Stwierdzono, ze stopienn zahamo-
wania czynno$ci enzymu przez tiomocznik i dwuetylodwutiockarbaminian
nie jest staly, lecz maleje podczas tlenowej inkubacji enzymu z substra-
tem (katecholem) i inhibitorem. Po pewnym czasie, ktéry zalezy od steze-
nia inhibitora, obserwuje sie calkowite ,,odhamowanie” enzymu: Aktyw-
no$¢é enzymatyczna w obecnosci inhibitora doré6wnuje (w przypadku dwu-
etylodwutiokarbaminianu) lub nawet znacznie przewyzsza (w przypad-
ku tiomocznika) aktywnos$é proby kontrolnej.

Mechanizm ,,odhamowania” przebadano stosujgc tiomocznik znako-
wany siarka 3°S. Stwierdzono, ze odhamowanie spowodowane jest zacho-
dzacym stopniowo w czasie inkubacji przeksztalcaniem sie tiomocznika
w inne, blizej nie zidentyfikowane zwiazki.

Otrzymano 29.10.1959 r.
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V.* ENZYMY PROTEOLITYCZNE SOKU TRZUSTKOWEGO PSA**

Zaklad Chemii Fizjologicznej AM w Krakowie
Kierownik: prof. dr B. Skarzynski
Zaklad Fizjologii AM w Krakowie
Kierownik: prof. dr J. Kaulbersz

Jak wiadomo, trzustka zwierzeca produkuje i wydziela oprécz dawno
juz znanych bialek takich jak trypsynogen i chymotrypsynogen szereg in-
nych enzyméw proteolitycznych badz w formie prekursoréw, badz tez
w postaci aktywnej. Do dokladniej poznanych naleza: karboksypeptyda-
za A [18, 19], elastaza [3, 7, 12, 23] i protaminaza [10, 29, 30]. Materialem
wyjsciowym, z ktorego te enzymy wyizolowano, byla najczesciej trzustka
wolowa i tylko w nielicznych przypadkach badano ich wystepowanie
w soku trzustkowym. Dopiero niedawno Keller i wsp. [20] udowodnili
identycznos¢ niektérych enzyméw i enzymogenéw soku trzustkowego
wolu z analogicznymi bialkami wyizolowanymi w stanie krystalicznym
z trzustki tego samego gatunku. Wniosek ten jest zapewne sluszny takze
w odniesieniu do innych gatunkoéw, jednak niewatpliwie sklad enzyma-
tyczny soku trzustkowego poszczegélnych gatunkéow ssakéw rézni sie od
siebie.

Z wyjatkiem soku trzustkowego wolu, ktorego sklad enzymatyczny
szczegbdlnie w odniesieniu do enzymoéw proteolitycznych zostal dosé
szczegolowo zbadany przez wyzej cytowanych autoréw [20], aktywno$é
proteolityczna soku trzustkowego innych gatunkéw ssakow znana jest
tylko bardzo pobieznie. Wigkszo§¢ prac dotyczacych tego zagadnienia
przeprowadzonych na soku trzustkowym szczura [26] i psa [4, 5, 13, 15,
28] traktuje aktywnosé proteolityczng jako calosé, nie usitujac dokladniej
identyfikowaé¢ poszczegolne enzymy lub enzymogeny.

* Poprzednie prace tej serii [15, 16, 28, 28a].
** Praca wykonana dzieki dotacji Komitetu Biochemicznego PAN.

[51]
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Celem niniejszej pracy jest wykazanie zlozonego charakteru zdolnosci
proteolitycznej soku trzustkowego psa oraz proba identyfikacji kilku
gléwnych skladnikow aktywnosci proteolitycznej tego soku.

METODY

Sok trzustkowy psa otrzymywano z przetok trzustkowych przewle-
klych wedlug Thomasa, lub tez w kilku przypadkach z przetok ostrych.
Sok zbierano i przechowywano w temperaturze ok. +4°. W krotkim cza-
sie po zebraniu sok zageszczano przez dialize w woreczku plastikowym
wzgledem 50°%0 roztworu gumy arabskiej i rozdzielano elektroforetycznie
na zelu agarowym zawierajacym hyflo super-cel. Po zlokalizowaniu frak-
cji bialkowych na elektroforogramie, odpowiednie odcinki zelu eluowano
6 ml roztworu fizjologicznego soli, adsorbent odwirowywance i uzyskane
roztwory przechowywano w temperaturze 4° az do wykonania oznaczen
enzymatycznych. Dokladny opis postepowania podano poprzednio [28].

Jako substratow do oznaczen enzymatycznych uzywano nastepujace
substancje: hemoglobine (Difco), ester etylowy L-lizyny (EEL) sporzadzo-
ny wedlug Werbina i Palma [31], ester etylowy L-tyrozyny (EET) spo-
rzadzony wedlug Adkinsa i Billica [1], ester etylowy N-acetylo-DL-tryp-
tofanu (EEAcTr) otrzymany z N-acetylo-DL-tryptofanu (L. Light) przez
ogrzewanie pod chlodnica zwrotng w obecnosci absolutnego etanolu i su-
chego chlorowodoru, chloroacetylo-L-tyrozyne (C1AcT) (Hoffmann — La
Roche), elastyn wyizolowany z aort wolowych wedlug Granta i Robbinsa
[12]. Do aktywacji enzymogenéw uzywano krystaliczng trypsyne (Orga-
nofarma) i preparat enterokinazy sporzadzony z blony S$luzowej jelita
wieprzowego wedlug Eichhorna [8].

Enzymatyczng hydrolize estrow aminokwasow oznaczano nastgpujgco:
0,4 ml roztworu zawierajacego enzym inkubowano z 0,3 ml buforu fosfo-
ranowego 0,3 M o pH 7.8 i 0,3 ml roztworu substratu (stezenie koncowe
0,015 m dla EET i EEAcTr, 0,02 m dla EEL) w lazni o temperaturze 37°.
Po okreslonym czasie inkubacji oznaczano zawarto$¢ nierozlezonego estru
metoda hydroksamowa Hestrina [14].

Hydrolize hemoglobiny oznaczano metoda Ansona [2], przyjmujac
wedlug tej metody jednostke aktywnosci; przy pomocy tej samej jednost-
ki okreslano aktywnosé hydrolizy estrow aminokwaséw na podstawie
empirycznie uzyskanych krzywych.

Hydrolize chloroacetylotyrozyny oznaczano nastepujaco: 0,3 ml roz-
tworu enzymu inkubowano z 0,3 ml roztworu substratu (stezenie koncowe
0,015 M) w buforze ,.tris“ (tr6jhydroksymetyloaminometan) 0,02 m o pH
7.5 i po odpowiednim czasie trawienia w temperaturze 37° zatrzymywa-
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no reakcje przez dodanie 1 ml 1% roztworu kwasu pikrynowego. Po od-
wirowaniu ewentualnego osadu oznaczano w roztworze zawartos¢ wolnej
tyrozyny metoda ninhydrynowa Rosena [25]. Za jednostke aktywnosci
przyjeto te ilosé enzymu, ktéra w czasie 30 minut w warunkach ozna-
czenia dzialajac z predkoscia poczatkowa odszczepia 1 wv-tyrozyny.

Hydrolize elastynu oznaczano inkubujac roztwér enzymu z 0,3 ml za-
wiesiny substratu w temperaturze 37°. Zawiesine substratu sporzadza sie
przez zhomogenizowanie 400 mg sproszkowanego elastynu w 10 ml
0,5 m buforu fosforanowego o pH = 7,4. Calkowita objetos¢ inkubowa-
nej mieszaniny wynosila 3 ml. Po odpowiednim czasie trawienia zatrzy-
mywano reakcje enzymatyczng przez wlozenie probéwek do lodu na -
5 minut, nierozlozony substrat odsgczano i w przesaczu oznaczano za-
warto$é rozpuszczonego bialka metoda Lowry i wsp. [24]. Za jednostke
aktywnosci przyjeto ilos¢é enzymu, ktéra w czasie 30 minut rozpuszcza
1 mg elastynu.

Przy doswiadczeniach, w ktérych badano wplyw aktywujacy trypsyny
i enterokinazy, inkubowano przed oznaczeniem aktywnosci enzymatycz-
nej 0,3 ml eluatu z 0,1 ml roztworu zawierajacego 10 pug trypsyny wzgled-
nie 0,3 mg preparatu enterokinazy przez 20 minut w temperaturze 37°.
Rownolegle przeprowadzano oznaczenia kontrolne pozwalajace okreslié,
w jakim stopniu sam aktywator uczestniczy w hydrolizie stosowanego
substratu. Uzyskane w ten sposéb zazwyczaj niewielkie wartosci odej-
mowano od wynikow wszystkich wlasciwych oznaczen.

Stezenie biatka w eluatach frakeji elektroforetycznych oznaczano przy
uzyciu odczynnika fenolowego Folina i Ciocalteu [9], metoda opisang po-
przednio [16]. Aktywno$¢ enzymatyczng frakeji bialkowych przedsta-
wiano albo jako procent calej aktywnosci (tzn. wszystkich frakeji lacz-
nie) albo tez w jednostkach aktywnos$ci enzymatycznej na 1 mg bialka.

WYNIRI

Przy stosowanym przez nas sposobie postepowania rozdzial elektrofo-
retyczny bialek soku trzustkowego psa umozliwia wyréznienie 6-8 frak-
cji biatkowych. Na podstawie ich rozmieszczenia dzielono warstwe zelu
agarowego na 8 odcinkéw oznaczanych kolejno liczbami 1, 2a, 2b, 3a, 3b,
4, 5, 6. Polozenie tych odcinkéw i rozmieszczenie w nich bialka przed-
stawia rys. 1 i tablica 1. Po wyeluowaniu biatka z poszczegélnych odcin-
kéw odpowiadajacych frakcjom bialkowym soku przeprowadzono ozna-
czenia aktywnosci enzymatyczne] uzyskanych roztworéow wzgledem szes-
ciu substratéw. Oznaczano zaréwno aktywnos§é samoistng (tzn. spowodo-
wang obecnoscig aktywnych enzymoéw wytworzonych z enzymogenow
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juz w czasie calego postepowania poprzedzajacego oznaczanie), jak row-
niez po aktywacji eluatéow krystaliczng trypsyna i preparatem enteroki-
nazy.

Przeprowadzono ogélem 40 analiz elektroforetycznych i na eluatach
frakeji bialkowych wykonano odpowiednig dla uzyskania znamiennosci
statystycznej ilo§¢ poszczegbélnych oznaczer enzymatycznych. W tablicy 2

Tablica 1

Srednie wartosci procentowego rozmieszczenia bialka we frakcjach
elektroforetycznych soku trzustkowego psa

Wartosci Srednie obliczone z wynikéw 40 oznaczer bialka w eluatach frakcji

: | [ 1 1
Frakcje 1 2a ‘ 2b ll 32 | 3b | 4 S0 76
] 1 \ |
Wzgledny 9/, 61| 87| 134] 93| 81| 352 14| 78 !

| +0,6 | £0,6 | £1,0 | 0,8 | 204 | +1,0 | +08 | +0,4 |

zebrano Srednie wartosci rozmieszczenia procentowego aktywnosci enzy-
matycznej we frakcjach, natomiast diagramy na rys. 2-6 przedstawiajq
aktywno$¢ wlasciwg frakcji bialkowych. Wysokosé stupkéw na diagra-

+

1 %0 75 % &% 4§ 0

Rys. 1. Rozmieszczenie bialka na eiektroforogramach soku trzust-
kowego z zaznaczonym podzialem na frakcje. Szeroko$é¢ kazdego
odcinka odpowiada szeroko$ci frakeji zbieranych z elektroforo-
gramow; powierzchnie zakre$§lone przez poszczeg6lne czesci
krzywej sa proporcjonalne do stezenia biatka we frakcjach.
Miejsce nalozenia soku trzustkowego zaznaczono strzalkg

mach odpowiada $rednim wartosciom aktywnosci wlasciwej w jednost-
kach aktywno$ci na 1 mg biatka, ich szeroko$é jest proporcjonalna do
Sredniej zawartosci bialka, zatem powierzchnie stupkéw sa zgodne z war-
tosciami zebranymi w tablicy 2.

