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ALEKSANDRA KUBICZ, BRONISEAWA MORAWIECKA and M. KRUZEL

HETEROGENEITY OF ACID PHOSPHATASE FROM POTATO TUBERS

Department of Molecular Biochemistry, Institute of Biochemistry, Wroclaw University
ul. Tamka 2; 50-137 Wroclaw, Poland

Heterogeneity of the non-specific acid phosphatase (EC 3.1.3.2) from potato tubers
has been demonstrated by disc electrophoresis, isoelectric focusing and adsorption
on calcium phosphate gel. On disc electrophoresis, the acid phosphatase separated
into three activity zones, irrespective of the preparation method used and degree
of enzyme purification. The multiple forms of the enzyme showed different isoelectric
points in the pH range 5.4 - 6.6, and different affinity to calcium phosphate gel.

By DEAE-cellulose chromatography Felenbok (1970) demonstrated heteroge-
neity of acid phosphatase from bean sprouts, and Verjée (1969) of the enzyme pre-
sent in wheat germs. Kubicz & Morawiecka (1970, 1971) showed by polyacrylamide-
-gel electrophoresis the heterogeneity of acid phosphatase from potato tubers, and
Kubicz (1973) reported that the observed multiple molecular forms of the enzyme
had the same molecular weight but differed in charge. In the present work, the
multiple forms of potato acid phosphatase were shown to be independent of the
mode of preparation and degree of purification of the enzyme.

EXPERIMENTAL
Material

For preparation of acid phosphatase, white potatoes of the variety “Alma”
were used. Ampholine (pH 5 - 8) was from LKB-Produkter AB (Bromma 1, Sweden);
other reagents were from the same sources as in the previous work (Kubicz, 1973),
and acrylamide and bisacrylamide were recrystallized from chloroform as described
by Loening (1967).

Methods

Enzyme preparations. Preparation I was obtained after Mejbaum-Katzenellen-
bogen & Morawiecka (1959); the potato tubers were homogenized with 0.9 % NaCl
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114 A. KUBICZ and OTHERS 1974

and the extract concentrated by the tannin-caffeine method (Mejbaum-Katzenellen-
bogen, 1955). The obtained protein solution was dialysed, freeze-dried and subjected
to Sephadex G-75 chromatography (Kubicz, 1973); the preparation was tenfold
purified, and its specific activity, tested with sodium phenylphosphate as substra-
te, was about 2.4 units/mg. The yield was 21 %.

Preparation II was obtained by the method of Hsu et al. (1966). The protein
was extracted with acetate buffer of pH 3.4 and twice fractionated with tannin.
From the tannin-protein sediment, the tannin was removed with acetone. The
specific activity of preparation II tested with p-nitrophenylphosphate as substrate
was 30 units/mg, the purification being about 100-fold and the yield about 0.29;.

Adsorption on calcium phosphate gel. The gel was prepared according to Keilin &
Hartree (Colowick, 1955). To 1.5 ml of the gel (45 mg dry wt.), 10 mg of protein
(preparation 1) dissolved in 1 ml of 0.1 M-acetate buffer, pH 5.0, was applied; after
20 min at 4°C, the mixture was centrifuged, and the fluid (F,) was collected. The
sediment was washed with 1 ml of the above buffer, centrifuged, the adsorbed protein
extracted with 1 ml of 0.01 m-sodium citrate, pH 7.0, and the fluid obtained after
centrifugation called F,. The solutions F, and F, were dialysed against water.

Polyacrylamide-gel electrophoresis was carried out at 4°C for 1.5-2h, at pH
9.5 according to Ornstein (1964) and Davis (1964), or at pH 4.3 according to Reisfeld
et al. (1962), as described previously (Kubicz, 1973).

Isoelectric gel focusing. This was performed according to Righetti & Drysdale
(1971) in 4% and 69, polyacrylamide gels containing 29, ampholine. The gel tubes
were cooled by circulating water, and the whole apparatus was immersed in ice-water.
Following electrophoresis, from the gels to be used for zymograms the ampholine
was removed by diffusion to 0.2 M-acetate buffer (twice for 20 min), then the enzymic
activity was located. For pH gradient determination, the gels were cut into 5 mm
sections which were dispersed in 1.5 ml water, left overnight at 4°C in tightly closed
tubes, then pH was determined using a microelectrode of the pH-meter (Radiometer,
Kopenhagen, Denmark).

Acid phosphatase activity determination was made as described previously (Kubicz
1973) using as substrate phenylphosphate (for preparation I) or p-nitrophenylphos-
phate (for preparation II). One unit of the enzyme corresponds to 1 pmol of de-
composed substrate per 1 mg. In the gels, the activity of the enzyme was detected
using «-naphthol phosphate and Fast Blue B as described previously (Kubicz,
1973).

Protein in the solutions was estimated by the tannin method (Mejbaum-Katze-
nellenbogen, 1955), and in the gels it was located by staining with Amido Black.

RESULTS AND DISCUSSION

Irrespective of the mode of preparation and the degree of purification, the two
preparations of acid phosphatase both at acid and alkaline pH values gave on disc
electrophoresis three zones of activity (Fig. 1). Each of the active zones separated
into 2 - 3 subfractions which were especially pronounced on the electrophoretograms
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Fig. 1. Polyacrylamide-gel electrophoresis of acid phosphatase preparations I and II at acid
and ilkaline pH values. P, proteinogram; Z, zymogram; the amount of protein applied to the gel
is indicated in parentheses. For details see Methods.

from alkaline electrophoresis shown in Fig. 3 (control zymogram). Both in prepa-
raticn I and 11, fraction AcPhs, corresponding to acid phosphatase III, was the
dominant form.

Electrofocusing of preparation I showed that the observed differences in charge
betveen particular molecular forms of potato acid phosphatase (Kubicz, 1973)
were reflected in differences in their isoelectric points. In Fig. 2 are presented
the zymograms obtained after electrofocusing in 49, and 69, gels, and the depen-
dence of mobility on the pH gradient. The isoelectric points of the molecular forms
of tie enzyme lie within the pH range 5.4 - 6.6. In this range, the particular compo-
nens were clearly separated showing different isoelectric points. In the zymogram

Gel concn.
4% o 6%
0
<3
Sl
Bp
g % J
>4 Vi o
g | 2 .
N
S et i
Fig. 2. Isoelectric fractionation of potato
acidphosphatase. Preparation I, 250 pg of & |
protén, was subjected to electrofocusing 8+
on 47 and 6% polyacrylamide gels, and o
enzyne activity was located; in the 4% 10 T T W e -
gel, "H was also determined. For details 50 54 58 62 66

see Methods.
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116 A. KUBICZ and OTHERS 1974

obtained after electrofocusing in 6 % gel, the isoelectric fractionation was incomplete
but the subfractions are clearly visible.

A further proof of the heterogeneity of potato acid phosphatase was obtained
by subjecting preparation I to selective adsorption on calcium phosphate gel. The
protein unadsorbed on the gel (F,) corresponded to 109, of the total activity applied.
The protein F,, which was adsorbed and then eluted from the gel with 0.01 M-so-
dium citrate solution, contained 50 % of the activity, its specific activity being 5.5
units/mg. The remaining enzymic activity was recovered in part by eluting the gel
with 0.05 M-sodium citrate. Polyacrylamide-gel electrophoresis (Fig. 3) showed

=

Control A

Fig. 3. Electrophoresis on 7.5% poly-
acrylamide gel at pH 9.5 of acid phosphata-
se preparation I unadsorbed (F,) and
adsorbed (F;) on calcium phosphate gel.
P, proteinogram; Z, zymogram; the
amount of protein applied to the gel is
indicated in parentheses. For comparison,
the zymogram of preparation I not subjec-

4 P 74 P Zs : .
ted to calcium phosphate gel adsorption

B 0T

that, of the activity zones present in the starting preparation I, F, contained the
slower-migrating forms, whereas the dominating, fast-migrating form of the acid
phosphatase was found in F,.

The previous results showing the occurrence of multiple forms of acid phospha-
tase from potato tubers differing in charge but not in molecular weight (Kubicz,
1973), have been confirmed using two extraction methods: that applied previously,
giving tenfold purification, and the more efficient method of Hsu er al. (1966),
giving 100-fold purification. By electrofocusing it was found that differences in the
mobility of particular forms of the enzyme reflect the differences in their isoelectric
points. Heterogeneity of the enzyme was also confirmed by the observed differences
in the behaviour of particular forms on selective adsorption on calcium phosphate
gel. This phenomenon appeared irrespective of the degree of enzyme purification,
as the same results were obtained for the crude preparation and the preparation
purified on Sephadex G-75.

So far, molecular basis of the heterogeneity of the acid phosphatase from potato
tubers, as well as the enzyme from wheat germs (Verjée, 1969) and bean sprouts
(Felenbok, 1970) has not been elucidated.
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HETEROGENNOSC KWASNEJ FOSFATAZY ZIEMNIAKA

Streszczenie

Heterogennos$¢ niespecyficznej kwasnej fosfomonoesterazy (EC 3.1.3.2) ziemniaka wykazano
za pomoca elektroforezy dyskowej, izoelektrycznego frakcjonowania oraz adsorpcji na Zelu fosfo-
ranowo-wapniowym. Preparaty kwasnej fosfatazy, niezaleznie od metody preparacji i stopnia
oczyszczenia, dziela si¢ w elektroforezie na trzy strefy o aktywnosci enzymatycznej. Poszczegéine
formy molekularne enzymu roznia si¢ punktem izoelektrycznym w zakresie pH of 5.4 do 6.6, jak
réwniez zdolno$cia do adsorpcji na zelu fosforanowo-wapniowym.

Received 21 September, 1973.
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W. BOGUSLAWSKI, J. KLIMEK and L. ZELEWSKI

THE ROLE OF MALATE IN THE CLEAVAGE OF CHOLESTEROL
SIDE-CHAIN IN THE COURSE OF PROGESTERONE BIOSYNTHESIS
IN HUMAN TERM PLACENTA

Department of Biochemistry, Medical School,
Al. Zwyciestwa 42; 80-210 Gdansk, Poland

1. Biosynthesis of ['*C]progesterone from ['*C]cholesterol in the human term placenta
mitochondrial fraction was found to be malate- and NADP*-dependent, and was
enhanced by Mn?*. Malate could not be replaced by its metabolites, pyruvate or
oxaloacetate. Pregnenolone, an intermediate of progesterone biosynthesis, was not
detectable. 2. Formation of ['*C]progesterone from ['*C]pregnenolone in the mito-
chondrial fraction was not affected by malate or NADP*,

Malate plays an important role as a factor controlling steroidogenesis in ovary
(Robinson & Stevenson, 1971) and adrenals (Simpson & Estabrook, 1969; Sauer &
Park, 1973). This is due to the mitochondrial malic enzyme activity which results
in the generation of NADPH, a cofactor essential for the cytochrome P-450 depen-
dent mixed function oxidases. Mitochondria from human placenta possess a second
electron-transport chain concerned with steroid-hydroxylation reactions and with
cholesterol side-chain cleavage (Ryan et al., 1966; Mason & Boyd, 1971). This
electron-transport chain, like that associated with steroid hydroxylation in adrenal
cortex and ovary mitochondria is using NADPH as the reducing source.

The occurrence of the malic enzyme activity in human term placenta mitochon-
drial fraction (Aleksandrowicz et al., 1971) suggested that, like in adrenals and ovary,
malate plays an important role in the system controlling placental steroidogenesis.
Bogustawski et al. (1972) demonstrated that malate indeed stimulated biosynthesis
of progesterone from cholesterol. The present work is concerned mainly with another
step of progesterone synthesis: the conversion of pregnenolone (3f-hydroxypregn-
-5en-20-one) to progesterone (pregn-4-ene-3,20-dione) in human term placenta
mitochondrial fraction.

MATERIALS AND METHODS

Reagents. The chemicals used were obtained from the following sources: NADP*
from Boehringer Corp. (London, England); r-malic acid and oxaloacetic acid from
Thitp: f
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120 W. BOGUSELAWSKI and OTHERS 1974

Koch-Light Lab. (Colnbrook, Bucks., England); p-glucose-6-phosphate (G-6-P),
‘G-6-P dehydrogenase (200 - 400 units/mg protein) and pyruvic acid from Sigma
Chem. Co. (St. Louis, Mo., U.S.A.); [4-'#C]cholesterol (spec. act. 58 mCi/mmol),
[4-'#C]pregnenolone (spec. act. 51 mCi/mmol), [*H]pregnenolone (spec. act. 6.9
Ci/mmol) and [*H]progesterone (spec. act. 255 mCi/mmol) from the Radiochemical
Centre (Amersham, England). All other chemicals used were analytical grade pro-
ducts of Polish origin.

Preparation of mitochondrial fraction from human term placenta was performed
as described in the previous work (Boguslawski et al., 1972).

Assay for the conversion of cholesterol to pregnenolone and progesterone. The
incubations were carried out for 1 h at 37°C in air with constant shaking. The incuba-
tion mixture contained in the final volume of 2.5 ml:20 mm-potassium phosphate
buffer, pH 7.4, 10 mm-magnesium sulphate, 1 mM-manganese sulphate, | mM-NADP*
and 0.5 ml mitochondrial suspension in 0.154 M-KCI (20 mg protein). The reaction
was initiated by the addition of '#C-labelled substrate, cholesterol or pregnenolone,
and terminated by the addition of 10 ml of methanol containing a known amount
of [*H]pregnenolone and [*H]progesterone, or [*H]progesterone alone. The tritia-
ted compounds were added to check the recovery of progesterone or pregnenolone,
which was calculated on the basis of tritium found in the final product.

Extraction and isolation of **C-labelled steroids. The protein precipitate was
centrifuged down and reextracted with boiling ethyl acetate. Chloroform was added
to the combined extracts and the mixture was centrifuged to separate the organic
and aqueous phases. The organic phase was taken to dryness, progesterone and
pregnenolone were added as “cold” carriers, and chromatographed on thin layer
plates of silica gel impregnated with rhodamine 6-G in system /: methylene chloride-
ethyl ether (5:2, v/v). The pregnenolone and progesterone bands were eluted and
further purified in systems: /I, benzene - ethanol (9:1, v/v); III, benzene - ethyl
acetate (3 : 2, v/v) and 7V, methylene chloride - methanol (98:2, v/v). Final crystalli-
zation of progesterone and pregnenolone was carried out in n-hexane - acetone
mixture (25:1, v/v).

In some experiments, the dry residue of the organic phase was saponified with
159% KOH in methanol at 60°C for 2 h. The solution was neutralized with acetic
acid using phenolphthalein. The saponified extract was evaporated and the residue
partitioned between chloroform and water. The chloroform fraction was evaporated
and subjected to t.l.c. as described above.

Radioactivity assay. The radioactivity was counted in 10 ml of scintillation fluid
containing 4 g of 2,5-diphenyloxazole and 0.2 g of 1,4-di[2(5-phenyloxazolyl)]ben-
zene per litre of toluene, using Nuclear Chicago Mark I spectrometer.

Analytical. Protein was determined by the biuret method (Layne, 1957) and cho-
lesterol colorimetrically with the Liebermann-Burchard colour reagent (Sperry &
Webb, 1950).
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RESULTS AND DISCUSSION

The time-course of ['#C]progesterone biosynthesis from ['*C]cholesterol by
the human term placenta mitochondrial fraction, in the presence of optimum con-
centrations of malate and NADP™*, and the enhancing effect of Mn?* is shown in
Fig. 1. Throughout the whole incubation period only radioactive progesterone
was formed, whereas no ['*C]pregnenolone, which is regarded as an intermediate

10}

: / ""an‘

10%x d.p.m./sample
o ™
T T T
N
‘\

BN
T

3

1 1 1 BE
0 1 2 3 4
Incubation time (h)

Fig. 1. Time course of progesterone formation from cholesterol in the human placental mitochon-
drial fraction, and the effect of Mn?*. The incubation was carried out with 20 mg of mitochondrial
protein in 2.5 ml of medium (pH 7.4) containing 0.15 uCi of [4-'*C]cholesterol, 20 mm-potassium
phosphate, 10 mm-MgSO,, 1 mM-NADP*, 10 mm-malate and, where indicated, 1 mm-MnSO,.

in progesterone synthesis, could be detected in the incubation medium (Table 1).
The supposition that pregnenolone could have accumulated in the form of esters
was excluded by the analysis of the saponified incubation medium. It is possible that
the placental mitochondrial fraction used in our studies was contaminated with
microsomes to a higher degree, or that 3-hydroxysteroid dehydrogenase and 4*~3iso-
merase activity was higher in our preparation than in the mitochondrial fraction from
adrenals or ovary used by Hall (1972) and by Robinson & Stevenson (1971), respec-
tively. It cannot be excluded, either, that placental mitochondria, like those of rat
testis (Sulimovici et al., 1973) contain these two enzymes.

The conversion of ['*C]pregnenolone to ['*C]progesterone in the placental
mitochondrial fraction (Table 2) was lower than that obtained by Ryan et al. (1966)
but higher than the conversion found by Sobrevilla ez al. (1964) in homogenates
of placental tissue. This high conversion of pregnenolone to progesterone is consistent
with the lack of pregnenolone accumulation during the biosynthesis of progesterone
from cholesterol. In contrast to progesterone formation from cholesterol, malate
and NADP* had no effect on the conversion of pregnenolone.

The formation of progesterone from pregnenolone exceeded many times the
conversion of ['#C] cholesterol in the presence of malate with NADP*, or NADP-re-
generating system (Table 3). This sugﬁests.that the former reaction is not the rate-
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124 W. BOGUSLAWSKI and OTHERS 1974

-limiting step in progesterone biosynthesis. The highest value of ['*C]cholesterol
conversion to progesterone observed in the human placental mitochondrial fraction
by Mason & Boyd (1971) and in our experiments, was about 6 %. The mitochondrial
fraction contained about 28 mg of total endogenous cholesterol per gram of mito-
chondrial protein. The non-esterified cholesterol fraction, accounting for 24 mg/g
of mitochondrial protein, diluted the added radioactive cholesterol, and resulted
in a lower value of the found incorporated radioactivity, whereas in fact a large
part of the non-radioactive cholesterol was converted to progesterone.

Formation of progesterone from cholesterol was much lower in the presence
of 10 mM-malate and NADP* (Table 3) than in the presence of a system regene-
rating reducing equivalents. This suggests that the capacity of placental mitochondria
to reduce NADP* in the presence of optimum malate concentration was lower
than the requirement of reducing equivalents for the maximum conversion of cho-
lesterol to progesterone. No progesterone biosynthesis was observed when malate
without NADP* was added, or the possible metabolites of malate, like pyruvate
and oxaloacetate, were added together with NADP™.

The presented evidence supports the assumption that in placental mitochondria
the malic enzyme system may play an important role in the cleavage of cholesterol
side-chain.
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UDZIAL JABLCZANU W REAKCJI ROZSZCZEPIENIA EANCUCHA BOCZNEGO
CHOLESTEROLU W PROCESIE BIOSYNTEZY PROGESTERONU W DOJRZALYM
LOZYSKU LUDZKIM

Streszczenie

1. Zwigkszona biosynteza ['*Clprogesteronu z [**C]cholesterolu zalezna od jablczanui NADP*
Jest stymulowana przez Mn?* we frakcji mitochondrialnej lozyska ludzkiego. Metabolity jablczanu:
pirogronian i szczawiooctan sa bez wplywu na badany etap steroidogenezy. Nie wykazano radioak-
tywnosci w pregnenolonie — metabolicie biosyntezy progesteronu z cholesterolu.
2. Biosynteza ['*C]progesteronu z ['*C]pregnenolonu we frakcji mitochondrialnej lozyska
Jest niewrazliwa na obecnos$¢ jablczanu oraz NADP*.
Received 3 October, 1973.
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1. A method resulting in 570-fold purification of AMP-aminohydrolase from human
placenta is presented. 2. The purified enzyme was inactivated by dialysis against
1 mM-EDTA ; reactivation has been observed upon addition of some divalent cations:
Zn**, Mn** and Co?*. 3. The enzyme was activated by Li* ions and ATP, whereas
inorganic phosphate exerted a strong inhibitory effect. 4. The kinetic and regulatory
properties of human placental AMP-aminohydrolase resemble those of the enzyme
from avian and calf brain, and differ from those of the enzyme from skeletal muscle.

AMP-aminohydrolase (EC 3.5.4.6) is a very widespread enzyme, the highest
activity of which was observed in skeletal muscle. The enzyme from this source
has been obtained in crystalline form (Smiley ez al., 1967) and its catalytic and phy-
sico-chemical properties thoroughly investigated (Zielke, 1970; Zielke & Suelter,
1971a). Apart from skeletal muscle, partially purified preparations of AMP-amino-
hydrolase have so far been obtained from avian and calf brain (Henry & Chilson,
1969; Setlow & Lowenstein, 1967), rat liver (Smith & Kizer, 1969) and avian erythro-
cytes (Henry & Chilson, 1973). Comparative studies have also been performed with
the enzyme from erythrocytes of rabbit (Razin & Mager, 1966), man (Askari & Fran-
klin, 1965; Askari, 1966; Rao et al., 1968) and chicken (Henry & Chilson, 1973).
Chicken erythrocyte showed 15 times higher activity as compared with rabbit and
human erythrocytes investigated under similar experimental conditions (Henry &
Chilson, 1973).

It has been demonstrated previously (Makarewicz & Mackowiak, 1971) that hu-
man placenta contains specific 5'~AMP-aminohydrolase (EC 3.5.4.6). In this paper,
partial purification and some properties of the purified enzyme are reported.

* This work was supported in part by the Committee of Biochemistry and Biophysics of the
Polish Academy of Sciences.
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METHODS

Determination of AMP-aminohydrolase activity. The enzyme activity was deter-
mined from the amount of ammonia liberated from 5-AMP assayed either directly
or following microdiffusion which was necessary when the imidazole buffer, which
interferes with ammonia determination, was used. The phenol-hypochlorite reaction
performed according to Chaney & Marbach (1962) was used for determination of
ammonia. The incubation mixture contained in a final volume of 2 ml: 0.1 M-imi-
dazole-HCI or 50 mm-K-succinate buffer, pH 6.5, 5'-AMP (imidazole or K salt)
and other compounds at concentrations indicated in the legends to Tables and Fi-
gures. The reaction was started by the addition of 25 or 50 pl of the enzymic prepa-
ration. Incubation was carried out in test tubes at 30°C. After appropriate time
intervals (10, 20 and 30 min, or 20, 40 and 60 min), the reaction was stopped either
by adding 1 ml of 159 (w/v) trichloroacetic acid (TCA) followed after 10 min by
neutralization with 1 ml of 0.9 M-KOH, or by transferring 0.5 ml sample to the
microdiffusion bottle containing 1 ml of saturated potassium carbonate solution.
In the first case, ammonia was assayed after centrifugation directly in 1 ml samples
of the clear supernatant. In the second case, microdiffusion of ammonia was perfor-
med at 37°C overnight according to Seligson & Seligson (1951) with the modification
introduced by Strelkov (1967). The microdiffusion bottles contained 1 ml of saturated
potassium carbonate solution, and after introduction of the samples were immedia-
tely closed with rubber stoppers in which a glass rod with an end moistened in
1 N-H,SO, solution had been placed. Ammonia collected in minute amounts of
1 N-H,SO, on the end of the glass rod in the microdiffusion bottle was rinsed to
a test tube with 5 ml of phenol reagent. Hypochlorite reagent (5 ml) was then added
and the colour developed at 37°C for 30 min. The extinction was read at 620 nm
with a Coleman-14 spectrophotometer. Two parallel incubations were carried out
and the mean rate of the reaction was calculated.

Due to the low activity of placental AMP-aminohydrolase in the absence of ATP
under our experimental conditions, the spectrophotometric assay at 265 nm could
not be employed.

Protein determination. This was made either by the method of Lowry er al. (1951)
using as standard fraction V of bovine serum albumin, or spectrophotometrically
as described by Layne (1957).

Reagents, 5'-AMP was supplied by E. Merck AG (Darmstadt, West Germany),
and ATP by Austranal (Wien, Austria). Imidazole was from Koch-Light Labora-
tories Ltd. (Colnbrook, Bucks., England), Tris from Fluka AG (Buchs, Switzerland),
bovine serum albumin, fraction V from Sigma Chem. Co. (St. Louis, Mo., U.S.A.),
caesium chloride, lithium chloride, 2-mercaptoethanol and Amberlite IR-120 were
from British Drug Houses (Poole, Dorset, England). Cellulose phosphate, P-1,
capacity 7.4 mequiv./g was from Whatman Biochemicals Ltd. (Maidstone, Kent,
England), and Sephadex G-25 and G-200 from Pharmacia Fine Chemicals (Uppsala,
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Vol. 21 PLACENTAL AMP-AMINOHYDROLASE 127

Sweden). Other reagents were supplied by Polskie Odczynniki Chemiczne (Gliwice,
Poland).

Glass-redistilled water was used throughout. In the analytical procedure, water
was additionally freed of ammonia on Amberlite IR-120.

RESULTS

Purification of AMP-aminohydrolase

The course of enzyme purification is outlined in Table 1. All preparative steps
were carried out at 4°C. Stages 1 and 2 were performed according to Smiley et al.
(1967) with minor modifications.

Stage 1: preparation of tissue extract. Fresh human placentae freed of membranes
were scraped with scissors and the tissue (1000 - 2000 g) was washed three times
with 5 vol. of 0.9 % NaCl, blotted on filter paper, disintegrated in a meat grinder
and homogenized for 2 min at full speed in a Waring Blendor with 2 vol. of 0.089 m-
-K-phosphate buffer, pH 6.5, containing 0.18 M-KCl and 1 mM-2-mercaptoethanol
(extraction buffer). The homogenate was stirred for 1 h and then centrifuged for
1 h at 1300 g.

Stage 2: absorption on phosphocellulose. To the obtained supernatant, phospho-
cellulose pulp (5- 10 g dry wt.) soaked in the extraction buffer was added and left
overnight with gentle stirring. Then cellulose phosphate containing the absorbed

Table 1

Purification of AMP-aminohydrolase from human placenta

The enzyme activity in the extract was estimated after overnight dialysis against 400 vol. of 1.0 M-KCl
containing 1 mm-2-mercaptoethanol. In the assay of AMP-aminohydrolase, the incubation mixture
contained in a final volume of 2 ml: 50 mM-K-succinate buffer, pH 6.5, 100 mm-KCl and 10 mm-5'-
-AMP (potassium salt). After incubation for 10, 20 and 30 min the reaction was stopped by the
addition of 1 ml of 15% TCA, the samples were treated as described under Methods, and ammonia
was measured directly without microdiffusion.
Protein in the extract was measured colorimetrically (Lowry et al., 1951) and at further stages
of purification, spectrophotometrically at 280 and 260 nm (Layne, 1957). The ratio E,s0/E2s0 Of
the eluate from phosphocellulose was usually about 1.0.

4 Spec. act. |
{ } Tola'l T‘?(fil (umol/ Yield | Purifi-
1 Stage protein acuvn)f min/mg (%) I et
! (mg) | (umol/min) | o protein)
|
| 1. Extract 46 600 | 2520 0.054 100 | —
2. Eluate from phospho- { ‘ |
| cellulose column ; 96 397 f 4.13 16 76
3. Ppt. at 0-1.85m- [ ‘
-ammonium sulphate 26 133 5.11 3 85
| 4. Sephadex G-200 gel
| filtration 1.7 52 t 30.6 2250l 2570
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enzyme was allowed to settle. The obtained slurry was washed on a Buchner funnel
with approximately 2 litres of the extraction buffer and then with 1 litre of 0.45 M-KCl
solution adjusted to pH 7.0 with 1 M-K,HPO, containing 1 mM-2-mercaptoethanol.
After washing, the slurry was transferred to a column (2 x40 cm), washed further
with 200 ml of 0.45mM-KCl, pH 7.0, and the enzyme was eluted with 1.0 M-KCI,
pH 7.0, containing 1 mM-2-mercaptoethanol.

Stage 3: fractionation with ammonium sulphate. To the combined active fractions
eluted from the column, solid ammonium sulphate was added slowly up to 1.85 M
concentration at 4°C with constant stirring. After 3 h the precipitate containing AMP-
-aminohydrolase was collected by centrifugation, dissolved in a small volume of
1.0 M-KCl, pH 7.0, containing 1 mMm-2-mercaptoethanol and dialysed overnight
against the same solution to remove excess of ammonium ions.

Stage 4: gel filtration on Sephadex G-200. After dialysis the small amount of
insoluble protein was centrifuged off and the clear supernatant was applied to a
Sephadex G-200 column equilibrated with 1.0 M-KCl, pH 7.0, containing 1 mm-2-
-mercaptoethanol. One peak of activity appearing after the main peak of protein
migrating at the void volume (¥,) was obtained on eluting the column with the
same solution (Fig. 1).

05+ 46
04 —4
03 19 5
§ "§ Fig. 1. Sephadex G-200 gel filtration of
() E placental AMP-aminohydrolase preparation
021 12< (step 4, Table 1). The column (2.5 x 90 cm) was
equilibrated and eluted at 4°C with 1 M-KCl
o1 - 11 containing 1 mm-2-mercaptoethanol. The flow
rate was 12 ml/h, 3 ml fractions were collected.
O, Enzymic activity expressed in pmol
161'0 7ég 2;0 2‘;0 0 NH3/min/3 ml of eluate (for experimental
Elution vol. (ml) conditions see legend to Table 1). @, Ezso.

The purified enzyme did not contain 5’-nucleotidase (EC 3.1.3.5) or adenosine
aminohydrolase (EC 3.5.4.4), and was stable for 2 -3 weeks when stored at 4°C.
For the experiments with activators, the enzyme solution was desalted using a column
(0.8 x 30 cm) packed with Sephadex G-25 coarse, and transferred into 0.3 M-succi-
nate-Tris buffer, pH 6.5.

Properties of AMP-aminohydrolase

Prolonged dialysis of the purified enzyme against 1.0 M-KCl buffered with
50 mm-imidazole-HCI, pH 6.5, containing 1 mM-EDTA and 1 mMm-2-mercaptoetha-
nol, resulted in a complete loss of activity. Similarly as with the muscle enzyme
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(Zielke, 1970; Zielke & Suelter, 1971b; Raggi et al., 1971), the activity could be
restored by adding some divalent cations to the incubation medium. Full reactiva-
tion of the enzyme was observed in the presence of Zn?* at a concentration of 50 pm,
but some activity was also observed on addition of Co?*, Mn?*, Cu®* and Cd?+
(Table 2). The addition of Fe?*, Mg?* or Ca?* was ineffective. When the enzyme
preparation was dialysed against the solution without EDTA, the addition of Zn?*,
Co?*, Cd?*, Cu?* or Mn?* had no effect on the enzyme activity.

The effect of pH on the rate of 5-AMP deamination catalysed by the purified pla-
cental enzyme is shown in Fig. 2. The highest reaction rate was observed at pH 6.5.

The purified enzyme responded also to the addition of monovalent cations
(Table 3). At the substrate concentration of 5 mM, in the absence of monovalent

Table 2

Effect of divalent cations on the activity of EDTA-inactivated placental
AMP-aminohydrolase

The enzyme solution was dialysed for 24 h at 4°C against 250 volumes of 50 mm-imidazole-HCl
buffer, pH 6.5, containing 1000 mm-KCl, 1 mM-2-mercaptoethanol and 1 mm-EDTA. In control
dialysis EDTA was omitted. The enzyme activity was assayed in 100 mm-imidazole-HCI buffer,
pH 6.5, containing 1 mmM-ATP, 5 mM-5-AMP (imidazole salt) and divalent cations at indicated
concentrations. Fe?* and Co** were added as sulphates, other cations as chlorides. Ammonia
liberated during incubation for 20, 40 and 60 min was assayed after microdiffusion. Figures represent
the relative rates of reaction assuming as 100 the rate of the reaction catalysed by the enzyme dialysed
without EDTA and assayed without any divalent cation added. Data are mean values from the
number of experiments indicated in parentheses.

Conc(e::;ation an + Coz - I Cdz - = Cuz + an + Fez + Mgz < Caz +
. 10 | 13 @ 26 (3) 206 | 120 02 (0|0 |0®
; 25 65 (1) 50 (1) S 54101 [ =mm s & L i
i 50 1004) | 554 | 1103 ‘ 2002 | 82 (0|0 |02
; 100 93 (1) soay | — | — a0 G Ve O R

Table 3

Effect of monovalent cations on the activity of placental AMP-aminohydrolase

The activity was estimated in 100 mM-imidazole-HCI buffer, pH 6.5. Monovalent cations were added

in the form of chlorides at concentration of 150 mm, and 5'-AMP (imidazole salt) at concn. of

5 mm. The reaction was started by the additon of 25 ul of desalted enzyme preparation purified

up to stage 3 (cf. Table 1). The rate of reaction in the presence of Li* was taken as 100. Data are
mean values from the number of experiments indicated in parentheses +S.D.

j Cation added Activity
None 4.8+2.1(3)
Li* 100.0 3)
i Na+t 60.0+8.7 (3)
‘ K+ 46.0+5.1 (3)
| Cs* 6.0 2)
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130 W. MAKAREWICZ 1974

cations the enzyme exhibited very low activity, whereas in the presence of Li* the
increase in activity was the greatest (about 20-fold). The optimum concentration
of Li* in the incubation mixture was found to be 150 mm (Fig. 3). On addition
of Na* or K* the activity was approximately half that with Li*, whereas Cs*
had practically no activating effect.

AMP-aminohydrolase was also activated by ATP (Fig. 4), the maximum acti-
vation being observed at a concentration as low as | mm.

100+ /»\ 100+ 100+
o

Activity
¢
3
T
Activity
[
3
Activit
<)
S

0 1t L3RRl SIS T ! ol ! 1
3 6 7 & 50 150 260 06 15 25
PH LiCl concn. (mM) ATP concn. (mm)
Fig. 2 Fig. 3 Fig. 4

Fig. 2. Optimum pH for the activity of placental AMP-aminohydrolase. The incubation mixture
contained in a final volume of 1 ml: 100 mm-imidazole-HCI buffer, 150 mM-KCl and 10 mm-5'-AMP
(imidazole salt). Ammonia liberated after incubation for 10, 20 and 30 min was measured. Each
point represents the mean from two experiments performed in triplicate. Relative activity was
calculated assuming the rate of reaction at pH 6.5 as 100.
Fig. 3. Effect of Li* on the activity of placental AMP-aminohydrolase. Incubation was carried out
in 100 mm-imidazole-HCI buffer, pH 6.5, for 10, 20 and 30 min. 5'-AMP (imidazole salt) concen-
tration was 5 mm. The reaction was started by the addition of 25 pl of desalted enzyme preparation.
Each point represents the mean from 2 experiments performed in duplicate each. Relative activity
was calculated assuming the rate of reaction in the presence of 150 mm-LiCl as 100.
Fig. 4. Effect of ATP on the activity of placental AMP-aminohydrolase. Relative activity calculated
assuming the reaction rate in the presence of 1 mM-ATP (imidazole salt) as 100. Each point represents
the mean from 2 -3 experiments. For experimental conditions see Fig. 3.

The effect of substrate concentration on the rate of reaction in the absence (Fig. 5)
and in the presence of Li* and ATP (Fig. 6) was investigated using the incubation
mixture consisting of 50 mM-K-succinate buffer, pH 6.5, 100 mm-KCl and indicated
concentrations of 5-AMP (potassium salt); or 100 mm-imidazole-HCI buffer, pH
6.5, 5'-AMP (imidazole salt) at concentrations indicated, and 1 mM-ATP (imidazole
salt) or 150 mm-LiCl.

In the presence of K* ions, the enzyme gives a sigmoidal v versus S plot (Fig. 5A)
and a non-linear 1/v versus 1/S plot (not shown). The interaction coefficient n cal-
culated from the slope of Hill plot (Dawes, 1972) equals 2.5 (Fig. 5B). The activating
effect of both Li* and ATP is compared in Fig. 6 and Table 4. In these experiments
K* ions were absent from the incubation mixture and therefore the activity of the
control mixture was very low. It is apparent from Fig. 6A that at any substrate
concentration studied, the enzyme activity in the presence of ATP was higher than
in the presence of Li*, the difference being greater at lower substrate concentrations.
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Fig. 5. Effect of substrate concentration on the rate of the reaction catalysed by human placental

AMP-aminohydrolase. 4, v versus S plot; B, log v/(V—v) versus log S plot (Hill plot). Maximal

velocity for calculation of log v/(¥—v) was assumed as 39 nmol/min from plot (4). Enzyme activity
was assayed as described in the legend to Table 1.

A
20’» 2k
=
g 2
S
E s
=
N ROt
A =
¢ ./. &
RN e :
10 15 04 08
AMP concn. (mm) log [AMP] i

Fig. 6. Kinetics of Li* and ATP activation of AMP-aminohydrolase. 4, v versus S plot in the abs-
ence of activators (@), and in the presence of | mM-ATP (O), or 150 mm-LiCl (A). B. Hill plot
of log v/(V—v) versus log S. For calculation of log v/(¥—v) maximum velocity was assumed as
21.2 nmol/min/10 pg of protein. The incubation mixture contained: 100 mm-imidazole-HCI buffer,
pH 6.5, S’AMP (imidazole salt) at concentrations indicated and 1 mM-ATP (imidazole salt), or
150 mm-LiCl. Final volume 2 ml. The reaction was started by the addition of 25 - 100 pl of desalted
enzyme preparation purified up to stage 3 (Table 1). The mean rate of reaction was calculated from
three different periods of incubation performed in duplicate.

When both Li* and ATP were present in the incubation medium, the rate of the
reaction was but slightly higher than in the presence of ATP alone (Table 4). The
interaction coefficient n (Fig. 6B) was 2.2 in the absence of ATP and Li*, and 1.7
and 1.5 in the presence of ATP and Li*, respectively. The value of n was lower
in the presence of Li* than in the presence of K* which indicates that in the presence
of Li* the enzyme had greater affinity towards the substrate.
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132 W. MAKAREWICZ 1974

Table 4

Activation of human placental AMP-aminohydrolase by Li* and ATP

5’-AMP concentration was 2 mM. Relative activity was calculated assuming the rate of reaction
in the presence of 1 mM-ATP as 100. Data are mean values from the number of experiments indicated
in parentheses +S.D. For other experimental conditions see legend to Fig. 6.

Addition Activity |
! 150 mm-LiCl 45.5+5.5 (6)
1 mM-ATP 100.0 (6)
150 mMm-LiCl +
+1 mM-ATP 133.0+15.0 (4

Placental AMP-aminohydrolase is strongly inhibited by inorganic phosphate
(Fig. 7). The extent of inhibition depends on the presence of ATP and Li*. Inorganic
phosphate in concentration of 1 mM inhibited in 25 %, the activity of the enzyme in
the presence of ATP, and in 80 % in the presence of Li*. In the presence of 0.1 M-KClI,
sigmoidal character of the substrate saturation curve was decreased by 0.15 M-LiCl,
and enhanced by 0.75 mM-inorganic phosphate (Fig. 8).

100

A N U T
T T T T

Activity
3
T
Activity (nmol/min)

N
T

| 1 | l s |
0 10 2.0 0% i 51 8 123 1:16.1:4:20
P; concen. (mm) AMP concn. (mm)

Fig. 7 Fig. 8
Fig. 7. Inhibition of placental AMP-aminohydrolase by inorganic phosphate. The incubation
mixture contained in a final volume of 2 ml: 100 mm-imidazole-HCI buffer, pH 6.5, 2 mM-5-AMP
(imidazole salt), 1 mM-ATP (A) or 150 mM-LiCl (O) and inorganic phosphate in concentrations
indicated. The reaction was started by the addition of 50 ul of enzyme solution in 0.3 M-Tris-succinate
buffer, pH 6.5. Each point represents the mean from two experiments performed in duplicate.
Relative activity was calculated assuming the rate of reaction in the absence of inorganic phosphate
as 100.
Fig. 8. Kinetics of the inhibition of placental AMP-aminohydrolase by inorganic phosphate. The
incubation mixture contained in a final volume of 1 ml: 150 mm-imidazole-HCl buffer, pH 6.5,
100 mM-KCl, 5-AMP (imidazole salt) at concentration indicated, and 150 mm-LiCl (A) or 0.75
mM-inorganic phosphate (imidazole salt) (O). Control (@) without LiCl or inorganic phosphate
added. The reaction was starte d by the addition of 0.1 ml of enzyme purified up to stage 3 (Table 1).
Each point represents the mean reaction rate calculated from three time intervals.
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DISCUSSION

The placental AMP-aminohydrolase has been purified about 570-fold. The ac-
tivity of the preparation obtained (about 30 pmol/min/mg protein) is of the same
order of magnitude as that obtained from avian brain (Henry & Chilson, 1969) and
about twice as high as that from calf brain (Setlow & Lowenstein, 1967). The activity
of crystalline AMP-aminohydrolase from rabbit skeletal muscle (Zielke & Suelter,
1971a) is 1200 - 1600 pmol/min/mg protein.

Comparison of the properties of AMP-aminohydrolase isolated from various
sources shows differences in substrate affinity and response to cations and ATP.
In the absence of activators the rate of reaction catalysed by placental AMP-amino-
hydrolase at lower substrate concentrations was very low (Fig. 6) and therefore the
enzyme activity could not be assayed spectrophotometrically unless ATP was added.
Very similar behaviour has been reported for chicken brain enzyme (Henry & Chilson,
1973). The preparation of placental enzyme resembles that of brain also with respect
to activation by monovalent cations (Table 3). Both enzymes show the highest
activity in the presence of Li* (Setlow & Lowenstein, 1967; 1968; Henry & Chilson,
1973). Na* and K* activate the enzyme half as effectively (Setlow & Lowenstein,
1967). ATP activates placental AMP-aminohydrolase to a greater extent than mono-
valent cations (Fig. 6, Table 4); the same is true for brain enzyme (Setlow & Lowen-
stein, 1967; Henry & Chilson, 1973), but AMP-aminohydrolase from human (Ma-
karewicz & Stankiewicz, 1974) and chicken skeletal muscle (Henry & Chilson, 1973)
show higher activity in the presence of K* ions than in the presence of ATP.

Data presented in this paper indicate that kinetics of the reaction catalysed by
the purified AMP-aminohydrolase from human placenta are very similar to that
shown by the brain enzyme but distinct from that of the muscle AMP-aminohydro-
lase. It has been repeatedly reported that much greater similarities are observed among
AMP-aminohydrolases from the same tissue of different animals than among en-
zymes from different tissues of the same animal. Muscle enzymes from different
species have been investigated and their kinetic (Makarewicz, 1969; Zielke & Suelter,
1971a; Makarewicz & Stankiewicz, 1974) and immunological (Selig & Chilson,
1969) properties have been shown to be very similar. On the other hand, differences
exist between human placental AMP-aminohydrolase and AMP-aminohydrolase
from human skeletal muscle (Makarewicz & Stankiewicz, 1974) and erythrocyte
(Askari & Franklin, 1965; Askari, 1966; Rao et al., 1968). Analogous differences
in kinetics of the reaction and properties of AMP-aminohydrolase have been shown
with the chicken muscle, brain and erythrocyte enzymes (Henry & Chilson, 1969,
1973).

Placental AMP-aminohydrolase is inhibited by inorganic phosphate to a higher
extent than the enzyme from other sources (Lee & Wang, 1968; Makarewicz &
Stankiewicz, 1974). The inhibition is less pronounced in the presence of ATP, simi-
larly as it has been reported for rat brain enzyme (Lee & Wang, 1968). As both ATP
and inorganic phosphate exert their effect at low, physiological concentrations,
they might be important in regulating placental AMP-aminohydrolase activity in vivo.
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AMP-aminohydrolase from skeletal muscle has been shown to be a metalloenzyme
containing zinc (Zielke, 1970; Zielke & Suelter, 1971b; Raggi et al., 1971). No data
are available on the role of metal in the activity of AMP-aminohydrolase from other
sources. Inactivation by EDTA and recovery of the activity upon addition of some
divalent cations in micromolar concentrations suggests the requirement of the pla-
cental AMP-aminohydrolase for metal ions.

Recently Ogasawara et al. (1972) reported that four molecular forms of rat
brain AMP-aminohydrolase could be separated by chromatography on phospho-
cellulose. These forms shown different K,, values, from 5 mM to 42 mm, and differ
in sensitivity to cations and nucleotides. The existence of two forms of AMP-amino-
hydrolase in calf muscle has also been reported (Birnbaum et al., 1971). The proper-
ties of the placental enzyme seem to be similar to those of form IV from rat brain
(Ogasawara et al., 1972) which shows very low affinity towards substrate (K, 42 mm).
It may be supposed that the pattern of different molecular forms of AMP-amino-
hydrolase is specific for particular tissues, with one form possibly predominating.

So far, the physiological role of AMP-aminohydrolase has not been elucidated.
Lowenstein (1972) suggests that in muscle and other tissues (liver, brain, kidney,
ascites cells and erythrocytes), the reaction catalysed by AMP-aminohydrolase is
a part of a purine nucleotide cycle involving AMP deamination and IMP reami-
nation. No data are available at present on the occurrence in placental tissue of the
remaining enzymes of the cycle, i.e. IMP : L-aspartate ligase (GDP) (EC 6.3.4.4)
and adenylsuccinate AMP-lyase (EC 3.4.2.2).

The observed differences in the regulatory properties of AMP-aminohydrolase
may reflect the different roles which AMP-aminohydrolase plays in cellular meta-
bolism.

The author wishes to thank Prof. Dr. M. Zydowo for his interest in this work,
and Mrs. Regina Kaczorowska for technical assistance.
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OCZYSZCZANIE 1 WEASNOSCI AMP-AMINOHYDROLAZY EOZYSKA LUDZKIEGO
Streszczenie

1. AMP-aminohydrolaz¢ z lozyska ludzkiego oczyszczono okolo 570-krotnie.

2. Oczyszczony enzym ulega inaktywacji po dializie wobec 1 mM-EDTA ; reaktywacja naste-
powala po dodaniu niektorych kationow dwuwartosciowych: Zn?*, Mn?* i Co**.

3. Enzym jest aktywowany przez jony Li* i ATP. Fosforan nieorganiczny wykazuje silne dzia-
lanie inhibitorowe.

4. Wiasnosci kinetyczne i regulacyjne AMP-aminohydrolazy z lozyska ludzkiego sa podobne
do enzymu z mdzgu, natomiast sa wyraznie rozne od enzymu z miesni szkieletowych.
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The occurrence of preformed mRNA in quiescent pea seed embryo axes has been
demonstrated. In the early stage of germination, when no RNA synthesis was observed,
incorporation of amino acids occurred simultaneously with polysome formation.
The preformed inactive mRNA was associated with the ribosomal fraction and could
be activated by trypsin treatment, demonstrated by the in vitro formation of new
active polysomes.

During the last decade, thorough investigations were carried out on the presence
of mRNA in the form of ribonucleoprotein complexes, called informosomes or
masked RNA, in the latent stage of development in various organisms. Such forms
of mRNA can survive long periods of metabolic dormancy and may be involved in
the translation-level control, in the transport of mRNA from the nucleus or in sta-
bilization of the labile mRNA molecules (see Gross, 1968 and Spirin, 1969, for
reviews). Activation of the stable form of mRNA during the developmental phase
induces corresponding changes in capacity for protein synthesis and a change in
polysome content. Monroy et al. (1965) studied the cellular mechanism whereby
polysome formation is facilitated and have shown that trypsin treatment of riboso-
mes of unfertilized sea urchin eggs results in increased ribosomal activity. Similar
activation by trypsin has been observed in HeLa cells at the stage of metaphase
(Salb & Marcus, 1965), rat liver (Ostner & Hultin, 1968) and in cotyledons of pea
seeds (Jachymczyk et al., 1971).

In the early phases of seed germination, imbibition of water initiated protein
synthesis with a simultaneous rapid conversion of ribosome population into poly-
ribosomes (Marcus & Feeley, 1964, 1965; Barker & Rieber, 1967; Jachymczyk &

* Institute of Biochemistry, Warsaw University, Al. Zwirki i Wigury 93; 02-089 Warszawa.
** This work was supported by the Polish Academy of Sciences within the project 09.3.1.
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Cherry, 1968). This conversion took place in the absence of RNA transcription
(Dure & Waters, 1965; Marcus & Feeley, 1966; Chen et al., 1968; Jachymczyk et al.,
1971; Sieliwanowicz & Chmielewska, 1973).

The present report describes the experiments which showed that RNA extracted
from ribosomal fraction of quiescent and germinating pea embryo axes had a simi-
larly high template activity in stimulating ['*CJamino acid incorporation in a cell-free
system. This endogenous messenger activity in dry, quiescent embryo axes could
be released by treatment of ribosomes with trypsin.

MATERIALS AND METHODS

Reagents. All reagents were of analytical grade. ATP and creatine phosphate were
purchased from Calbiochem (Los Angeles, Calif., U.S.A.), trypsin 2 x cryst. (spec.
act. 3.5 units/mg of protein), GTP, creatine phosphokinase and 2-mercaptoethanol
were from Sigma Chemical Co. (St. Louis, Mo., U.S.A.), Difco protein hydrolysate
(vitamin-free Casamino acids) from Difco Laboratories Inc. (Detroit, Mich., U.S.A.).
Sucrose ultra pure from Schwarz-Mann Comp. (Orangeburg, N.Y., U.S.A.).
[G-*H]Uridine (spec. act. 4.6 Ci/mmol) and a mixture of '*C-labelled amino acids
of a specific activity 52 mCi/milliatom of carbon, were purchased from the Radio-
chemical Centre (Amersham, Bucks., England).

Pea seeds (Pisum sativum L.) were germinated on moist paper in constant humidity
at 25°C in a dark chamber. Embryo axes were excised manually both from dry
and germinated seeds.

Sucrose density gradient analysis of ribosomes. The ribosomes were prepared
according to the method of Davies et al. (1972) with the modification described below.
Embryo axes, a hundred 10-mm segments weighing 1.5-2 g, isolated from the
seeds germinated for the indicated period of time, or 600 mg of embryos from dry
seeds were washed in water and incubated in a small volume (3 - 4 ml) of a solution
containing 1% sucrose, 0.1 mM-ammonium citrate (pH 6), 20 pCi of [**Clamino
acids mixture and 25 pCi of [*H]Juridine. After 2 h incubation, the embryo axes
were washed twice with cold water, frozen on solid CO, and ground in a mortar
in 10 vol. of grinding buffer (0.4 M-sucrose, 20 mM-KCl, 5 mm-MgCl,, 5 mwm-2-
-mercaptoethanol and 100 mm-Tris-HCl buffer, pH 8.5). The resulting homo-
genate was clarified by centrifugation for 20 min at 20 000 g and the supernatant
was gently layered over 4 ml of 1.5 M-sucrose in buffer 4 (40 mm-Tris-HCI, pH 8.5,
10 mmM-MgCl,, 20 mm-K Cl) and centrifuged for 2 h at 105 000 g in the titanium angle
rotor of a MSE superspeed 65 ultracentrifuge (10 x 10 ml). The pellets were rinsed
and resuspended in 1 ml of buffer 4. Samples (usually 1 mg in 0.5 ml) of resuspended
ribosomes were layered on a linear sucrose gradient (125- 500 mg/ml) prepared
in buffer B (50 mm-Tris-HCl, pH 8.5, 10 mmM-MgCl,, 20 mM-KCl) and centrifuged
for 150 min at 75000 g in a MSE aluminium swing-out rotor (6 x 15 ml). To de-
termine the distribution of ribosomes in the gradient, 40 - 45 fractions, 15 drops
each, were collected from the bottom of the tubes. Samples were adjusted with water
to a volume of 1 ml and extinction at 260 nm was measured in Unicam SP-500
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spectrophotometer. Radioactivity of the double-labelled ribosomes were measured
in each fraction as described by Jachymczyk & Cherry (1968).

Incorporation of '*C-labelled amino acids in vitro. The ribosomes were isolated
and the incorporation assayed under essentially the same conditions as those used
by Jachymczyk & Cherry (1968) except that the “pH 5 enzymes” supplemented
with ['*Claminoacyl transfer RNA prepared according to Moldave (1963) were
used instead of the 105000 g supernatant.

The mixture of purified tRNA from wheat embryo free from amino acids, used
for loading, was a kind gift of Dr. A. Legocki (Dept. of Biochemistry, Academy of
Agriculture, Poznan).

The amino acid incorporation was stopped by placing a 100 pl portion of the
incubation mixture on a Whatman 3 MM filter paper disc, drying in a stream of
air and immersing in cold 10% trichloroacetic acid solution containing about 2 9]
Difco casamino acids. On the next day, the samples were further treated according
to Mans & Novelli (1961).

Radioactivity was assayed by means of a Packard Liquid Scintillation Spectro-
meter Tricarb model 3320. Total protein was determined by the method of Lowry
et al. (1951).

Treatment of ribosomes with trypsin. Ribosomes were prepared as described earlier
(Jachymczyk & Cherry, 1968) and samples (2 - 5 mg) were incubated at 37°C with
trypsin (0.6 pg/1 mg of ribosomes in | ml). After 5 min the reaction mixture was cool-
ed to 0°C, diluted with ice-cold grinding buffer to a volume of 8 ml and immediately
centrifuged for 60 min at 105000 g. The ribosomal pellets were washed twice with
0.2 m-sucrose in 5 mm-Tris-HCI buffer, pH 7.8, containing 10 mm-MgCl,, 20 mm-KCl
and 5 mm-2-mercaptoethanol, suspended in 0.2 ml of the same medium and used for
the amino acid incorporation assays. After incubation, the samples were cooled
rapidly to 0°C, layered over a linear sucrose gradient (125 - 500 mg/ml), centrifuged,
and ribosome distribution was determined as described above.

RESULTS

Estimation of polyribosomes and of the protein and RNA synthesis in vivo. The
results of sucrose gradient analysis presented in Fig. 1 illustrate the formation of
polysomes and the incorporation of [**Clamino acids and [*H]uridine into the ri-
bosomal fraction during the early stage of pea seed germination. In seeds germinated
for 20 and 40 h, the formation of polyribosomes corresponded closely to binding
of '#C-labelled amino acids. However, there was practically no incorporation of
[*H]uridine either in dry seeds or in those germinated for 20 h. Incorporation of
[*H]uridine appeared only after 40 h of germination, the radioactivity being then
present both in the polyribosome and monoribosome region. Thus it appears that
the early formation of polysomes was dependent on the preformed messenger RNA
present in dry seeds.

Amino acid incorporation in vitro. To confirm the presence of mRNA in ribosomes
of dry pea embryo axes, the template activity of RNA isolated by the phenol-
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-cresol method (Sieliwanowicz er al., 1974) from the ribosomes of both dry and ger-
minated seeds, were studied. It was found (Table 1) that the addition of RNA from
ribosomes of dry embryo axes to a cell-free protein-synthesizing system containing
ribosomes from embryos of dry seeds or seeds germinated for 40 h, resulted in,
B ‘ ¢ ‘
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Fig. 1. Sucrose gradient profiles of ribosome preparations from embryo axes of pea seeds:
A, dry; B, germinated for 20 h and C, germinated for 40 h. ——, E,40; - - -, radioactivity of
[*H]uridine; ---, radioactivity of ['*Clamino acids.

Table 1

The in vitro activity of RNA isolated from ribosomal fraction of dry and germinated
pea embryo axes

Total RNA was isolated by the phenol-cresol method (Sieliwanowicz et al., 1974). The complete

system contained in a volume of 1 ml: 0.9 mg of ribosomes from dry embryo axes or 2 mg of riboso-

mes from germinated embryo axes, 0.7 mg protein of “pH 5 enzymes”, 0.5 uCi of the mixture

of '*C-labelled amino acids, and, as messenger, 170 pg of RNA from the indicated material. The
incubation was carried out at 37°C for 30 min.

Source of ribosomes in | Added RNA isolated from Incorporation i
the cell-free system embryo axes ‘ (c.p.m./mg ribosomes) |
Dry embryo axes None (control) 344 |
dry } 2688 1
| germinated for 24 h 2083 l
germinated for 48 h ' 2365 ‘
postmicrosomal supernatant 427 ,
‘ Embryo axes germinated ‘ 1
| for 40 h None (control) 3065
dry | 8290
germinated for 24 h 6961
germinated for 48 h 7598
postmicrosomal supernatant! 3317
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respectively, sevenfold and twofold stimulation of the in vitro ['*Clamino acid
incorporation. Practically the same stimulation of protein synthesis was observed
with RNA isolated from ribosomes of germinated embryo axes. On the other hand,
the RNA isolated from the postmicrosomal supernatant had no effect on the amino
acid incorporation.

These results indicate that RNA isolated from the ribosomal fraction of dry
pea embryo axes contained a messenger RNA. This preformed mRNA either could
be bound to ribosomes or, what seems more probable, exists as distinct nucleopro-
tein particles, as it was found for animal tissues (Henshaw, 1968; Spirin, 1969) and
wheat embryos (Weeks & Marcus, 1971). In this case, however, the sedimentation
coefficient of such particles should be close to that of ribosomes.

Polysome formation in vitro. Ribosomes isolated from dry embryo axes were
treated with a small amount of trypsin, then carefully washed to remove any traces
of trypsin, and pulse-labelled with radioactive amino acids. When the incubation
mixture was examined on the sucrose gradient (Fig. 2), the distribution of radio-

Fig. 2. Amino acid incorporating capacity of 1 |
ribosomal preparation from quiescent pea embryo 08 ] n ‘ 240
axes treated with trypsin. The amino acid incor- |

poration medium was composed of 0.6 mg of
ribosomes (treated or untreated with trypsin),
0.7 mg protein of “pH 5 enzymes” and other
additions as in Jachymczyk & Cherry (1968) in
a total volume of 0.4 ml. Samples were incubated
for 5 min at 37°C. Radioactive amino acid pulse

/n)

)
S
Radioactivity (counts/m.

(0.5 uCi) was included for another 5 min before L 80

tayering on sucrose gradient. ——, Ejgo nm;

- --, radioactivity of ribosomes treated with : | o

Irypsin; -+-«, radloacuvn_y of cor?trol ribosomes 0 ) 20 0 20
(untreated with trypsin). Fraction no.

activity differed from that of monoribosome absorbance. Since only polysomes
catalyse incorporation, the observed incorporation of radioactivity indicated the
occurrence of newly formed polysomes. In contrast, the ribosomal fraction untreated
with trypsin (control experiment) remained completely inactive. Thus it seems that
trypsin released the preexisting messenger from the complex with protein inhibitor.
However, the susceptibility of ribosomal fraction to any excess of trypsin (Jachym-
czyk et al., 1971) and relatively low *#C incorporation suggests that also other protein
components important for translation, may be destroyed.

DISCUSSION

Weeks & Marcus (1971) were the first to demonstrate directly the existence of
mRNA in wheat embryo. This finding was confirmed by Schultz et al. (1972). The
experiments described in the present work showed the presence of mRNA in dry
pea embryo axes. The observed lack of [*H]uridine incorporation during the early
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stage of pea seed germination, despite the presence of enzymes necessary for RNA
synthesis (Barker & Rieber, 1967), together with the simultaneous formation of
polysomes and ['*CJamino acid incorporation, showed that, at the beginning of
germination, translation precedes markedly the genomic transcription. Thus the
required messenger activity must be provided by the mRNA preexisting in the
quiescent pea seeds, and indeed the RNA isolated from ribosomal fraction of dry
embryo axes was found to possess template activity. Sieliwanowicz et al. (1974)
by acrylamide-gel electrophoresis of RNA isolated from ribosomal fraction of dry
and germinating pea seeds demonstrated, in addition to the normally observed 24s,
17s and Ss ribosomal RNA species, the presence of some minor species between 17s
and Ss. These latter RNA species were not observed in the RNA extracted from
postmicrosomal supernatant which contained ribosomal subparticles and soluble
RNA, and indeed showed no template activity in cell-free system. Therefore it may
be supposed that the RNA responsible for template activity appears only in the
fractions which on electrophoresis migrate between the 17s and 4 - 5s species.

Similar minor species active in stimulation of the incorporation of [**C] amino
acids in a cell - free system have been reported in dry wheat embryos by Schultz
et al. (1972).

The in vitro formation of active polysomes in ribosomal fraction from dry embryo
axes after treatment with trypsin is an additional proof for the existence of pre-
formed messenger in dry, quiescent pea embryos. It was found by Jachymczyk et al.
(1971) that trypsin treatment of the ribosomal fraction from the cotyledons of dry
pea seeds resulted in a several-fold increase in their activity, and that the degree of
activation decreased with the time of germination. Recently Hobday et al. (1973)
have shown that in the early stage of pea seed germination, a significant rise in trypsin-
-like proteolytic activity, connected with a decrease in trypsin inhibitor activity,
can be observed. Therefore the in vitro activation by trypsin of polyribosome
formation may reflect the physiological activation of the preexisting messenger, which
would consist in a release of mMRNA from inactive complexes with protein inhibitor
of translation.

The authors are deeply grateful to Professor Dr. Irena Chmielewska for her
continued interest in this work and for comments on the manuscript. Thanks are
also due to Dr. A. Legocki for the gift of highly purified tRNA and to Miss E. Ko-
lanowska for help in obtaining RNA preparations.
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AKTYWACJA ZABLOKOWANEJ FORMY mRNA W OSIACH ZARODKOWYCH
SUCHYCH NASION GROCHU

Streszczenie

Wykazano obecno$¢ zablokowanej formy mRNA w osiach zarodkowych suchych nasion
grochu. We wczesnych stadiach kietkowania wilaczanie radioaktywnych aminokwasoéw polaczone
z powstawaniem polisoméw znacznie wyprzedza w czasie synteze nowych czastek RNA. Stwier-
dzono, ze zablokowana, nieaktywna forma mRNA towarzyszy frakcji rybosomalnej i moze by¢
aktywowana przez dzialanie trypsyna, co powoduje tworzenie si¢ in vitro polisoméw, zdolnych
do wlgczania radioaktywnych aminokwasow do bialek.
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1. §’-Terminal inosine-containing dinucleosides have been synthesized using RNase T,
in a way analogous to that described recently for 5’-terminal xanthosine-dinucleoside
monophosphate (M. Fikus, Acta Biochim. Polon., 1973, 20, 237 - 248). Several
dinucleosides containing 3’-terminal pyrimidines with variously modified base and/or
sugar were obtained in 30 - 409 yield. 2. The reaction products were characterized
by their chromatographic properties and u.v. spectra. 3. In the same way products
of enzymic and chemical hydrolysis of the dinucleosides were analysed.

With the progress of investigations on the structure and conformation of syn-
thetic polynucleotides and nucleic acids, a need has arisen for the development of
simple and efficient methods of synthesis of model compounds, such as oligonucleo-
tides of known sequence and chain length.

The present communication is a sequel to a previous publication (Fikus, 1973)
and deals with the possibility of using RNase T, for the synthesis of dinucleoside
monophosphates containing 5’-terminal inosine.

METHODS

Inosine 2'(3’)phosphate was obtained by deamination of the corresponding
adenosine 2'(3")phosphate under conditions described by Shapiro & Pohl (1968),
used previously for deamination of guanosine phosphate (Fikus, 1973). The deami-
nation product was purified according to Ganguli ez a/. (1971). The fractions contai-
ning inosine phosphate were neutralized with ammonia, evaporated and extracted
with anhydrous methanol.

* This work was supported by the Polish Academy of Sciences within the project 09.3.1, and also
profited from the support of The Wellcome Trust and the World Health Organization.
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Inosine 2’,3'-cyclic phosphate was prepared in 100 %, yield according to Shugar
(1967). All the measurement techniques, methods and other compounds used,
were as described previously (Fikus, 1973). The incubation mixture contained 10 - 80
mMm-inosine 2’,3’-cyclic phosphate, 0.1 - 1 M-nucleosides, and RNase T, at con-
centration of 35-100 u./ml in 0.1 M-cacodylate buffer. The yields were expressed
as percentage of transformed inosine 2’,3’-cyclic phosphate. The reaction products
were identified by their chromatographic R, values as well as by u.v. spectra (Fig. 1).