Hemoglobina jest substratem, ktéry ulega rozkladowi bez uprzednié]
aktywacji we wszystkich zbadanych przypadkach. Aktywno$é ta zlokali-
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Tablica 2

Srednie warto$ci aktywnosci enzymatycznej frakcji bialkowych
soku trzustkowego psa

Poszczegolne liczby przedstawiajg procent calej aktywnos$ci enzymatycznej wzgledem
danego substratu w kazdej frakeji elektroforetycznej

| | 7
& Frakcja
Substrat Aktywator :)l::c == -
0 o N T O T
' bez | a3 | 33| 230] %5 | 193} 64| 22] 14] a9
aktywatora +0,7 | +30 | £3,6 | £2,7 | £1,1 | 04 | £0,3 | +0,3
= . | r | s
| eypsyma | 25 | 30| 17| 27| 148 82| 154 23] 59
lobina | < . *
e | | £0,5 | £2,3 | £26 | 25 | £1,3 | £17 | £19 | £11
| enterokina- | 6 | 04| 91| 250 252 | 44| 46| 52 ' 26,1
za 1 40,1 | +:2,9 | 44,9 | £4,0 | £0,9 | +:2,7 | +:2,6 | £3,8
B S | - ! 1
| bez 17 | ‘ zupelny brak aktywnosci ,
aktywatora 5 L | ' |
Ester T | CRESE N D) ]
etylowy trypsyna 5 ‘ { zupelny brak aktywnosci | :
lizyny ' u L ' | ' |
| enterokinaza| 11 ' 0,5 31| 2540 255 43 14 3,6 l 36,2
‘ | £03 | £13 | 6,5 | +4.3 | +20 | £12 | £2,2 | +6,5
Hiia | bez 19| 80| 93| 146 440 183| 38| 11| 09
etylowy ; aktywatora g +2,2 | +1,8 | +23 | +4,3 ' +3,3 | £1,6 | +0,4 , +0,4
tyrozyny [ trypsyna | 18 | 08| 27| 47| 121 | 21,6| 468 | 52 | 61
+£0,4 | £0,6 | £0,9 | +1,4 | £2,6 | +3,9 | £1,0 | £1,5
Rite: | bez 2 | 00| 16 ; 16| 542 204 22 00| 00
etylowy :,aktywatora ‘ 0 ] | i o s : - T —_ — s
acetylo- | trypsyna ] 2 0.0/l a2 | 13 681 68| 732Z| 69| 338
tryptofanu | \ = I Al ) [l - e
| { | |
| bez | 15 25| 27 | s;s| 11,8 159 | 41,0 184 | 22
Chloroace- | aktywatora ; 108 | £0,6 | +16 | £2,1 | +22 | +3,8 | +3,6 | £09
tylotyrozyna | ¢rypsyna | 6 | 1,6 | 4,sl 83| 104 | 11,1 | 409 | 201 | 3,
‘ ‘ +0,6 | £2,6 | +39 | £3,3 | £33 | £4,0 | £68 | £2,6
bez | -7 24 66| 328 | 21| 14| 138 38| 11
aktywatora | +1,5 | 42,8 | £54 | £33 | £0,8 | £1,5 | £0,7 | +0,1
Elast =1 | | et e
% trypsyna | 4 13| 46| 220| 83| 67| 306 | 158 | 10,7
1 | £0,4 | +1,8 | +4,4 | 2,9 | £22 | £3,7 | 69 | £7,5

zowana jest gtéwnie we frakcjach 2a, 2b i 3a z maksimum we frakeji 2b.
Frakcje 1 i 3b wykazuja tylko niewielkg aktywnos$é¢ a frakcje 4, 5 i 6 nie
rozkladajg praktycznie hemoglobiny w tych warunkach. Inkubowanie
eluatéw z krystaliczng trypsyna powoduje pojawienie sie aktywnosci pro-
teolitycznej takze we frakcjach pozostalych, a szczegélnie we frakeji 4.
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Jeszcze bardziej wyraZnie zaznacza si¢ wplyw preparatu enterokinazy.
Inkubowanie eluatéow z 0,3 mg tego preparatu powoduje wystepowanie
bardzo silnej aktywnosci we frakeji 6 przy rownoczesnym podwyzszeniu
aktywnosci frakcji 3a. Zmiany aktywnosci we frakejach biatkowych
wskutek dzialania trypsyny i enterokinazy w réwnoleglych do$wiadcze-
niach przedstawione sa takze na rys. 2. Hemoglobina jest substratem
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60 60
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Rys. 2. Hydroliza hemoglobiny przez frakcje bialkowe soku trzustkowego. A — do-

Swiadczenia bez aktywacji, B — po aktywacji trypsyna, C — po aktywacji entero-

kinazg. Wysoko$é slupkéw odpowiada Srednim warto§ciom aktywnosci wlasciwej

w jednostkach aktywno$ci na 1 mg bialka, szeroko$é jest proporcjonalna do $red-
niej zawartoéci bialka we frakcjach

niespecyficznym i interpretacja wynikéw na podstawie hydrolizy tylko
tego jednego substratu bylaby problematyczna, jednak wybitna aktywno$é
frakcji 6 po aktywacji enterokinazg pozwala przypuszczaé, ze w tej frak-
cii znajduje sie¢ trypsynogen.

Diagramy na rys. 3 przedstawiaja rozmieszczenie aktywnosci wzgle-~
dem estru etylowego lizyny. Charakterystyczny jest praktycznie zupelny
brak zdolnosci hydrolizy tego zwigzku przez nieaktywowane frakcje bial-
kowe i tylko nieznaczna aktywnos$é we frakeji 6 po aktywacji trypsyna.
Aktywacja enterokinaza wywoluje silng aktywnos$é we frakeji 6, a oprécz
tego wyrazng aktywnos¢ we frakcjach 2b, 3a i 3b. Ester etylowy lizyny
jest substratem odpowiadajacym warunkom specyficzno$ci trypsyny [31]
i jest rozkladany przez krystaliczng trypsyne z do$é duza szybkoscia.
Brak hydrolizy tego substratu przez frakcje nieaktywowane $§wiadczy
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o tym, ze trypsynogen nie ulega aktywacji w czasie calego post¢pcwania.
Pojawienie sie silnej aktywnosci we frakeji € po aktywacji enterokinaza
potwierdza teze, ze w tej frakcji znajduje sie trypsynogen.

Ester etylowy tyrozyny posiada strukture odpowiadajaca specyficz-
nosci chymotrypsyny i ulega hydrolizie pod dzialaniem tego enzymu
z do$é znaczna predkos$cia [27]. Substrat ten w doswiadczeniach bez akty-
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Rys. 3. Hydroliza estru etylowego lizyny przez frakcje bialkowe soku trzustkowego.
A — bez aktywacji, B — po aktywacji trypsyna, C — po aktywacji enterokinaza.
Opis jak dla rysunku 2

wacji ulega w pewnym stopniu hydrolizie przez frakcje 3a (biatko pozo-
stajagce w miejscu nalozenia). Tu prawdopodobnie znajduje si¢ chymo-
trypsyna wytworzona wskutek przypadkowej aktywacji chymotrypsyno-
genu w czasie calego postepowania poprzedzajacego oznaczenie. Aktywa-
cja trypsyna powoduje pojawienie si¢ wybitnej aktywnosci we frakcji 4;
doéé duza aktywnos$é posiadaja takze frakcje sasiednie, a szczeg6lnie 3b
(Rys. 4). W przeliczeniu na 1 mg bialka aktywnoséc¢ tej frakcji jest nawet
wyzsza niz frakeji 4, nalezy jednak pamietaé, ze frakcja 3b jest uboga
w bialtko, podczas gdy frakcja 4 zawiera ponad 35% calego biatka uzy-
tego do rozdzialu. W podobny spos6b jak ester etylowy tyrozyny zacho-
wuje sie inny specyficzny dla chymotrypsyny substrat — ester etylowy
N-acetylo-DL-tryptofanu. Ulega on takze hydrolizie przez aktywowana
trypsyna frakcje 4 (Tabl. 2). Wyniki te wskazuja na to, ze we frakcji 4
znajduje sie chymotrypsynogen.
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Chloroacetylotyrozyna jest jednym z specyficznych substratow dla
karboksypeptydazy A [6]. Substancja ta jest rozkiadana przez frakcje 4,
zaré6wno w doswiadczeniach bez aktywacji, jak i po aktywacji trypsyna.
Brak dzialania aktywujacego trypsyny, a nawet pewne obnizenie aktyw-
nosci we frakcjach 3a i 3b po inkubacji z trypsyna, wskazuje na to, ze
wystepujaca tam karboksypeptydaza jest juz calkowicie aktywna i nawet
ulega czeSciowemu unieczynnieniu. Hydroliza chloroacetylotyrozyny
przez poszczegolne frakcje przedstawiona jest na diagramach na rys. 5.

Je1074 07!
70[— A 10}~ 8
8- 8-
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Y 220000 ) AT NN :
152a 72b 3a 3b 4 ) 120 2b 3a 3b 4 %5

Rys. 4. Hydroliza estru etylowego tyrozyny przez frakcje bialkowe soku trzustko-
wego. A — bez aktywacji, B — po aktywacji trypsyna. Opis jak dla rysunku 2

s
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Rys. 5. Hydroliza chloroacetylotyrozyny przez frakeje bialkowe soku trzustkowego.
A — bez aktywacji, B — po akiywacji trypsyna. Opis jak dla rysunku 2

Elastyn, drugi z zastosowanych substratow bialkowych, ulega hydro-
lizie bez uprzedniej aktywacji pod dzialaniem frakeji 2b i 3a, a takze,
cho¢ w mniejszym stopniu, w nastepnych 3b i 4. (Rys. 6). Rozmieszczenie
aktywnosci przypomina hydrolize hemoglobiny w analogicznych warun-
kach. Inkubacja eluatéw z niewielkim stezeniem trypsyny powoduje obni-
zenie aktywnosci we frakcjach blizszych anody (2b, 3a, 3b) i wyrazny
wzrost, wzglednie pojawienie si¢ nowej aktywnosci we frakcjach 4, 5 i 6.
Rozklad elastynu i hemoglobiny bez uprzedniej aktywacji i réwnoczeny
brak zdolno$ci hydrolizy estréw aminokwaséw w analogicznych warun-
kach pozwala na rozpoznanie enzymu wystepujacego we frakeji 2b i sa-
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Rys. 6. Hydroliza elastynu przez frakcje bialkowe soku trzustkowego. A — bez

aktywacji, B — po aktywacji trypsyna. Opis jak dla rysunku 2

siednich jako elastazy. Hydroliza obu bialkowych substratéw przez pozo-
stale frakcje po aktywacji trypsyna da si¢ wyjasni¢ dzialaniem innych
obecnych tam enzyméw — chymotrypsyny, trypsyny i karboksypep-
tydazy.

DYSKhUSJA

Obecnie przedstawione wyniki do$wiadczen wykazaly, ze aktywnosé
proteolityczna soku trzustkowego psa posiada charakter zlozony. Na pod-
stawie rozdzialu elektroforetycznego bialek i zastosowania kilku substra-
tow oraz z zaobserwowanych réznic aktywnosci przed i po aktywacji
frakcji bialkowych trypsyna i enterokinaza, mozna wykazaé¢ obecno$é co
najmniej pieciu odrebnych enzymoéw proteolitycznych. Cztery 2z nich
udalo sie zidentyfikowaé¢, a mianowicie: trypsynogen, a-chymotrypsyno-
gen, karboksypeptydaze A i elastaze.

Trypsynogen znajduje sie we frakecji 6, a wiec wedruje w czasie elek-
troforezy najdalej do katody, co pozostaje w zgodnosci ze znang wysoka
wartoscig punktu izoelektrycznego tego bialka [21]. Nie wykazuje on zad-
nej aktywno$ci bez uprzedniej aktywacji i dopiero po aktywacji prepa-
ratem enterokinazy pojawia si¢ aktywnosé¢ wzgledem estru etylowego
lizyny i substratow bialkowych. Wydaje si¢, ze w tej samej frakeji bial-
kowej znajduje sie inhibitor trypsyny, ktérego wystepowanie w soku
trzustkowym znane bylo dawniej [17]. Obecnosé inhibitora, ktéra udalo
sie wykazaé¢ tylko w niektérych doswiadczeniach, moglaby wyjasnié brak
aktywujacego dzialania krystalicznej trypsyny na trypsynogen znajdujacy
sie w tej samej frakcji. Inhibitor ulega inaktywacji pod wplywem wy-
ciggéow z blony sluzowej jelita [17] i dz'eki temu preparat enterokinazy
moze aktywowac trypsynogen.

Chymotrypsynogen wystepuje we frakcji 4. Ulega on aktywacji pod
dzialaniem Kkrystalicznej trypsyny i po zaktywowaniu hydrolizuje ester
etylowy tyrozyny i ester etylowy acetylotryptofanu oraz substraty bial-
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kowe. Chymotrypsynogen moze ulec czesciowej aktywacji wskutek za-
biegéw poprzedzajacych elektroforeze. Wytworzona w ten sposob aktyw-
na chymotrypsyna znajduje sie we frakeji 3a i powoduje hydrolize estru
etylowego tyrozyny w doswiadczeniach bez aktywacji. Sadzac z ruchli-
wosci elektroforetycznej obecny we frakeji 4 chymotrypsynogen odpowia-
da krystalicznemu a-chymotrypsynogenowi [21]. Wydaje sie, ze w soku
trzustkowym psa nie wystepuje chymotrypsynogen B, obecny w soku
trzustkowym wolu [20].

W tej samej frakcji biatlkowej co chymotrypsynogen znajduje sie kar-
boksypeptydaza A. Rozklada ona chloroacetylotyrozyne i w eluatach jest
juz calkowicie aktywna. Nalezy przypuszczaé, ze prokarboksypeptydaza
zostaje calkowicie uczynniona w czasie przygotowania soku do elektro-
forezy.

Enzym, ktory wedruje w kierunku anody (frakcja 2a i 2b), rozklada
elastyn i hemoglobine bez uprzedniej aktywacji i jest nieakiywny wzgle-
dem substratéw syntetycznych, wydaje sie¢ by¢ identyczny z opisana w li-
teraturze elastazg [3, 7, 12, 23]. Jest rzecza prawdopodobna, ze rowniez
i ten enzym powstaje z nieczynnego prekursora wskutek réznych zabie-
gow poprzedzajacych oznaczanie, poniewaz stwierdzono tylko bardzo sla-
ba aktywno$¢ proteolityczng Swiezo pobranego soku wzgledem hemo-
globiny.

Aktywnosci frakeji 2a, 2b i 3a nie mozna uwazac¢ za jednolita, ponie-
waz wskutek aktywacji preparatem enterokinazy pojawia sie¢ w nich cal-
kiem nowa aktywnos¢ wzgledem estru etylowego lizyny i réwnoczeénie
mozna zaobserwowa¢ wzrost aktywnosci wzgledem hemoglobiny. Nieste-
ty stosowany preparat z blony $luzowej jelita nie jest czysta enterokina-
za, nie wiadomo wiec, czy obserwowang aktywacje powoduje sama ente-
rokinaza, czy tez jaki§ inny czynnik obecny w preparacie. Byé moze, ze
powstaje w ten sposéb aktywna protaminaza (przypuszczalnie identyczna
z karboksypeptydaza B [29]) lub tez jakis inny z licznych, choc niedokladnie
scharakteryzowanych enzymoéw proteolitycznych trzustki [7, 11, 22, 30].
Identyfikacja enzymu, wzglednie enzyméw, obecnych w tych frakcjach
nie jest mozliwa na podstawie obecnych doswiadczen i wymaga dal-
szych bardziej szczegélowych badan.

Pragniemy zlozy¢ podziekowanie Panu Prof. Dr B. Skarzynskiemu za
pomoc i opieke, ktére umozliwily nam wykonanie tej pracy.
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STRESZCZENIE

Przeprowadzono badania aktywnosci proteolitycznej rozdzielonych
elektroforetycznie frakeji biatkowych soku trzustkowego psa przy uzyciu
szesciu substratéw, a mianowicie: hemoglobiny, elastynu, estru etylowego
L-lizyny, estru etylowego L-tyrozyny, estru etylowego N-acetylo-
DL-tryptofanu i chloroacetylotyrozyny. Stwierdzono mozliwos¢ wystepo-
wania co najmniej pieciu enzymow proteolitycznych, z czego cztery
zidentyfikowano. Sa to: trypsynogen, a-chymotrypsynogen, karboksypep-
tydaza A i elastaza.
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STUDIES ON HYDROLASES IN DIGESTING JUICES
V. PROTEOLYTIC ENZYMES IN THE DOG PANCREATIC JUICE

Summary

The proteolytic activities of electrophoretic protein fractions of the
dog pancreatic juice were studied towards the following substrates:
haemoglobin, elastin, L-lysine ethyl ester, L-tyrosine ethyl ester and the
ethyl ester of N-acetyl-DL-tryptophane, as well as of chloracetyl
tyrosine. The possibility of the presence of 5 proteolytic enzymes at
least, was stated. Four of them were identified, namely: trypsinogen,
a-chymotrypsinogen, carboxypeptidase A and elastase.

Otrzymano 21.11.1959 r.
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(Institute of Biochemistry and Biophysics, Academy of Sciences, Warsaw)

It has now been reasonably well established that for a variety of
pyrimidine derivatives, including nucleosides and nucleotides,
unsubstituted in the 5 and 6 positions of the pyrimidine ring, ultraviolet
irradiation (at wavelengths above 2200 A) leads to the formation of
photoproducts capable of reverting to the original substance in the “dark”
under the influence of acid, alkali, or heat at neutral pH. The
photochemical reaction in such cases usually involves uptake of a water
molecule at the 5,6 double bond with the formation of a 5-hydro-
-6-hydroxy derivative, the reverse dark reaction involving the
elimination of this water molecule! (see Ref. [13] for review).

A number of pyrimidine derivalives, however, apparently do not
undergo this reversible reaction, irradiation being accompanied by ring
rupture with the ultimate formation of a variety of stable photoproducts.
These include, amongst others, orotic acid, thymine (see, however, below),
barbituric acid, 6-aminouracil, etc. A characteristic feature of this class
of compounds is that the 5 or 6 position of the pyrimidine ring is
substituted.

On the other hand, since such derivatives as 2-thiouracil, 2-thiocytosine,
etc. likewise do not form reversible photoproducts, it is rather the
electron distribution density in the pyrimidine ring which determines
the ability of the 5,6 double bond in the excited pyrimidine ring to take

! Irradiation of some 4-aminopyrimidines gives rise to reversible photoproducts
which do not result from the simple uptake of a water molecule at the 5.6 double
bond. These include 2-methoxycytosine, the pyrimidine component of vitamin By,
etc., and will be reported upon in detail elsewhere.

163]
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up a water molecule; and the apparent failure of 5- or 6-substituted
derivatives to do so is not the result of any steric hindrance. In fact,
Moore & Thomson [8] claim to have observed “slight” reversibility for
6-methyluracil, although we have been unable to confirm this (see below).

In addition to their interest from a purely physicochemical point
of view, the reversible photolytic reactions of pyrimidine nucleotides
suggest a conceivable experimental mechanism to account for the
phenomenon of biological photoreactivation, the more so in that these
reversible photochemical reactions have been shown to occur in both
natural and synthetic polynucleotide chains [11, 12, 13, 20]. This is, in
fact, at present the only experimental model capable of accounting for
photoreactivation in living organisms.

It is, on the other hand, well known that the T-even bacteriophages
readily exhibit photoreactivation [3, 4]. However, the only pyrimidine
components of the DNA of these phages are thymine, 5-hydroxymethyl-
cytosine and glucosylated 5-hydroxymethyleytosine, all of which are
substituted in the 5 position. and hence would not normally be expected
to exhibit reversible photolysis. As a result of this we were led to
undertake a more detailed investigation of the photochemical behaviour
of a variety of substituted pyrimidine derivatives, with special reference
to those substituted in the 5 and/or 6 positions.

While the present investigation was in progress, a repcrt appeared
[18] presenting indirect evidence that one of the initial photoproducts
resulting from the irradiation of 1,3-dimethylthymine (1,3,5-trime-
thyluracil) is 1,3-dimethyl-5-hydro-6-hydroxythymine, as would be
expected from the uptake of a water molecule at the 5,6 double bond.
This photoproduct was not isolated because of its instability, this being
ascribed to the ease with which it undergoes dehydration; and the
evidence for its formation as an intermediate in the photodecomposition
of dimethylthymine was based on the observation that one of the final
photoproducts of prolonged irradiation of 1,3-dimethylthymine is
N. N'-dimethylmethylmalonamide, which is a product of decarbonylation
or 1,3-dimethyl-5-hydro-6-hydroxythymine.

It had previously been concluded, on the basis of a study of the
kinetics of photolysis in light and heavy water [11, 13], that formation
of the final photoproducts of thymine does not proceed wvia uptake of
a water molecule. The foregoing finding indicates, however, that
5-hydro-6-hydroxythymine may be an unstable intermediate in the
photodecomposition of thymine. If this were so, it is conceivable, as
Wang [18] has suggested, that such an intermediate may exhibit greater
stability in a nucleotide chain and thus exhibit the phenomenon of
reversibility.
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MATERIALS

Methylated uracil derivatives were obtained by methylation, with
dimethylsulphate, of 5-methyluracil (thymine), 6-methyluracil and
5.6-dimethyluracil, followed by repeated crystallization. It was,
nonetheless, found that melting point determinations were unsatisfactory
for establishing the purity of these compounds and, in our opinion, paper
chromatography provides a much better criterion for this purpose. An
examination of the spectrum of a given derivative in neutral and alkaline
media is especially useful for determining whether it is methylated in
the 1 or 3 position, or both, by making use of the previously reported
spectra for l1-methyluracil and 3-methyluracil [10].

Of a variety of solvent systems tested, none was found to be more
suitable than that used by McOmie et al. [6] for the separation of
1,6-dimethyluracil and 3,6-dimethyluracil. The following table represents
the R, values for various methylated uracils:

Table 1

Ry values for methylated uracil derivatives

Solvent system benzene-ethanol-water (169/45/15, v/v/v), ascending chromatography,

Compound Ry

| |

Uracil 0.03 |
. S-methyluracil (thymine) 0.05 (tailing)
| 6-methyluracil | 0.07

5, 6-dimethyluracil 0.15

1, 6-dimethyluracil 0.32

3, 6-dimethyluracil | 0.48

1, 3, 5-trimethyluracil | 0.72

1, 5, 6-trimethyluracil | 0.93

1, 3, 5, 6-tetramethyluracil 0.97

6-aminouracil and 6-aminothymine were obtained through the
kindness of Dr. D. Kanazir of the Institute of Nuclear Sciences, Belgrade.
Their Ry values in isopropanol-water-ammonia (70:25:5), ascending
chromatography, are 0.24 and 0.31, respectively.