10

08

06
(=

04

02

1 1 1 1 0 1
230 250 270 290 2:?0 25;'0 270 290
Wavelength (nm)

Fig. 1. U.v. spectra of inosylyl(3’-5")uridine dinucleoside monophosphate synthesized by RNase
T; from inosine cyclic phosphate and uridine (4), in comparison with the calculated spectra of
an equimolar mixture of uridine and inosine (B). Spectra were taken in H,O (/) and at pH 12 (2).

Dinucleoside monophosphates were hydrolysed in alkaline medium and the hydro-
lysates were quantitated by paper chromatography on Whatman no. 1 paper in
ethanol - 1 M-ammonium acetate, pH 7.5 (7 : 3 by vol.) (solvent 4). This permitted
to prove composition and sequence of the monomers in the dinucleoside investigated
(cf. Fikus, 1973).

RESULTS AND DISCUSSION

The yield of inosylyl(3’-5')uridine dinucleoside monophosphate (IU) within
the investigated pH range of 5.5-7.3 was maximal at pH 6.3. For example, after
3 h of synthesis, the yields were: 26, 33 and 23 9/ at pH 5.6, 6.3 and 7.3, respectively.
These results are in accordance with the optimum pH value for the hydrolysis of
inosine 2’,3’-cyclic phosphate by RNase T, (Irie et al., 1970).

Within the range of substrates and enzyme concentrations used, the yield of IU
was maximal after 3 h incubation. Further incubation led to a gradual enzymic
hydrolysis of cyclic phosphate and/or 1U, and to the accumulation of inosine
phosphate. At lower concentrations of substrates (10 mm-cyclic phosphate and
0.1 M-nucleoside) and the enzyme (35 u./ml) dinucleosides were obtained in a 259
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yield whereas at higher concentrations (80 mM-cyclic phosphate, 1 M-nucleoside
and 100 u./ml of the enzyme) the yield was increased to 40%,. The maximum yields
of dinucleoside at 37° and 4°C were comparable, the only difference being that at
37°C the reactions, as would be expected, were faster.

The results of chromatographic analysis of the reaction products on t.lc. in
saturated ammonium sulfate - | M-ammonium acetate - isopropanol (80:18:2, by
vol.) (solvent B) revealed that inosine 3’-phosphate was the only product following:
(a) RNase T, action upon inosine 2’,3’-cyclic phosphate (20 mm-inosine 2’,3’-
-cyclic phosphate, RNase T, 350 u./ml, pH 6.3, 48 h at 37°C); (b) hydrolysis of IU
by RNase T, (4.6 mM-IU, RNase T, 350 u./ml, pH 6.3, 48 h at 37°C).

No inosine 2'-phosphate was found in either of the hydrolysates. Thus we con-
clude that RNase T, synthesized specifically the phosphodiester bond of the inosylyl
(3’-5")uridine type.

Syntheses of dinucleoside monophosphates were attempted under the conditions
optimal for U formation, using as substrates the following nucleosides: cytidine,
6-methylcytidine, 1-f-p-arabinofuranosylcytosine, 2’,3’-O-dimethylcytidine, 2’,3"-O-
-dimethyluridine and 2’-O-methylcytidine. In all cases the products obtained were
identified chromatographically and spectrally as dinucleoside monophosphates
(Table 1). The yields of these reactions were approximately the same (30 %).

It was found that xanthosine could not serve as the nucleoside substrate.

Attempts were also made to synthesize homodinucleoside mono- and diphospha-
tes starting with inosine 2’,3’-cyclic phosphate or inosine 2’,3’-cyclic phosphate
plus inosine. In the first case the concentration of inosine 2’,3’-cyclic phosphate was
0.4 M, and that of RNase T, 110 u./ml (pH 6.3, 72 h at 37°C). Progress of the reaction

Table 1

Ry values of nucleoside substrates and of the enzymically synthesized dinucleoside
monophosphates containing 5'-terminal inosine

Conditions: solvent 4, Whatman no. 1 paper. In this system the Ry value for inosine 2’,3-cyclic
phosphate was 0.55, and for inosine 2’(3’)phosphate 0.18.

| Correspon-
3’-Terminal nucleoside dufg dinucle-
SRstrate R oside mono- Ry
phosphate
product
Uridine 0:72+1 0.42
2’-0-Methyluridine 0.82 0.48
2’,3’-0-Dimethyluridine 0.79 0.51
Cytidine 0.65 0.51
2’,3’-0-Dimethylcytidine 082 | 0.69
6-Methylcytidine 0.80 0.39
| 1-p-p-Arabinofuranosyl- .
| cytosine 0.76 | 0.35
| Inosine 0.59 ‘ 0.32
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was controlled chromatographically. After 72 h the incubation mixture was diluted
15-fold with HCI solution to pH 1 and then kept at room temperature for 3 h (which
is the time required for opening of the cyclic phosphate rings). Finally, the mixture
was applied on the DEAE-cellulose column under conditions described previously
(Fikus, 1973). Inosine 2’(3")phosphate was eluted with 0.11 M, and the dinucleotide
with 0.28 M-triethylamine bicarbonate. Very low yield of the dinucleotide (2%)
proved the inefficiency of this method of preparation.

The second procedure for the synthesis of homodinucleoside monophosphate
consisted in incubating inosine 2’,3’-cyclic phosphate (40 mm) with saturated inosine
solution at pH 6.3 in the presence of 35 units of RNase T, per 1 ml. T.l.c. of the
incubation mixture in solvent A, after 48 h incubation, revealed the presence of
a product which, upon alkaline hydrolysis, gave inosine 2'(3’)phosphate and inosine.
This supports our conclusion that the enzymically synthesized product was inosylyl(3'-
-5")inosine. The yield of reaction in this case was also low and did not exceeded 10 %,.

To sum up, RNase T is suitable for the synthesis of dinucleoside monophosphates
containing 5’-terminal inosine and 3’-terminal pyrimidine nucleoside, irrespective
of the differences in the base or sugar moieties. The yield was 30 - 40 9 of the amount
of the substrate used, i.e. inosine 2’,3’-cyclic phosphate. All the reactions and controls
are easy to perform even in a laboratory without special equipment.

The results reported on these model reactions permit a full comparison of the
synthetic activity of RNase T, towards 2’,3’-cyclic phosphates of guanosine, xan-
thosine and inosine as they are found during the enzymic (by RNase T,) hydrolysis
of the native and deaminated RNA’s.

The common trait of all these synthetic reactions is the formation of dinucleoside
monophosphates with the purine nucleoside in the 5’terminal position. The amounts
of the components of the incubation mixture providing for the optimal yield are
closely similar: cyclic phosphates, 10 - 100 mm; 3’-terminal nucleosides, 0.1 - 1 M;
RNase T,;, 30-500 u./ml. In all cases the investigated pyrimidine derivatives
modified to various extent in their base and sugar rings were incorporated easily.
Dinucleosides with 3’-terminal purine nucleoside were synthesized rarely and/or
in low yield, which could not be accounted for solely by low solubility of purine
nucleosides (Mohr & Thach, 1969). The yields of the dinucleosides are closely com-
parable and reasonably high under appropriate incubation conditions (Mohr &
Thach, 1969; Rowe & Smith, 1970; Fikus, 1973).

The optimum pH for the synthetic reaction depends on the cyclic phosphate
used as the substrate. In the case of the reaction with guanosine, xanthosine and ino-
sine the optimum pH is 7.5, 5.5 and 6.3, respectively. Irie et al. (1970) relate these
findings to the differences in the pK values for ionization of the N, hydrogens of
the substrates used.

The synthesis of dinucleoside monophosphates from guanosine cyclic phosphate
is more efficient at low (0°C) temperature (Rowe & Smith, 1970), whereas the yield
of the reaction with xanthosine and inosine cyclic phosphates is the same at 0 and
37°C. This is probably due to the differences in susceptibility of the corresponding
dinucleosides to hydrolysis by RNase T, (Witfeld & Witzel, 1963).
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Finally, homooligonucleotides are formed enzymically from concentrated (up
to 1 M) solutions of cyclic nucleotides with varying efficiency, which decreases in the
order: guanosine, xanthosine, inosine cyclic phosphates (Sekiya et al., 1968; Fikus,
1973). These differences may perhaps be due in part to the ability of these monomers
to form stacked aggregates in concentrated aqueous solutions (Raszka & Kaplan,
1972).

I am greatly indebted to Professor D. Shugar for his interest in these investigations;
to Dr. J. Ku$mierek for a gift of 1-f-p-arabinofuranosylcytosine, 2’,3’-O-dimethyl-
cytidine, 2’-O-methyl-, 2’,3’-dimethyluridines; to Dr. M. Swierkowski for a sample
of 6-methylcytidine, and to Mrs. D. Haber for her skilfull technical assistance.
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ENZYMATYCZNA SYNTEZA DWUNUKLEOZYDOMONOFOSFORANOW
ZAWIERAJACYCH 5-TERMINALNA INOZYNE

Streszczenie

Praca jest kontynuacja opisanej uprzednio metody enzymatycznej syntezy dwunukleozydomono-
fosforanéw zawierajacych 5'-terminalna ksantozyne (Fikus, 1973). Stosujac analogiczne metody
syntez i analizy produktow otrzymano z 30 -40% wydajnoscia dwunukleozydomonofosforany
zawierajace 5’-terminalna inozyne i szereg 3’-terminalnych pochodnych pirymidynowych o réznym
stopniu modyfikacji pierscieni cukru i/lub zasady. Produkty syntezy charakteryzowano na podstawie
ich cech chromatograficznych oraz widm w nadfiolecie; analizowano réwniez produkty ich enzy-
matycznej i chemicznej hydrolizy.

Received 22 November, 1973.
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J. SZOPA

INTERACTION WITH DNA OF THE ACETYLATED AND NON-ACETYLATED
POLYVALENT BASIC TRYPSIN INHIBITOR OF THE KUNITZ TYPE *

Institute of Biochemistry, Wroclaw University,
ul. Tamka 2; 50-137 Wroclaw, Poland

1. On the basis of optical rotatory dispersion, circular dichroism and i.r. spectra it
has been demonstrated that acetylation of ¢-amino lysine residues of the basic poly-
valent trypsin inhibitor leads to changes in its secondary structure, the content of
B-structure being increased and that of «-helix unchanged. Simultaneously the inhibitor
becomes inactive towards trypsin, retaining its activity towards chymotrypsin. 2. The
behaviour of soluble complexes of DNA with the acetylated and non-acetylated
inhibitor was studied. From the u.v. difference spectra and melting profiles it follows
that the native inhibitor stabilizes the double helix of DNA, whereas the acetylated pre-
paration has a destabilizing effect.

In the previous work (Szopa, 1974) it has been demonstrated that the complexes
of DNA with acetylated histones have a considerably lower stability than those
with non-acetylated histones. Moreover, it was found that the acetylated histones
have a more ordered structure as compared with the non-acetylated ones.

To obtain more information on the role of basic proteins in chromatin, complexes
of DNA with another acetylated and non-acetylated basic protein were investigated.
For this purpose, the basic polyvalent trypsin inhibitor of the Kunitz type was chosen.
This inhibitor is a protein of known molecular weight (6500) and known amino acid
sequence (Vogel et al., 1968).

MATERIALS AND METHODS

Preparation of DNA, u.v. difference spectra, i.r. spectra, estimation of 7, values,
and determinations of protein, DNA and phosphorus were performed as described
previously (Szopa, 1974).

Optical rotatory dispersion (o.r.d.) and circular dichroism (c.d.) spectra were
obtained in a Jasco model ORD UV-5 spectropolarimeter.

* This work was supported in part by the Committee o ! Bicchemistry and Biophysics of the
Polish Academy of Sciences.
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The polyvalent basic trypsin inhibitor of the Kunitz type was prepared from
bovine lung as described by Wilusz er al. (1973). Its activity against trypsin and
chymotrypsin was determined according to Kunitz (1947) using casein as substrate.
Trypsin (1 x cryst.) was from Koch-Light Lab. Ltd (Colnbrook, Bucks., England),
and chymotrypsin (3 x cryst.) from Reanal (Budapest, Hungary).

The inhibitor preparation was acetylated by the method described by Thomas
et al. (1968), in which only the free s-amino groups of lysine undergo acetylation.
When tested by the methods of Habeeb (1966) and Nohara et al. (1968), the acety-
lated preparation showed the absence of free ¢-amino groups or labile acetyl groups,
respectively.

The inhibitor, non-acetylated or acetylated, was dissolved in 0.01 m-NaCl, pH
6.9, to a concentration of 150 pg/ml, and diluted with 0.01 M-NaCl to the required
concentration.

To obtain soluble complexes of DNA with the inhibitor, DNA solution in 0.15
M-NaCl - 0.015 M-sodium citrate was dialysed against 0.01 M-NaCl, pH 6.9, and
diluted to a concentration of 40 pg/ml; to 3 ml of the DNA solution was added
an equal volume of the solution of non-acetylated or acetylated inhibitor, of such
a concentration as to obtain the required inhibitor to DNA ratio. The samples were
filtered through a sintered-glass filter G-4. The extinction at 340 and 40) nm of
solutions of the complexes did not exceed that of free DNA (20 pg/ml) by more
than 0.005 unit.

To study precipitation of DNA with the inhibitor, to 2 ml of the solution containing
40 pg DNA per 1 ml, was added an equal volume of the inhibitor solution of appro-
priate concentration. The sample was stirred for 10 min, then centrifuged in a Uni-
pan type 310 centrifuge for 40 min at 14 000 rev./min at 3°C.

RESULTS AND DISCUSSION

Effect of acetylation on the properties of the trypsin inhibitor. The non-acetylated
inhibitor preparation was homogeneous on polyacrylamide-gel electrophoresis
under conditions described by Panyim & Chalkley (1969), whereas after acetylation
it migrated slower, was less intensely stained, and resolved into several closely migra-
ting fractions, two of which were more deeply stained with Amido Black.

The acetylated inhibitor lost the ability to inhibit trypsin but retained 90 -95 9]
of the activity towards chymotrypsin.

From the o.r.d. spectra presented in Fig. 1 it may be seen that the spectrum of
the non-acetylated inhibitor has a trough at 227 nm, and that of the acetylated
inhibitor, at 226 nm. The calculated Moffitt-Yang parameters (cf. Squire & Bewley,
1965) for the non-acetylated inhibitor preparation are: ao= — 620, bo= — 114 deg cm?
d mol~?, and for the acetylated one, a,= —600, b= —107 deg cm? d mol~*. The
b, values indicate that the non-acetylated inhibitor contains 189, of «-helix, and the
acetylated preparation, 17%. In both cases high negative values of a, indicate the
prevalence of the random conformation over the other ones, especially pointing
to low content of pf-structure.
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Fig. 1. Optical rotatory dispersion spectra of (---), non-acetylated and (—), acetylated
trypsin inhibitor. The concentration of inhibitor was 20 pg/ml of 0.01 M-NaCl solution, pH 6.9.

The values of @ at 222 nm in the c.d. spectrum of the two preparations of the
inhibitor (Fig. 2) support the above conclusions concerning the content of «-helix.

The o.r.d. and c.d. spectra do not form an adequate basis for estimating the con-
tent of f-structure. The most suitable method for f-structure determination in
polypeptides is the analysis of the i.r. spectrum in the region of amide I band. In
the spectrum of the non-acetylated inhibitor in this region (Fig. 3), two absorption
peaks may be discerned: at 1655 cm~! pointing to the presence of «-helix, and at
1645 em ™" indicating the presence of random conformation; the peak corresponding
to f-structure being absent. In the same range of the spectrum of the acetylated

1
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Fig. 2. Circular dichroism spectra of (- - -), non-acetylated and (——), acetylated trypsin inhibitor.
The concentration of inhibitor was 20 pg/ml of 0.01 M-NaCl solution, pH 6.9.
Fig. 3. Infrared spectra of 7, non-acetylated and 2, acetylated trypsin inhibitor in solid state.
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Yol g‘ Fig. 4. Precipitation of DNA by (O),
Q 8 non-acetylated and (@), acetylated trypsin
ilas o8 S oeR v mo o R . C. .4y sy  iBDiBiTGr To DNA solution (20 igiml of
0 04 08 12 16 20 24 0.01M-NaCl, pH 6.9), different amounts
Inhibitor to DNA ratio of the inhibitor were added.

inhibitor, three absorption peaks are visible: two corresponding to those of the
non-acetylated inhibitor, and a third peak at 1633 cm~* which indicates the presence
of f-structure. As it appears from these data, the acetylated inhibitor has an increased
content of f-structure.

Acetylated
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Fig. 5. U.v. difference spectra of DNA complexes with the acetylated and non-acetylated trypsin
inhibitor, at the indicated inhibitor to DNA ratios. The final amount of DNA in the sample was.
20 pg/ml.
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Complexes of DN A with the non-acetylated and acetylated trypsin inhibitor. De-
pendence of DNA precipitation on the inhibitor to DNA ratio was practically the
same with the acetylated and non-acetylated preparations, in both cases the maximum
precipitation being obtained at the weight ratio of 2.0 (Fig. 4).

The u.v. difference spectra of the complexes over the range 200 - 340 nm (Fig. 5)
show that with an increase in the non-acetylated inhibitor to DNA ratio, the minimum
is shifted from 268 to 260 nm, indicating stabilization of the double helix of DNA
by the inhibitor. The spectra of the complexes with the acetylated inhibitor show
minima at about 298 nm and broad maxima over the region 250 - 270 nm. The
complexes showing such spectra should have a DNA double helix less stable than the
complexes with the non-acetylated inhibitor.

From the u.v. difference spectra it could be anticipated that the DNA in complexes
with the non-acetylated inhibitor would show 7, values higher than those for free
DNA. From the data presented in Fig. 6 and Table 1 it may be seen that this was
indeed the case. With an increase in the inhibitor to DNA ratio, both the 7,, values
and hyperchroism slightly decreased. The hypochroism of the inhibitor-DNA
complexes appearing at about 60°C is difficult to interpret. A similar phenomenon
has been observed by Bobb (1968) for DNA-chymotrypsinogen complexes at about
60°C, who interpreted it as being due to release of protein. If this were so, the
E,e0/E240 ratio (which gives information on the amount of bound protein) should
increase. However, as it is shown in Fig. 6C, this ratio decreased in the temperature
range at which the hypochroism was observed.

The melting profiles of the acetylated inhibitor-DNA complexes at the ratios
of 0.5 and 0.75 show a biphasic character. The first broad transition is observed
at temperatures much lower than the 7, of free DNA, whereas the second transition
appears at a higher temperature. This second transition was not observed for the
DNA complexes with the non-acetylated inhibitor, and it seems possible that it
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Fig. 6. Melting profiles of: ([1J), free DNA, and DNA complexes with (O), non-acetylated and

(@) acetylated trypsin inhibitor, at the inhibitor to DNA ratios of: 4, 0.50; B, 0.75; C, 1.00. In

Fig. 6C the Ej60/E240 ratios are also given for the complexes with (A) non-acetylated and (A)
acetylated inhibitor
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could appear only at temperatures exceeding those studied in the present experi-
ments.

At the 1.0 ratio of the acetylated inhibitor to DNA, the melting profile of the
complex has a single-phase character, the 7;, remaining much lower than for free
DNA. These effects could have resulted either from a change in turbidity, release
of protein from the complex, or destabilization of the DNA double helix by the ace-
tylated inhibitor. The first possibility may be excluded as the turbidity remained
unchanged over the studied temperature range. The second possibility may also
be excluded because the E,¢0/E,40 ratio decreased with the increase in temperature.
Thus there remains only the last possibility, namely the destabilization of the
native DNA structure.

In the previous work (Szopa, 1974) it was found that complexes of DNA with
acetylated histones show somewhat lower stability than complexes with non-acety-
lated histones. However, the 7, of DNA complexes with acetylated histones were
higher than that for free DNA, which could be interpreted as stabilization of the
DNA double helix.

The u.v. difference spectra and melting profiles obtained in the present work
indicate that the non-acetylated polyvalent basic trypsin inhibitor stabilizes, as
anticipated, the double helix of DNA, whereas the acetylated inhibitor distinctly
destabilizes DNA.

The author wishes to express his gratitude to Prof. Dr. Wanda Mejbaum-Katze-
nellenbogen for her interest in this work and helpful comments on the manuscript.
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INTERAKCJA Z DNA POLIWALENTNEGO ZASADOWEGO INHIBITORA TRYPSYNY
TYPU KUNITZA PRZED I PO ACETYLACIJI

Streszczenie

1. Na podstawie widm ORD, CD i IR wykazano, ze acetylacja e-aminowych reszt lizyny inhi-
bitora trypsyny powoduje zmiany w jego strukturze drugorzedowe;j: zwigksza si¢ zawartos¢ f-struk-
tury przy niezmienionej zawarto$ci «-spirali. Inhibitor traci aktywno$¢ antytrypsynowa, a zacho-
wuje aktywno$¢ antychymotrypsynowa.

2. Zbadano zachowanie si¢ rozpuszczalnych kompleksow DNA z inhibitorem przed i po ace-
tylacji. Z widm UV i oznaczenia profilow topnienia wynika, ze inhibitor stabilizuje, a po acetylacji
destabilizuje, podwéjny heliks DNA.

Received 14 November, 1973.
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1. Livers from normal or turpentine-injected rats were perfused for 4 h with reconstitu-
ted blood enriched in amino acids, and incorporation of [*H]lysine into plasma
albumin, fibrinogen, ceruloplasmin, seromucoid fraction and total protein was deter-
mined. 2. Injection of turpentine stimulated the synthesis of fibrinogen, seromucoid and
total protein while the radioactivity in albumin was slightly reduced. 3. The addition
of cortisol, insulin and growth hormone to the reconstituted blood stimulated some-
what the acute-phase response. It is concluded that the hormones only modulate the
rate of trauma-induced synthesis of plasma glycoproteins while the primary stimulatory
factors originate probably from the site of injury.

The mechanism of trauma-induced synthesis of certain plasma glycoproteins
(acute-phase reactants) in liver is still not completely elucidated. It has been suggested
that humoral factors released in the site of injury, probably with the involvement
of lysosomal enzymes, stimulate liver cells to enhanced formation of acute-phase
reactants (Koj, 1970a). John & Miller (1969) reported the induction of synthesis
of fibrinogen, «,-acid glycoprotein, «,-(acute-phase) globulin and haptoglobin by
amino acids and hormones (insulin, cortisol and growth hormone) during prolonged
perfusions of isolated normal rat livers. Since conflicting reports exist on the effect
of administration of hormones on the acute-phase response (cf. Koj, 1974) we carried
out experiments on this line with the perfused livers from control rats or from those
with local inflammation evoked by a subcutaneous injection of turpentine oil.

MATERIALS AND METHODS

Liver perfusion. Male Wistar rats (300 - 400 g body weight) maintained on a stan-
dard pelleted diet were allowed food and tap water ad libitum. Some of them were

* This work was partially supported by a grant (202/IT) from the Committee of Biochemistry
and Biophysics of the Polish Academy of Sciences.
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injected subcutaneously with 0.5 ml turpentine oil (pharmaceutical preparation)
20 h before the experiment. This interval was selected as corresponding to the maxi-
mum acute-phase protein response to the phlogogenic stimulus (Koj, 1970b). Livers
were isolated, and perfused with reconstituted blood according to John & Miller
(1969) using the apparatus and technique described by Cohen & Gordon (1958).
After cannulation the liver was briefly perfused with heparinized saline in order
to remove the residual plasma, then perfused with the reconstituted blood consisting
of 38 ml washed bovine red cells, 60 ml of Krebs-Ringer bicarbonate solution con-
taining 3 g human serum albumin, 60 mg glucose, 1 ml (5000 units) of heparin,
3000 units of penicillin and 3 mg of streptomycin. In experiments on the effect of
hormones, the reconstituted blood was enriched with 5 mg of cortisol, 6 units of
insulin, and 2 units of bovine growth hormone, the employed amounts of hormones
being suggested as the optimal in the experiments of John & Miller (1969). The volume
of the reconstituted blood circulating in the perfusion apparatus was between 60
and 70 ml, and the flow rate through the liver was approximately 10 ml/min. The
experiment was started by the addition of 5 pCi [*H]lysine in 1.5 ml of Krebs-Ringer
bicarbonate solution containing 30 mg of glucose and 25 mg of the amino acid mix-
ture prepared according to John & Miller (1969) but without unlabelled lysine.
An identical dose was given again 1 h later. In the experiments with reconstituted
blood enriched in hormones they were also added to the amino acid mixture, the
total amount in two supplementary doses being as follows: cortisol — 1 mg, insu-
lin — 2 units, growth hormone — 1 unit.

The perfusion was continued for 4 h, pH being controlled every 20 min with
a Ridan pH-meter. The decrease in pH observed during the experiment (especially
in the presence of hormones) and reported by Lueck & Miller (1970) was corrected
by the addition of isotonic NaHCO; solution to maintain the pH value between 7.3
and 7.4.

By the end of perfusion the circulating blood was collected and the liver was
weighed. The plasma was obtained by centrifugation and dialysed twice for 24 h
against 2x 1 litre of citrate-saline solution (800 ml 0.9 % NaCl+200 ml 3.8 % tri-
sodium citrate) containing carrier unlabelled lysine.

Isolation of proteins from the dialysed plasma. Albumin was isolated by the
trichloroacetic acid (TCA) - ethanol method in the following modification: 5 mg
of carrier human y-globulin was dissolved in 1 ml of plasma followed by the addition
of 9 ml 0.1 %, solution of freshly prepared TCA in 96 9, ethanol. Without the addition
of carrier y-globulins no visible precipitate appeared under these conditions. After
standing for 30 min at room temperature the sample was centrifuged for 5 min at
3000 r.p.m. and the supernatant was dialysed overnight against running tap water.
The formed precipitate was removed by centrifugation and the supernatant was
mixed with an equal volume of 109 TCA. The final precipitate was dissolved in
2 ml of 0.2 M-NaOH and samples were taken for the determination of radioactivity
and protein content.

Fibrinogen was isolated as fibrin after clotting with thrombin: 10 mg of bovine
carrier fibrinogen (obtained by the salting-out procedure described by McFarlane,
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1963) in 5 ml of 0.9 % NaCl was added to 5 ml of the plasma followed by 5.5 ml of
saturated (NH,),SO,. After 1 h standing the sample was centrifuged for 5 min
at 3000 r.p.m., the precipitate dissolved in 5 ml of citrate buffer, pH 6 (McFarlane,
1963), and dialysed overnight against 200 ml of this buffer. The solution was clarified
by a brief centrifugation and diluted with 10 ml of water containing 1 mg of salmine
sulphate. After addition of 10 units of thrombin the solution was mixed and then
left for 2 h in a test tube with a glass rod immersed. The clot was collected onto
the glass rod, washed by soaking in 0.9% NaCl (2 x 10 min) and dissolved in 3 ml
of 0.2 M-NaOH by 4 min heating at 80°C. Samples of this solution were taken for
the determination of radioactivity and protein.

Ceruloplasmin was isolated in the following way: 5 ml of plasma was mixed with
1 ml of carrier human ceruloplasmin containing 10 mg of protein. Five milliliters of
this mixture was applied to a DEAE-Sephadex column (0.5 x 2 cm) and ceruloplasmin
was isolated by the method of Stokes (1967). Losses of ceruloplasmin in this pro-
cedure were accurately determined by an enzymic method (Ravin, 1961). The obtained
preparation was contaminated mainly with albumin, most of which could be remo-
ved by a procedure based on the TCA-acetone method of Schwert (1957): the so-
lution of ceruloplasmin obtained from DEAE-Sephadex column was mixed with
an equal volume of 10% TCA and centrifuged. The precipitate was extracted with
4 ml of acetone-water mixture (80:20, v/v) by stirring with a glass rod for 15 min.
The sample was again centrifuged, precipitate dissolved in 2 ml of 0.2 M-NaOH and
radioactivity and protein content determined. Additional experiments with a mixture
of 125]-labelled carrier ceruloplasmin and !3'I-labelled albumin demonstrated that
with the employment of the TCA-acetone method approximately 759% of albumin
was removed while losses of ceruloplasmin did not exceed 10 %.

Seromucoid fraction was isolated by the method of Winzler (1955) in the following
modification: 2 ml of plasma was mixed with 2 ml of carrier pooled bovine serum
(obtained from the animals and stored frozen), diluted with 36 ml of 0.99, NaCl
and mixed with 20 ml of 1.8 M-HCIO,. The seromucoid was precipitated from the
supernatant by adding 12 ml of 5% phosphotungstic acid in 2M-HCI. The fine
sediment was washed with 19 phosphotungstic acid, then with acetone; after drying
it was dissolved in 2 ml of 0.2 M-NaOH, and radioactivity and protein were deter-
mined.

The total plasma protein was obtained by diluting a 0.5 ml sample to 2 ml with
0.9 % NaCl and precipitation with 2 ml of 10 % TCA. The precipitate was washed
with 59 TCA containing carrier lysine, dissolved in 2 ml of 0.2 M-NaOH, and
radioactivity and protein were determined.

Protein was estimated by the method of Lowry et al. (1951) with bovine serum
albumin as the standard.

Measurements of radioactivity. Samples of proteins, 0.1-0.2 ml, dissolved in 0.2 M-
-NaOH were placed in scintillation vials and 10 ml of dioxane-based Bray scintillator
fluid was added. *H radioactivity was determined in a Packard liquid scintillation
spectrometer model 2111 with the efficiency of 24 %.
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Calculations. The counts were computed for albumin, fibrinogen, ceruloplasmin,
seromucoid and total proteins in 1 ml of reconstituted blood plasma. Albumin
concentration was assumed as 909 of the total protein; this value was estimated
from the results of polyacrylamide-gel electrophoresis of the plasma. Due to signi-
ficant haemolysis during perfusion, the preparations of total proteins, and to a
smaller extent of albumin, were contaminated with haemoglobin. The appropriate
corrrections were based on the determination of haemoglobin as reduced alkaline
haemochromogen (Lemberg & Legge, 1949) in the preparations of total proteins
and of albumin.

The final results were expressed as the total activity of [*H]lysine incorporated
during 4 h perfusion into a given protein in the whole plasma, and recalculated per
100 g of body weight of the liver donor. To obtain the total volume of the plasma
a correction was applied for the amount of plasma trapped in the red cell sediment.
The latter value was calculated by multiplying the volume of red cells by the factor
0.28, which was obtained in an experiment with the reconstituted blood containing
a known amount of *3!I-labelled human albumin.

For statistical analysis, Student’s 7-test was used.

Determination of free [*H]lysine activity in the liver. The liver removed from
the perfusion apparatus was rinsed with cold saline and quickly homogenized
in a Unipan homogenizer for 2 min with 40 ml of cold water. An equal volume of
109, TCA was immediately added, the resulting precipitate spun down and 20 ml
of the supernatant was applied to a column (1 x3 cm) of Dowex 50 WX8 (H*)
prepared according to Kofranyi (1956). Most of amino acids were eluted with 200 ml
of 49, pyridine, and then lysine was eluted with 30 ml of 0.62 M-triethylamine. The
eluate was evaporated at 37°C and the residue dissolved in 1 ml of water. Descending
paper chromatography in phenol saturated with water and carried out in a chamber
with NH; in air demonstrated the presence of lysine and ornithine, hence lysine
could not be directly determined colorimetrically by the Kofranyi (1956) method.
It was found, however, that virtually all radioactivity was confined to the lysine spot.
Thus the preparation obtained from the Dowex column was used for the estimation
of radioactivity, whereas the amounts of lysine and ornithine were determined by
column chromatography at pH 4.25 in a Jeol amino acid analyser. The specific
activity of lysine was then calculated by dividing counts/ml by pmol/ml of the lysine
found, assuming that all the radioactivity was present as free [*H]lysine.