We are indebted to Prof. A. R. Todd for samples of O? : 2-cyclouridine,
isopropylidene-O? : 5’-cyclouridine, 1,3-dimethylcytosine and isocytosine-
-1-f-D-arabinoside. The latter compound was initially discovered as
a contaminant of O%:2-cyclouridine, in this laboratory, and was
5
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subsequently isolated in quantity and identified in the Cambridge
laboratory (Todd & Brown, personal communication).

3-methyluridine and 3-methylthymidine were prepared according to
the procedure of Miles [7].

Jsocytosine, 5-hydroxymethylcytosine and 5-methyldeoxycytidine were
California Foundation products; 5-hydroxymethyluracil was prepared by
deamination of 5-hydroxymethylcytosine.

We are grateful to Dr. J. F. Koerner for samples of 5-hydroxymethyl-
deoxycytidylic acid and glucosylated 5-hydroxymethyldeoxycytidylic
acid 2.

5-ribofuranosyluracil was separated on a small scale by paper
chromatography from commercial samples of uridine; it was subsequently
checked against a sample kindly provided by Dr. W. E. Cohn.

METHODS

The methods used were essentially the same as those previously
described [12, 19]. The irradiation source was a British Thermal Syndicate
mercury resonance lamp (2537 A) from which wavelengths to the violet
of 2300 A were removed by means of an acetic acid filter. Light
intensities were based on uranyl oxalate actinometry; but routine measure-
ments were frequently carried out by measuring the decrease in absorption
of a solution of uridylic acid, the quantum yield for which is well
established [15, 20]. Irradiations were normally conducted in 10-mm.
spectrophotometer cuvettes provided, where necessary to prevent
evaporation, with ground joints; and at concentrations of the order of
10~*m. When it was necessary to chromatograph the irradiated solution,
concentrations were increased 10-fold and 1-mm. cuvettes wused.
A Radiometer titrator with appropriate glass microelectrodes was used
for pH measurement and control without removing the solutions from the
cuvettes.

Quantum yields were usually calculated from changes in absorption
spectra, except for 5-substituted cytosine derivatives where radiation
induced modifications of absorption spectra were too complicated, and
supplementary measurements were found necessary.

2 The following abbreviations will be used in this text: 5-MC, 5-methylcytosine;
5-MDC, 5-methyldeoxycytidine; 5-HMC, 5-hydroxymethylcytosine; 5-HMDCp, 5-hy-
droxymethyldeoxycytidylic acid; 5-HMGDCp, 5-hydroxymethyl-(O-glucosyl)-deoxy-
'cytidylic acid.
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RESULTS AND DISCUSSION

Methylated wuracil derivatives. In view of the report of Moore
‘& Thomson [8] that 6-methyluracil exhibits ‘“slight” reversibility, this
compound was examined under a variety of conditions, with negative
results. Irradiation always resulted in a decrease in absorption which could
not be reversed either by heating at neutral pH or by acidification.

Since uracil does not exhibit 100% reversibility [9, 14] following
irradiation, while 1,3-dimethyluracil does [8, 20], the behaviour of
1,3,6-trimethyluracil was then examined. The results of a typical
experiment are illustrated in Fig. 1. The degree of thermal reversibility
at neutral pH is seen to be quite high, varying from 65 to 80% in different

o8

02

1 1 1 1
2200 2400 2600 2800 3000

Fig. 1. Photolysis and thermal rever- A (A)
sibility of 1,3,6-trimethyluracil in Fig. 2. Irradiation of 6-aminothymine
).02 m-phosphate buffer pH 7.2: in 0.02 m phosphate buffer pH 8.5 at
e before irradiation, an incident intensity of 2.6 X 10--7
————— after irradiation for 3 hrs. einstein/cm*min.,
at an incident intensity of ~— before irradiation
2.6X10—7 einstein/cm®*/min., —————"after 1 min. irradiation
s i irradiated solution heated R g after 2 min. irradiation
75 mins. at 80° —X—X%—=X after 10 min. irradiation

experiments, and depending to some extent on the degree of photolysis. It
can therefore be assumed, with a reasonable degree of confidence, that the
phctolytic reaction in this case likewise proceeds via addition of a water
molecule at the 5,6 double bond. Furthermore, as in the csse of uracil
itself [9, 14], the failure to observe 100°% reversibility is undcubtedly due
to the presence of side reactions.

The behaviour of 1,3-dimethylthymine does not differ significantly
from that of thymine itself [13] as concerns the overall photochemical
reaction (see, however, Introduction and ref. [18]).
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The quantum yields for photolysis of 5,6-dimethyluracil, and
1,3,5,6-tetramethyluracil are quite low. The former exhibits no reversibility
at all; while the slight thermal reversibility observed for the latter is
probably without significance and due, most likely, to traces of
1,3,6-trimethyluracil.

6-amino-uracil and thymine. Neither of these compounds exhibits
thermal reversibility following photolysis. They are of interest in that
6-aminothymine, at pH values where the amino group is not dissociated,
is the most sensitive of all pyrimidine derivatives hitherto investigated
with a quantum yield of the order of 0.15 (Fig. 2). Upon dissociation of
the amino group, the quantum yield drops radically and is of the order
of 103 for both compounds ®.

3-methyluridine behaves both qualitatively and quantitatively like
uridine [20]; the quantum yield is 19.5 >} 10~? and thermal reactivation
is 100°. This is likewise what one would expect from the behaviour of
1,3-dimethyluracil [20]. It is nonetheless of interest that, when the
3-position of the uracil ring is substituted in a nucleoside as in hydrogen
bonding in a two-stranded nucleotide chain, the photochemical behaviour
is unaltered.

5-hydroxymethyluracil and 5-ribofuranosyluracil are both relatively
resistant to irradiation, the quantum yields being, respectively,
1.6 X 103 and 2.3 X 103, as compared to 0.4 X 10~3 for thymine [13].
Neither compound exhibits reversibility.

Uridine cyclonucleosides. These compounds were originally
investigated as models of cytosine nucleosides, the photochemical
behaviour of which suggested the existence of appreciable hydrogen
bonding between the 2-carbonyl of the pyrimidine ring and one of the
carbohydrate hydroxyls [19]. The corresponding cytosine cyclonucleosides
would, of course, be more appropriate models, but their extreme instabi-
lity in aqueous solution [1, 2] rendered their use impossible for this
purpose (see, however, below for behaviour of toluenosulfonyl salt of
cyclocytidine).

The absorption spectrum and photochemical behaviour of O2:2'-
-cyclouridine are illustrated in Fig. 3. Irradiation at pH 7 results in the
disappearance of the characteristic absorption spectrum and the
appearance of a new maximum at 2350 A. This behaviour is in accord
with that to be expected from uptake of a water molecule at the
3 Because of its remarkably high sensitivity at alkaline pH, 6-aminothymine
should be suitable for actinometry of resonance and germicidal lamps in those

instances where it is necessary to measure low doses such as those required for
inactivation of, e.g. transforming DNA.
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5,6 double bond since the pyrimidine ring is in the quinone form [la]. The
maximum at 2350 A therefore results from conjugation of the 2,3 double
bond ‘and the 4-carbonyl. A similar maximum is shown by the
photoproducts of cytosine nucleosides (19) as well as by dihydrocytosine
and its nucleosides, and by dihydrouracil in alkaline medium (Janion C.
& Shugar D., in preparation) and due to analogous chromophores.

Fig. 3. Photolysis of O?:2'-cyclo-

uridine in .0.02 M phosphate buffer

pH 7.2 at an intensity of 2.1 X107
einstein/em?/min.

a prior to irradiation
b————— after 45 mins. irradiation
¢ ———-—- after 75 mins irradiation

d —o—o—o—o photolysed solution heat-
ed 15 mins. at 80°

Fig. 4. Photochemical behaviour of
unidentified thymidine derivative
in 0.02 M phosphate buffer pH 7.2
at incident intensity of 2.6 X 10—7
einstein’ecm?®/ min.,
before irradiation
— —— — — after 35 mins. irradiation
—.—-—-—- photolysed solution heat-
ed 3 hrs. at 80°

The band-width is greater than that of the preceding compounds
because of the fact that the photoproduct of cyclouridine is itself
photosensitive, as is clear from the difference between curves b and c,
both of which consequently represent a mixture of cyclouridine and its
primary photoproduct. The photoproduct exhibits appreciable thermal
reversibility, as can be seen from curve d, which provides further
supporting evidence for the foregoing interpretation of the reaction.
The behaviour of 2":3-isopropylidene-O? : 5'-cyclouridine is
essentially similar to that for O? : 2’-cyclouridine, with the exception that
the primary photoproduct (the maximum of which is at about 2500 A as
compared to 2375 A for the parent substance) is even more photosensitive,
and is therefore always present at a lower concentration during
irradiation. Upon heating it reverts partially to the original compound.
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Thymidine derivatives. In view of the indirect evidence from Wang’s
[18] work that the photolysis of 1,3-dimethylthymine proceeds at leasl
partially via a transitory 5-hydro-6-hydroxy compound, it appeared of
interest to examine 3-methylthymidine. No evidence of reversibility
could, however, be detected. The compound is almost as resistant to
irradiation as thymidine [13], the quantum yield being about 0.3 X 10-3.

During the course of attempts to prepare thymidine-3’ : 5~-phosphate
and thymidine linear oligonucleotides, according to the procedures of
Tener et al. [17], a compound was isolated from both reaction mixtures
by paper chromatography which, although it possessed the Rp-value
given by the foregoing authors as characteristic of thymidine-3 :5'-
-phosphate, exhibited an absorption spectrum not in accord with the
expected compound (Fig. 4). This unusual product also apparently lacked
a dissociable hydroxyl group, so that either the 3 or 4 position of the
pyrimidine ring is blocked. Hydrolysis in concentrated perchloric acid
was also apparently without effect on it. The compound has not been
further characterized, but there is hardly room for doubt as to its being
a substituted thymine derivative. It is consequently of interest that it
undergoes photolysis with a quantum yield of about 20 X 10—3, and
hence corresponding approximately to that for uridine und uridylic acid.
Particularly striking is the fact that, even following almost complete
photolysis (Fig. 4), the photoproduct may be thermally regenerated to
give 50% of the parent compound.

Isocytosine. Irradiation of this compound in 0.02 m-phosphate buffer
at neutral pH leads to a drop in extinction of both principal maxima at
2850 A and 2650 A, as well as an initial increase (up to about 15%) in
absorption below 2450 A. The quantum yield, based on the drop in
absorption at 2850 A, is about 2.3 X 103, As in the case of cytosine in
neutral, buffered. medium [19] the reaction is not reversible by heat.
From our spectral data this appears to be due to formation of
a thermolabile photoproduct with absorption maximum between 2300 A
and 2450 A. In unbuffered medium, where photolysis of cytosine is
partially reversible [11, 19], the behaviour of isocytosine does not differ
from that in buffered solution.

Moore & Thomson, [8] have reported that the photolysis of this
compound may be reversed by acidification. We have attempted to repeat
this, but with negative results.

Isocytosine-1-f-D-arabinoside. The behaviour of this derivative is of
interest in relation to the suggestion previously advanced [19] regarding
hydrogen bonding between O2 of the pyrimidine ring and one of the
carbohydrate hydroxyls in cytosine nucleosides and nucleotides,
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a proposal based on the study of quantum yields of a series of nucleoside
and nucleotide isomers. Hydrogen bonding of this type in isocytidine,
viz. -NH, ... HO-, would be much stronger than a bond of the type
C =— 0O ... HO- and should consequently result in a considerable increase
in quantum yield.