Reagents. Human serum albumin, human y-globulin, ceruloplasmin (5% solu-
tion) and bovine growth hormone (somatotropina) were from Biomed (Warszawa,
Poland). The following preparations were from Polfa (Poland): heparin (Warszawa),
cortisol (hydrocortisone hemisuccinate, Jelenia Gora), insulin (Tarchomin). Salmine
sulphate was from B.D.H. (Poole, Dorset, England), thrombin from Leo (Copen-
hagen, Denmark). [4,5-3H]cr-lysine monohydrochloride (spec. act. 250 mCi/nmol)
was obtained from the Radiochemical Centre (Amersham, Bucks., England). '2°I-
-labelled human ceruloplasmin and *3'I-labelled human serum albumin were pre-
pared by the ICl method (McFarlane, 1958) using sodium [*?*Ijiodide (14 mCi/pg,
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Amersham, Bucks., England) and sodium ['3!I}iodide carrier free (Swierk, Poland).
Bovine serum albumin was from Armour (Eastbourne, England) and amino acids
were from Reanal (Budapest, Hungary).

RESULTS AND DISCUSSION

The experiments were carried out in four groups: I and II, on livers from control
rats perfused with reconstituted blood, without and with hormones added; III and
1V, on livers from turpentine-injected rats perfused with reconstituted blood, without
and with hormones, respectively. The results of 5 perfusions for each group are
given in Table 1; they are expressed as radioactivity incorporated into particular
proteins per 100 g of body weight of liver donor. However, it seemed unjustified
to calculate the mean values due to a very large scatter of the results, which possibly
reflected individual differences in lysine incorporation. It should be noted that these
differences are higher in the present experiments with reconstituted blood than in
those of Gordon & Koj (1968) who used full rat blood.

Table 1

The 3H activity in proteins of the reconstituted blood plasma following perfusion
of rat liver for 4 h

The results are calculated per 100 g body weight of liver donor. For details see Methods.

‘ Protein activity (counts/min/100 g body wt.)

l Fapetientl Rt E | Seromucoid Cerulo- Total
‘ gy . i Albumin | Fibrinogen | ¢ ion plasmin protein
| 9 | s1a00 7200 | 13000 9 300 131 500
' 14 72 500 7180 | 18900 12 700 173 000
1. 15 64 000 4000 15200 | 11800 138 000
Control 19 31300 3050 6400 | 4600 56 500
24 43300 | 489 8 600 6680 98 000
' I~ 10 69 800 6 400 15 600 18 200 124 000
1 L. | 16 44200 l 5 500 8 700 7100 82 100
Control + 23 29 000 l 2 790 3 660 3400 51 000
hormones 26 27 000 1 680 5080 2050 54 000
27 | 50000 | 2860 7280 4330 98 000
17 56 100 26 600 30500 | 12300 291 000
111 2 49 400 17 800 20 200 9 800 174 000
Turpentine- 29 22 100 6 680 14 400 5390 116 000
-injected 30 26 500 11 100 8 800 9700 110 000
31 26 000 10 900 11 000 5500 116 000
| 18 39200 22 500 20 400 14 000 193 000
RVe. 20 35000 20 600 21 000 18 100 176 000
Turpentine- 21 37200 15 900 15700 14.000 170 000
| dmected | 25 | s6000 | 31000 32600 16 600 282000
| | 28 28 400 11 800 15 900 6100 130 000
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When, however, the activities of fibrinogen, seromucoid, ceruloplasmin and
total protein were expressed in relative values with respect to the activity of albumin,
the scatter within the particular experimental groups became less pronounced as
evidenced by the values of standard deviation (Table 2).

It seems that the observed scatter of the results concerning lysine incorporation
does not necessarily reflect changes in the absolute rates of protein synthesis but
could have been caused by some other factors, e.g. variations in the specific activity
of the precursor amino acid inside the liver cell. Hence an attempt was made to
isolate free lysine from the liver after perfusion, and to compare its activity with the
activity of [*HJalbumin in the plasma. However, no direct relationship was found
between the specific activity of free[*H]lysine and the activity incorporated into
albumin (Table 3). It should be recalled here that Hoffenberg et al. (1971), either,
found no correlation in the liver between the specific activity of [*H]lysine, the
activity incorporated into albumin, and albumin synthesis determined directly by
the immunodiffusion method.

Whatever is the reason for the observed high differences in [*H]lysine incorpo-
ration within the particular experimental groups, it is clear that the results are more
uniform when compared on the relative basis in respect to the radioactivity found
in albumin. The advantage of this mode of presentation of data from the experi-
ments in vivo has been demonstrated in the measurements of the fibrinogen synthesis
rate in rabbits injected with turpentine (Koj, 1968). For accurate evaluation, the
lysine content in individual proteins should be taken into consideration; but even
without making this correction, the relative values appear to be useful in estimating
the degree of acute-phase response.

Table 2

Relative activities of plasma proteins with respect to albumin after 4 h liver perfusion

The data reported in Table 1 were used for calculation of the relative activity for each experiment;
mean values +S.D. are given.

Protein activities relative to albumin

Experimental group prgT Seromucoid Cerulo- Total

Fibrinogen fraction plasmin | protein
I

1. Control 0.099 ’ 0.225 0.164 2.17
+0.024 | +0.025 +0.015 +0.226

II. Control + hormones 0.086 i 0.176 0.151 1.87°
+0.027 | +0.039 +0.073 +0.109

II1. Turpentine-injected 0.394° 0.471° 0.247° 4.51*
+0.065 +0.125 +0.068 +0.728

IV. Turpentine-injected + hormones 0.511% <-| 0.5374 0.352° 4.824
+0.083 ‘ +0.071 +0.122 +0.237

“P<0.001 with respect to the control group.
® P<0.05 with respect to the control group.
€ P<0.05 with respect to group III.
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In agreement with the previously accumulated data (Weimer & Coggshall, 1967;
Koj, 1968, 1970b), the subcutaneous injection of turpentine to liver donors evoked
a typical acute-phase response, as indicated by a considerable increase in the incor-
poration of [*H]lysine into fibrinogen and seromucoid, and to a smaller extent
into ceruloplasmin. The activity incorporated into albumin was almost unaffected
although a decreasing trend could be discerned (see Table 1). A reduced incorporation
of labelled amino acids into plasma albumin has been observed in rats subjected
to laparatomy (Neuhaus et al., 1966) or injected with talc suspension (Gordon & Koj,
1968).

Stimulation by adrenal steroids of fibrinogen and seromucoid formation in res-
ponse to turpentine injection was demonstrated in experiments in vivo by Weimer &
Coggshall (1967). They also drew attention to the importance of the cortisol dose.
Jeejeebhoy et al. (1972) observed time-dependent differential responses in the syn-
thesis of rat plasma albumin, fibrinogen and transferrin to the administration of
cortisol. Jeejeebhoy et al. (1970) found also an increased formation of fibrinogen
in rats injected with growth hormone. Independently, Atencio et al. (1970) reported
a dramatic rise in fibrinogen synthesis in rabbits at 5 h after subcutaneous injection
of 80 - 100 units of ACTH. According to Wool & Cavicchi (1967), insulin facilitates
association of ribosomes and mRNA, and is supposed to stabilize polyribosomes
in the perfused liver (van den Borre & Webb, 1972). The enhancement by insulin
of the synthesis of plasma proteins during prolonged liver perfusion was demonstra-
ted also by John & Miller (1969).

In our experiments on the effects of hormones (Table 2) it was found that in
liver of control rats the mixture of cortisol, insulin and growth hormone had but
an insignificant effect on relative lysine incorporation into the investigated plasma

Table 3

Specific activities of free [*H]lysine in rat livers after 4 h perfusion as compared with
[*Hlalbumin activities in the plasma

Perfusion numbers refer to the data in Table 1. In experiments 26, 27 and 29 duplicate samples
from trichloroacetic acid liver extract were analysed. For further details see Methods.

Per- | Liver extract after Dowex column’ Calculated Plasma albumin | *H activity ratio
fu- lysine activity 3H activity &
sion | Lysine |Ornithine| 3H activity (counts/min/ |(counts/min/100 g M
n0. | (umol/ml) | (pmol/ml) | (counts/ml) umol) body wt.) liver lysine
26 | 193 I 042 | 60200 31 200 0.865
| 178 0.34 58 100 32 600 27000 0.828
27 [ s 0.61 28 800 16 500 3.030
0991 | 042 16 000 16 100 50 000 3.105
28 | 1.24 0.40 36 000, 29 000 28 400 0.979
29 199 | 104 | 36800 18 500 1.194
118 | 07 | 35100 19 700 22 100 1.122
| 30 | 145 | o084 | 27000 | 18600 26 500 1.424
| 31| o091 | 074 | 3390 37 200 26 000 0.699
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proteins. Rather unexpectedly, there was even a decrease in the incorporated activity,
but it was statistically significant only in the case of total protein. On the other hand,
with the livers derived from turpentine-injected rats, the hormones enhanced the
acute-phase response although their effect was statistically significant only for
fibrinogen.

The observed slight, statistically insignificant, stimulation by the hormones
of [*H]lysine incorporation into ceruloplasmin of turpentine-injected rats was
rather unexpected since Evans & Wiederanders (1967) reported an increased content
of this protein in plasma of rats following adrenalectomy, and Alias (1971) showed
a decrease in plasma ceruloplasmin concentration in rabbits treated with cortisol.
However, the situation may be different in the animals challenged with turpentine,
where the dose of cortisol, insulin and growth hormone employed in our experiments
apparently enhanced the acute-phase protein synthesis in the isolated liver. This
fact also indicates that any extrapolation of our results to other experimental con-
ditions may be unjustified, and the experiments with ceruloplasmin synthesis in
turpentine-injected rats should be repeated in vivo. It should be emphasized that
the effect of hormones on protein synthesis is critically dependent on their dose
and state of the target tissue.

John & Miller (1969) concluded from their experiments carried out under
similar conditions that the acute-phase reactants are synthesized at an increased
rate when normal liver is supplied with sufficient amounts of amino acids and the
three studied hormones. This supposition is probably too far-fetched since the rise
in synthesis of acute-phase reactants started in their experiments only after several
hours of perfusion, when the effects of injury inflicted during the operation and
isolation procedure began to be manifested. Hormones and amino acids were then
required for the expression of potential ability of the already stimulated liver. Hence
it seems that the primary factor stimulating the liver cell to produce more acute-phase
reactants is still to be identified but, as suggested previously (Gordon & Koj, 1968;
Koj, 1970a), it probably originates from the site of injury. The employed hormones
exert only a permissive or anabolic action (Weimer & Coggshall, 1967) and represent,
in fact, secondary effectors.

The cooperation of Dr. W. Rokicki in preliminary experiments with liver perfusion
technique is gratefully acknowledged. The authors are indebted to Dr. W. Klein
for carrying out amino acid analysis. Mrs. M. Weigt-Wadas provided technical
assistance throughout the study.
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HORMONALNA MODULACJA SYNTEZY BIALEK OSTREJ FAZY W PERFUNDOWANEJ}
WATROBIE SZCZURA

Streszczenie

1. Watroby szczuréw normalnych lub nastrzyknietych terpentyna perfundowano przez 4 go-
dziny rekonstytuowana krwia wzbogacona w aminokwasy i nastgpnie oznaczano wbudowywanie
[*H]lizyny w albuming osocza, fibrynogen, ceruloplazming, frakcj¢ seromukoidowa oraz biatko
calkowite.

2. Wstrzyknigcie terpentyny pobudzalo synteze fibrynogenu, seromukoidu i biatka catkowitego,
podczas gdy radioaktywnos¢ albuminy nieznacznie spadata.

3. Dodatek kortyzolu, insuliny i hormonu wzrostowego do rekonstytuowanej krwi nieco
zwigkszal reakcje ostrej fazy. Wysunigto wniosek, ze uzyte hormony tylko moduluja synteze gli-
koproteidow osocza indukowang odczynem zapalnym, natomiast pierwotne czynniki stymulujace
watrobg pochodza prawdopodobnie z miejsca uszkodzenia tkanki.

Received 10 December, 1973.
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1. The reaction of N-trimethylsilylimidazole (TSIM) with various nucleoside analogues
was investigated over a temperature range of 20 - 130°C. T. l.c. and g.l.c. analyses
showed that the sugar hydroxyls of pyrimidine ribo- and deoxyribonucleosides are
quantitatively silylated at room temperature or slightly higher. However, the exocyclic
amino group of aminonucleosides and O* of 4-ketonucleosides are resistant to TSIM
even at 130°C. 2. A general procedure is described for the separation of anomeric
pyrimidine O’-TMS-nucleosides by g.l.c. with the use of a highly polar column of
OV-225, suitable both for analytical and preparative purposes. 3. Di-O’-silylated
pyrimidine 4-amino-2’-deoxynucleosides are not eluted on g.l.c. columns, due to
their low volatility. However, treatment of these nucleosides with TSIM at 120 - 130°C
leads to degradation of the pyrimidine ring, with maintenance of the anomeric con-
figuration at C,; of the pentose ring. These lower molecular weight TMS anomeric
products are readily separated on a medium polar OV-17 column, so that this pro-
cedure is suitable for analysis of mixtures of anomeric aminodeoxynucleosides.
4. The extension of the foregoing to purine nucleosides, and to analyses of hydrolysis
products of nucleic acids, is discussed.

The chemical synthesis of pyrimidine 2’-deoxyribonucleos'des, with the aid of
suitably protected sugar derivatives and the appropriate pyrimidine, always yields
a mixture of the - and f-anomers of the desired nucleoside, irrespective of the
condensation procedure employed. The classical Hilbert-Johnson rearrangement
(Hilbert & Johnson, 1930; Prystas et al., 1965), as well as its modification with the

* This investigation was carried out as Project 09.3.1. of the Polish Academy of Sciences, and
profited from the partial support of the Wellcome Trust, the World Health Organization, and the
Agricultural Research Service, U.S. Department of Agriculture.
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use of silylated pyrimidines (Winkley & Robins, 1968), provides a mixture of the 3’,5'-
-di-O-protected nucleosides with a marked preponderance of the z-anomer. The
products obtained by means of the mercury procedure (Fox et al., 1961) usually
include a slightly higher proportion of the f-anomer.

The evidence to date points to the presence in natural DNA of only f-2’-deoxy-
nucleosides. It has been reported that irradiation with an unfiltered 254 nm mercury
lamp of nucleosides, nucleotides and calf thymus DNA led to the appearance of
a very small proportion of x-nucleosides (Sanchez & Orgel, 1970). If the latter were,
as appears, the result of some photochemical rearrangement, a most unusual reaction
must be involved, and independent confirmation of the foregoing is obviously
desirable, in part because of its biological significance. Of more general interest
is the demonstration of the existence in yeast RNA of small proportions of the
a-anomers of cytidine-2’-phosphate and cytidine-3'-phosphate (Gassen & Witzel,
1965), although nothing is known regarding the possible biological significance of
this observation. More recently Seto ez al. (1972) reported the isolation from culture
filtrates of Streptomyces gryseochromogenes of 1-(2,3-dideoxy-z-L-glyceropento-
pyranosyl)cytosine and 1-(3-deoxy-z-L-threopentopyranosyl)cytosine, two cytosine
nucleosides with the a«-L-configuration.

Separation of nucleoside anomers by paper chromatography is not feasible
(Kulikowski & Shugar, 1973). By contrast, ion exchange chromatography has been
shown to permit of the fractionation of the anomers of some purine nucleosides
(Dekker, 1965; Wolfrom & Winkley, 1967), pointing to the possibility of the deve-
lopment of suitable analytical (and preparative) procedures for a-nucleosides in
materials of chemical or biological origin.

Fractionation of anomeric mixtures of unprotected pyrimidine nucleosides
by ion exchange chromatography has to date been rather limited. Swierkowski &
Shugar (1969) managed to separate the two anomers of 5-ethyldeoxyuridine in cry-
stalline form on a Dowex 1x2 (OH™) column on a small scale, but subsequent
attempts to repeat this were unsuccessful. The method appears to be less capricious
with cytosine nucleosides and nucleotides (Sanchez & Orgel, 1970). In any event,
it has become almost routine to apply fractionation procedures at the level of the
3’,5'-blocked nucleosides, using bulky protecting groups such as p-chlorobenzoyl
(Prystas et al., 1965; Fox et al., 1961), p-nitrobenzoyl (Prystas et al., 1965), p-toluyl
(Prystas et al., 1965; Hoffer, 1960), which accentuate the conformational differences
between the two anomers. Under these conditions, separations are frequently achie-
ved by fractional crystallization (Hoffer, 1960), but with considerable reductions
in yield and at the expense of the biologically more important f-anomer; or by thin-
-layer chromatography on silica gel (Swierkowski & Shugar, 1969; Kulikowski &
Shugar, 1974) or aluminium oxide (Prysta$ et al., 1965) which, although usually
successful, is extremely tedious and time-consuming. A combination of both the
foregoing procedures has also been employed (Kulikowski & Shugar, 1974). It is,
of course, clear that such methods, limited as they are to the use of blocked nucleo-
sides, could not readily be applied to analyses of material from biological sources.
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Some progress has been achieved in the separation of milligram quantities of
unprotected anomeric pyrimidine nucleosides with the aid of t.l.c. on silica gel,
using moderately polar solvent systems (Kulikowski & Shugar, 1973).

The foregoing suggested the utility of applying g.l.c. to this problem. Hancock &
Coleman (1965) and Sasaki & Hashizume (1966) have reported procedures for full
silylation of the sugar and heterocyclic rings in nucleosides, based on trimethylsily-
lation with a mixture of hexamethylsilazane and trimethylchlorosilane in anhydrous
pyridine according to Sweeley er al. (1963). The TMS! nucleosides obtained in this
manner were thermally stable and highly volatile, hence suitable for gas chroma-
tography, but they were extremely sensitive to hydrolysis so that the authors
were unable to isolate them with the use of classical techniques. Subsequently Gehrke
& Ruyle (1968) utilized N,O-bis-(trimethylsilyl)-acetamide (BSA) for derivatization
of nucleosides; however, chromatography of thymidine on an SE-30 column gave
two non-resolved peaks. Jacobson et al. (1968) subsequently applied silylation with
BSA, followed by g.l.c., to analysis of the nucleoside composition of enzymic RNA
hydrolysates, but encountered difficulties with the stability of silylated cytidine and
guanosine.

The application of the foregoing to routine g.l.c. analysis of nucleic acid hydro-
lysates has been rather limited, because of the convenience of other methods. But
the difficulties frequently encountered in the separation of nucleoside anomers
pointed to the utility of investigating the possible use of g.l.c. for this purpose.

EXPERIMENTAL

Pyrimidines and pyrimidine deoxynucleosides. Both 1-methyluracil (Ia) and 1-
-methylcytosine (Ila) were prepared according to the method of Hilbert & Johnson
(1930). The syntheses of 5-ethyl-1-methyluracil (Ib) and 5-ethyl-1-methylcytosine
(IIb) have been previously reported (Kulikowski & Shugar, 1971). The prepara-
tion of 5-ethyl-2’-deoxycytidine (IIIb) and its a-anomer (I11a), as well as of 5-ethyl-2’-
-deoxyuridine (IVb) and its «-anomer (IVa), are described elsewhere (Kulikowski &
Shugar, 1974). For control purposes the two anomers of 5-ethyl-2’-deoxyuridine,
prepared by an alternative route (Swierkowski & Shugar, 1969), were also emp'oyed.
All compounds were checked for possible trace contaminants by t.l.c (Table 1, see
below), and as elsewhere reported (Kulikowski & Shugar, 1971; 1973). The a-anomer
of 5-fluoro-2’-deoxyuridine (Va), prepared by Hoffer er al. (1959) was a gift from
Dr. J.J. Fox. The f-anomer, Vb, was kindly supplied by Hoffman-LaRoche (Nutley,
N.J., U.S.A.). Uridine (VIb) was a Reanal (Budapest, Hungary) product, while
a-uridine (VIa) was kindly provided by Dr. J. J. Fox. Cytidine (VII) was a Calbiochem
(Ziirich, Switzerland) product, while thymid 'ne (VIII), 2’-deoxycytidine (IX), adeno-
sine and guanosine were products of Sigma (St. Louis, Mo., U.S.A.).

L Abbreviations: TMS, trimethylsilyl; TSIM, N-trimethylsilylimidazole; TSIM-Phen, TSIM-
-phenanthrene; TMCS, trimethylchlorosilane; BSA, N,O-bis-(trimethylsilyl)-acetamide.
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Thin-layer chromatography. Eastman (Rochester, N.Y., U.S.A.) no. 6060 silica-
-gel sheets with fluorescent indicator were utilized with a solvent system cons sting
of analytical grade, redistilled ether-dimethylformamide (8:2, v/v).

Instrumentation. For analytical purposes a Pye-Unicam Cambridge, England)
model 104 gas chromatograph, with a dual hydrogen flame ionization detector,
was employed. A mode! 105 instrument was used for preliminary trials with prepara-
tive gas chromatography.

Si'ylating reagents. These were all products of Pierce Chem:cal Co. (Rockford,
Ill., U.S.A.) and included Silyl-8 g.l.c. column conditioner (no. 38014), and N-tri-
methylsilylimidazole, no. 88623. Phenanthrene, used as control, was a B.D.H. (Poole,
England) product and was further recrystallized three times from ethanol and dried
over P,O; under vacuum.

Silylation at elevated temperatures was carried out with a Hoeppler ultrather-
mostat with temp. control to 0.2°C. Aqueous solutions of nucleoside samples (2 mg/
200 pl) were first dried in the reaction microvials (“Reacti-Vials” with screw caps
and teflon faced discs, total capacity 0.3 ml, cone capac'ty 0.1 ml, Pie:ce Chemical
Co. no 13220) over P,O5 at 760 mm Hg, and then at 10~* mm Hg at room tempera-
ture for 18 hours. Samples for gas chromatography were introduced into the columns
by means of a Scientific Glass Engineering PTY (Melbourne, Australia) 1 pl syringe
fitted with an 11.5 cm needle.

Column materials, packing and conditioning. Column materials were all products
of Pierce and consisted of (4) 3% OV-225 (no. 49204), coated on 80/100 mesh sila-
nized Chromosorb W (HP) (no. 49095) in borosilicate glass-to-metal columns 1.5 m
in length and 4 mm internal diameter; (B) 3% OV-17 (no. 49210) on Chromosorb
W (HP), column length 1.5 m; (C) 109% OV-17 on Chromosorb W (HP), column
length 2.7 m; (D) 6% SE-30 on Chromosorb W (HP); (£) 1% SE-30.

The preparation of 39, (and 109,) OV-17 was as follows: 0.54 g (2 g) OV-17
was completely dissolved in 100 ml acetone in a 250 ml round-bottomed flask. Addi-
tion of 18 g Chromosorb W (HP) to the clear solution was followed by careful mixing,
and the mixture left for 15 min at room temperature. Solvent was then removed
on a water bath at 40 - 45°C, with gentle stirring, at a pressure of 20 mm Hg. The
residue was dried for 18 h at 37°C. An analogous procedure was followed for prepa-
ration of 3% OV-225 and 6%, SE-30 but with acetone and methylene chloride as
solvents.

Columns were packed under vacuum (oil pump) with constant vigorous tapping.
The opening was then plugged with silanized glass wool, the column inserted into
the chromatograph oven, and a flow of argon maintained for 48 h at 250°C. At this
temperature, at 1-h intervals, 3 x 10 pl Silyl-8 conditioner was injected and the column
conditioned for 18 hours.

Most measurements were made with the OV-17 and OV-225 columns under
isothermic conditions. Gas flow rates, unless otherwise indicated, were 40 ml/min
argon, 50 ml/min hydrogen, and 600 ml/min air.

Preparation of standard (TSIM-Phen): 5 mg phenanthrene was placed in an 85 x 10
mm test-tube fitted with a collar, a rubber teflon-lined septum and a Nalgene screw-
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-cap. The tube was closed, 5 ml TSIM injected with a syringe, and the whole shaken
for 5 min to dissolve the phenanthrene.

Silylation of nucleosides: (a) at room temperature: 2 mg of the «- or f-anomer
of a nucleoside was deposited in a 300-ul “Reacti-Vial’’, followed by injection of
200 pl TSIM-Phen. The vial was tightly closed and vigorously shaken at room temp.
until a clear solution was obtained (15 - 30 min); 1 pl aliquots were withdrawn for
glc. (3% OV-17, 185°C) and t.l.c. analyses;

(b) At elevated temperature: 2 mg of the «- or f-anomer of a nucleoside was
placed in a 300-pl ““Reacti-Vial” followed by injection of 100 pl TSIM-phenanthrene.
The vial was tightly closed, shaken to dissolve the nucleoside and heated at 120°C
or 130°C. At intervals of several hours 1 pl samples were withdrawn and introduced
into the chromatograph and the relative molar responses (RMR) calculated. Follo-
wing completion of the reaction, 1 pl samples were analysed by t.l.c.

Silylation of pyrimidines I(a, b) and Il(a,b): 2 mg of 1-methyluracil (Ia) or 5-ethyl-1-
-methyluracil (Ib) were treated with 200 ul TSIM-Phen at room temperature and/or
at 130°C and 1 pl samples withdrawn at various time intervals for chromatography
on column A at 165°C. The same procedure was followed with 1-methylcytosine
(ITa) and S5-ethyl-1-methylcytosine (IIb).

Separation of mixtures of O'-TMS-derivatives of anomeric nucleosides. Method I:
Following dissolution of the s-anomer (1.5 mg) at room temp. in 150 pl TSIM-Phen,
it was transferred to a solution of the f-anomer (1 mg) in 100 pl TSIM-Phen, the
whole well mixed and 1 pl samples injected into column A (165°C, argon flow 30 -
- 40 ml/min) or column C (184°C).

Method II: 2.5 mg of the z-anomer and 1 mg of the f-anomer were combined
and shaken with TSIM-Phen at 130°C for 26 h, cooled to room temperature and
a 1 pl sample withdrawn for chromatography as above.

RESULTS AND DISCUSSION

Trimethylsilylation of nucleosides has frequently given quantitative yields of
the O- and N-TMS derivatives; but for some nucleosides (usually those with an
exocyclic amino group), two peaks were shown by g.l.c. (Hancock & Coleman,
1965). It appeared opportune to attempt development of methods of trimethylsily-
lation of nucleosides under conditions where the exocyclic amino and/or 4-keto
groups are not susceptible to silylation; and to determine the conditions for sepa-
ration by g.l.c. of anomeric mixtures of the silylated nucleosides.

N-Trimethylsilylimidazole, a very active silylating agent, has hitherto been
rarely applied to silylation of hydroxyl groups, and not at all to nucleic acid deriva-
tives. Horning ez al. (1967) demonstrated that, at 60°C in acetonitrile or pyridine,
TSIM silylates only the hydroxyl groups of catecholamines; in contrast to BSA
and TMCS, it did not react with primary or secondary amino groups. Furthermore,
this reagent does not require the maintenance of strictly anhydrous conditions during
the course of the reaction; it has, in fact, been applied to the silylation of aqueous
sugar syrups (Brittain & Scheme, 1970). In the present study, it was first essential
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to determine whether TSIM would not, at room and elevated temperature, attack
the relatively acid ring N, hydrogen of 2’-deoxyuridine and uridine, since this
would lead to formation of the 3’,5',0*-tri-TMS derivative or 2/,3",5’,0%-tetra-TMS
derivative, the expected lower polarity and higher volatility of which would render
more difficult the separation of anomers.

Reaction of TSIM with lab and Ila,b. The foregoing was examined directly
by reacting TSIM at 20°C and/or 130°C with 1-methyluracil (Ia) as an analogue
of uridine and S-ethyl-1-methyluracil (Ib) as an analogue of 5-ethyl-2’-deoxyuridine
(IVb). Both Ia and Ib dissolved instantaneously in the silylating reagent and, after
15 min reaction at room temperature or 130°C, each was apparently converted
quantitatively to a single “new” product with somewhat lower R values as shown
by t.l.c. (Table 1), and presumably corresponding to the O*-TMS derivatives of Ia
and Ib.

Table 1

T.l.c. of nucleosides and their TM'S derivatives, resulting from reaction of nucleosides
with N-trimethylsilylimidazole, on Eastman no. 6060 silica-gel sheets with the solvent
system ether - dimethylformamide (8:2, v/v)

Compound Ry value | Compound Ry value
I
1-Methyluracil (Ta) 0.84 I p-Uridine (VIb) 0.32
TSIM solution of Ia 0.66 TMS derivative of VIb 0.76
5-Ethyl-1-methyluracil (Ib) 0.93 B-Cytidine (VII) 0.03
TSIM solution of Ib 0.81 TMS derivative of VII 0.63
1-Methylcytosine (1la) 0.19 p-Thymidine (VIII) I 0.77
5-Ethyl-1-methylcytosine (I1b) 0.25 TMS derivative of VIII 0.85
p-5-Ethyl-2"-deoxycytidine (IIIb) 0.16 B-2’-Deoxycytidine (IX) I O3
TMS derivative of IIIb 0.68 TMS derivative of IX ’ 0.61
f-5-Ethyl-2"-deoxyuridine (IVb) 0.85 p-Guanosine 1 0.03
TMS derivative of IVb 0.94 TMS derivative of guanosine [ 0.69
p-5-Fluoro-2’-deoxyuridine (Vb) 0.78 p-Adenosine ‘ 0.31
TMS derivative of Vb 0.84 | TMS derivative of adenosine | 0.76

When these reaction products were subjected to g.l.c. on column C at 184°C,
each gave a single peak (Table 2). However, both Ia and Ib themselves proved suffi-
ciently volatile to elute from such a column and, to our surprise, exhibited R, values
virtually identical with those obtained following treatment with TSIM (Fig. 1,
Table 2). Furthermore, when the products of reaction of Ia and Ib with TSIM were
eluted from the t.l.c. chromatograms with anhydrous chloroform and their u.v.
spectra examined, their A, values differed from those for untreated Ia and Ib
by only 1 nm. If the O*silylated derivatives had been formed by treatment with
TSIM, one would have anticipated a difference of the order of 7 nm, which is the
difference in /... values between 1-methyluracil and I-methyl-2-keto-4-ethoxy-
pyrimidine (Shugar & Fox, 1952).
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Fig. 1. G.l.c. chromatogram of 1-me-

thyluracil (Ia; peak /) and 5-ethyl-1-

-methyluracil (Ib; peak 2), ona 2.7 m

1 column of 10% OV-17 at an isotherm
of 185°C; argon flow 40 ml/min,

Phen attenuation 10-? a.f.s., with phenan-
threne (Phen) as internal standard.

Note: when either Ia or Ib was first

! : : ¢ ; 3 ; ) treated with TSIM at 20 - 130°C, each
0 8 12. 18 24 30 36 42 gave the same peak as for the untreated

Ti{me ( min) compound.

Response
N

In addition, if Ia and Ib were converted by TSIM to the corresponding O*-sily-
lated derivatives, their Ry values on t.l.c. should have increased, and not decreased
as observed (Table 1). This led to the suspicion that the decreased Ry values on t.l.c.
might be due to some type of non-covalent interaction between Ia (or Ib) and TSIM
or the product of its degradation, i.e. imidazole. To check this, 1,3-dimethyluracil
was reacted with TSIM and then subjected to t.l.c. with 95 : 5 ether-dimethylform-
amide; under these conditions the dimethyluracil spotted from a methanolic
solution migrated with the solvent front, while the same compound treated with
TSIM exhibited an R of about 0.60. It may, consequently, be concluded that neither
Ia nor Ib undergo silylation on treatment with TSIM either at room temperature
or 130°C. Reaction of 5-ethyl-1-methylcytosine (IIb), the analogue of 5-ethyl-2’-
-deoxycytidine (IITb), with TSIM was equally without effect, even when the reaction
time was extended to 48 h. Since it might be argued that the S-ethyl substituent
sterically hinders silylation of the neighbouring exocyclic amino group, 1-methyl-
cytosine (ITa) was treated with TSIM under identical conditions; again only the
starting compound was recovered intact.