The quantum yield for isocytidine in neutral medium was, in fact,
found to be considerably higher than for cytidine [19], the actual value

2500
A (4)

Fig. 5. Photochemical transformation of isocytosine-1-p3-D-arabinoside in 0.02 m
phosphate buffer pH 7.2 at irradiation intensity of 2.5 X 10—7 einstein/ecm*/min.,

a——— prior to irradiation,

b————— after 15 mins. irradiation,

c——r—— irradiated solution acidified to pH 2.3,

d—>—¥— irradiated acidified solution heated 3 hrs. at 54°,

e °—°—9°—o then neutralized to pH 7.2 (this same curve is obtained if the irradiated

solution is not acidified, but heated at neutral pH for 80 mins. at 80°)

being 0.054 as compared to 0.01 for cytidine. The photoproduct also
exhibits an absorption spectrum similar to that for the photoproduct of
cytidine [19] with a principal maximum at 2360 A. The photochemical
behaviour of isocytidine is illustrated in Fig. 5.

The photoproduct of isocytidine is relatively stable at neutral pH and
room temperature, under conditions where the photoproduct of cytidine
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is unstable and reverts slowly to the original compound. Acidification to
pH 2 likewise does not result in reversal to the extent prevailing for
cytosine nucleosides; and even heating for 2 hours at 54° does not carry
the “dark” reaction to completion. The absorption spectrum of the
thermally treated photoproduct of isocytidine at acid pH (Fig. 5, curve d)
does not correspond exactly to that for isocytidine itself in acid solution,
the short wavelength maximum of the former being somewhat broader,
while the ratio of the extinction values of the two maxima is altered. If
the acidified, thermally treated photoproduct of isocytidine is brought to
neutral pH, the resulting spectrum again differs somewhat from that for
isocytidine (Fig. 5, curve c¢), and suggests the presence of some new
compound. Irradiation of isocytidine at neutral pH, followed by heating
at the same pH, also leads to curve c¢ of Fig. 5. Since this curve shows
a new, albeit ill-defined, maximum at 2850 A, suggestive of the formation
of isocytosine, the reaction products were examined chromatographically.
This was done by irradiation at a 10-fold higher concentration (the course
of the reaction was unaltered) in 1-mm. cuvettes, following which the
reaction mixture was lyophilized, dissolved in several microliters water,
and then applied to the chromatogram.

Ascending chromatography in water-saturated sec.-butanol showed
that the thermally treated photoproduct is not isocytidine, its Rp
(relative to that of isocytosine, which was taken as 1.0) being (.28 as
compared to 0.65 for isocytidine; this was also confirmed by elution and
spectral examination of the eluates. The photoproduct itseli has an Ry
value of 0.53 (again relative to isocytosine), and was accompanied by
a second faint spot which contained too little material for spectral
analysis. The thermally treated photoproduct also exhibited a second
faint spot, with a different Ry value.

The photolysis of isocytidine is consequently not reversible, although
the conclusion which may be drawn from the above is that the
photochemical reaction does involve addition of a water molecule to the
5,6 double bond. The resulting hydrated molecule loses this water
molecule on acidification or heating, but is accompanied by some other
reaction leading to the formation or a compound other than isocytidine.

As in the case of cyclouridine (see above) the absorption spectrum of
the photoproduct of isocytidine is due to conjugation of the 2.3 double
bond with the 4-carbonyl. :

1.3-dimethylcytosine and 1,3,Nf-trimethylcytosine. As is to be
expected, both these compounds exist in the imino form and are strongly
basic, the pK for 1,3-dimethylcytosine being 9.25 [5]. The electron
distribution densities in the rings are consequently quite different from
that for the corresponding amino derivatives.

http://rcin.org.pl



[11] PHOTOCHEMISTRY OF PYRIMIDINES 73

The photochemical behaviour of both the ionized (al pH 7) and the.
non-ionized (at pH 12) forms is non-characteristic, there being in both
cases only a decrease in absorption with a quantum yield of about
2 X 10~3. The reaction is non-reversible for both derivatives. In alcoholic
solution the behaviour is likewise non-characteristic, as compared to
cytosine which gives rise to a photoproduct possessing an absorption
maximum at about 3000 A [13].

Bearing in mind the fact that, in unbuffered medium, the photolysis
of cytosine and 1-methylcytosine is partially reversible [11, 19], it may be
concluded that the change in electron density in the cytosine ring, as
a result of the change from the amino to the imino form, profoundly
modifies the photochemical behaviour.

In view of the doubts which have been expressed as to whether
cytosine and its nucleosides exist in whole or in part in the amino or
imino form [7, 16], the above results may be regarded as indirect evidence
in favour of the amino form in aqueous solution. There is considerable
additional evidence, from spectral and titration data, that cytosine
nucleosides exist only in the amino form, but we shall defer this subject.
to a separate communication.

2’:3"-isopropylidene-0? : 5'-cyclocytidine tosylate. Cyclocytidine itself
is extremely unstable but the toluenosulfonyl salt of cyclocytidine is
reasonably stable in neutral aqueous medium [2]. At first sight this
compound appears to be an even more suitable model than the cyclo-
uridines (see above) of cytosine nucleosides, whose photochemical
behaviour suggested the involvement of hydrogen bonding between the
pyrimidine carbonyl and a carbohydrate hydroxyl.

If such were to be the case, its photochemical behaviour is, indeed
unusual. The quantum yield is 0.8 X 10~3, and therefore one order of
magnitude less than for cytidine. At neutral pH irradiation results only
in a decrease in absorption of the two principal maxima at 2525 A and
2210 A with practically no change in the minimum at 2350 A. This latter
fact could conceivably be due to the formation of a photoproduct with
absorption maximum at this wavelength; if so, its extinction is
considerably lower than that to be expected, although this might be due
to instability of the photoproduct. The instability of the cyclocytidine salt
at elevated temperatures at neutral pH, and at room temperature for
long periods at acid pH, made it impossible to conduct any direct tests
for reversibility.

On the other hand, an examination of the absorption spectrum as
a function of pH is of interest in relation to the above observations.

http://rcin.org.pl



74 K. L. WIERZCHOWSKI and D. SHUGAR [12]

Spectral titration to pH 3 (which resulted in no detectable decomposition)
showed no evidence for the existence of a dissociable amino group.
Titration at alkaline pH was rendered impossible by the instantaneous
decomposition of the compound as the pH approached 9, with the
simultaneous formation of cytosine. At pH values below 8.6 decomposition
was sufficiently slow to at least permit of the conclusion that the pK
must be well above pH 9. Since the titration in acid medium shows the
absence of a normal dissociating amino group (if it existed its pK would
have to be below pH 2, a most unlikely possibility), it seems reasonable
to conclude that the above compound is in the imino form and is therefore
under no circumstances a suitable model for cytosine nucleosides, such
as are the cyclouridines.

5-SUBSTITUTED CYTOSINES, INCLUDING NUCLEOSIDES AND NUCLEOTIDES

In contrast to 5-substituted uracils and, in particular, their nucleosides
and nucleotides, which normally undergo photodecomposition with
rupture of the pyrimidine ring, the analogous 5-substituted cytosine
derivatives exhibit one feature common to all, viz. the formation of
relatively stable photoproducts containing the intact pyrimidine ring.
The identification of these photoproducts would be of considerable
interest, particularly in relation to photoreactivation amongst the T-even
phages (see Concluding Remarks. below), but is not likely to be a simple
task since it will require the irradiation of considerable quantities of
some rather rare compounds. We believe, however, that the observations
outlined below provide a starting point for further work in this field.

5-methylcytosine and 5-hydroxymethylcytosine. Irradiation of eaczh
of these substances leads to the formation of photoproducts with similar
absorption spectra, the maxima of which are displaced somewhat to the
red and with higher extinction coefficients. The photochemical reaction
for both compounds is also pH dependent, with an optimum at about
pH 9, while the photoproducts themselves are relatively stable at this pH.

The results of a typical experiment for 5-MC at pH 8.5 are shown in
Fig. 6, from which it will be observed that the long wavelength shoulder
of the principal absorption maximum is displaced to the red with
a simultaneous increase in extinction (curve b). Under the conditions
prevailing in this experiment the optical density at 2850 A, where the
increase in absorption is maximal, has increased by 75%. If irradiation
is continued beyond this point, the entire absorption spectrum begins to
exhibit a general decrease in extinction. Curve b in Fig. 6 therefore
represents the point of maximum fermation of photoproducts. Heating
of the irradiated solution at this point at 80°C also leads to a decrease
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4n absorption and, after 105 mins. heating we get curve ¢, which is seen
to represent mainly unchanged 5-MC.

Subtraction of curve ¢ from curve b gives curve d, which is therefore
the absorption spectrum of the photoproduct, with a principal absorption
maximum at 2850 A as compared to 2725 A for the 5-MC, from which
it was derived. It follows that the photoproduct is eventually destroyed
by extensive heating.

The changes in absorption spectrum of 5-MC under the influence of
irradiation may therefore be interpreted as follows. The initial photo-
product undergoes ring rupture slowly, but at a rate comparable to its

A (4)

. 20
A(A)

Pig. 7. Irradiation of 5-hydroxymethyl-

cytosine in 0.02 M phosphate buffer

pH 9.0 at intensity of 26 X107
einsteins/em?* min.,

Fig. 6. Irradiation of 5-methylcytosine in
0.02 M phosphate buffer pH 85 at
intensity of 2.6X107 einsteins/cm?* min.

prior to irradiation,

—— after 110 mins. irradiation, a- -~ before irradiation
leading to maximum in- b————— after 130 mins. irradiation
crease in aksorption at leading to maximum in-

2850 A, crease in absorption at
¢ ———-—- irradiated soiution follow- 2850 A,

ing heating for 100 mins. ¢ =i r— after heating irradiated so-

at 80°, lution for 5 hrs. at 80°,
d—>"—>—> spectrum of photoproduct d—>—»—x spectrum of photoproduct.

obtained by subtraction of
curve ¢ from curve b

obtained by subtraction of
of curve ¢ from curve b

rate of formation. Initially, therefore, we get mainly formation of photo-
product. As the reaction proceeds and the concentration of 5-MC decreases,
the rate of formation of photoproduct decreases, while its relative rate
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of destruction increases. Curve b of Fig. 6 corresponds to the equilibrium
point.

It follows that heating of the photoproduct of 5-MC not only does not
result in reversal of the photochemical reaction, but leads to complete
disappearance of the absorption spectrum of the photoproduct. Acidifi-
cation of the irradiated solution likewise does not result in reversal of
the photoproduct to 5-MC. but transforms the former to a product with
appreciable absorption in the range 2800—3100 A. The effect of acid is
instantaneous. as contrasted to the extensive heating required at pH 8.5.

The analogous spectral changes accompanying the photolysis - of
5-HMC are shown in Fig. 7. The absorption maximum of the photoproduct
is, in this case, at 2820 A. The equilibrium point, at which the rate of
destruction of photoproduct begins to surpass its rate of formation, is
attained when 60% of the 5-HMC has undergone reaction; at this point
the increase in absorption at 2820 A is 170% (curve b, Fig. 7).

The rate of photolysis is somewhat less pH dependant than for 5-MC,
the quantum yield for initial formation of photoproduct at pH 7 being
about /2 that at pH 9. For 5-MC this effect is so marked that at pH 7
there is no increase in absorption upon irradiation, but only a decrease
with a gradual shift of the maximum to the red.