Reaction of nucleosides with TSIM.

(a) Silylation of ribonucleosides: Uridine (VIb) and its a-anomer (VIa) were
each taken up in 175 mole excess of TSIM (without solvent) and shaken vigorously
at room temperature until completely dissolved (about 15 min), following which
t.l.c. demonstrated the complete disappearance of both starting compounds and
the formation from each of a new product, both of which exhibited tailing. When
subjected to g.l.c. on column E at 215°C, each product gave a single peak (Table 2).
Heating of the products with TSIM at 120°C for 2 h did not alter either the relative
retention times (R,,) or the relative molar response (RMR). On the other hand,
silylation of cytidine (VII) and aminopurine ribonucleosides was only partial at
room temperature; full silylation in these cases required a reaction temperature
of 60°C or higher and a longer reaction time (2 h). It is worth noting that the
products of silylation of uridine (VIb) and cytidine (VII) were very well resolved
on column E at 215 - 235°C (Fig. 2); the appreciably lower value of R, . for uridine,
as well as the sharpness of its peak relative to that for cytidine (Fig. 2) is consistent
with the higher degree of volatility of the former.

http://rcin.org.pl



Vol. 21 N-TRIMETHYLSILYL NUCLEOSIDES 177

a b

Phen
Phen

Response
Response

L %l

0 4 8 0 4 8 122 16 20 8594
Time (min)

Fig. 2. G.lc. chromatograms of the O’-TMS derivatives of: (a) uridine (peak 1), and (b) cy-

tidine (peak 2) with phenanthrene (Phen) as internal standard, on a 1.5m column of 1% SE-30 at

an isotherm of 214°C, with argon flow of 40 ml/min and attenuation 10~° a.f.s. Note: the cyti-
dine sample used contained a trace contamination of uridine.

(b) Silylation of 2'-deoxynucleosides: (i) at room temperature: The nucleosides
III, IV and V, as well as the corresponding «-anomers, were each shaken with a
175 molar excess of TSIM to obtain clear solutions (15 - 30 min), following which
t.l.c. (Table 1) demonstrated quantitative conversion of each of the nucleosides to
a single new product. The products of silylation of the ketonucleosides 1Va,b, Va,b
and of thymidine (VIII) on column C at 184°C gave peaks with relatively long re-
tention times, of the order of 1.5 - 1.8 relative to phenanthrene (Table 2). By contrast,
the products of silylation of the aminodeoxynucleosides I1la,b and 2’-deoxycytidine
(IX) were identified only by t.l.c. (Table 1), since they could not be detected by g.l.c.
under any of the conditions employed, due undoubtedly to the fact that each of
these contains only two trimethylsilyl groups, with consequent low volatility. The
products of the room temperature reaction of IVa and IVb with TSIM were separated
by preparative g.l.c. on a 209, OV-17 column at 190°C with an argon flow of 120 ml/
/min, and desilylated by heating for 1 h in aqueous ethanol. The u.v. spectra of both
the desilylated products in 95% ethanol were found to be identical with the u.v.
spectrum of S-ethyl-2’-deoxyuridine (Fig. 3).

(i) At elevated temperatures: Heating of the TSIM solutions of the ketonucleo-
sides IVa,b, Va,b, and VIII at 120 - 130°C led to the gradual disappearance of
the g.l.c. peaks corresponding to the products of silylation at room temperature
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Fig. 3. U.v. absorption spectrum in 95% ethanol of the desilylated TMS derivative of f-5-ethyl-

-2’-deoxyuridine (IVb). Silylation was performed at room temperature and desilylation by refluxing

for 1 h in 95% ethanol. The TMS derivative was first isolated on a preparative 3.5 m column of
20% OV-17 at an isotherm of 190°C, with an argon flow of 120 ml/min.

1 Fig. 4. G.l.c. chromatogram of the
TMS derivatives of the «- and f-ano-
Phen mers (3:5) of S5-ethyl-2’-deoxyuridine
(IVa,b, peak I) with phenanthrene
(Phen) as internal standard. Silylation
was performed at room temperature.
For chromatography, a 2.7 m column
J of 109, OV-17 was used, at an isotherm
of 242°C, with an argon flow of 40

| | ml/min, attenuation 2 10~? a.fs.
0 15 30 Note: the two anomers are not resol-

Time (imin) ved on this column.

Response

(Fig. 4), and the concomitant appearance for each of a new peak with a conside-
rably lower retention time (Fig. 5, peak /). When the aminonucleosides Illa,b
and IX (the silylation products of which, as pointed out in the previous section,
are not detectable by g.l.c.) were treated with TSIM at 120 - 130°C, they now gave
g.l.c. peaks with low retention times (Fig. 6a), the RMR values of which increased
with time of heating (Fig. 6b).

It should be emphasized that the products of silylation with TSIM at 120 - 130°C
of the 2’-deoxynucleosides with a 5-ethyl pyrimidine substituent, i.e. IIla,b and
IVa,b, exhibited R, . values identical for the two a-anomers, and similarly for the
two f-anomers; whereas for the anomeric pair with a S-fluoro substituent (i.e.
Va,b) the R, values for the - and f-anomers were slightly lower (Table 2).

The products of reaction of IIla and ITIb with TSIM at 120 - 130°C (Fig. 7, peaks
1 and 2) were isolated by preparative g.l.c., desilylated by heating in aqueous ethanol,
and the u.v. spectra of the desilylated products recorded in 95 7 ethanol. The spectra,

http://rcin.org.pl



Vol. 21 N-TRIMETHYLSILYL NUCLEOSIDES 179

; 2
8 1
QU
é Phen
1 1 i
0 15 30 45 60
Time (min)

Fig. 5. G.l.c. chromatogram of the TMS derivatives of the «- and f-anomers (2:3) of 5-ethyl-2’-

-deoxyuridine (IVa and 1Vb, peaks / and 2), referred to in text as X-TMS derivatives, with phenan-

threne (Phen) as internal standard. Silylation was performed at 130°C. For chromatography, a 2.7 m

column of 10% OV-17 was used at 185°C; argon flow 40 ml/min; attenuation 5x 10~'° a.f.s. Each

anomer was first reacted separately with TSIM until it gave a constant RMR value vs Phen. The
two TSIM-reacted solutions were then mixed and 1 pl injected into the column.

T.":‘ne (h)

y b
2 |
S
g
o

St [ e e (Pony) e ] S
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Fig. 6. Kinetics of formation (a), and g.l.c. chromatogram (b) of the TMS derivatives of the o-
and f-anomers of 5-ethyl-2’-deoxycytidine (IITa and IIIb), referred to as X-TMS derivatives. Silyla-
tion was performed at 120°C. (@), Each anomer was treated separately with TSIM and formation
of the corresponding X-TMS derivative followed with time by g.l.c. (b), The solutions of «- and
p-anomer were combined in the proportion Illa:IIIb=3:2, following maximal formation of the
X-TMS derivatives as determined from the kinetic curves in (a); 1 pl was injected into a 2.7 m
column of 10% OV-17 at an isotherm of 183°C, argon flow 40 ml/min, attenuation 10~° a.fis.
Peak I, z-anomer; peak 2, f-anomer. Phen, phenanthrene added as an internal standard.
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Fig. 7. G.l.c. chromatogram of the TMS derivatives of the «- and f-anomers (5:2) of 5-ethyl-2’-
-deoxycytidine (Illa, peak /; IIIb, peak 2), referred to in text as X-TMS derivatives, with phenan-
threne (Phen) as internal standard. Silylation was performed at 130°C. For chromatography, a 2.7 m
column of 10% OV-17 was used under isothermal conditions, 184°C; argon flow 40 ml/min; atte-
nuation 10-° a.f.s. Each anomer was first reacted separately with TSIM until it gave a constant
RMR value vs Phen. The two TSIM reaction mixtures were then combined in the proper propor-
tions and 1 pl injected into the column. The low peak height of the Phen standard in this case was
due to the use of a lower than normal concentration of the latter.

16 -

12~

Fig. 8. U.v. spectrum in 95% ethanol
08+ of the desilylated TMS derivative of
p-5-ethyl-2’-deoxycytidine (IIIb), refer-
red to in text as X-TMS product.
04} Silylation was performed at 130°C and
desilylation by refluxing for 1 h in 95%

ethanol. The X-TMS derivative was

| | | 1 isolated on a preparative 3.3 m column
200 225 250 275 300 325 of 20% OV-17 at an isotherm of 190°C,

wavelength ( nm) with an argon flow of 120 ml/min.

virtually identical for both anomeric products (Fig. 8) show only end absorption
in the quartz ultraviolet, with a maximum at 218 nm, indicative of saturation of the
5,6 bond, or of degradation, of the pyrimidine rings.

The fact that the products of reaction of the two anomers at elevated temperatures
give retention times appreciably lower than the products silylated at lower tempera-
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tures, pointing to lower molecular weights of the former, suggests degradation of
the pyrimidine ring at 120 - 130°C, with elimination of some fragment at C, and
formation of X-TMS derivatives in which the original anomeric configurations
at C,; of the pentose ring are maintained (Scheme 1). Such a mechanism is consistent
with the observation that the relative retention times of the «- and f-anomers of
the X-TMS products correspond to those of the intact anomeric nucleosides silylated
at lower temperatures without degradation.

o

ﬁ N Il
R A\ HN "
HU | N k | Me;8iOCH, O X
~Z
07 >N L 07N 120-130°C ’i Pl
—_—
——— =
HOCH, O l Room temp.  Me3SiOCH, o l Me;Sio
HO MeySiO
IVb , R=C,Hs TMS-IVb , R=C;Hs X-TMS-IVb
Vb, R=F TMS-Vb , R=F X-TMS-Vb
VI , R=CH, TMS-VIII , R=CHjg X-TMS-VIII
NH, N NH;
NZ | R ( A\ NZ i R
7 ' 0//k MeySioc
SiMe, 120-130°¢  M€s810CH: o
—_—
Room temp.
HOCH,_ 0 Me3SiOCH; o Me4Sio
OH Me;Sio
IIIb |, R=CyHs TMS-1lIb , R=C;Hs X-TMS-11Ib
IX , R=H TMS-1Xb ,R=H X-TMS-IX

Scheme 1. Proposed scheme for reaction of a pyrimidine deoxyribonucleoside with TSIM at 120 -

- 130°C, leading to degradation of the pyrimidine ring and formation of an X-TMS derivative with

the same anomeric configuration as the original nucleoside. The reaction in this case is for a f-anomer,
and would be similar for the x-anomer.

The foregoing behaviour was exhibited not only by the anomeric aminodeoxy-
nucleosides IIla,b, but also by all the ketodeoxynucleosides. The possibility that
degradation of the aminodeoxynucleosides proceeds via initial deamination is exclu-
ded by the fact that, during degradation, no products are observed with retention
times corresponding to those for O’-TMS derivatives of the corresponding keto-
deoxynucleosides IVa,b.

Although the structure of X (Scheme 1) has not as yet been elucidated, the fore-
going may be profited from for analytical purposes with anomeric aminodeoxy-
nucleosides, as described below.

G.l.c. separation of anomeric nucleosides silylated with TSIM at room temperature.
Separation of the O'-TMS-derivatives of anomeric pyrimidine nucleosides by g.l.c.
required the application of special procedures. Use of conditions normally applied
to separation of nucleic acid derivatives by g.l.c. (Hancock & Coleman, 1965; Sasaki
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& Hashizume, 1966; Gehrke & Ruyle, 1968; Horning et al., 1967) were quite inef-
fective for these pairs of anomers either under isothermic conditions or by program-
ming. The usual 1.5 m columns of 1% SE-30, 3-10% OV-17 or OV-210, in the
temperature range 150 - 235°C, did not give any separation of the mixture of two
anomeric derivatives. Satisfactory separations were obtained only with the use
of a 1.5 m column of the strongly polar 3 % OV-225. Under these conditions satisfac-
tory separations were achieved for the anomeric pairs of the silylated keto-ribonu-
cleosides VIa and VIb (Fig. 9) and keto-2’-deoxyribonucleosides 1Va,b (Fig. 10)
and Va,b (Fig. 11). Thymidine (VIII) was also readily revealed on the column under
these conditions; although we did not dispose of the z-anomer of VIII, there is no
doubt that the two anomers would readily be resolved in this instance as well.

Phen

e

o
-~

Respons

Time (h)

Fig. 9. G.l.c. chromatogram of the TMS derivatives of the - and f-anomers (2:3) of uridine (VIa,

peak 7 and VIb, peak 2) with phenanthrene (Phen) as internal stan dard. Silylation was performed

at room temperature. For chromatography, a 1 pl sample was injected into a 1.5 m column of 3%
OV-225 at an isotherm of 165°C; argon flow 40 ml/min, attenuation 10~° a.fs.

G.l.c. separation of anomeric deoxynucleosides silylated with TSIM at 120 - 130°C
(X-TMS derivatives). As mentioned above, the O’-TMS derivatives of the amino-
deoxynucleosides IIIa,b and IX could not be eluted from the g.l.c. columns, probably
as a result of their low volatility. However, prolonged heating of these nucleosides
with TSIM at 120 - 130°C led to decomposition products with shorter retention
times, relative to phenanthrene (Figs. 6 and 7, peaks / and 2), than the intact
nucleosides silylated at room temperature. This observation is of considerable
interest and obviously calls for further study to establish the nature of the decompo-
sition product(s) X (see Scheme 1). What is of particular significance is the fact
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Fig. 10. G.l.c. chromatogram of the TMS derivatives of the «- and f-anomers (2:3) of 5-ethyl-2’-
-deoxyuridine (1Va, peak / and 1Vb, peak 2) with phenanthrene (Phen) as internal standard. Silylation
was performed at room temperature. For chromatography, a 1 ul sample was injected into a 1.5 m
column of 3% OV-225 at an isotherm of 165°C; argon flow 40 ml/min, attenuation 10~? a.f.s.
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Fig. 11. G.l.c. chromatogram of the TMS derivatives of the «- and f-anomers (2:3) of 5-fluoro-2’-

-deoxyuridine (Va, peak 7 and Vb, peak 2), with phenanthrene (Phen) as internal standard. Silylation

was performed at room temperature. For chromatography, a 1 ul sample was injected into a 1.5 m

column of 3% OV-225 at an isotherm of 165°C; argon flow 40 ml/min, attenuation 10~° a.fs.

Note: the high background at Ry of about 50’ originates from the silylating reagent; the origin
of the background at an Ry of 3 h is not clear.

that the X-TMS derivatives of the «- and f-anomers of a given deoxynucleoside
can be separated on a 2.7 m column of the polar 109 OV-17 with an argon flow
of 40 ml/min under isothermal conditions at 183 - 185°C. Trial runs under these
conditions gave good separations of the X-TMS derivatives of a 5:2 mixture of
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Illa and IIIb (Fig. 7), a 2:3 mixture of IVa and IVb (Fig. 5) and 3:1 mixture of Va
and Vb (Fig. 12). The various peaks all exhibited R; values only slightly higher
than that for the phenanthrene standard (Table 2), while the ratios of the areas
for the two anomers of a given deoxynucleoside correspond quantitatively to the
relative concentrations of the two anomeric nucleosides subjected to TSIM treatment
at 120° - 130°C. The foregoing conditions are probably optimal; an increase in
column temperature and/or argon flow rate gave poorer separations, whereas a
decrease in column temperature and/or argon flow rate led to the appearance of

Response

Phen

| 1 1
0 15 30 45 60
Time (min)

Fig. 12. G.l.c. chromatogram of the TMS derivatives of the «- and f-anomers (3:1) of 5-fluoro-

-2’-deoxyuridine (Va, peak 7 and Vb, peak 2), referred to in text as X-TMS derivatives, on a 2.7 m

column of 109, OV-17 under isothermal conditions, 183.5°C; argon flow 40 ml/min; attenuation

5x107'° afs., with phenanthrene (Phen) as internal standard. A 1 pl sample was injected
into the column.

tailing. In fact the conditions actually employed give sufficient differences in retention
times between two X-TMS anomers to provide a good basis for preparative separa-
tion of these products, trials of which are now in progress with a view to identification
of X. Meanwhile the foregoing procedure is at the moment the only one which can
be applied to the g.l.c. analytical determination of the anomeric ratio of pyrimidine
aminodeoxynucleosides.

The present investigation demonstrates that trimethylsilylation with TSIM of
4-amino and 4-keto nucleosides is a selective process leading to substitution only
of the sugar hydroxyls, without affecting the O* of the pyrimidine ring or the exo-
cyclic amino group. Formation of the O’-TMS derivatives of the pyrimidine nucleo-
sides at temperatures not much above room temperature is essentially quantitative,
a finding of some importance in relation to thermally labile nucleosides. Prelimi-
nary trials demonstrated the need for higher temperatures with purine nucleosides,
about 60°C or somewhat higher.
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When to the foregoing is added the fact that the use of this silylating reagent
obviates the need for strictly anhydrous conditions, it appears to be one of the best
(if, in fact, not the best) reagents for silylation of the sugar hydroxyls of nucleosides.
It remains to establish whether its specificity extends equally to purine nucleosides;
preliminary experiments along these lines are sufficiently promising to warrant
further studies. It should, however, be emphasized that the known ability of a strongly
basic anion exchanger to separate anomeric purine nucleosides (Dekker, 1965)
raises some doubts as to the utility of g.l.c. for this purpose.

The use of a 3% OV-225 column at 160 - 170°C provides satisfactory separations
of the O’-silylated anomeric pyrimidine ribo- and 2’-deoxyribonucleosides. The
long retention times required for such separations with the 4-keto nucleosides are
unavoidable, but this disadvantage is clearly outweighed by the good separations
achieved, and the facility with which the procedure may be applied. It is possible
that the retention times may be reduced by the use of another silylating reagent which
derivatizes also the 4-keto groups.

The inability to achieve good separations with intact pyrimidine aminodeoxy-
nucleosides is, as pointed out above, due simply to the fact that such derivatized
nucleosides contain only two silyl groups and are, consequently, not sufficiently
volatile. In these instances one may apply TSIM treatment at elevated temperatures
(120 - 130°C) to obtain quantitatively lower molecular weight silylated products,
with maintenance of the anomeric configuration, which are readily resolved into the
two anomers. Naturally this procedure is limited only to analytical applications.
It should be noted also that retention times for these X-TMS products are consid-
erably lower than for the intact derivatized nucleosides (Table 2). This could be due
not only to the lower molecular weights of the X-TMS derivatives (Scheme 1), but
also possibly to the possession by these derivatives of an additional silyl group on
the X-moiety. It is of interest in this connection that Harvey & Horning (1973) have
recently demonstrated the separation, on a 1% OV-17 column, of anomeric pairs
of TMS derivatives of some sugar phosphates.

We are indebted to Dr. J. J. Fox for gifts of «-uridine and «-5-fluoro-2’-deoxy-
uridine, and to Hoffman-LaRoche (Nutley, N. J.) for a sample of f-5-fluoro-2’-deoxy-
uridine. We should also like to acknowledge the excellent technical assistance of
Mrs. Maria Zylonis and Miss Magdalena Piwnicka.
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REAKCJA NUKLEOZYDOW z N-TROJMETYLOSYLILOIMIDAZOLEM:
ROZDZIAL TMS POCHODNYCH ANOMERYCZNYCH NUKLEOZYDOW
PIRYMIDYNOWYCH METODA CHROMATOGRAFII GAZ - CIECZ

Streszczenie

1. Zbadano dzialanie trojmetylosyliloimidazolu (TSIM) na nukleozydy — skladniki i analogi
kwasow nukleinowych - w zakresie temperatur 20 - 130°C. Wykazano przy pomocy analizy t.l.c.
i gl.c, z2 u wszystkich badanych rybo- i dezoksyrybonukleozydéow pirymidynowych wylacznie
grupy hydroksylowe cukréw reaguja z TSIM w temperaturze pokojowej lub nieco wyzszej. Egzo-
cykliczny atom tlenu O* oraz grupa aminowa w pozycji 4 tych nukleozydéw nie jest podstawiana
przez TSIM nawet w temp. 130°C.

2. Opracowano nowa, uniwersalng metode rozdzialu anomerycznych O’-TMS nukleozydow
opartga na g.l.c. przy uzyciu silnie polarnej kolumny OV-225. Dla anomerycznych dwu-O’~-TMS-4-
-amino-2’-dezoksynukleozydow, ktoére nie sa eluowane z kolumn g.l.c. nawet w drastycznych wa-
runkach, opracowano metode rozdzialu oparta na iloSciowej degradacji w 120 - 130°C do nizej
czasteczkowych TMS pochodnych o zachowanej wyjsciowej konfiguracji przy C,, ktorych rozdzial
uzyskano na $rednio polarnej kolumnie OV-17. Ta ostatnia procedura moze by¢ stosowana do ana-
lizy mieszaniny anomerycznych aminodezoksynukleozydow.

3. Opisano mozliwosci zastosowania tych metod do analizy hydrolizatow i produktow degra-
dacji kwasow nukleinowych.

Received 14 December, 1973.
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PROPERTIES OF DIASTEREOISOMERIC PHOTOHYDRATES OF URACIL
NUCLEOSIDES *

Institute of Biochemistry and Biophysics, Polish Academy of Sciences,
ul. Rakowiecka 36; 02-532 Warszawa, Poland

The two diastereoisomeric photohydrates of 2’-deoxyuridine were isolated by thin-
-layer chromatography and both obtained in crystalline form. The kinetics of thermal
dehydration of both isomers in neutral and acid media were studied. It was found that,
in acid medium, isomer II does not undergo direct dehydration, but is transformed
to isomer I, which then undergoes acid-catalysed dehydration. Evidence is presented,
in agreement with previous observations, that this conversion of isomer II to isomer I
proceeds via opening of the N,-C4s bond of the uracil ring.

Ultraviolet irradiation of uracil nucleosides in aqueous medium leads to the
formation of the photohydrate, 5,6-dihydro-6-hydroxyuridine (Shugar, 1960). The
water adduct may subsequently be eliminated in the dark, in neutral or acid medium,
by what is essentially an acid-base catalysed reaction (Wierzchowski & Shugar,
1961; Wechter & Smith, 1968) to regenerate the parent nucleoside. In alkaline
medium the dark elimination reaction is more complex (Fikus & Shugar, 1966).
In the presence of monovalent Na* or K* cations, the alkali-catalysed dehydration
is not quantitative, a fact utilized by Schuster (1964) to estimate the number of uracil
hydrates formed in u.v.-irradiated polynucleotides. In the presence of NHJ, on the
other hand, alkali-catalysed dehydration results in quantitative regeneration of the
parent nucleoside via two different pathways (Fikus & Shugar, 1966): (a) by direct
elimination of the water molecule from the 5,6 bond, and (b) via an intermediate
with an absorption band at 290 nm (interm,,)". The structure of this intermediate,

* This work was supported by the Polish Academy of Sciences within the project 09.3.1 and
profited from the partial support of the World Health Organization, The Wellcome Trust, and the
Agricultural Research Service, U.S. Department of Agriculture.

! The following abbreviations are used: UdR, 2’-deoxyuridine; UR, uridine; UdR-HO,
5,6-dihydro-6-hydroxydeoxyuridine, the photohydrate of UdR, and similarly for UR-H,0; UdR-H,,
5,6-dihydro-2’-deoxyuridine; PDAB, p-dimethylaminobenzaldehyde; interm,go, the product of
ring ovening of UdR+-H,0 or UR-H,O in alkaline medium, with an absorption maximum at
290 nm (Scheme 1).
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which is formed by opening of the N,-Cg bond of the hydrated uracil ring, has been
established. The open-chain intermediate is unstable and spontaneously dehydrates,
following which it undergoes ring closure to regenerate the parent nucleoside. The
entire reaction scheme (Fikus & Shugar, 1966) is shown in Scheme 1.

In the foregoing, no consideration was given to the possibility of formation of
isomeric photohydrates. The occurrence of this isomerism was demonstrated by
Chambers (1968) and confirmed by Wechter & Smith (1968).
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Scheme 1

It was subsequently found that the photohydrates of various uracil nucleosides
could be separated by t.l.c. into two products, which were the presumed diastereoiso-
mers of the photohydrates. The two isomers differed in stability, while each underwent
alkali-catalysed elimination of the water molecule by one of the two pathways shown
in Scheme 1. Furthermore, one of the isomers of the photohydrate of deoxyuridine
(UdR) was isolated in crystalline form and some of its properties described (Pietrzy-
kowska & Shugar, 1969). In particular it was shown that this isomer, denoted as
isomer I, underwent alkaline dehydration via pathway B in Scheme 1; whereas the
second isomer, denoted as II, dehydrated in alkaline medium via path A.

The present communication describes the isolation in crystalline form of the
second isomeric photohydrate of UdR and presents some additional properties of
both isomeric photohydrates.

MATERIALS AND METHODS

Deoxyuridine was obtained from Waldhof Zellstoffabrik (Mannheim, G.F.R.)
and D,0, with a mole % content of 2H in excess of 99.7 %, from Koch-Light (Coln-
brook, England).
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5,6-Dihydrodeoxyuridine was prepared by hydrogenation of a 1073 M solution
of UdR in the presence of rhodium on charcoal, as described by Cohn & Doherty
(1956). :

Ultraviolet absorption spectra were obtained with the aid of a Unicam SP-500
instrument fitted with a specially constructed cuvette compartment, through which
was circulated an aqueous glycol mixture fed from a Hoeppler ultrathermostat.
A calibrated thermistor in a dummy cuvette was used to measure the temperature
in the reaction cuvette.

O.r.d. spectra were recorded on a JASCO ORD/UV-5 instrument, using 2.5 x 10~*
M aqueous solutions at 10°C.

Kinetics of dehydration of 10=*m solutions of the UdR photohydrates were
measured spectrally with the Unicam SP-500, with the cuvette compartment at
80°C, and monitoring the appearance of the 262 nm band of UdR. During the
period required to attain the temperature of 80°C, the increase in A,¢, varied from
2 -49 of that required to attain maximal reversal after about 3 hours. For dehy-
dration kinetics in acid medium (pH 1, 0.1 M-HCI), the H,O solutions were acidified
with 0.01 volume of conc. HCIl; whereas the D,O solutions were acidified with
0.015 volume of HCI, to take account of the increased basicity of D,O (Wiberg,
1955), so that the pH or pD of the two solutions were the same.

Colour reactions of the various compounds with p-dimethylaminobenzaldehyde
were carried out as described by Fink et al. (1956). About 30 pg of substance was
deposited on each of two strips of Whatman paper no. 1. One strip was first sprayed
with a solution of 0.5 M-NaOH and dried. Both strips were then sprayed with the
p-dimethylaminobenzaldehyde (PDAB) reagent.

RESULTS

Isolation of UdR photohydrates. The procedure for isolation of the UdR photo-
hydrate, and the separation of the diastereoisomers by thin-layer chromatography,
was as previously described (Pietrzykowska & Shugar, 1969), with the exception
that the t.l.c. plates used were Silufol UV,s, (Kavalier, Czechoslovakia). These
plates were more advantageous since, due to their lower alkalinity, isomer II was
more stable during chromatography, with resultant higher yields. The Rp values
for the two isomeric photohydrates, using the same solvent system as previously
(chloroform - methanol, 85:15, v/v), were identical with those on silica gel, i.e.
0.22 for isomer I and 0.67 for isomer II.

As in the case of isomer I, isomer II was eluted from the plates with methanol,
brought to dryness, crystallized 3x from anhydrous ethanol, washed with ether
and dried over P,0,.

In a typical preparation, 110 mg UdR was irradiated at a concentration of 10~2 M.
Under these conditions, about 8 % of the UdR is transformed to cyclobutane dimers.
The final yields of the two isomeric photohydrates, in crystalline form, were 31 mg
of isomer I and 10.4 mg of isomer II. Bearing in mind that the ratio of the two isomeric
photohydrates in the irradiated solution is I/II=7/3 (Pietrzykowska & Shugar,
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1969), the yields of the crystalline products are 43 %, for isomer I and 33 9 for isomer
1I.

When the isolated crystals of isomer II, in the form of elongated parallelopipeds,
were heated on a microscope hot stage, they “melted” sharply at 126°C (uncorrected).
This “melting” was accompanied by liberation of water to form a concentrated
solution of UdR. It should be recalled that isomer I, which crystallizes in the form
of platelets, “melts” out in a similar manner, but at 56°C (Pietrzykowska & Shugar,
1969).

Kinetics of dehydration of UdR -H,O isomers in neutral medium. It was previously
shown that the mechanisms of acid and alkaline dehydration for the isomeric pho-
tohydrates are different (Pietrzykowska & Shugar, 1969). We now proceed to an
examination of the kinetics of dehydration of the two isomers under varying condi-
tions.

The kinetics of thermal dehydration (80°C) at neutral pH of the two isomeric
photohydrates, in H,O and in D,0, are shown in Fig. 1, from which it will be noted

S~ IB0 o BILH0

; Qm_ \\‘\ \;\
o b N2 1LH,0

30 SR

1 | 1 1 1 e

1 I
120 140 160

1 1 1 1 1 1 1

1 1
0 20 40 60 80 100
Time (min)

Fig. 1. Kinetics of thermal reversal of UdR-H,O isomers I and II to UdR in neutral aqueous

medium in H,0 and D,O at 80°C, as indicated in the figure; (I+II), mixture of non-fractionated

isomers from irradiated UdR in H,O. A, is the absorbance of the solution at time 0, A, the value
at time 7, and A upon completion of the dehydration reaction.

that isomer II is more labile, its rate constant for reversal to UdR being fourfold
higher than for isomer I. The time-course of dehydration for both isomers is first-
-order, as might be anticipated, the rate constants in H,O being 12.0 x 10~% sec™!
and 2.8 x 10~ % sec™! for isomers II and I, respectively. It will also be seen, as earlier
reported (Wierzchowski & Shugar, 1961), that the corresponding rate constants
in D,O are higher, the isotope effect ky o/kp, o being 1.6 for isomer I and 2.0 for
isomer II.

When a solution of UdR was irradiated at 254 nm to the extent of 90 9, photo-
hydration and then subjected to thermal dehydration in H,O under the same condi-
tions as above, the rate of dehydration was intermediate between those for the two
isomers (Fig. 1), with a rate constant of 7.6 x 10~ sec™ !, corresponding to the rate

http://rcin.org.pl



Vol. 21 PHOTOHYDRATES OF URACIL NUCLEOSIDES 191

constant for a mixture of 709 of isomer I and 309% isomer II. This distribution
of isomers is precisely that previously found by direct chromatographic separation
of the two isomeric photohydrates of UdR (Pietrzykowska & Shugar, 1969).
Kinetics of dehydration in acid medium. A comparison of the kinetics of dehy-
dration of the UdR-H,0 isomers in acid medium (0.1 m-HCI, pH 1) at 40°C (Fig. 2)
provided additional evidence for the previous observation (Pietrzykowska &

SN\ 0,0
lg - \\ a N
8 N \\\
67. - NN 4020
1 1 1 1 1 1 1 1 N | B 1 1 1
0 10 20 30 40 50 60 70

Time (min)

Fig. 2. Reversal of UdR-H,O isomers I and II to UdR in H,O and D,O at pH~1 (0.1 M-HCI)
and 40°C. Symbols as in Fig. 1.

Shugar, 1969) that the mechanism of dehydration of isomer II in acid
medium involves prior acid-catalysed transformation of isomer II to isomer I.
This is clearly reflected by the initial instantaneous decrease in residual absorption
of the isomeric photohydrate II at 262 nm, following which there are small increases
and decreases in absorption (Fig. 2) and, eventually, after about 5 min heating,
a continual increase in absorbance of the absorption maximum at 262 nm due to
regeneration of UdR. No such complex changes were observed in the course of
dehydration of isomer I, although the rate constant for this isomer was somewhat
lower during the initial 5 min as compared to the subsequent course of the reaction.

The rate constant for dehydration of the two photohydrate isomers in acid me-
dium in D,0 (pD=1) at 40°C were also higher than in H,O under analogous con-
ditions. The isotope effects were, in fact, appreciably higher than for thermal de-
hydration in neutral medium, and amounted to 4.0 for isomer I and 5.0 for isomer
II. Furthermore, in D,O the initial portion of the rate curve for isomer II
exhibited the same anomalies as in H,O, corresponding to initial transformation of
IT to I, but this process was faster in D,O. Finally, the rate curves for dehydration
of an irradiated solution of UdR, containing a mixture of the two isomers, correspon-
ded in H,0 and D,O to those for a mixture of 70 % of isomer I and 30% of isomer
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II. The magnitudes of the isotope effects are quantitatively similar to those reported
in an earlier investigation on the photohydrates of uridine (Wierzchowski & Shugar,
1961).

Acid-catalysed transformation of isomer II to isomer I. The evidence previously
presented (Pietrzykowska & Shugar, 1969), and that cited in the previous section,
for the acid-catalysed dehydration of isomer II via its initial transformation to isomer
I, is further supported by the following observations on the mechanism of this
reaction.

Transformation of isomer II to I must necessarily involve opening, and subse-
quent closure, of the hydrated uracil ring. It appears logical to assume that such
ring opening occurs at the N,-C4 bond (see Scheme 1) as in the case of formation
of the interm,,, in the alkaline dehydration of UR-H,O (Fikus & Shugar, 1966).
If such is, indeed, the case, the ureide group of the open chain intermediate should
give a positive reaction with PDAB (Fink et al., 1956). In this reaction, normally
applied to pyrimidines with a saturated 5,6 bond, these are first treated with strong
alkali to open the 3,4 bond, making thus available a ureide group which gives a co-
loured product with PDAB. The reagent is normally dissolved in 0.5M-HCI in
ethanol; hence, if isomer II undergoes ring opening in acid, it should give a positive
reaction with the PDAB reagent without prior alkaline treatment, the more so in that
ring-opened compounds are more stable in ethanol (Fikus & Shugar, 1966).

The reactions with PDAB were therefore carried out with, and without, prior
treatment with NaOH, the results being shown in Table 1. It will be seen that isomer II
gives a positive reaction without prior NaOH treatment. Isomer I, by contrast,
gives a positive reaction only after treatment with NaOH, like 5,6-dihydro deriva-
tives of uracil and thymine (Fink et al., 1956). A positive reaction without prior

Table 1

Reaction with p-dimethylaminobenzaldehyde of the isomeric photohydrates of UdR

The reaction was carried out as described by Fink et al. (1956): about 30 pg of product was deposited
in the form of a spot on Whatman paper no. 1, in duplicate. One spot was sprayed with the PDAB
reagent, the other with NaOH and then with the PDAB reagent.

‘ Reaction with PDAB reagent I
1 ]
] Compound Without prior With prior 1
NaOH NaOH
treatment | treatment |
UdR = | i '
UdR-H,0 isomer I — ‘ + |
UdR-H,0 isomer II < ; s
UdR'Hz _— ‘ =+
Intermjoo* 3 . __** 1

* Interm,oo formed during alkaline reversal of isomer I, was obtained by treatment of
UdR -H,0-I in ammoniacal MeOH for 10 min, followed by neutralization with HCI to pH about 6.
Under these conditions the intermediate is relatively stable (Fikus & Shugar, 1966).

** From Fikus & Shugar (1966).
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NaOH treatment is also given by interm,o, formed during alkaline dehydration
of isomer I. As regards the negative reaction of II following NaOH treatment, this
is due to its rapid alkaline dehydration to the parent UdR which, of course, does
not react with PDAB. This also explains the negative reaction previously reported
for interm,q, following prior NaOH treatment (Fikus & Shugar, 1966).

The foregoing observations consequently support the other evidence for the acid-
-catalysed conversion of isomer II to isomer I via ring cleavage at the position N,-Cg
as for the interm,,, formed during the alkaline dehydration of isomer I.

Stability of UdR-H,0 isomers as a function of pH. The stability of the two
isomeric photohydrates was examined over the pH range 1-11.3, using the
following 0.01 m buffer systems: pH 1.0-4.8, citrate; pH 3.6 - 5.4, acetate; pH
5.4 - 6.4, citrate-acetate; pH 7.2 - 8.0, Tris; pH 8.1 - 11.3, ammonium.

The rates of dehydration at various pH values were measured at room tempe-
rature, and were followed by monitoring the increase in absorption at 262 nm over
the pH range 1 - 11.3 for isomer II and 1 - 8.1 for isomer I. At pH values above 8.1
the rate of transformation of isomer I to the intermediate was followed by measuring
the increase in absorption with time at 290 nm.

For calculations of rate constants, the values of (A_—A,) were obtained in the
pH range 1 - 8 by complete reversal to UdR at pH 0 (i.e. 1 M-HCI) following prior
reversal in buffer at a given pH. In the pH range 8.1 - 11.3, the latter pH was employed
for complete conversion to the parent UdR.

100
= LR
3
= 01
X
001
0.001
0.0001 -
| 1 1 1 ! 1 1 1 1
220 240 260 280 300
Wavelength (nm)
Fig. 3 Fig. 4
Fig. 3. Stability of isomeric UdR photohydrates in aqueous medium at room temperature (20°C)
as a function of pH. For further details see text; (——) isomer I; (— — —) isomer II. K, is the

rate constant for dehydration at a given pH.
Fig. 4. O.r.d. spectra of UdR-H,O isomers I and II, compared with the spectra for UdR and
UdR'H;.
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Figure 3 exhibits the pH-dependent rate constants for reversal of UdR-H,0
to UdR, or, at alkaline pH, for transformation of isomer I to the interm,q,. It will
be seen that isomer II exhibits maximum stability at pH 3.6, whereas isomer I is
most stable at pH 4.8, the curve for isomer II being displaced by about 1.5 pH units
relative to that for isomer I.

O.r.d. spectra of UdR-H,0 diastereoisomers. The o.r.d. spectra of the two
isomeric photohydrates were recorded in aqueous medium at neutral pH, together
with those for the parent UdR and the 5,6-dihydro derivative of the latter, i.e.
UdR-H,. The results are presented in Fig. 4. The very low rotatory dispersion for
isomer I is somewhat surprising and rather difficult of interpretation; it should,
however, be noted that at shorter wavelengths there is probably a positive band
with a maximum at or below 220 nm as compared with the pronounced negative
band exhibited by UdR-H, at 230 nm. Unfortunately technical limitations of the
equipment itself made it impossible to extend measurements below 225 nm. By con-
trast, isomer II exhibits a relatively intense negative band at about 250 nm, where
UdR-H, exhibits a weak positive band. It is also of some interest that the intensity
of the negative band for isomer II is comparable to that for the negative band of
UdR itself. Furthermore, on dehydration of isomer II, the resulting UdR spectrum
coincided with that for authentic UdR.

In the absence of further information regarding the conformations of the two
isomeric photohydrates, it would be premature to attempt to draw any specific
conclusions from these o.r.d. spectra, which for the moment serve only as a supple-
mentary means of identification. It is obvious that it will be necessary to run the
proton magnetic resonance spectra of the two isomers to establish the differences
in conformation between them, and such experiments are being planned.

DISCUSSION

The large difference in R, values between the two diastereoisomers of UdR
photohydrate is perhaps somewhat unusual, but not unique. As regards the appre-
ciable difference in “melting” temperatures between the two isomers, it must be
emphasized that these are not really melting temperatures but rather measures of
the thermal stability of the two isomers in the solid state. It should be recalled that
evidence for the existence of two isomeric photohydrates is forthcoming from the
proton magnetic resonance spectra of the photohydrate of 5-UMP (Chambers,
1968) and of the photohydrate of uridine (Wechter & Smith, 1968). Furthermore,
the relative proportions of the two isomeric uridine photohydrates deduced from
the PMR spectra, viz. 60 : 40 are strikingly similar to those measured by direct
isolation, 65:35 (Pietrzykowska & Shugar, 1969). Finally, the acid-catalysed con-
version of isomer II to isomer I; the quantitative agreement between the kinetics
for dehydration of the individual isomers of UdR-H,O with those for an unfractio-
nated mixture; and the quantitative conversion of each of the isomers to the parent
UdR with elimination of water, are all consistent with the two photohydrates being
isomeric. The possibility that the water hydroxyl may be located on the Cs of one
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of the isomers is excluded by the fact that both undergo rapid dehydration in alka-
line medium to regenerate UdR; under these conditions a derivative with the OH
on position 5 would undergo ring opening of the N,;-C, bond (Moore & Thomson,
1956).

The marked difference in o.r.d. spectra between the two isomeric photohydrates
underlines the appreciable difference in configuration, but does not, unfortunately,
provide any real clue as to the nature of these differences.

It would be of interest to establish whether the products of photohydration of
cytosine nucleosides also include the two diastereoisomers. Unfortunately the ease
with which cytosine photohydrates eliminate water in the dark probably excludes
the possibility of direct separation of such isomers. Indirect evidence for formation
of two diastereoisomers has been obtained by chemical degradation (Miller & Ce-
rutti, 1968). However, a conceivably practical procedure for their isolation might
be based on the use of N*-alkylcytosine nucleosides, the photohydrates of which
are remarkably stable (Fikus ez al., 1962).

In a study of the kinetics of dehydration of uridine photohydrate, and some of
its derivatives, at elevated temperatures, Logan & Whitmore (1966) observed a
shoulder in the initial portion of the kinetic curves for all the derivatives. This was
ascribed by them to the lag in dehydration rate due to the time required for the so-
lution to attain the desired temperature. The present findings demonstrate, however,
that at least a portion of the initial lag in dehydration rate may be due to other
factors, as outlined above. This is further supported by the results shown in Fig. 2,
where the temperature employed for dehydration was only 40°C, hence not much
above ambient temperature, but showing clearly the initial “lag” phase. It should,
furthermore, be noted that these authors employed Tris buffers, the temperature
coefficients for which are very large (Good e al., 1966), so that appreciable changes
of pH occurred during heating of the solutions to the required temperatures.

Although the biological significance of pyrimidine photohydrates has been
less extensively investigated than that of pyrimidine photodimers, the lethal and
genetic effects resulting from photohydration of pyrimidine residues in nucleic acids
have been well substantiated (Carpenter & Kleczkowski, 1969; Tao et al., 1969;
Remsen et al., 1971; Mattern et al., 1972). In the case of cytosine photohydration,
which proceeds extensively in both synthetic and natural polynucleotides (Wierz-
chowski & Shugar, 1962; Johns et al., 1965; Grossman & Rodgers, 1968), the accom-
panying deamination of cytosine photohydrate to uracil photohydrate (Johns et al.,
1965) would lead naturally to base-pair transitions.

Furthermore, studies on the mechanism of deuterium exchange at the 5-position
of uracil and cytosine photohydrates during the dark dehydration reaction (Chambers,
1968; Wechter & Smith, 1968) have hitherto ignored the presence of two isomeric
photohydrates, a factor which must of necessity be taken into account. In fact,
the mechanism for dehydration of Urd-H,0 advanced by Wechter & Smith (1968)
is in disagreement with that proposed earlier by Wierzchowski & Shugar (1961).
The former authors attribute this inconsistency in part to errors in measurements
of the isotope effects for dehydration of the uridine photohydrates prepared in
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heavy water (Wierzchowski & Shugar, 1961). We have now repeated these measu-
rements (Wierzchowski & Shugar, unpublished) and find that they agree with those
earlier reported. It is consequently the mechanism proposed by Wechter & Smith
(1968) which requires reexamination, the more so in that the studies of DeBoer &
Johns (1970) demonstrated that up to 159 of the Cs proton of the cytosine ring
exchange with the solvent during the irradiation step leading to the photohydrate.
This would necessarily lead to appreciable errors in studies on the kinetics of exchange
of the Cs proton during dark dehydration, and in the conclusions derived therefrom.

The complexity of the mechanism of dehydration is further attested to by the
observation previously reported (Pietrzykowska & Shugar, 1970), viz. that the rate
of dehydration is appreciably affected by the anomeric configuration at C,,. For
example the acid-catalysed dehydration of the a-anomer of UdR-H,O (containing
a 1:1 mixture of the isomeric photohydrates) is approximately 8 - 10 times faster
than for the corresponding f-anomer.

We are indebted to Dr. Andrzej Rabczenko for running the o.r.d. spectra, to
Dr. Zofia Zargbska for discussions and to Mrs. Maria Zylonis for technical
assistance.
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WEASNOSCI IZOMEROW PRZESTRZENNYCH FOTOHYDRATOW NUKLEOZYDOW
URACYLU

Streszczenie

Izolowano metoda chromatografii cienkowarstwowej dwa izomery fotohydratu 2’-dezoksy-
urydyny i uzyskano je w formie krystalicznej. Badano kinetyke odlaczania czasteczki wody z obu
izomeréw w Srodowisku kwasnym i obojetnym w podwyzszonej temperaturze. Wyniki badan nad
kinetyka rewersji izomeru II w $rodowisku kwasnym potwierdzily wcze$niejsze obserwacje, ze w tych
warunkach odlaczenie czasteczki wody z izomeru II nastepuje po uprzednim przeksztalceniu izo-
meru II w izomer I. Przeksztalcenie to zachodzi najprawdopodobniej na drodze otwarcia wigzania
1 - 6 pierScienia pirymidynowego.

Received 14 December 1973.
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Institute of Biochemistry, University of Warsaw,
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1. In coupled mitochondria, very little phosphoenolpyruvate formation occurred with
glutamine and proline as substrate, similarly as it was shown with glutamate
(Bryta et al., Biochim. Biophys. Acta, 1973, 314, 411 - 417) since aspartate amino-
transferase has a much higher affinity towards intramitochondrial oxaloacetate than
phosphopyruvate carboxylase does. Inhibition of aspartate synthesis by aminooxyace-
tate resulted in 3 - 6 fold increase in the phosphoenolpyruvate formation with both
glutamate and glutamine as precursors of oxaloacetate, but was without effect when
proline was used as the substrate. 2. In mitochondria incubated in state 3 with
glutamate, proline or glutamate + glutamine the rates of citrulline formation were low
due to the small production of ammonia. This limitation could be overcome on using
glutamine as the substrate. 3. GTP provided by substrate level phosphorylation was
utilized more efficiently for phosphoenolpyruvate synthesis than that produced from
exogenous ATP via nucleoside diphosphate kinase. 4. In the presence of carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP) and oligomycin the rate of
citrulline synthesis was dependent upon the levels of intramitochondrial ATP. Under
conditions resulting in a decrease of ATP down to 2.2 - 2.5 nmol/mg protein, citrulline
formation was almost completely inhibited. Restoration was observed on addition
of exogenous ATP. 5. The results suggest that under conditions of low energy gene-
ration there is a competition for energy between synthesis of phosphoenolpyruva-
te and citrulline.

Guinea pig liver mitochondria are very useful for studies on the interrelationship
between the first steps of gluconeogenesis and urea production since in this species,
like in humans, phosphoenolpyruvate (Ballard & Hanson, 1968; Bottger er al.,
1969) as well as citrulline (Cohen & Hayano, 1948; Leuthardt & Miiller, 1948),
are produced intramitochondrially. The rate of phosphoenolpyruvate synthesis
in guinea pig liver mitochondria was investigated in the presence of tricarboxylic
acid cycle intermediates as precursors of oxaloacetate (Garber & Ballard, 1969,
1970; Garber & Salganicoff, 1973; Bryla et al., 1973a). However, citrulline formation
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has been extensively studied only in rat liver mitochondria (Charles & Tager, 1967;
Charles & van den Bergh, 1967; Charles et al., 1967; Graafmans et al., 1968 ; Tager,
1969) which do not contain phosphopyruvate carboxylase (EC 4.1.1.32) (Bottger
et al., 1969).

In the present work, phosphoenolpyruvate! and citrulline formation was studied
in guinea pig liver mitochondria incubated under two metabolic conditions of diffe-
rent ATP levels. Glutamate, glutamine and proline, which are metabolized intrami-
tochondrially, were used both as energy source and precursors of oxaloacetate
and ammonia for phosphoenolpyruvate and citrulline synthesis, respectively. The
results suggest that under conditions of low energy generation there is a competition
for energy between synthesis of phosphoenolpyruvate and citrulline. Data on glu-
tamate as a substrate have been reported in a preliminary form (Bryla et al.,
1973b,¢).

MATERIALS AND METHODS

Incubation of mitochondria. Mitochondria were prepared as described by Schneider
& Hogeboom (1950) from the livers of male albino guinea pigs weighing 250 - 300 g;
the medium contained 225 mM-mannitol, 75 mM-sucrose and 0.1 mM-EDTA. The
mitochondria (3 -4 mg protein/ml) were incubated in 15 mm-KCl - 2 mM-EDTA -
5 mM-MgCl, - 40 mM-Tris-HCI buffer - 10 mM-ornithine - 30 mM-KHCO; and 20
mM-potassium phosphate buffer, with the additions indicated in the legends to Tables
and Figures. The final pH was 7.4. The amino acid substrates were added at con-
centrations which did not limit their oxidation in mitochondria, i.e.: 10 mm-gluta-
mate, 15 mM-proline and 30 mM-glutamine; when glutamate and glutamine were
added together, their concentrations were 5 and 25 mM, respectively.

Mitochondria were incubated as described previously (Bryla et al., 1973a) at
30°C under two different respiratory states: in state 3, on addition of 30 mm-glucose,
0.1 mM-ADP and hexokinase (EC 2.7.1.1), 2 -5 units/ml; and in uncoupled state
in the presence of 0.2 - 0.5 umM-FCCP and oligomycin (1 pg/mg protein).

Assays of metabolites. Samples of 2 ml withdrawn from the incubation mixture
at 5 min intervals (up to 20 min), were deproteinized on addition of 0.2 ml of 359,
HCIO,, and neutralized. KCIO,, which precipitated in the cold, was then centrifuged
off.

Phosphoenolpyruvate and aspartate were determined according to Czok &
Lamprecht (1970) and Williamson & Corkey (1969), respectively. ATP was mea-
sured fluorimetrically (Williamson & Corkey, 1969), and citrulline colorimetrically
by the method of Archibald (1944) as described by Charles er al. (1967). Oxygen
consumption was followed in a thermostated vessel with the Clark-type oxygen
electrode. Mitochondrial protein was measured by the biuret method (Cleland &
Slater, 1953).

Materials. ADP, ATP and NADH were commercial preparations supplied by
Sigma Chemical Co. (St. Louis, Mo., U.S.A.). Aminooxyacetic acid was provided

1 Abbreviations: PEP, phosphoenolpyruvate; FCCP, carbonyl cyanide p-trifluoromethoxyphe-
nylhydrazone; AOA, aminooxyacetate.
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by Eastman Kodak Co. (Rochester, N. Y., U.S.A.). L-Proline, L-glutamine and L-
-ornithine were purchased from Reanal (Budapest, Hungary). FCCP was kindly sup-
plied by Dr. Peter Heytler of the DuPont Chemical Co. (Wilmington, Del., U.S.A.).

Pyruvate kinase (EC 2.7.1.40), aspartate aminotransferase (EC 2.6.1.1), malate
dehydrogenase (EC 1.1.1.37) and glucose 6-phosphate dehydrogenase (EC 1.1.1.49)
used for assays of metabolites were prepared after Tietz & Ochoa (1962), Sizer &
& Jenkins (1962), Englard & Siegel (1969) and Kuby & Noltmann (1966), respec-
tively. (NH,),SO,-free hexokinase was from Koch-Light Lab. Ltd (Colnbrook,
Bucks, England), and lactate dehydrogenase (EC 1.1.1.27) from Biomed (Krakow,
Poland).

RESULTS

Oxidation of amino acids and synthesis of phosphoenolpyruvate and citrulline.
The rates of oxygen uptake by mitochondria incubated with glutamine, glutamate,
proline, or glutamine + glutamate, in state 3 or in the presence of uncoupler +
oligomycin, are shown in Table 1. Oligomycin was added to inhibit dissipation of
ATP due to ATPase activity (Lardy et al., 1958).

Table 1
Oxygen uptake in mitochondria incubated with various amino acids in state 3 and
in the presence of FCCP and oligomycin

Experimental conditions were as under Methods. Values shown are means of 4 separate
experiments +S.E.M.

Oxygen uptake |
Substrate (natoms/min/mg protein)
state 3 | FCCP+oligomycin
Glu 35.2+5.2 47.0£5.8 '
Glu(NH;) 248+7.2 404+24 |
Pro 220+2.2 28.8+4.8 i
Glu+Glu(NH;) 41.6+3.2 548+24 |

In mitochondria incubated in state 3 oxidation of glutamate and glutamine +
glutamate was much higher than that of glutamine and proline. Addition of uncou-
pler + oligomycin resulted in stimulation of the mitochondrial respiration by about
40 - 60 9, with all substrates.

The rates of synthesis of phosphoenolpyruvate and citrulline do not follow those
of oxygen consumption, Data on the synthesis of these two compounds presented
below include the results obtained with glutamate, reported previously (Bryla et al.,
1973¢c). The results presented in Fig. 1 demonstrate that in mitochondria incubated
in state 3 very little phosphoenolpyruvate formation occurred with any of the sub-
strates. The highest citrulline production was observed in the presence of glutamate +
glutamine. With glutamate, glutamine or proline added separately, citrulline syn-
thesis was 2 -4 times lower suggesting that ammonia production could be rate-
-limiting.
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Fig. 1. Synthesis of phosphoenolpyruvate and citrulline in mitochondria incubated in state 3

and in the presence of FCCP + oligomycin. Values shown are means from 4 separate experiments

+S.E.M. (shown as vertical lines). Open bars, synthesis of phosphoenolpyruvate; strippled bars,
synthesis of citrulline.

The addition of FCCP and oligomycin to the reaction medium resulted in the
eight- to tenfold increase of phosphoenolpyruvate formation when glutamate and
glutamine were substrates and in four- to fivefold stimulation in the presence of pro-
line as the precursor of oxaloacetate. On the contrary, under uncoupled conditions
citrulline synthesis was increased about twofold only with glutamate as a nitrogen
donor. With glutamate + glutamine the rate of citrulline production was the same
as in state 3, whereas on addition of either glutamine or proline it was markedly
inhibited.

In order to explain these discrepancies between oxygen uptake and the rates
of both phosphoenolpyruvate and citrulline synthesis, the two processes were stu-
died at different levels of oxaloacetate, ammonia and energy.

The availability of oxaloacetate for aspartate and phosphoenolpyruvate synthesis.
Mitochondria incubated in state 3 produce much higher amounts of aspartate than
of phosphoenolpyruvate. This suggests that aspartate aminotransferase competes
efficiently with phosphopyruvate carboxylase for oxaloacetate generated during
oxidation of amino acids (Table 2). The highest rates of aspartate production were
observed in the presence of glutamate alone and glutamate + glutamine. In agree-
ment with the data on oxygen consumption (see Table 1) the rate of aspartate for-
mation was much lower with glutamine or proline as substrate. Addition of aminooxy-
acetate, an inhibitor of aspartate aminotransferase (Hopper & Segal, 1962), resulted
in complete inhibition of aspartate production and a concomitant three- to sixfold
increase in phosphoenolpyruvate formation. In the presence of proline, phospho-
enolpyruvate synthesis was not stimulated.
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Table 2

Effect of aminooxyacetate on the synthesis of phosphoenolpyruvate and aspartate in
state 3 and in the presence of FCCP + oligomycin

Experimental conditions as described under Methods; 0.1 mm-aminooxyacetate (AOA) was added
where indicated. Values shown are means of 3 separate experiments, +S.E.M.

: Rate of synthesis ’

l (nmol/min/mg protein)

Incubation |
: conditions } Control | +AOA
Y |  PEP Asp | PEP |Asp
| State 3 |
substrate: , ‘
Glu ‘ 0.5+0.1 109+06 | 24+03 | , |
Glu(NH;) 0.5+0.1 3.7+1.1 53£0.1 | 0 ‘
Pro 0.7£0.1 1.5+£04 0.6+0.1 | 0
Glu+Glu(NH;)| 03+0.1 | 122+02 20+0.7 | 0 !
FCCP+ oligomycin |
substrate: |
Glu { 43+09 | 9.1+05 10.1+1.1 0
Glu(NH;) 45+04 31+07 | 5.1+05 | O |
Pro | 2.1+0.1 0.1+0.1 | 25+01 | 0 |
| Glu+Glu(NH,) | 34406 | 120+02 | 93+02 | 0 |

On addition of uncoupler and oligomycin the rates of phosphoenolpyruvate
production were much higher than in state 3, although aspartate synthesis was prac-
tically unchanged (Table 2) with all the substrates used except proline. In the latter
case, formation of aspartate was inhibited. The increase in phosphoenolpyruvate
formation under uncoupled conditions was probably due to the fact that uncoupler
stimulates oxidation of amino acids (see Table 1) by increasing the flux through the
dehydrogenation pathway. When aminooxyacetate was included in the reaction
mixture, phosphoenolpyruvate formation was doubled in the presence of glutamate
and only slightly increased with glutamine or proline. This is in agreement with
lower rates of oxygen consumption with these two latter substrates.

Sources of energy for phosphoenolpyruvate formation in uncoupled mitochondria.
Under uncoupled conditions GTP required for phosphopyruvate carboxylase is
generated via the substrate level phosphorylation. Since ATP can provide GTP
via nucleoside diphosphate kinase (EC 2.7.4.6), the effect of exogenous ATP on the
rate of phosphoenolpyruvate formation was studied. Data presented in Fig. 2 in-
dicate that with glutamate and glutamine + glutamate, addition of ATP resulted
in a 459 decrease of phosphoenolpyruvate production. Inhibition of this process
by exogenous ATP was lower (about 20%) when glutamine or proline were used
as substrates. The results indicate that in the presence of added ATP less GTP is
utilized for phosphoenolpyruvate formation.

Ammonia and energy requirement for citrulline synthesis. Addition of aminooxy-
acetate to mitochondria in state 3, in contrast to phosphoenolpyruvate formation,
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Fig. 2. Effect of exogenous ATP on phosphoenolpyruvate synthesis in mitochondria incubated
with FCCP + oligomycin. Values shown are means from 3 experiments + S.E.M. Citrulline synthesis
in the absence (open bars) and in the presence (strippled bars) of 5 mM-ATP.

increased but slightly citrulline production with glutamate as substrate, and was
completely ineffective with other substrates (Fig. 3). However, when ammonium
chloride was included in the reaction mixture, citrulline synthesis was stimulated
about fourfold with glutamate and about twofold with proline or glutamate +
glutamine. This indicates that ammonia production is a limiting factor for the
formation of citrulline. Since aminooxyacetate did not affect citrulline synthesis
in the presence of glutamine it appears that production of ammonia by glutaminase
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Fig. 3. Synthesis of citrulline in mitochondria incubated in state 3 in the presence of aminooxy-

acetate and/or ammonium chloride. Values shown are means from 3 experiments + S.E.M. Strippled

bars, no additions; open bars, with 0.1 mm-aminooxyacetate; dotted bars, with 10 mM-NH,Cl;
solid bars, with 0.1 mm-aminooxyacetate+ 10 mmM-NH,CI.
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is sufficient to support citrulline formation when the ATP required for carbamoyl-
phosphate synthase (EC 2.7.2.5) is generated during glutamine oxidation.

Under conditions favouring citrulline formation, glucose 6-phosphate synthesis
decreased (Fig. 4). The lowest rate of glucose 6-phosphate synthesis was observed
in the presence of aminooxyacetate added together with ammonium chloride because
under these conditions energy was utilized for both citrulline and phosphoenolpy-
ruvate synthesis.

As it is shown in Fig. 5, addition of aminooxyacetate to mitochondria incubated
under uncoupled conditions resulted in a marked decrease of citrulline synthesis
even in the presence of ammonium chloride. Moreover, ammonium chloride alone
had no effect, indicating that ammonia production in the uncoupled mitochondria
is not rate-limiting. These observations suggest that inhibition of citrulline formation
on addition of aminooxyacetate might be due to a decreased generation of ATP
via the nucleoside diphosphate kinase. In order to check this hypothesis, concentra-
tion of ATP was determined in the incubation mixtures (Fig. 6). With no additions
made to the uncoupled mitochondria, ATP concentration was twice as high with
glutamate or glutamate + glutamine as with glutamine alone. On addition of ami-
nooxyacetate the ATP level was practically the same with all the substrates used,
and almost equal to that measured in the presence of glutamine alone.

Similar values were also obtained when aminooxyacetate was added together
with ammonium chloride. On the other hand, when ammonium chloride was inclu-
ded alternatively with glutamate or glutamate + glutamine (but not with glutamine),
ATP levels were higher than those found in the presence of aminooxyacetate. The
data presented show a correlation between citrulline formation and ATP level
(see Fig. 5).

0
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S
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S
S
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Pro Gla+ Gla (NH,)

Fig. 4. Glucose 6-phosphate production in mitochondria incubated in state 3 in the presence
of aminooxyacetate and/or ammonium chloride. Experimental conditions and symbols as in Fig. 3.

http://rcin.org.pl



J. BRYLA and OTHERS 1974

206
Sr
58 %7,
S|4 724
£° {
55 7
SE 8 sl /,"A//,
HEl 1/
58 7 %
SS 1+ VA 7 //// ¥
0 # ’ /—;—I_I_h 1 as gt el
Glu Glu (NH,) Glu +Glu(NH,)

Fig. 5. Citrulline synthesis in mitochondria incubated in the presence of FCCP + oligomycin,

with aminooxyacetate and/or ammonium chloride. Strippled bars, no additions; open bars, with
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Fig. 6. ATP content in mitochondria incubated in the presence of FCCP + oligomycin. Expe-
rimental conditions and symbols as in Fig. 5.
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and symbols as in Fig. 5.
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Since the data in Fig. 5 and 6 suggest that under uncoupled conditions generation
of ATP during oxidation of amino acids could be the rate-limiting factor, the rate
of citrulline synthesis was studied in the presence of 5 mM-ATP (Fig. 7). When no
additions were made to the mitochondria incubated with glutamate, citrulline
production was similar to that determined in the absence of ATP (see Fig. 1).
On the other hand, citrulline synthesis was stimulated on addition of ATP, about
sixfold with glutamine, even stronger with proline, but to a much lower extent with
glutamate + glutamine. This indicates limitation of citrulline synthesis by ATP
during oxidation of glutamine and proline.

Addition of aminooxyacetate in the presence of ATP practically did not affect
citrulline synthesis with any of the substrates studied. On the other hand, ammonium
chloride in the presence of ATP stimulated further citrulline formation with all the
substrates used. This effect was, however, much smaller when glutamate + glu-
tamine were used as precursors of ammonia. Since the increase of citrulline synthesis
on addition of ammonium chloride was much higher with proline (which is poorly
oxidized in mitochondria) than with glutamate + glutamine it seems likely that
in regulation of citrulline formation a transport phenomenon is also involved.

DISCUSSION

Data presented in this paper permit an evaluation of the various factors contri-
buting to the regulation of amino acid utilization in intact mitochondria respiring
in different metabolic conditions. These are: (i) availability of oxaloacetate for
phosphoenolpyruvate formation, (ii) generation of ammonia for citrulline production,
(iii) competition for energy between phosphoenolpyruvate and citrulline synthesis.

Oxaloacetate availability for phosphoenolpyruvate synthesis. It could be expected
that under our experimental conditions total oxaloacetate would be bound to malate
dehydrogenase, aspartate aminotransferase and phosphopyruvate carboxylase.
The content of oxaloacetate in guinea pig liver mitochondria incubated in the active
state is 10- 13 pm (Bryla, Fukami and Williamson, unpublished). K, values for
malate dehydrogenase, aspartate aminotransferase and phosphopyruvate carboxy-
lase are equal to 4x10~° M (Grimm & Doherty, 1961), 8.8 x10~5m (Henson &
Cleland, 1964) and 2x 105 -9x 10~°m (Ballard, 1970), respectively, i.e. they are
above the measured levels of intramitochondrial oxaloacetate. Thus, oxaloacetate
availability can be a limiting factor for phosphoenolpyruvate synthesis especially
when the transamination pathway of glutamate is active.