In this same pH range the absorption spectrum of the photoproduct
itself is hypochromic with respect to pH; increase in pH from 7 to 9
provokes a 15% increase in absorpticn. This increase does not, however,
account for the difference in quantum yields or the course of the
reaction as a function of pH.

The behaviour of the photoproduct of 5-HMC at elevated temperatures,
as well as in acid medium, is completely analogous to that for the
photoproduct of 5-MC. Heating results in decomposition with rupture of
the pyrimidine ring but at a slower rate than for the photoproduct of
5-MC. The influence of 0.0]1 N-HCI is instantaneous, but the decomposition
pathway is different, as may be inferred from the superposition
on the spectrum of unreacted 5-MC of appreciable absorption in the
region 2700—3200 A.

At alkaline pH (pH 12) the photoproduct exhibits a stability compa-
rable to that at the pH at which the rate of the photochemical reaction
is a maximum.

Attempts to separate the components of the reaction mixture by paper
chromatography and electrophoresis were unsuccessful. In connection with
such attempts there was observed an interesting effect of concentration
on the reaction rate for 5-HMC. This compound was irradiated at
a-concentration of 1.5 mg./ml. in a 10-mm. cuvette with air stirring.
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Following irradiation with a dose which should have resulted in 10%e
photolysis, calculated on the basis of the photolysis rate of more dilute
solutions, no observable change could be detected.
5-hydroxymethyldeoxycytidylic acid. The photochemical transforma-
tion undergone by this compound differs markedly from that for 5-HMC
in several respects: (a) the transitory increase in absorption in the region
2700—3100 A is slight, actually less than 3% at about 2850 A; (b) there

12

A(A)
Fip 8. Irradiation of 5-hydroxymethyldeoxyeytidylic acid in 0.02 M phosphate buffer
pH 7.2 at incident intensity of 2.1 X 10—7 einsteins/cm*min.,

-———— before irradiation,
— —— — following 12 hrs. irradiation,
-— irradiated solution heated 2.5 hrs. et 80°C

is no effect of pH on the formation of photoproducts exhibiting absorption
in the region 2700—3100 A; (c) as in the case of 5-HMGDCp (see below)
the reaction involves the formation of a photoproduct with an absorption
maximum in the neighbourhood of 2500 A.

Fig. 8 demonstrates the spectral modifications accompanying the
irradiation of 5-HMDCp at pH 7, as well as the effect of heating on the
photoproduct. The behaviour at pH 9 is completely analogous with the
exception that the quantum yield, calculated on the basis of the quantity
of 5-HMDCp destroyed, is about /2 that at pH 7.
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A comparison of the corresponding absorption spectra for
5-HMDCp and its glucosylated derivative (5-HMGDCp, see below Fig. 9)
shows that the amount of photoproduct, absorbing at 2500 A, formed
when photochemical equilibrium is attained, is considerably less for
5-HMDC. The photoproduct is thermolabile and heating at elevated
temperatures results in its eventual destruction, presumably to the
accompaniment of ring rupture. There is no evidence of reversal of the
photoproduct to the original compound under the influence of heat.

Our data are insufficient to decide whether the initial small increase
in absorption in the region 2700—3100 A is due to the formation of
photoproduct similar to that formed in the case of 5-HMC, or whether
this is related to the photoproduct with a maximum at about 2500 A.
There is consequently no direct evidence as to whether one or two defined
photoproducts are formed.

5-methyldeoxycytidine. The spectral modifications accompanying the
photochemical transformation of this derivative bear an even lesser
resemblance to those for the corresponding base than in the case of
5-HMDCp. In neutral solution there is only a small increase in absorption
in the region 2700—3100 A, amounting to less than 10°% at 2850 A,
following which the absorption over the entire spectral range begins to decrease.

By contrast, at pH 9 there is initially an increase in absorption over
the entire spectrum with, as in the case of 5-HMGDCp (see below, Fig. 9),
a maximum at about 2500 A. This increase is likewise small (less than
10%) and subsequent irradiation leads to a decrease in height of the
entire spectrum.

Heating at pH 7 or 9 resulted in only relatively minor modifications
in the spectrum, which reverted to that of the parent substance, thus
indicating that the amount of photoproduct(s) formed was not appreciable.

5-hydroxymethyl-(O-glucosyl)-deoxycytidylic acid. Irradiation of this
compound at pH values from 7 to 8.5 provokes a general increase in
absorption, which is particularly marked at 2850 A where it attains 50%0
of the initial absorption. Further irradiation leads to a general
decrease in absorption which is most pronounced at 2750 A and 2350 A. The
net result is the ultimate formation of a new maximum at about 2550 A.

Paper chromatography of the irradiated solution throws some light on
the transformations involved. In ascending chromatography with ethanol-
-lm-ammonium acetate (5:2, v/v) three spots are observed. One of these
with Ry of 0.17 corresponds to unchanged compound; a second, weaker
spot with an Ry of 0.29 exhibits a maximum at 2550 A; while the third,
which fluoresces light blue on the paper under the ultraviolet lamp, and
tails from the start almost to the spot with R, 0.17, exhibits only end
absorption in the ultraviolet.
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Spectral examination of the spot with Ry 0.29, which we shall refer
to as photoproduct 1 (or Py) showed that it did not possess a potentially
dissociable amino group.

Attempts to obtain partial reversal of the reaction by heating were
negative. In fact, the photoproduct itself is somewhat thermolabile.
Following several hours heating at 80°, the absorption spectrum of the

2

AT 02
20 74 . Am W
A (A) A(4)
Fig. 9 (a). Irradiation of S-hydroxy-  Fig 9(b). Irradiation of 5-HMGDCp
methyl-(O-glucosyl)-deoxycytidylic acid (————————) under conditions as in
in 0.02 m phosphate buffer pH 85 at  Fig 9 (a) to point of maximum increase
incident intensity of 26X 10—7 |, apsorption at 2550 A (————),
einsteins/cm*min. followed by heating of solution 4 hrs.
prior to irradiation, at 80°C to decompose photoproduct

————— after 4 hrs. irradiation, (—e—o—e—)
—-—-—-—- after 23 hrs. irradiation.

irradiated solution closely resembles that of the non-irradiated
control, with the exception that the optical density is lowered
to an extent depending on the prior irradiation dose. If the irradiated
solution is heated at the point where the increase in absorption has
attained its maximum of 50%, the resultant drop in optical density at
2700 A corresponds to a destruction of about 10% of the starting
substance. Chromatography of such a heated solution shows that Py has
been destroyed.

Despite the thermolability of the photoproduct in neutral solution,
it is relatively stable in acid medium (pH 2) at room temperature.
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Although the above observations do not enable us to characterize
the nature of P; or of the photochemical reaction, the following scheme
represents roughly the changes resulting from irradiation:

pH 8.5

2 80 Products of
: decomposition
S-HMGDCD — mssmmammsmnrnnn > P €max > POSILI
P Disappearance 3 (ZSSOA decompos- of pyrimidine
of amino group § i ition ring
Final

photoproducts (end absorption in ultraviolet)

P, is relatively resistant to irradiation and its photochemical
decomposition sets in at a noticeable rate only after about 10°% of the
3-HMGDCp has been transformed.

Quantum yields for 5-substituted cytosines. While all the 5-substituted
cytosine derivatives are relatively resistant to irradiation, there is
a considerable difference between the free bases on the one hand and
the nucleosides and nucleotides on the other. The quantum yields for the
free bases in meutral solution, calculated from the amount of substance
left in the irradiation mixture after thermal decomposition of the
photoproduct, is of the order of 2 to 3 XX 10~*. For.the nucleosides and
nucleotides the spectral data alone are insufficient to calculate even
moderately accurate quantum yields; but the overall results indicate that
for 5-HMGDCp the yield is at least one order of magnitude lower than
for the free bases, while for 5-MDC and 5-HMDCp the yields are at least
5-fold less than for the free bases.

CONCLUDING REMARKS

There is no doubt, from the spectral data, that the photoproducts of
all the 5-substituted cytosine derivatives possess the intact pyrimidine
ring with an unsaturated 5,6 double bond, as in the parent substances.
They are therefore not 5-hydro-6-hydroxy derivatives of the parent
substances, as is the case for the photoproducts of a variety of cytosine
nucleosides and nucleotides unsubstituted in the 5-position.

The marked effect of pH on photoproduct formation in the case of the
free bases, as well as the sensitivity of these photoproducts to acid, both
suggest that the amino group has been modified in such a way as to
increase its basicity. Since, following photolysis, a change in pH from 9
to 7 is only partially reversible, while an increase in pH from 7 to 9
-results in a definite hyperchromic effect (which is not exhibited by the
parent substances in this pH range), the functional group responsible for
this effect must have a pK several! units higher than that for the amino
group of the parent substances. Bearing in mind the fact that the
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absorption maxima of the photoproducts are displaced about 100 A.
from those of the parent substances, and comparing these observations
with the pK and absorption spectra of 1,3-dimethylcytosine, we are led
to the conclusion that the properties of the photoproduct are due to
rearrangement as follows: :
NH, N
| |

Rl A —R

IR N

N hy

although the imino group is not necessarily a free one. The instability
of this ionized photoproduct would then account for the decrease in
quantum yield from pH 9 to 7.

For the nucleosides and nucleotides it is also clear that the nature
of the photoproducts is quite different from that for the free bases.
‘Cheracteristic is the disappearance of a dissociable amino group, although
we have no evidence to suggest that simple deamination is involved.
Furthermore, the data are insufficient to decide whether the formation
of these photoproducts does not proceed via intermediates such as those
formed by irradiation of the free bases.

Further clarification of the nature of the photoproducts must obviously
await the preparation of quantities large enough to submit to chemical
and other physico-chemical analyses.

Turning now to the question of photoreversibility in nucleic acids
and, in particular, its in vivc counterpart of biological photoreactivation,
the observations collected here considerably expand our knowledge of
the behaviour of various pyrimidine derivatives under the influence of
irradiation, and hence also of the possible behaviour of those which may
be incorporated in polynucleotide chains. Due caution must, of course,
be exercised in extending these results to polynucleotides because of the
numerous secondary factors which may influence the behaviour of a given
aromatic ring in a chain where it is subject to the interaction of its
neighbours, as well as to hydrogen bonding of various types. The
profound effect of methylation on reversibility in 6-methyluracil is an
excellent illustration of the subtlety in behaviour of some derivatives.
Even more striking is the example of the unidentified derivative of
thymine (i.e. 5-methyluracil), where reversibility is again induced, as
a result of substitution on the ring.

While the application of the above results to nucleic acids may at
first sight appear a rather difficult task, it is by no means an
insurmountable one. Reversible photolysis of pyrimidine rings in nucleic
acids has actually been demonstrated. It is now necessary to obtain some
idea of the behaviour of each individual ring as a function of its position

L3
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in a nucleotide chain and of the nature of its neighbours. The various
methods which have been developed during the past few years for the
enzymatic and chemical syntheses of nucleotide chains, in many instances
of defined length and composition, provide a sizeable number of models
for such studies. One such investigation on homopolymers of uridylic acid
of various chain lengths has already been made [20], and 1f is expected
that the results of another study on homopolymers of the other common
bases in RNA and DNA, as well as of several hetero-oligonucleotides, will
shortly be made available (Wierzchowski K. L. & Shugar D. in prep.).