Inhibition of phosphoenolpyruvate formation in coupled mitochondria is due
to a much higher affinity of aspartate aminotransferase for intramitochondrial
oxaloacetate as compared with phosphopyruvate carboxylase. This indicates that
glutamate oxidation under these conditions proceeds mainly via the transamination
pathway (De Haan et al., 1967). Although uncoupler is known to switch the trans-
amination of glutamate to dehydrogenation (De Haan et al., 1967), in our hands,
however, the formation of aspartate was only about 109, lower than that measured
in state 3. Although it has been proposed that the transport of aspartate is energy-
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-dependent (LaNoue & Bryla, 1971), the efflux of aspartate from mitochondria
incubated with glutamate or glutamine could presumably proceed, since ATP levels
in the reaction medium containing FCCP + oligomycin were not lower than 2
nmol/mg protein (Fig. 6). The only exception was the lack of aspartate formation
in the presence of proline, poorly oxidized in mitochondria. In this case energy
generation could limit the transport of aspartate.

Under uncoupled conditions glutamate generated from amino acids is oxidized
via both the transamination and dehydrogenation pathways resulting in an increase
of phosphoenolpyruvate synthesis. This stimulation could be also due to a higher
intramitochondrial oxaloacetate concentration available for phosphopyruvate
carboxylase since in the uncoupled state the NADH level is lower than in state 3
(Bryla, Fukami and Williamson, unpublished). The maximal phosphoenolpyruvate
synthesis (up to about 10 nmol/min/mg protein, i.e. 0.6 pmol/min/g liver wet wt.)
takes place on complete inhibition of aspartate aminotransferase, as shown with
aminooxyacetate. This rate of phosphoenolpyruvate formation seems to be sufficient,
since according to Garber & Ballard (1970) production of approximately 1 pmol/min/g
wet wt. of tissue is required to support the gluconeogenic pathway.

Ammonia generation for citrulline production. The interrelationship between
glutamine metabolism and citrulline synthesis implies complex regulatory mechanisms
in nitrogen metabolism in mitochondria. Ammonia generated via glutamine deami-
dation in mitochondria incubated in state 3 is sufficient to support citrulline formation
in urea synthesis, when energy is provided exclusively from glutamine oxidation.
However, low permeability of liver mitochondria to glutamine might be a limiting
factor in production of ammonia. On the other hand, mitochondria show a high
ability to metabolize glutamine and respond readily to its increased concentration
over a wide range (Blackburn & Hird, 1972).

According to Papa et al. (1966) and De Haan et al. (1967) deamination of glu-
tamate in the coupled mitochondria is very low probably due to the inhibition of
glutamate dehydrogenase by a high NADPH/NADP™ ratio, and is stimulated on
addition of uncoupler. The K, for ammonia was found to be about 0.5 mm (Bryla
et al., 1973b,c). Assuming that ammonia penetrates easily through the mitochondrial
membrane (Chappell & Crofts, 1966), one can calculate that concentration of this
compound would not exceed 0.2 -0.4 mM and is doubled after incubation of the
uncoupled mitochondria for 20 min with glutamate and glutamine. Thus, it may be
concluded that ammonia production might limit the rate of citrulline synthesis in
the coupled mitochondria.

Data presented by Kovacevic (1971) suggest, however, that under physiological
conditions the transamination pathway does not predominate in the oxidation of
glutamate, as the rapid formation of acetyl-CoA keeps the oxaloacetate concentration
too low for substantial utilization by aspartate aminotransferase. This can be the
case during starvation when concentration of fatty acids is considerably increased.

Sources of energy for phosphoenolpyruvate and citrulline synthesis. GTP requirea
for phosphoenolpyruvate formation can be generated either via the substrate level
phosphorylation or from ATP via nucleoside diphosphate kinase. However, in agree-
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ment with our previous studies (Bryla et al., 1973a) the results presented in this paper
do not support the suggestion that the energy requirement for the mitochondrial
phosphoenolpyruvate production could be met by transphosphorylation from the
ATP pool (Garber & Hanson, 1971a,b). On the contrary, the addition of exogenous
ATP to uncoupled mitochondria resulted in a marked decrease of phosphoenolpy-
ruvate formation (Fig. 2).

In coupled mitochondria ammonia production rather than energy generation
seems to be a limiting factor for citrulline synthesis. On the other hand, when sub-
strate phosphorylation is the only energy source, under conditions favoring phospho-
enolpyruvate formation, citrulline production is inhibited due to a decreased gene-
ration of ATP. This conclusion is also supported by the following observations:
(i) no inhibition of citrulline synthesis occurred when exogenous ATP was added
(Fig. 7); (ii) the K, for ATP is rather low, about 2.1 mm (Bryla et al., 1973b,c); (iii)
the highest amounts of citrulline were produced in rotenone-inhibited mitochondria
when ATP and ammonium chloride were used as energy source and ammonia
donor, respectively (Graafmans ez al., 1968; Bryla et al., 1973b,c) Thus, one might
conclude that high rates of citrulline synthesis are maintained when energy is pro-
duced via both substrate level phosphorylation and oxidative phosphorylation.
When the substrate level phosphorylation is the only energy source, phosphopyruvate
carboxylase shows a much higher affinity than the nucleoside diphosphate kinase for
the intramitochondrial GTP, resulting in the inhibition of citrulline formation.
This is likely in view of the observation that elevated ADP levels inhibit the con-
version of GTP to ATP by nucleoside diphosphate kinase (Goffeau et al., 1967;
Colomb et al., 1969).

On the basis of the results presented it may be concluded that under physiological
conditions utilization of amino acids for phosphoenolpyruvate and citrulline syn-
thesis can proceed under conditions of high generation of both oxaloacetate and
energy.

We are very grateful to Professor John R. Williamson for making available the
fluorometer for ATP measurements and to Dr. P. Heytler for the gift of FCCP.
The excellent technical assistance of Mr. Z. Fra$ is acknowledged.
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WSPOLZALEZNOSC SYNTEZY FOSFOENOLOPIROGRONIANU I CYTRULINY
W MITOCHONDRIACH SWINKI MORSKIEJ

Streszczenie

1. Analogicznie jak wykazano poprzednio dla glutaminianu (Bryla i wsp., Biochim. Biophys.
Acta, 1973, 314, 411 - 417), w mitochondriach sprz¢zonych inkubowanych z glutamina i prolina
jako substratami obserwowano nieznaczna syntez¢ fosfoenolopirogronianu, poniewaz szczawiooctan
jest zuzywany glownie w reakcji katalizowanej przez aminotransferaz¢ asparaginowa. Z glutami-
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-

nianem i glutamina jako substratami zahamowanie syntezy asparaginianu przez aminooksyoctan
powodowalo 3 -6 krotny wzrost szybko$ci wytwarzania fosfoenolopirogronianu.

. W mitochondriach inkubowanych w staniec 3 z glutaming, prolina lub glutaminianem i
glutamma lacznie, synteza cytruliny jest niska wskutek niewielkiej szybkosci wytwarzania amoniaku.
Natomiast w obecnosci glutaminy jako substratu ilos¢ amoniaku powstajaca w reakcji katalizowanej
przez glutaminaze nie ogranicza syntezy cytruliny.

3. Synteza fosfoenolopirogronianu jest wigksza, gdy GTP powstaje w procesie fosforylacji
substratowej. Szybko$¢ wytwarzania GTP z egzogennego ATP w wyniku dzialania kinazy
nukleozydodwufosforanowej nie jest wystarczajaca dla zachowania maksymalnej syntezy fosfoeno-
lopirogronianu.

4. Po dodaniu FCCP i oligomycyny szybko$¢ syntezy cytruliny zalezy od poziomu wewnatrz-
mitochondrialnego ATP. Spadek ilosci ATP w $rodowisku reakcyjnym do 2,2 -2,5 nmola/mg
bialka powoduje prawie calkowite zahamowanie syntezy cytruliny, natomiast dodanie ATP przy-
wraca syntez¢ tego aminokwasu.

5. Wyniki wskazuja na istnienie wspolzawodnictwa o energie miedzy synteza fosfoenolopiro-
gronianu i cytruliny.

Received 19 December, 1973.
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LIDIA PASS, DOROTA STYCZYNSKA and KONSTANCJA RACZYNSKA-BOJANOWSKA

ANABOLIC AND CATABOLIC ROUTES OF ARGININE METABOLISM
IN B. SUBTILIS PRODUCING BACITRACIN

Biochemical Laboratory, Institute of Pharmaceutical Industry,
ul. Staroscinska 5; 02-516 Warszawa, Poland

1. Arginase and ornithine carbamoyltransferase are induced in B. subtilis during
forespore formation, and ornithine d-aminotransferase during development of spore
cortex or coat. 2. The activities of enzymes metabolizing ornithine in anabolic and
catabolic routes of arginine metabolism are negatively correlated with the bacitracin
formation, while the activity of arginase is not related to the synthesis of antibiotic.
3. Ornithine limits biosynthesis of bacitracin in the mutant with high activity of
ornithine d-aminotransferase but not in the strains with enzymic block in the J-trans-
amination step. 4. The size of the intracellular pools of amino acids and ornithine
does not depend on the extracellular proteolytic activity of the mutants, nor on the
effect of factors stimulating (glyoxylate) or inhibiting (acetate) the proteolytic activity.

Arginine occurs in polypeptide antibiotics rarely, however it serves as a general
donor of amidine group in biosynthesis of such antibiotics as streptomycin and
viomycin (Walker & Walker, 1967; Pas§ & Raczynska-Bojanowska, 1969). Besides,
ornithine is a very common constituent of microbial peptides (Katz, 1970), among
them of bacitracin. It has been recently suggested that the non-protein amino acid
constituents, e.g. ornithine and diaminobutyrate, regulate the formation of poly-
peptide antibiotics by inhibiting aminoacyl-tRNA synthetases which compete for
amino acids with the enzymes catalysing formation of antibiotics (Ito et al., 1970).

In the present paper it has been shown that biosynthesis of bacitracin may be
limited by the availability of ornithine. The activities of ornithine carbamoyltransfe-
rase (EC 2.1.3.3) and ornithine d-aminotransferase (EC 2.6.1.13) are negatively
correlated with the antibiotic-synthesizing ability of u.v. mutants of Bacillus subtilis.
Besides, high productive mutants of two strains of B. subtilis were found to be defi-
cient in ornithine J-aminotransferase. Induction of arginine metabolism in the
stationary phase of growth of B. subtilis has been referred to successive stages of
sporulation, and the size of ornithine pool to the proteolytic activities of the investi-

gated mutants.
http://f@§A.org.pl



214 L. PASS and OTHERS 1974

MATERIALS AND METHODS

Organism and culture conditions. The bacterial strains used in this study were
all derivatives of two B. subtilis isolates: 152 and A, obtained at this Institute. The
initial isolates and u.v. mutants of strain A differed in the ability to synthesize
bacitracin and extracellular protease. The antibiotic yield and proteolytic activity
in the 40 h cultures of strain /52, strain A4 and its eight u.v. mutants are presented
in Table 1.

Table 1
Production of bacitracin and extracellular protease in the 40 h cultures of B. subtilis
- strains
7 e { Bacitracin | Protease
‘ i, | (units/ml) (units/ml)
| - ' i
| 152 i 55 4150
| A [ 90 ‘ 4170
; u.v. mutants of A4: ‘
| p3s8 \ 78 1350
| . \usp5i 78 1030
p6 ‘ 78 1000
[ \
| rp77 ‘ 61 l 150
| 82 ‘ 55 j 550
| rp79 48 | 200
| rp49 17 | 1700
| 466 . 0.5 170

Microorganisms were grown in 500 ml Erlenmayer flasks on rotary shaker (240
rot./min) at 32°C for 40 h on the soluble complex medium containing: soya flour
extract, 59 ; starch, 2 %;; CaCO,, 1 %; MgS0,, 0.05%; MnCl,, 0.0002%; (NH,),SO,,
0.2%; pH 6.45.

Determination of growth and sporulation. The number of colony forming units
(c.f.u.) and that of the heat-resistant spores were estimated by the plate method,
the latter after heating the culture at 75°C for 30 min.

Determination of bacitracin. Bacitracin was determined according to Grove &
Randall (1955) by the cylinder-plate microbiological method using Micrococcus
flavus ATCC 10240 as a test organism. The bacitracin unit defined in W.H.O. Tech-
nical Report Series no. 384 (Genéve, 1968) corresponds to 30 pg of bacitracin.

Preparation of extracts. Each 8 h the contents of 3 fermentation flasks were
pooled, the bacterial cells were spun down at 12 000 rev./min for 30 min at 0°C,
and washed twice with cold water. The cells were suspended in 2 vol. of 0.05 m-
-Tris buffer, pH 7.0, sonicated in M.S.E. sonicator at 20 K¢ for 10 min, centrifuged,
and the obtained supernatant was used for the enzyme assay.

To extract the metabolites, 2 vol. of 109 (w/v) perchloric acid was added to the
washed cells and homogenized in a glass homogenizer. After centrifugation, the
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deproteinized supernatant was neutralized with 209, KOH and separated from po-
tassium perchlorate, which precipitated on 30 min standing in ice.

Enzyme assay. Arginase (EC 3.5.3.1) was determined according to Greenberg
(1955). The incubation mixture contained: L-arginine-HCIl, 5 pmoles; MnCl,,
0.05 pmole, and extract (about 5 mg protein) in 1 ml of 0.25 M-glycine-NaOH buffer,
pH 9.5. After 10 min incubation at 30°C the reaction was stopped by adding 1 ml
of 6 N-phosphoric acid and ornithine formed was measured after Chinard (1952).

Ornithine d-aminotransferase (EC 2.6.1.13) was assayed according to DeHauwer
et al. (1964). The incubation mixture contained: ornithine-HCI, 20 pmoles; «-keto-
glutarate, 20 pmoles; pyridoxal phosphate, 50 pg: o-aminobenzaldehyde, 0.2 mg,
and extract (about 15 mg protein) in 3 ml of 0.05 m-triethylamine buffer, pH 8.5.
After 30 min incubation at 30°C the reaction was stopped by adding 1 ml of 10%
trichloroacetic acid and the extinction of the formed coloured complex was measured
at 430 nm; a unit has been defined as that amount of the enzyme, which produces
formation of the product resulting in 4E;54 »m=0.001.

Ornithine carbamoyltransferase (EC 2.1.3.3) was determined after Jones et al.
(1962). The incubation mixture contained: carbamoylphosphate lithium salt,
50 pmoles; L-ornithine-HCI, 50 pmoles, and extract (about 5 mg protein) in 0.5 ml
of 5 mm-Tris buffer, pH 8.5. After 15 min incubation at 30°C, 1 ml of 5% trichlo-
roacetic acid was added and citrulline was determined according to Archibald
(1944).

Alkaline phosphatase (EC 3.1.3.1) was determined after King & Wootom (1956),
glucose-6-P-dehydrogenase (EC 1.1.1.49) and isocitrate dehydrogenase (EC 1.1.1.42)
after Kornberg & Horecker (1955) and Kornberg (1955), respectively, at 30°C.

Extracellular protease was estimated in the cell-free supernatant obtained on cen-
trifugation at 12 000 rev./min for 30 min at 0°C. The incubation mixture contained:
2.9 ml of 19 casein in 3.0 ml of 0.4-glycine-NaOH buffer, pH 11, and 0.1 ml of
supernatant suitably diluted (100 - 1000 units). After 40 min incubation at 40°C,
3 ml of 109, HCIO, was added and the extinction measured at 280 nm in the depro-
teinized solution. One enzymic unit was defined as that amount of the enzyme which
produces 4E,gq ., =0.001, equivalent to 3.2 nmoles of tyrosine.

Determination of amino acids. The amino acid fraction was separated on Amberlite
IR-120 (H*) from the neutralized perchlorate extracts of the cells and media. The
pool of free amino acids was estimated by the Rosen ninhydrin method as modified
by Alberti & Bartley (1963). The amount of bound amino acids was determined
by the same method after hydrolysis in 6 M-HCI at 120°C for 18 h.

Arginine was assayed enzymically after Greenberg (1955), with arginase prepared
from rat liver according to Schimke (1964); the preparation contained 250 units/ml.
Ornithine, formed in the reaction, was estimated according to Chinard (1952).

Proline was separated from ornithine on permutit (50 mg/umol) and estimated
by the method of Wren & Wiggal (1965). Ornithine adsorbed on permutit was elu-
ted with 1 M-NaOH (2x 1 ml) and determined subsequently by the same method.

Citrulline was assayed according to Archibald (1944) and glutamate enzymically
with glutamate dehydrogenase after Bernt & Bergmeyer (1962).
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216 L. PASS and OTHERS 1974

The results of amino acid assays were expressed in pmoles per gram wet weight
obtained on 30 min centrifugation of bacterial cultures at 12 000 rev./min.

Determination of protein. Protein was estimated according to Lowry (Layne, 1957).

Materials. Glutamate dehydrogenase (20 mg/ml), glucose-6-phosphate disodium
salt, carbamoylphosphate lithium salt and NAD* were products of C.F. Boehringer
(Mannheim, G.F.R.). Amino acids: L-ornithine-HCl, vr-arginine and pyridoxal
phosphate were from Calbiochem (Lucerne, Switzerland). Tris was a product of
A. G. Fluka (Buchs, Switzerland), and ninhydrin of VEB Laborchemie APOLDA
(Berlin). Permutit Q was from Permutit (New York, U.S.A.), casein (soluble) from
B.D.H. (Poole, Dorset, England). Other reagents were from Fabryka Odczynnikéw
Chemicznych (Gliwice, Poland).

RESULTS

Arginase, ornithine J-aminotransferase and ornithine carbamoyltransferase in
biosynthesis of bacitracin

The affinity of ornithine carbamoyltransferase for ornithine, expressed in K,
values (4.2 x 10~ M) was by about two orders of magnitude higher than the affinity
of both catabolic enzymes: ornithine d-aminotransferase and arginase towards their
substrates (K,, 3.3x10"%*m and 6.6 x 10-* M, respectively).

To examine the relation of arginine metabolism to biosynthesis of bacitracin
we have referred the activity of these three enzymes to sporogenesis since in B. subtilis
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Fig. 1. Growth, sporulation, protease activity and bacitracin formation in B. subtilis, strain A.
Bacitracin assayed with Micrococcus flavus ATCC 10240, and protease following 40 min incubation
at 30°C in 0.4 m-glycine buffer at pH 11.0. Definition of units as described in Methods.
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formation of peptides showing antibiotic activity is intimately connected with this
development stage (Schaeffer, 1967; Mandelstam & Waites, 1968). The period at
which arginase, ornithine carbamoyltransferase and ornithine d-aminotransferase
were induced was designated by means of enzymic markers correlated by Warren
(1968) with the successive morphological stages of sporulation in B. subtilis.

Traces of extracellular protease and bacitracin, characteristic for initiation of
sporogenesis, were observed in B. subtilis under our experimental conditions prior
to 8 h of growth (Fig. 1). Synthesis of both these extracellular products extended to
the late stages of sporulation, as indicated by the release of the heat-resistant spores.
Induction of arginase (tenfold) and ornithine carbamoyltransferase (sevenfold)
took place at the early stages of sporulation, i.e. during the forespore formation,
following the induction of extracellular protease and alkaline phosphatase. Degra-
dation of ornithine by ornithine d-aminotransferase was induced (tenfold) distinctly
later as indicated by the activity of glucose-6-phosphate dehydrogenase and the appe-
arance of heat-resistance of developing spores. The induction of this enzyme took
place therefore at stage V during development of spore coat.

The results of induction studies presented in Fig. 2 refer to mutant 4/66 producing
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Fig. 2. Induction of arginine metabolism during growth of B. subtilis, mutant A/66. The activities

of ornithine carbamoyltransferase ([]) and arginase (O) expressed in nmol/mg protein/min, and

that of ornithine d-aminotransferase (/) in units/mg protein/min. Data concern 3 experiments,

each involving 3 separate cultures. Successive stages of sporulation were marked by estimating

induction of protease, alkaline phosphatase (Alk. P-ase), 6-P-glucose dehydrogenase (6-P-GDH)

and the appearance of heat-resistant spores according to Warren (1968). The assay procedures
described in Methods.
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low yield of bacitracin since it has been found that strain /52 and strain 4 which
synthesize high amounts of antibiotic are deficient in ornithine d-aminotransferase.
This indicated that genetic block in degradation of ornithine by ornithine d-amino-
transferase could enhance bacitracin formation by sparing ornithine pool for the
synthesis of antibiotic. To check this supposition ornithine was added in the post-
logarithmic phase of growth to the 16 h cultures of strain 4 deficient in ornithine
J-aminotransferase and to the cultures of mutant 7p49 showing high activity of this
enzyme. It was found that in the latter cultures the addition of ornithine resulted
in an about twofold stimulation of bacitracin formation, but was ineffective in the
case of high productive strain 4 blocked in the ornithine J-transamination step
(Table 2).

Table 2
Effect of ornithine on bacitracin formation in B. subtilis

In the 40 h cultures, bacitracin was determined in the medium and ornithine in the extracts of
sonicated cells, as described in Methods. Mean values from 3 separate experiments are given.

re Bacitracin
o : O;T;;h;ne = 1 Ornithine
rganism e : [
units/ml | % | (umol/g wet wt.)
Rl i e ) oy el
Strain A4 (high-productive) — (7 100 0.090
30 64 83 0.540
50 76 99 0.520
Mutant rp49 — 22 100 0.068
(low-productive) 10 28 127 0.088

30 42 190 0.120

v

This different response cannot be ascribed to the differences in permeability of
ornithine since the addition of ornithine (30 mm) resulted in only twofold increase
in the intracellular concentration of this amino acid in mutant rp49 and fivefold in-
crease in strain A.

The role of ornithine d-aminotransferase in regulation of ornithine pool available
for the synthesis of the antibiotic is confirmed by a highly significant negative corre-
lation coefficient (—0.78) between the activity of ornithine d-aminotransferase and
antibiotic yield in B. subtilis strain A and its eight u.v. mutants (Table 3). The corre-
lation between the activity of ornithine carbamoyltransferase and the antibiotic
formation was also negative, the correlation coefficient being —0.92. This indicates
contribution of both enzymes, metabolizing ornithine in different metabolic pathways,
in the withdrawal of this amino acid from the metabolic pool used for antibiotic
synthesis. It should be noted that the activity of arginase was not correlated with
antibiotic-synthesizing ability of the investigated mutants (corr. coeff. —0.02).

The deficiency of ornithine d-aminotransferase in strain A producing high yield
of bacitracin resulted in lower accumulation of glutamate and proline in the cells
as compared with A4/66 synthesizing a trace amount of the antibiotic (Fig. 3). The
importance of catabolic pathway of arginine metabolism in the synthesis of proline
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Fig. 3. Intracellular concentration of glutamate and proline in B. subtilis mutants: strain A (solid
line) and mutant A/66 (broken line). Glutamate (O) determined enzymically and proline ([J) colo-
rimetrically with ninhydrin following adsorption of ornithine on permutit in the perchlorate extract
of the cells. The results are means of 4 experiments involving 3 separate cultures.
Fig. 4. The pool of free (O) and bound ([]) amino acids in B. subtilis strain A (solid line) and
mutant A/66 (broken line). The amino acids were separated on Amberlite IR-120 and estimated
by the ninhydrin method prior to and after acid hydrolysis (see Methods). The results are means of
4 experiments involving 3 separate cultures.

Table 3

Correlation between bacitracin formation and arginine metabolism in strain A and
its eight u.v. mutants

Correlation coefficients between antibiotic yield and enzymic activities refer to 40 h cultures. In

calculation of correlation coefficients between yield and amino acid concentration, the increase of

the respective pools between 16 and 40 h of growth, paralleling bacitracin formation, was taken into
account. Enzymic activities, amino acids and bacitracin were determined as described in Methods.

l Aniibioti ) id Correlation |
niibiotic : enzymes or amino acids caetfioidnt

Bacitracin : arginase . | —0.02

| Bacitracin : ornithine Jd-aminotransferase ‘ —0.78
Bacitracin : ornithine carbamoyltransferase —0.92
Bacitracin : ornithine —0.27

| Bacitracin : glutamate —0.90 ‘

| Bacitracin : proline | —0.76 |

and glutamate in B. subtilis mutants is confirmed by a high positive correlation
coeflicient between the'activity of ornithine J-aminotransferase in the 40 h cultures
and the increase in concentration of glutamate (corr. coeff. +0.85) and proline
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220 L. PASS and OTHERS 1974

(corr. coeff. +0.74) in cultures between the 16 and 40 h. This interrelation results
in negative correlation between bacitracin synthesis and the net formation of glu-
tamate and proline in B. subtilis mutants, during postlogarithmic phase of growth
(Table 3).

Proteolytic activity and the intracellular pool of amino acids and ornithine

In view of the possible limitation of bacitracin biosynthesis by ornithine the size
of intracellular ornithine pool was determined and the interrelation between the
total pool of amino acids and the extracellular proteolytic activity was examined.
The pool of free amino acids (Fig. 4) increased rapidly 20-30 times, throughout
the whole growth period, both in strain 4 showing high proteolytic activity and
producing high yield of bacitracin, and in the low productive mutant 4/66 in which
proteolytic activity was about 1/30 of that found in strain 4. The amount of bound
amino acids other than bacitracin was distinctly higher in mutant 4/66.

Concentration of arginine, ornithine and citrulline, similarly as the total amino
acid pool, increased in the logarithmic and postlogarithmic phase of growth (Fig. 5).
Concentration of citrulline and ornithine in strain 4 and mutant 4/66 was practically
the same up to 32 h of growth. The differences were only observed in the late 40 h
cultures in which concentration of citrulline in mutant 4/66 was twice as high as,
and that of ornithine half that, in strain A.

S
=)
o

Arginine Ornithine Citrulline

S
=2
I

S
BN
I

S
N
I

Amino acid (umol/g wet wt.)
S )
-~ <
I I

1 1

| 1 | 1
SR SIBRRYoAl N 20 AN B 2. 82 40
Time of growth (h)

S

Fig. 5. Intracellular concentration of arginine, ornithine and citrulline in B. subtilis strain A (solid
line) and mutant 4/66 (broken line). The results are means of 4 experiments involving 3 separate
cultures.

It was found that the size of total pool of free amino acids and that of ornithine
measured in eight u.v. mutants was neither correlated with proteolytic activity nor
with bacitracin-synthesizing ability (Table 4).

This lack of relation between proteolytic activity and the bacitracin formation
was confirmed in the experiments with strain 4 when proteolytic activity was stimu-
lated by glyoxylate or inhibited by acetate (Table 5); both these compounds were
found to be the effective agents changing proteolytic activity of B. subtilis. Acetate and
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Table 4
Correlation between proteolytic activity, bacitracin synthesis and amino acid pool
in strain A and its eight u.v. mutants

Correlation coefficients between protease activity and bacitracin yield refer to 40 h cultures. Calcu-
lation of coefficients between activity of protease and concentration of amino acids as in legend
to Table 3. Determinations of protease, bacitracin and amino acids were performed as described

in Methods.
} P s Bt : 3 Correlation .
“ rotease : bacitracin or amino acids coefficient |
| Protease : bacitracin { +0.47 1
Protease : amino acid pool +0.28 |
| Protease : ornithine 1 —0.046
Table §

Effect of glyoxylate and acetate on the intracellular amino acid pool and proteolytic
activity in B. subtilis strain A

Glyoxylate or acetate were added to 16 h cultures. Bacitracin yield, protease activity and amino
acids were determined in 40 h cultures as described in Methods. Mean values of 3 separate experiments

are given.

' Amino acid pool (umol/g wet wt.) \
Bacitracin | Protease | o ‘
Addition : {0 J Total ‘ ,
i (units/ml) (umts/ml)‘——! Arg ' Orn | Citr | Pro |
| | free |bound| ‘ !
i | ‘ﬁ-A—V ||
None i 80 2900 ’ 64 | 17 0.26 | 0.18 | 0.37 | 0.46 |
Glyoxylate \ ‘ i ‘

‘ 25 mMm 15 5870 ‘ 72128 0.30 | 0.16 | 0.30 | 0.54
50 mm 4 8250 | 72 30 ; 0.17 | 0.18 | 0.40 | 0.61 !
Acetate I i ‘ | |
100 mm | 72 150 | 105 0 | : 1 |

Table 6

Effect of glyoxylate on arginine metabolism and isocitrate dehydrogenase activity
in B. subtilis strain A
Glyoxylate and ornithine were added in concentration of 50 mm to 16 h cultures. Bacitracin yield,
arginase and isocitrate dehydrogenase activities and amino acid concentration were determined
in 40 h cultures. Mean values of 3 separate experiments are given.
|

‘ i Activity Concentration
} ; Bacitracin (umol/mg protein/min) ’ (umol/g wet wt.)
‘ Addition a3 :
| (%) . . Isocitrate
Arginase | dehydrogenase Arg Orn
None 100 0.10 0.024 0.20 0.09
Glyoxylate 2 0.04 0.003 0.35 0.07
Ornithine 110 0.35 0.021 0 0.52
Glyoxylate + .
ornithine 2 0.13 | 0.004 0.20 0.50
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glyoxylate were added at the early phase of postlogarithmic growth. Data presented
in Table 5 show that an about threefold increase in proteolytic activity caused by
glyoxylate had no effect on the intracellular pool of free amino acids; the pool
of bound amino acids was slightly increased. An about twentyfold decrease in pro-
teolytic activity caused by acetate was associated with a slight increase in the size
of free amino acid pool and a decrease in concentration of bound amino acids to
non-detectable amounts. The changes in proteolytic activity were not reflected in
concentration of arginine, citrulline or proline. Acetate did not affect antibiotic
yield, while glyoxylate decreased drastically bacitracin formation. Moreover, it
has been demonstrated (Table 6) that glyoxylate diminished the activity of arginase
and isocitrate dehydrogenase, but restoration of arginase activity and the increase
of intracellular ornithine pool by ornithine (50 mm) added simultaneously with
glyoxylate in equimolar concentration, did not abolish the glyoxylate effect on baci-
tracin formation. Inhibition of antibiotic synthesis by glyoxylate is thus independent
from its effect on proteolytic activity.

DISCUSSION

The presented results indicate that biosyntheis of bacitracin may be limited
by the availability of ornithine. This limitation, however, was observed only with
the low productive u.v. mutant showing high activity of ornithine d-aminotransferase.
The addition of 30 mMm-ornithine to the cultures of the mutant doubled biosynthesis
of bacitracin, whereas even 50 mm-ornithine was without effect on the yield of the
high productive strain 4 with the genetic block in ornithine d-aminotransferase.

The role of ornithine d-aminotransferase in regulation of the antibiotic synthesis
was confirmed by a highly significant negative correlation between the activity of
this enzyme and bacitracin yield in eight u.v. mutants of B. subtilis. Moreover,
a similar high negative correlation has been found between the yield of bacitracin
and the activity of ornithine carbamoyltransferase. This suggests that both anabolic
and catabolic routes of arginine metabolism deplete ornithine pool used for baci-
tracin formation. In connection with these results it should be noted that the total
intracellular ornithine pool is not related to the bacitracin-synthesizing ability
(corr. coeff. —0.27). This might indicate compartmentation of the ornithine pool,
as it was postulated for arginine by Davis (1968).

Diaminobutyric acid, another non-protein amino acid, has been found to be
a limiting factor in biosynthesis of colistin. The addition of this amino acid to the
cultures of B. colistinus Koyama at concentration of 80 mm doubled colistin synthesis
(Ito et al., 1969; 1970). However, as no data are available on regulation of the syn-
thesis and degradation of this constituent of colistin, no further comparison can
be made with our results.