The apparent lack of reversibility in the 5-substituted cytosine
derivatives requires special comment. In the preceding text we have used
the term “thermolability” with respect to the primary photoproducts of
these compounds, but it becomes necessary now to stipulate that this is
so only in the strict physico-chemical meaning of the term. In actual
fact, from a biological point of view, these photoproducts are remarkably
stable at physiological temperatures. With respect to these compounds,
therefore, we are confronted with a situation, where, although their
photoproducts do not revert to the parent substances under the influence
of heat, the pyrimidine ring has not suffered rupture, but is still intact,
and has merely 'undergone substitution at some unknown position(s).
In a biological system it is, consequently, still conceivable that some other
mechanism for reversibility may come into play. And, in fact, reversibility
of the effects of radiation on living organisms may be induced not only
by light (photoreactivation) or heat, but also by a variety of other
agents (for review see Ref. [4]). Hence, insofar as the T-even bacterio-
phages are concerned, such an eventuality must be considered if photo-
reversibility is linked with the behaviour of the pyrimidine rings, bearing
in mind the fact that the meagre data hitherto accumulated on the
photochemical behaviour of the purines is such as to suggest only
irreversible photodecomposition.

One final point is worthy of comment. The T-even bacteriophages
contain only 5-substituted pyrimidine derivatives, for all of which the
quantum yields are quite low and, in fact, of the same order of magnitude
as for the purines. The radiation resistance of phage T, nucleic acid, and
hence also of the corresponding bacteriophages, should thus be higher
than those of other phages. Few observations exist on this score, except
for a study by Zelle & Hollaender [21] on the quantum yields for
inactivation of T; and T, phages from which it appears that the T, phage
is indeed only !/2 as sensitive as the Ty.

We are indebted to Miss D. Barszez and Mrs. Z. Marks for technical
assistance in this work.
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SUMMARY

1. A study has been made of the photochemical behaviour of (a)
Methylated uracils and cytosines (b) Methylated nucleosides (c) Isocytosine
and its 1-g-D-arabinoside (d) Cyclonucleosides of uracil and cytosine (e)
5-substituted cytosine nucleosides and nucleotides.

2. It has been shown that some 5 and 6 substituted uracil derivatives
may give rise to reversible photoproducts.

3. The photochemical behaviour of cyclouridines is in agreement with
that to be expected and includes the formation of reversible photoproducts.

4. The toluenosulfonyl salt of cyclocytidine does mot give rise to
reversible photoproducts. Its photochemical behaviour, and its titration
in aqueous medium suggest that this compound exists in the imino form,
like 1,3-dimethylcytosine.

5. Isocytosine and isocytidine do not form reversible photoproducts,
but the photoproduct of the latter is a 5-hydro-6-hydroxy derivative of
the parent compound.

6. 5-substituted cytosine nucleosides and nucleotides are relatively
resistant to irradiation; they form photoproducts which, while not
reverting to the parent substances under the influence of acid or heat,
are relatively stable and contain the intact pyrimidine ring.

7. The results are discussed in relation to photoreversibility in nucleic
acids and, in particular, to photoreactivation in the T-even phages.

8. Chromatographic and spectral methods are described for separation
and identification of a variety of methylated uracils.
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DALSZE BADANIA NAD FOTOCHEMIA PIRYMIDYN ZE SPECJALNYM
UWZGLEDNIENIEM 5 I 6 PODSTAWIONYCH POCHODNYCH W STOSUNKU
DO FOTOREAKTYWACJI W BAKTERIOFAGACH T-PARZYSTYCH

Streszczenie

1. Zbadano fotochemiczne zachowanie sie (a) metylowanych pochod-
nych uracylu i cytozyny, (b) metylowanych nukleozydow, (c) izocytozyny
i jej 1-p-D-arabinozydu, (d) cyklonukleozydéw uracylu i cytozyny oraz
(e) 5-podstawionych nukleozydéw i nukleotydow cytozyny.

2. Wykazano, ze pewne pochodne uracylu podstawione w pozycji 5
lub 6 ulegaja odwracalnej reakcji fotochemicznej.

3. Fotochemiczne zachowanie si¢ cyklicznych nukleozydow uracylu
jest zgodne z oczekiwanym. Fotoprodukty rozkladsja sie z odtworzeniem
wyjsciowe]j substancji.

4. Toluenosulfonowa s6l cyklocytydyny nie ulega odwracalnej prze-
mianie fotochemicznej. Zaré6wno sama przemiana jak i miareczkowanie
tego zwigzku w $rodowisku wodnym sugeruja wystgpowanie w postaci
iminowej, podobnie jak 1,3-dwumetylocytozyny.

5. Izocytozyna i izocytydyna nie tworza w czasie reakcji fotochemicz-
nej fotoproduktéw rozkladajacych sie z odtworzeniem substancji macie-
rzystej. Jednak w przypadku izocytydyny fotoprodukt jest jej 5-hydro-
-6-hydroksy pochodna.

6. 5-podstawione nukleozydy i nukleotydy cytozyny sa wzglednie od-
porne na dzialanie promieniowania. Ich fotoprodukty, chociaz nie odtwa-
rzaja macierzystych substancji pod wplywem kwasu lub podwyzszonej
temperatury, to jednak sa wzglednie trwale i zawieraja nienaruszony
pierscien pirymidynowy.

7. Przeprowadzono dyskusje wynikéw z punktu widzenia fotoreakty-
wacji kwaséw nukleinowych a w szczegélnosci fotoreaktywacji parzy-
stych T-fagow.

8. Opisano chromatograficzne i spektrofotometryczne metody iden-
tyfikacji i rozdzialu szeregu metylowanych pochodnych uracylu.

Otrzymano 3.12.1959 r.
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B. BARTOSINSKI

NOWA CHROMATOGRAFICZNA METODA ROZDZIALU
RYBOFLAWINY OD JEJ NUKLEOTYDOW I MOZLIWOSC
ZASTOSOWANIA JEJ OD OZNACZANIA AKTYWNOSCI

FLAWORKINAZY*

Katedra Biochemii Wyzszej Szkoly Rolniczej w Poznaniu
Kierownik Katedry: doc. dr J. Pawelkiewicz

Ryboflawina (Rb) funkcjonuje w metabolizmie w postaci flawinoade-
ninodwunukleotydu (FAD) lub flawinomononukleotydu (FMN). Pod
wplywem dzialania §wiatla ryboflawina ulega fotolizie, ktorej produkta-
mi sa miedzy innymi lumichrom lub lumiflawina. Ze znanych do-
tychczas uzywanych metod rozdzialu ryboflawiny od jej nukleotydow,
wzglednie produktow fotolizy, wymieni¢ mozna metode Burch, Bessey’a
i Lowry’ego [1] oparta na roznicy wspoélczynnikow podzialu FMN i rybo-
flawiny miedzy wode a alkohol benzylowy. Technika ta pozwala na roz-
dzielenie stosunkowo wigkszych ilosci flawin, jest jednak do$é skompli-
kowana i wymaga odpowiedniej aparatury. Do rozdzialu flawin stoso-
wana jest chromatografia bibulowa [5, 8, 10]. Autor niniejszej pracy
stwierdzil, ze metody te czesto nie dajg powtarzalnych wynikéw. Rozdzie-
lone, np. metoda chromatograficzna flawiny z Nocardia erythropolis
i Nocardia lutea (rozpuszczalnik n-butanol, kwas octowy lodowaty, woda,
4:1:5) przy powtéornym chromatografowaniu ponownie rozdzielaly sie
na dwie frakcje. Peel rozdzielal flawiny metodg elektroferozy bibulo-
wej [15]. Technika ta wymaga odpowiedniej aparatury, pozwala jednak
na rozdzielenie wiekszych ilosci tych zwiazkéw. Cerletti i Ipata [2] roz-
dzielali ryboflawine od jej nukleotydéw przy pomocy wymiennika jono-
wego Amberlite I. R. C. 50. Sposoéb ten jest szybki, ale nie pozwala
na rozdzielenie nukleotydéw flawinowych. Moffatt i Khorana [11] roz-
dzielali ostatnio preparatywnie nukleotydy flawinowe na kolumnach
z dwuetyloaminoetylo-celulozg. W pracy niniejszej przedstawiono nowa

* Wygloszono jako doniesienie na III Miedzynarodowym Sympozjum Witami-
. nowym, Poznan, 21—24 wrzesien, 1959.

[85]
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bardzo szybka metode chromatograficznego rozdzialu ryboflawiny od jej
nukleotydéw i produktéw fotolizy, oparta na rozdziale zwigzkéw flawi-
nowych na bibule impregnowanej tymolem wzglednie fenolem. Metode
te zastosowano do badania aktywnosci flawokinazy w materiale mikro-
biologicznym. Wiadomo, Ze w organizmie zwierzecym i ro$linnym
ryboflawina ulega fosforylacji [3, 4, 6, 7, 9, 16] katalizowanej przez
flawokinaze. Autor stwierdzil obecnos$¢ tego enzymu w Propionibacterium
shermanii. Brak metody, ktéra pozwalalaby na szybkie rozdzielenie fla-
win, utrudnial oznaczenie aktywnosci flawokinazy. Opracowana technika
rozdzialu flawin dobrze nadaje sie do tego celu.

CZESC DOSWIADCZALNA
Chromatograficzny rozdzial zwiqzkéw flawinowych

Opierajgc si¢ na chromatograficznym rozdziale korfiryn podanym
przez Pawelkiewicza i Walerycha [13], opracowano sposéb szybkiego
rozdzialu flawin metoda chromatografii bibulowej i kolumnowej.

Chromatografia bibulowa. Do celéw analitycznych stosowano chro-
matografie bibulowa z odwrécona faza, to jest taki uklad chromatograficz-
ny, w ktorym faze nieruchomg stanowia zwigzki fenolowe, jakimi im-
pregnowano bibule, a faze ruchoma nasycone wodne roztwory odpowied-
nich fenoli. Arkusze bibuly Whatman Nr 1, 2 i 4 nasycano 4% alkoholo-
wym roztworem tymolu lub fenolu. Po wysuszeniu bibuly w temperatu-
rze pokojowej wykrawano paski chromatograficzne zwykle lub paski
wg Matthiasa [12], albo krazki chromatograficzne i nanoszono krople
roztworu flawin o stezeniu okolo 0,11 mm. Celem lepszego uwidocznienia
nanoszono flawiny kilkakrotnie i suszono w strumieniu chlodnego po-
wietrza jak to podal Peel [15].

Jako standardy uzywano nastepujace zwiazki flawinowe: ryboflawina
i FAD (Nutritional Biochemicals Corporation, Cleveland, Ohio), FMN
otrzymany z kultur promieniowca Nocardia lutea®', lumiflawina otrzy-
mana z ryboflawiny wg. metody Vogela [17].

Chromatogramy rozwijano nasyconymi wodnymi roztworami tymolu
lub fenolu. Dobre rozdzialy ryboflawiny od nukleotydéw flawinowych
i lumiflawiny uzyskano przy uzyciu wszystkich stosowanych bibul. Naj-
szybsze rozdzialy uzyskano przy stosowaniu techniki splywowej i bibuly
Whatman 4, dobrze widoczny rozdzial nastgpowal w czasie okolo 10 minut.
Rozdziat FAD od FMN wymaga jednak stosunkowo dluzszego czasu
(okolo jednej godziny), poniewaz wartosci R sa dla obu zwiazkéw zbli-

1 B. Bartosinski, dane nieopublikowane.

http://rcin.org.pl



31 CHROMATOGRAFICZNY ROZDZIAL RYBOFLAWINY OD JEJ NUKLEOTYDOW 87

zone. Do rozdzialu FAD od FMN szczeg6lnie nadaje sie technika krazko-
wo-paskowa, wg. Matthiasa [12]. Dobre rozdzialy flawin uzyskano réw--
niez stosujac technike krazkows. Uzyskane wartosci Ry podaje tablica 1.

Tablica 1

Wartosci Ry flawin w dwéch ukladach chromatograficznych

Flawiny rozdzielano metodg paskowo-krgzkows, wg
Matthiasa [12] na bibule Whatman 2. Czas rozdzialu 45 minut

Blbula |mprcgnowana 1 Blbuia impregnowana '
tymolem, rozpuszczal- | fenolem, rozpuszczal- |

Flawina nik: woda nasycona | nik: woda nasycona
tymolem ' fenolem
| Ryboflawina 0T~ b s, 0T ke |
| FAD > 0.85 092
FMNr 0.;3 - ) 0,—90 ;
‘A Lumiflawina 0.05 ; g 0‘.07

Po rozwinigeciu chromatogramu paski bibuly suszono, przemywano chlo-
roformem celem usuniecia zwigzku fenolowego, eluowano 0,01 N-buforem
octanowym o pH 5,5 i flawiny oznaczano ilosciowo w fluorymetrze Kletta.

Aby sprawdzi¢ dokladnosé¢ i uzytecznos¢ metody, wykonano na-
stepujace doswiadczenie: Na impregnowang tymolem bibule Whatman
Nr 2 naniesiono w postaci waskiego pasma o dlugosci 5 em 0.1 ml roz-

Tablica 2

Ilosciowe oznaczenie flawin po rozdziale chromatograficznym

Chromatografowano mieszaniny réwnych iloci 0,1 mm-ryboflawiny i 0,1 mMm-FAD,
Wyniki wyrazone sq w skali fluorymetru Kletta wobec roztworu standardowego
siarczanu chininy (01 mg siarczanu chmmy w 100 ml 0,1 N-HsSOy)

|
|

|

|

Nauiesiona, objetose |Ryboflawina |~ FAD |
] |

0,1 mMm-roztworu
0,1 ml : 62 l 60

0.2 ml | - 120 123
tworu flawin, zawierajacego mieszaning rownych ilosci 0,1 mm-roztworu
FAD i ryboflawiny, w drugim miejscu bibuly naniesiono 0,2 ml tej mie-
szaniny réwniez w postaci waskiego pasma o dlugosci 5 ecm. Po wysuszeniu
pasm, chromatogram rozwijano technika splywowa w czasie okolo
20 minut. Po wysuszeniu bibuly pasma rozdzielonych flawin wycinano,
przemywano je chloroformem, eluowano 0,01 m-buforem octanowym
o pH 5,5 i oznaczano fluorymetryeznie. Oznaczone w eluatach ilosci flawin
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odpowiadaly ilosciom flawin naniesionych. Znalezione wyniki (Tabl. 2)
potwierdzily mozliwo$é iloSciowego oznaczania flawin podang metoda.
Chromatografia kolumnowa. Opisana wyzej metoda nadaje sie tylko
do celéw analitycznych. Dla rozdzialu flawin, rowniez w celach prepara-
tywnych, opracowano chromatografic kolumnows. Proszek celulozowy
(Whatman Standard Grade) impregnowano 8% alkoholowym roztworem
tymolu, uzywajac na 1 g proszku 2 ml roztworu, proszek nastepnie suszo-
no w temperaturze pokojowej, rozcierano w mozdzierzu dla rozbicia gru-
dek i zawieszano w wodnym nasyconym roztworze tymolu. Zawiesine
wlewano do kolumny chromatograficznej i po odcieknigciu plynu silnie
ubijano bagietka. Przygotowana kolumne wysokosci okolo 10 em Kil-
kakrotnie przemywano wodnym nasyconym roztworem tymolu. Nastep-
nie na kolumne nanoszono 2 ml mieszaniny rownych ilosci 0,1 mwm roz-
tworu FAD i ryboflawiny; kolumne chromatograficzna rozwijano wod-
nym nasyconym roztworem tymolu, rozdzielone pasma wymywano wod-
nym nasyconym roztworem tymolu, a zebrane frakcje przenoszono ilos-
ciowo do kolbek miarowych o pojemnosci 25 ml. Czas analizy wynosil
okolo 5 minut. W eluatach oznaczano flawiny przy pomocy spektrofoto-
metru Uvispek H 700 w kiuwetach o dlugosci 40 mm przy dlugosci fali
445 mu. Odnajdywano srednio 101% ryboflawiny (w granicach 100—103°%s)
i 102% FAD (w granicach 100-103%). W celu sprawdzenia rozdzielonych
frakcji wymyte flawiny chromatografowano na impregnowanej tymolem
bibule Whatman Nr 2. Frakcje FAD i ryboflawiny okazaly sie czyste.

Oznaczanie aktywnosci flawokinazy

Badania przeprowadzano na wyciggach z Propionibacterium shermanii.
10-12-dniowa kulture bakteryjna hodowang metoda Pawelkiewicza i Zo-
drowa [14] wirowano 20 minut przy 6000 obr. min., osad komérek bak-
teryjnych nanoszono cienka warstwa na plyte szklang i bakterie suszono
2 dni w temperaturze pokojowej. Bakterie nastepnie usuwano z plyty
i rozcierano z proszkiem szklanym. Na 10 g wysuszonych bakterii dawano
zwykle 5 g proszku szklanego. 2 g dobrze roztartych bakterii ekstrahowa-
no w temperaturze 4° z 15 ml wody destylowanej, wirowano przy
10 000 g 5 minut, osad odrzucano, a plyn uzywano do badan. Prowadzono
tez z dobrym wynikiem badania z wyciagami enzymatycznymi uzyski-
wanymi z proszku acetonowego z Propionibacterium shermanii. Proszek
acetonowy otrzymywano w nastepujacy sposob: 8-10-dniowa kulture
bakteryjna wirowano 20 minut przy 6000 obr. min., osad komorek bak-
teryjnych zawieszano w matej iloéci wody i stopniowo wlewano do
20-krotnej objetosci ozigbionego do okolo —15° acetonu. Calo$¢ miesza-
no jeszcze 10 minut, sgczono przez saczek piankowy G3 i kilkakrotnie
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przemywano zimnym acetonem. Otrzymany w ten sposob preparat suszo-
no 24 godziny w temperaturze pokojowej i ekstrahowano jak wyzej
podano.

Inkubacje przeprowadzano wg. Giri, Appaji Rao i Deb [6]. Do miesza-
niny zawierajacj 0,5 ml 1,0 mm-ATP, 0,5 ml 0,3 mm-MgSO,, 0,5 ml
0,1 m-NaF, 1,0 ml 0,1 mm-ryboflawiny i 3,5 ml 0,1 m-buforu weronalowe-
go o pH 8,0 dodawano 4 ml wyciggu enzymatycznego i inkubowano
8 godzin w temperaturze 37°. Reakcje przerywano dodajac 2 ml 30%
kwasu trojchlorooctowego. Calos¢ wirowano, a okre§long czgs¢ klarow-
nego plynu (np. 0,1 ml) chromatcgrafowano jak podanc wyzei. Ilos¢ pow-
stalego FMN oznaczano fluorymetrycznie. Jako standard uzywano siar-
c¢zan chininy (0,1 mg siarczanu chininy w 100 ml 0,1 N-H,SO;). Ilo§¢ pow-

Tablica 3

Aktywnos$é flawokinazy w wyciggach z Propionibacterium shermanii
Szczegoly inkubacji i rozdzialu chromatograficznego w tekscie

Czas inkubagcji Ilo§¢ powstalego |

Nr doswiadczenia Godz) ‘ EMN*
I 4 ‘ ST
2 | B I
3 ‘A 12 777”] 76’ L
B f 16 7{ 89
AR 26 | 163

* Podane warto$ci sg wyrazone w skali fluorymetru Kletta.

stalego w 9 prébach FMN wynosila Srednio 43,5 (w skali fluorymetru
Kletta) wahajac sie¢ miedzy wartosciami 36 i 51. Obliczony blad pojedyn-
czego pomiaru wynosil * 4,9, tj. 11,2%, a $redni blad sredniej wartosci
wynosil 1,8, tj. 4,1%. Przeprowadzono tez badania nad aktywnoscig fla-
wokinazy w czasie 26-godzinnej inkubacji. Uzyskane wyniki tych badan
podaje tablica 3.

DYSKUSJA

Stosowane dotychczas metody rozdzialu flawin wymagaja dosé¢é duzo
czasu. W pracy niniejszej zastosowano metede chromatografii z odwréco-
ng faza wykorzystujgc istniejace tutaj réznice wspolezynnikow podzialu
flawin miedzy zwiazki fenolowe a wode. Fenol jest uzywany do ekstrakcji

flawin z materialu biologicznego [18], przypuszczano wigc, ze bibula na-
sycona zwiazkami fenolowymi bedzie si¢ nadawala do rozdzialu zwigz-
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kéw flawinowych. Dane eksperymentalne potwierdzily to przypuszczenie.
Z powodzeniem rozdzielano ryboflawine od jej nukleotydow i produkiéw
fotolizy na paskach bibuly impregnowanych fenolem lub tymolem. Tech-
nikg tg mozna takze szybko identyfikowac flawiny wydobyte z materialu
biologicznego. Modyfikacja tej metody polegajaca na rozdzielaniu flawin
na kolumnach wypemhionych proszkiem -celulozowym impregnowanym
tymolem pozwala preparatywnie rozdziela¢ ryboflawine od nukleotydéw
flawinowych. Raz przygotowang kolumne mozna uzywaé wielokrotnie,
przemywajac ja po kazdorazowym uzyciu wodnym nasyconym roztworem
tymolu. Technikg chromatografii bibulowej mozna rozdzieli¢ ryboflawine
od nukleotydéw flawinowych i lumiflawiny w czasie okolo 10 minut,
metoda chromatografii kolumnowej w czasie 5 minut. Zaleta przedsta-
wionej metody jest réwniez jej tanic$¢ i prostota. Nadaje sie ona do ce-
16w ilosciowych. Zastosowano z powodzeniem t¢ metode do oznaczania
aktywnosci flawokinazy (mierzonej iloScia powstalego FMN) w materiale
mikrobiologicznym. Sredni blad pojedynczego pomiaru aktywnosci enzy-
matycznej wynosil dla nisko aktywnych preparatéw enzymatycznych
otrzymanych z Propionibacterium shermanii = 11,2%, a $redni blad $red-
niej wartosci * 4,1%.

Autor pragnie wyrazi¢ podziekowanie Doc. dr. J. Pawelkiewiczowi
za liczne rady i wskazowki, oraz Fundacji Rockefellera za otrzymane od-
czynniki i aparature.

STRESZCZENIE

Opracowano bardzo szybka metode chromatograficznego rozdzialu
ryboflawiny od FMN wzglednie FAD i lumiflawiny. Metoda ta nadaje
sie réwniez do rozdzialu nukleotydéw flawinowych, lecz wymaga diuz-
szego czasu. Rozdzial przeprowadza sie na paskach bibuly impregnowa-
nej fenolem lub lepiej tymolem, a faza ruchomga sa nasycone wodne roz-
twory odpowiednich fenoli. Podana metoda nadaje si¢ réwniez do celow
ilosciowych. Zastosowano ja do badania aktywnosci flawokinazy w ma-
teriale mikrobiologicznym.
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NEW CHROMATOGRAPHIC METHOD FOR THE SEPARATION OF RIBOFLAVIN
FROM ITS NUCLEOTIDES AND THE AVAILABILITY OF THE METHOD TO THE
ESTIMATION OF THE FLAVOKINASE ACTIVITY

Summary

A very quick chromatographic method for separation of riboflavin
from flavin nucleotides and from lumiflavin was elaborated. The procedure
can also be applied to separate flavin nucleotides one from another, but it
requires more time. The separation is carried out on filter paper strips
impregnated with phenol or (preferably) with thymol. Saturated aqueous
solution of one of the two phenol compounds is used as the mobile phase.
The method is also suitable for quantitative analysis. It has been applied
in investigations on flavokinase activity in microbiological material.

Otrzymano 16.12.1959 r.
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