The interrelationship between arginine metabolism and bacitracin formation
is also confirmed by the induction in B. subtilis of all three investigated enzymes of
arginine metabolism in the postlogarithmic phase of growth during which baci-
tracin is formed. It is of interest that induction of arginase, the catabolic enzyme,
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and carbamoyltransferase, the anabolic enzyme, are coincident and precede induc-
tion of ornith‘ne d-aminotransferase, which takes place in the later stages of sporu-
lation during the appearance of heat-resistant spores. The mechanism of this delay
in the induction of ornithine d-aminotransferase has not been elucidated. The com-
mon genetic control of anabolic and catabolic enzymes of arginine metabolism has
been postulated by Wiame (1970) in yeasts and by Cybis et al. (1972) in Aspergillus
nidulans. A different regulatory system of arginine metabolism has been found in
B. licheniformis. The arginine catabolic pathway in this organism is induced during
sporogenesis (Laishley & Bernlohr, 1968). The three “sporulation enzymes™: arginase,
ornithine J-aminotransferase and A4-pyrroline-5-carboxylate dehydrogenase, are
derepressed by arginine and are under catabolite repression control. In contrast to
catabolic pathway, the maximum activity of ornithine carbamoyltransferase is
observed in the vegetative cells. During sporulation this enzymic activity is only
about half that found in the vegetative cells. Arginine was found to be a repressor
of carbamoyltransferase (Ramaley & Bernlohr, 1966). The differences found in the
control of arginine metabolism in two sporulating bacilli, B. subtilis and B. licheni-
Sformis, are worth mentioning.

The correlation between arginine metabolism and bacitracin yield in B. subtilis
is not affected by the extracellular proteolyt'c activity. The intracellular pool of
free amino acids in the investigated strains differing in proteolytic activity is not
significantly differentiated. The induction of this activity by glyoxylate or repression
by acetate had no effect on the amino acid pool. These results are at variance with
the suggestion that production of protease is related to sporulation and protein
turnover (Mandelstam & Waites, 1968; Schaeffer, 1969; Hageman & Carlton,
1973) and confirm the conclusion of Slapikoff er al. (1971) that sporulation of B.
brevis is accomplished without production of detectable amounts of extracellular
protease and does not require extensive protein turnover. It seems that more and
more evidence is accumulating pointing to the lack of relation between sporulation
and antibiotic synthesis (Haavik & Thommassen, 1973).
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ANABOLICZNA 1 KATABOLICZNA PRZEMIANA ARGININY U B. SUBTILIS
SYNTETYZUJACEGO BACYTRACYNE

Streszczenie

1. Arginaza i karbamoilotransferaza ornitynowa sa indukowane we wczesnym stadium spo-
rogenezy, a transaminaza ornitynowa podczas tworzenia okrywy spor.

2. Aktywnos$¢ enzymdéw metabolizujacych ornityne w anabolicznej i katabolicznej przemianie
argininy sa ujemnie skorelowane z synteza bacytracyny, podczas gdy synteza antybiotyku nie za-
lezy od czynnosci arginazy.

3. Ornityna ogranicza syntez¢ bacytracyny u nisko produkcyjnego mutanta wykazujacego
wysoka czynno$¢ transaminazy; wplywu tego nie obserwowano u szczepoéw wysokowydajnych
z blokiem w transaminazie J-ornitynowe;j.

4. Wielkoé¢ puli wewnatrzkomérkowych aminokwasoéw nie zalezy od czynnosci pozakomor-
kowej proteazy u mutantéw ani od wplywu czynnikow zwigkszajacych (glioksalan) lub hamujacych
(octan) czynno$¢ proteolityczna.
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The neutral protease from calf thymus chromatin was purified 1800-fold, and was
found to be homogeneous on acrylamide-gel electrophoresis. pH optimum for the
enzyme is about 8.5 with total histone as substrate. The enzyme hydrolyses prefe-
rentially histones (all five fractions at a similar rate) and basic ribosomal proteins. It has
no trypsin or chymotrypsin-like esterase activity and does not degrade S-naphthyl-
amides of alanine, glycine, arginine, lysine and histidine. Activity of the enzyme is
not inhibited by chelating or thiol-blocking agents, nor by sodium bisulphite. The
enzyme has a molecular weight 15 400+ 1000.

Furlan & Jericijo (1967a,b) have described some of the properties of a neutral
protease found in calf thymus nuclei. They suggested that the enzyme occurs exclu-
sively in nucleus as a component of nucleoprotein complex. A similar and most
probably the same enzyme has been found by Bartley & Chalkley (1970) in nucleo-
histone preparations from cells of calf thymus, lung and intestine and from mouse
Ehrlich ascites tumour. The presence of a neutral protease has been also demonstra-
ted in chromatin preparations from calf thymus (Kurecki et al., 1971), hog lung,
spleen and kidney (Kurecki et al., 1972), and rat liver (Garrels et al., 1972). A cha-
racteristic feature of the chromatin enzyme is its ability to degrade only two (fI
and f3) out of the five histone fractions when they are part of nucleohistone or chro-
matin complex (Furlan e al., 1968; Bartley & Chalkley, 1970; Kurecki ez al., 1971).

A neutral protease has been isolated from rat liver chromatin and purified 20 - 30
fold by Garrels er al. (1972). The procedure of isolation and partial purification
(about 50-fold) of neutral protease from calf thymus chromatin has been also de-
scribed by us (Kurecki & Toczko, 1972).

In the present paper the procedure of isolation of highly purified (about 1800-
-fold) enzyme preparation from calf thymus chromatin is described and some data
on its catalytic and molecular properties are given.

* This work was partly supported by the Committee of Biochemistry and Biophysics, Polish
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MATERIALS AND METHODS

Material. Calf thymus was isolated immediately after slaughtering of the animals,
frozen in solid CO, and stored at —20°C for not longer than 2 weeks.

Crude enzyme preparation. Calf thymus (300 g) free of connective tissue was
cut into small pieces and homogenized in a mixer for 2 min with 1000 ml of homo-
genization solution (0.075 M-NaCl in 0.024 Mv-EDTA, pH 8.0). The homogenate
was filtered through 4 layers of cheese-cloth and centrifuged at 1500 g for 15 min,
the sediment suspended in 1000 ml of homogenization solution and centrifuged
as above. The obtained sediment was resuspended and washed three times with
1000 ml portions of 0.05 M-Tris-HCI buffer, pH 8.0, and centrifuged each time at
1500 g for 15 min. After the last centrifugation, the crude chromatin preparation
was suspended in 500 ml of 0.01 M-Tris-HCI buffer, pH 8.0, to which 1.5 M-NaCl
solution was added dropwise, with continuous stirring, to the final concentration of
0.15 M. The suspension was stirred for another 30 min, centrifuged, and the sediment
was collected.

For separation of the dissociated protease and histones from the remaining nucleo-
protein complex, extraction with cold HCI was used, which had been found by Ku-
recki et al. (1971) to be more convenient than NaCl extraction. To the above sedi-
ment, 300 ml of cold 0.25 M-HCI was added dropwise during 4 - 5 min with conti-
nuous and vigorous stirring and the suspension was centrifuged at 2000 g for 10 min.
The clear supernatant was immediately adjusted to pH 4.5-4.7 with 2 M-NaOH.
To this solution 4 volumes of acetone cooled to —20°C were slowly added, with
continuous stirring, and after 30 min in a cold-room centrifuged at 1000 g for 10 min.
The precipitated protein was suspended in 200 ml of cold acetone, filtered on Buchner
funnel, washed with two 100 ml portions of acetone and dried, first in a stream of
air and then in vacuo over KOH.

Chromatography on Sephadex G-75. The crude enzyme preparation, 2 g, was
dissolved in 30 ml of 0.5M-NaCl in 0.01 m-acetate buffer, pH 4.2 (buffered salt
solution) and centrifuged at 3000 g for 10 min. The clear supernatant was applied
on Sephadex G-75 column (50 x 4.5 cm, ¥, 700 ml) equilibrated with the buffered
salt solution, and the elution was conducted with the same solution at a rate of 50 - 60
mli/h. The eluate was collected in 10-ml fractions and assayed for protein content and
enzyme activity. Fractions containing the protease (eluted at 0.52-0.68 V./V,)
were pooled and mixed with 4 volumes of cold acetone (—20°C), left for 1 hour in
a cold-room and then centrifuged at 2000 g for 10 min. The sediment was washed
with a small volume of acetone, centrifuged as above and dried in vacuo over KOH.

Autolysis. The obtained preparation, 500 mg of protein, was dissolved in 15 ml
of 0.1 m-Tris-HCI buffer, pH 8.0, and dialysed for 9 h against 2 litres of 0.025 M-
Tris-HCI buffer, pH 8.0, at 37°C, then centrifuged at 5000 g for 10 min, and the
clear supernatant was fractionated on a Sephadex G-75 column (65x2.0 cm, V,
190 ml). The pooled active fractions were further processed as described above.

Preparative electrophoresis. Electrophoresis was conducted in the Porath appa-

ratus (LKB, Sweden). The protease preparation, 5.0 ml, containing 2.5 - 5.0 mg/ml
Ff’ttp:/?ch.org.pfn
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of protein in 0.1 m-acetate buffer, pH 4.0, was applied to the column filled with
Sephadex G-50 (200 ml), then the column was washed with 10 ml of 0.1 M-acetate
buffer, pH 4.0. Electrode vessels were filled with the same buffer and electrophoresis
was run for 12 h at 500 V. (30 - 40 mA). After electrophoresis the protein was eluted
from the column with 0.1 M-acetate buffer, pH 4.0, in 3-ml fractions at a rate of
25 ml/h. The fractions containing the enzyme were pooled, dialysed overnight against
deionized water and lyophilized. The obtained preparation was used for determina-
tion of molecular weight and catalytic properties.

Determination of enzyme activity. To 0.5 ml of enzyme solution, 0.4 ml of 0.5%
histone (or another protein) in 0.1 M-Tris-HCI buffer, pH 8.0, and 0.1 ml of Tris-HCI
buffer, pH 8.0, were added and incubation was carried out at 37°C. After 6 h
2 ml of 209 trichloroacetic acid (TCA) was added and the mixture centrifuged at
3000 g for 10 min. In control assays, the components of incubation mixture were
added to 2 ml of 209 TCA. In 1 ml of the supernatant, the protein degradation
products were determined by the method of Lowry er al. (1951) except that for
neutralization of the TCA present in the sample, 2% NaCO; in 0.3 M-instead of in
0.1 M-NaOH, was used.

For activity measurements, the enzyme solution was diluted to such an extent that
the formed products gave an extinction at 660 nm exceeding that of control by
0.150 - 0.250. One enzyme unit was defined as that amount of enzyme protein which
gave an amount of peptides equivalent to 1 pmol of tyrosine.

Activity toward f-naphthylamide derivatives of amino acids was determined
colorimetrically as described by Goldbarg & Rutenburg (1958). Incubation was
carried out for 1 h at 37°C with 0.4 mg/ml of substrate in 0.1 M-Tris-HCI buffer, pH
8.0. Activity toward methyl ester of p-toluenesulphonyl-L-arginine (TAME) was
determined by the method of Hummel (1959) and toward ethyl ester of benzoyl-L-
tyrosine (BTEE) by the method of Laskowski (1955). Incubation with 0.01 M-sub-
strates was performed in 0.05 M-Tris-HCI buffer, pH 8.0, for 30 min at 37°C.

Effect of activators and inhibitors. The enzyme solution in 0.1 M-Tris-HCI buffer,
pH 8.0, was preincubated for 10 min at 37°C with the appropriate compound, then
the activity was determined using total histone as substrate. In the control sample,
the enzyme solution was preincubated with 0.1 M-Tris-HCI buffer, pH 8.0.

Polyacrylamide-gel electrophoresis. This was performed by the method of Bonner
et al. (1968) and of Johns (1967). To each gel 20 - 100 pg of protein were applied
in a volume up to 100 pl. Gels were stained with 0.1 % Amido Black in 7% acetic
acid, destained by exhaustive washing with 7% acetic acid, then scanned using an
ERJ 65 densitograph (Carl Zeiss, Jena, G.D.R.).

DNA determination. DNA in chromatin was determined according to Munro &
Fleck (1966) assuming that one E,¢, unit is equivalent to 44.3 pg of DNA.

Protein determination was made by the method of Lowry et al. (1951) with
bovine serum albumin as a standaid.

Molecular weight determination. Approximate molecular weight was estimated
by gel filtration on Sephadex G-75 column (40 x 1.5 cm). ¥, was estimated using
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Dextran Blue 2000 and the relation between K, and molecular weight, using lyso-
zyme and histone f/ as standards. The column was equilibrated with 0.5 M-NaCl
in 0.01 m-acetate buffer, pH 4.2, and eluted at a rate of about 25 ml/h.
Reagents. Sephadex G-75 was obtained from Pharmacia (Uppsala, Sweden);
acrylamide, N,N-bisacrylamide, and TEMED were from Serva (Heidelberg, G.F.R.);
synthetic substrates (TAME and BTEE) and pancreatic ribonuclease were from
Koch-Light Lab. (London, England), Tris from Fluka AG (Buchs SG, Switzerland),
bovine serum albumin from Michrome (London, England), haemoglobin and casein
from Merck (Darmstadt, G.F.R.), and egg white lysozyme from Reanal (Budapest,
Hungary). Total histones were prepared from calf thymus according to Bonner ef al.
(1968). Histone f1 was isolated from calf thymus by the method of Johns (1964).
Basic ribosomal protein was prepared from rat liver as described by Staron et al.
(1971). Other reagents were from Polskie Odczynniki Chemiczne (Gliwice, Poland).

RESULTS

The results of purification of chromatin protease at particular stages are summa-
rized in Table 1.

The crude HCl-extract from chromatin contained 12 - 15 mg/ml of protein with
specific activity of 0.028 unit per mg. Analysis of activity in pH range 2.0 - 10.0
showed practically no contamination by acid protease(s).

Table 1

Purification of protease from calf thymus chromatin

Data of purification procedure were calculated per 1 kg of fresh calf thymus. The polyacrylamide-gel
electrophoretic patterns obtained at the successive stages of purification, are also presented.

Activity | :
o Protein . Purifi- | Yield | Densito-
Purification step (mg) total specific Sation (% meter
(units) | (units/mg) s scans
I e
Crude enzyme
preparation 20 000 560 0.028 1.0 100 J X

Sephadex G-75 chroma-
tography (fractions ‘
0.52-0.68 V./V,) 900 440 0.49 18

Autolysis and Sephadex \ '

G-75 chromatography

|
i
!
i
[
(fractions 0.42 - 0.62 ! /‘ vl
Vel Vi) 9.8 293 299 4 1092 |, 6 52 2
|

? |

Preparative | ‘
electrophoresis 2.4 122 50.8 | 1814
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It has been shown previously (Kurecki & Toczko, 1972) that Sephadex G-75 gel
filtration of the crude enzyme extract removed about 959 of inactive protein,
the degree of purification at this step being about 20-fold.

A further, very efficient step, which gave an about 50-fold purification, consisted
in autolysis at 37°C and pH 8.0 for 9 h, with simultaneous dialysis, and separation
of autolysis products on Sephadex G-75 column (Fig. 1). The molecular weight
of the bulk of the products formed was smaller than that of the enzyme, which made
possible easy separation of the enzyme.

The obtained enzyme preparation resolved on electrophoresis into two protein
peaks, the protease activity being located in the peak showing higher mobility (Fig. 2).
After this last step, a 1800-fold purification was achieved as compared with the crude
enzyme, with the overall yield of enzyme of 20 %,.

Polyacrylamide-gel electrophoresis patterns at successive stages of protease
purification are included in Table 1. The densitogram of the final preparation shows
the intensive and relatively broad band of smaller mobility than that of the slowest
migrating histone f/. Considering the degree of purification of enzyme it can be
assumed that this band represents the protease. It was not visible at the first two
stages of purification when histones still formed the dominating bands.

Properties of chromatin protease

For studying the properties of the enzyme, the purified preparation was used.
The effect of pH on protease activity was measured with total histone from calf
thymus as substrate (Fig. 3). The enzyme was most active at about pH 8.5. The

25 -
1.8 n
20 - 16
~
3 A AN N 17
eI L : “ S ,’"
- S =
s I . £ 3 10f I\ A £
-og 1 \ < E Il E
S 10 B 163 g 08 i 165
] e £ 1
i \| Ha 0% [ 142
b e = fisal =~
5 TRt o 041 | n
I 42 % \ 12 <
| 02 \‘
! e | 0 0 ] e G 1 10
02 04 06 08 10 02 04 06 08
Ve /e Ve/Vt
Fig. 1 Fig. 2
Fig. 1. Gel chromatography on Sephadex G-75 of the enzyme preparation after 9-h autolysis.
——, Ege60; - - - -, activity at pH 8.0 with total histone as substrate.
Fig. 2. Distribution of proteins and enzyme activity after preparative electrophoresis. ——, Egs0;

- ---, activity at pH 8.0 with total histone as substrate.
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decrease of activity at acid pH (to pH 3.5) was found to be reversible whereas the
decrease at pH above 9.0 was due to irreversible inactivation of the enzyme.

Temperature dependence of protease activity was measured after 5 min of prein-
cubation of the enzyme at temperatures ranging from 37° to 80°C. Up to 50°C the
activity was unchanged; higher temperatures resulted in partial inactivation, and 80°C
caused a complete loss of enzyme activity (Fig. 4).

301 J0[°
5 2
h <
S 20t < 20t
:} . ?‘:,)2.0
B =
o = g
-~ Q
= <
= 1ot 10+

0 1 I gl gUNE Ol ! 1 1
200 6L = 8 40 50 60 70 80
pH Temperature (°C)
Fig. 3 Fig. 4

Fig. 3. Plot of pH versus chromatin protease activity with total histone as substrate.

Fig. 4. Thermal sensitivity of chromatin protease. The activity of enzyme was determined at pH 8.0
after 5 min preincubation of the enzyme solution at indicated temperature.

The activity toward different proteins is shown in Table 2. Total histone and
basic ribosomal protein were most susceptible to protease action whereas bovine
albumin and lysozyme remained practically undigested.

Table 2

Hydrolysis of different proteins by protease from calf thymus chromatin
Samples were incubated at 37°C, pH 8.0, for 6 h.

| Activity [

Substrate z |

| units I % |
Total histone of calf thymus 3.00 | 100
Basic ribosomal proteins 2.88 96
| Casein 1.83 61
Haemoglobin | 1.38 46
Ribonuclease 0.45 15
Albumin 033 | 11
| Lysozyme 0.00 | 0
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It was earlier shown (Bartley & Chalkley, 1970; Kurecki ez al., 1971) that during
the storage of chromatin preparation only two out of five histone fractions were
degraded. In the present work, the specificity of the purified protease in histone
degradation was studied by polyacrylamide-gel electrophoresis, and compared
with the enzyme action in native chromatin (Fig. 5). In chromatin, histone f/ was
selectively degraded and after 4 h of incubation it disappeared completely, whereas
histones f2al and f2a2 remained unchanged even after 24 h of incubation. On the
other hand, the purified enzyme degraded all free histones practically uniformly
showing no specificity toward any particular histone.

A Time of
Tz 2 3l = tneubation
|
1 [Vlq
i 0
|
N
i
4h
|
|
| 24 h
|
|
|

Fig. 5. Densitometer scans of polyacrylamidé-gel electrophoresis patterns of histones and histone
degradation products. 4, Histones isolated after incubation at 37°C of freshly prepared intact calf
thymus chromatin obtained as described by Marushige & Bonner (1966), except that sedimentation
through 1.7 M-sucrose was omitted; the chromatin was suspended in 0.01 M-Tris-HCI buffer, pH
8.0, to a final concentration of about 2.5 mg of DNA/ml. B, Histones after incubation at pH 8.0
and 37°C of a system consisting of the purified enzyme and total histones at the same concentra-
tions as in intact chromatin. 7, histone f/; 2, histones f2b+ f3; 3, histone f2a2; 4, histone f2al.

The purified chromatin protease had no effect on f-naphthylamides of alanine,
glycine, arginine, lysine or histidine, which shows that the enzyme is not an exo-
peptidase. The protease showed no activity towards TAME or BTEE which proves
that the purified preparation had no trypsin- or chymotrypsin-like esterase activity.

Preincubation of the isolated chromatin protease at 37°C and pH 8.0 for 10 min
with 0.2 - 20 mM-EDTA or 0.2 - 5 mM-iodoacetamide had no effect on enzyme acti-
vity. The activity was not affected, either, by up to 5 mm-2-mercaptoethanol, thio-
glycollate, or 10 mm-sodium bisulphite. Insensitivity to sodium bisulphite indicates
that the inhibitory effect of this compound on histone degradation in chromatin
(Bartley & Chalkley, 1970) was not due to its direct action on enzyme activity.
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The approximate molecular weight of chromatin protease was determined by
gel filtration. The value of K,, for histone f/ and lysozyme were 0.48 and 0.24,
respectively, and that for chromatin protease, 0.38. Assuming a linear dependence
between the K,, values and the logarithm of molecular weight, the molecular weight
of chromatin protease was found to be 15400+ 1000.

DISCUSSION

The described method allows to isolate from calf thymus chromatin a neutral
protease, purified to a much higher extent than achieved previously (Kurecki &
Toczko, 1972; Garrels et al., 1972). The purification consists mainly in separation
of the enzyme from histones. However, it was found that the properties of the protease
are closely similar to those of histones, especially as concerns molecular weight,
precipitation with salt and acetone, and behaviour on ion exchangers.

As the purified enzyme preparation gave a single protein band on polyacrylamide-
-gel electrophoresis and a single symmetrical peak of activity on gel filtration, it
may be concluded that the neutral protease occurs in chromatin in a single form.

The characteristic feature of chromatin protease is its high ability to hydrolyse
histones and basic ribosomal proteins, i.e. the proteins occurring in the cell in com-
plex with nucleic acid. However, the specificity for these proteins is not due only
to their basic character since other basic proteins like lysozyme and pancreatic
ribonuclease appeared to be resistant to its action. Lack of the specificity of isolated
enzyme for particular histones indicates that the selective degradation of only two
histones f1 and f3 in native chromatin cannot result from enzyme specificity but is
probably determined by arrangement of enzyme and histones in chromatin.

The chromatin protease was found to be neither a metal-, thio-, or acidic protease.
In its pH optimum and high specificity for histones, the chromatin protease resembles
neutral proteases from rat microsomes (Paik & Lee, 1970) and from rabbit polymor-
phonuclear leucocyte granule fraction (Davies et al., 1971).

The occurrence of protease in chromatin from morphologically and functionally
different animal tissues suggests that this enzyme is an important functional element
of animal genome. It is involved more likely in essential processes of the cell than
in physiological functions of particular tissues.

The characteristic high specificity of protease for histones and the known ability
of histones to inhibit the template activity of DNA (Smith et al., 1970; Hoare & Johns,
1971; Smart & Bonner, 1971), support the suggestion on the contribution of chroma-
tin protease as an important element in the regulation of activity of animal genome.

The authors are grateful to Professor I. Chmielewska (Institute of Biochemistry,
Warsaw University) for her encouragement and critical review of the manuscript,
and to Professor K. Kleczkowski (Institute of Biochemistry and Biophysics, Polish
Academy of Sciences) for making available the apparatus for preparative electropho-
resis.
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OCZYSZCZANIE 1 CZESCIOWA CHARAKTERYSTYKA PROTEAZY Z CHROMATYNY
GRASICY CIELECEJ

Streszczenie

Opisano metod¢ oczyszczania proteazy z chromatyny grasicy cielecej, umozliwiajaca otrzy-
mywanie preparatow enzymatycznych o okolo 1800-krotnie wyzszej aktywnosci wlasciwej w po-
réwnaniu z wyciagiem z chromatyny oraz dajacych praktycznie pojedyncze pasmo biatkowe w wa-
runkach elektroforezy w zelu poliakrylamidowym. Oczyszczony enzym wykazuje, w stosunku do
sumy histonéw jako substratu, optimum pH okoto 8.5. Z najwig¢ksza szybkoscia hydrolizuje on
histony i zasadowe bialka rybosomalne, nie posiada aktywnosci esterazowej typu trypsyny i chy-
motrypsyny oraz nie wykazuje zdolnosci do hydrolizy f-naftyloamidowych pochodnych alaniny,
glicyny, argininy, lizyny i histydyny. Aktywnos$¢é enzymu nie jest hamowana przez zwiazki chela-
tujace metale i blokujace grupy tiolowe, jak réwniez przez kwasny siarczyn sodu. Enzym posiada
mas¢ czasteczkowa 15 400+ 1000 daltonow.
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RECENZIJE KSIAZEK

T. Boszérményi, E. Csech, G. Gardos and P. Kertai, TRANSPORT PROCESSES IN
LIVING ORGANISMS. Akadémiai Kiado, Budapest 1972; str. 349.

Przedstawienie w jednej, niezbyt obszernej ksiazce wnikliwego przegladu zagadnient transportu
zwiazkoéw chemicznych i drobnych jonéw przez blony biologiczne, jest zadaniem nadzwyczaj trud-
nym. Trudnosci te wynikaja nie tylko ze ztozonosci i wielorakosci poruszanych w ksiazce problemow
oraz roznorodnosci organizmow, u ktorych badano procesy transportu przez blony (od bakterii
i alg, poprzez ro$liny wyzsze az do komorek i narzadow zwierzat i czlowieka). Sa one takze spo-
wodowane olbrzymim biezacym postepem, jaki si¢ dokonuje w badaniu blon biologicznych, i
wielka liczba publikacji ukazujacych si¢ kazdego tygodnia na tematy zwigzane z odrebna juz niemal
dziedzing wiedzy nazywana niekiedy ‘‘biomembranologia”.

Autorzy omawianej monografii zebrali w jednym tomie podstawowe wiadomosci, wraz z nader
obszerna bibliografia, o blonach biologicznych, ich przepuszczalnosci i funkcjach transportowych
w komorkach i tkankach roSlin i zwierzat. Ksiazka rozpoczyna si¢ od ogoélnej charakterystyki
blon i procesow transportu, zdefiniowania zasadniczych poje¢ przepuszczalnosci i sposoboéw pene-
tracji przez blong¢ komoérkowa. Nastgpna czeS¢ nosi nazwe ‘‘czeS¢ pierwsza™; zatytulowana jest
“Procesy transportu w komorkach i tkankach roélin”, a podzielono ja na dwa rozdzialy. Pierwszy
rozdzial omawia procesy transportu u mikroorganizméw; uwzgledniono tutaj transport nieorga-
nicznych jonow i niektorych zwiazkéw organicznych u bakterii, drozdzy, plesni Neurospora i alg.
Drugi rozdzial dotyczy proceséw transportu w wyzszych ro$linach; oméwiono w nim m.in. role
$ciany komoérkowej, role mitochondriow i chloroplastow w wewnatrzkomérkowym transporcie
jondw, znaczenie $wiatla dla transportu jonoéw u roélin, a takze transport przez korzenie rolin.

“Cze$¢ druga”, zatytulowana *“‘Procesy transportu w komoérkach i narzadach zwierzat”, jest
wyborem tych zagadnien zwiazanych z przepuszczalnoscia przez blony biologiczne, ktore sa naj-
bardziej reprezentatywne dla obecnego stanu wiedzy w tym zakresie. Omowiono wigc tutaj procesy
transportu przez blony erytrocytow, wydzielanie kwasu solnego przez §luzowke zotadka, absorpcje
z cienkiego jelita, funkcje transportowe nerki, skory i pecherza plazow, a takze dzialanie gruczolu
solnego u morskich ptakow. Ostatni rozdzial czesci drugiej jest poSwigcony procesom transportu
w gruczole tarczowym, ze szczegblnym uwzglednieniem transportu jodu.

Przyjety przez autoréw uklad ksiazki, z podzialem na procesy odbywajace si¢ u roslin i u zwie-
rzat, nie byl — jak kazdy podzial przyrodniczy — mozliwy do konsekwentnego przeprowadzenia.
1 tak np. chociaz zagadnienie roli mitochondriow w wewnatrzkomoérkowym transporcie omowiono
w rozdziale po$wigconym wyzszym roslinom, to jednak wigkszo$¢ cytowanych tam doswiadczen
przeprowadzono na mitochondriach z tkanek zwierzecych. Oczywiscie nie ma to wigkszego znaczenia
dla czytelnika, ktory bedzie cheial si¢ zapoznaé z podstawami zagadnienia, tym bardziej ze ksiazka
jest zaopatrzona w obszerny alfabetyczny skorowidz rzeczowy i w skorowidz nazwisk.

Zarowno ze wzgledu na bardzo szybki rozwdj nauki o blonach biologicznych, jak i ze wzgledu
na niezbyt krotki cykl wydawniczy (autorzy pisza we wstepie, ze uplynely cztery lata od ukornczenia
manuskryptu do wydania ksiazki), cytowane piSmiennictwo konczy si¢ na roku 1968. Na koncu
jednak — w postaci aneksu — dodano krotki wykaz najwazniejszych pozycji piSmiennictwa do
roku 1970. Tym niemniej omawiana monografia ma duza warto$¢ dla wszystkich tych, ktorzy
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rozpoczynaja prace badawcza w ktoryms$ z licznych zagadnienn “‘biomembranologii”, a takze dla
tych badaczy, ktorzy eksperymentujac nad jakim$ waskim problemem zwiazanym z przepuszczal-
noscig przez blony, chcieliby uzyskac szersze tlo zagadnienia.

Ksigzka wydana jest bardzo starannie, uchybienia korektorskie sa bardzo nieliczne. Np. na
str. 287 w rownaniach dwukrotnie napisano ‘‘phosphatide” zamiast *“‘phosphatidic™, przeoczono
rowniez, ze powinien by¢ po lewej stronie rownania (2) “lizophosphatidic acid” zamiast “phosph-
atidic acid”, oraz “‘acylo CoA™ zamiast “‘acetyl CoA”. Zwyczaj uzywania skrotu: 1M w znaczeniu
ilosci jednego mola, a nie w znaczeniu stezenia jednomolowego (np. str. 286) jest takze sprzeczny
z ogolnie przyjeta konwencja.

Te drobne bledy nie przeszkodza zapewne w duzym powodzeniu, jakim ksiazka bedzie niewat-
pliwie cieszyla si¢ wérod biochemikow, biofizykéw i biologéw innych specjalnosci.

Mariusz Zydowo

METHODICUM CHIMICUM. Band 1. “ANALYTIK” (F. Korte, ed.) George Thieme Verlag,
Stuttgart — Academic Press, New York & London 1973; str. 1263, cena DM 496.

Oceniany tom o podtytule “*Analityka™ sklada si¢ z dwoch czesci i stanowi pierwszy z jedenastu
tomow dzieta zatytutowanego ““Methodicum Chimicum™. Praca ta ma by¢ krytycznym przedstawie-
niem metodologii chemicznej dla badaczy, jak i ludzi praktyki. Kierowana jest ona szczegblnie do
chemikow wszelkiego rodzaju, jak i innych ludzi pracujacych doswiadczalnie w naukach przyrodni-
czych i medycynie, ktorzy zajmuja si¢ rozwiazywaniem miedzydyscyplinarnych probleméw badaw-
czych i praktycznych metodami chemicznymi. “Methodicum Chimicum” ukaze si¢ w trzech dzia-
fach. Dzial ogélny sklada si¢ z tomu pierwszego — analityka, drugiego — planowane syntezy
i trzeciego — typy reakcji w procesach syntez. Dzial systematyczny objety tomami czwartym do
O0smego dotyczy¢ bedzie okreslonych syntez organicznych. W dziale specjalnym (tomy dziewigty
do jedenastego) zostana przedstawione rozne aspekty stosowania zwiazkéw biologicznie czynnych.

Cz¢$¢ pierwsza ocenianego tomu dotyczy metod wyosabniania oraz analitycznych metod sto-
sowanych dla okreslenia struktury chemicznej. Opisano podstawowe zasady, standaryzacje, opty-
malizacje oraz sposoby liczbowego ujecia wynikow i sposob wykonania réznych metod rozdziatu
jak: destylacja, wirowanie, krystalizacja i rozdzial wielofazowy, chromatografia bibulowa i cienko-
warstwowa, chromatografia kolumnowa, absorpcyjna, jonowymienna, chromatografia gazowa
i elektroforeza. W sposob przystepny przedstawiono metody wykazywania wiazan i funkcyjnych
grup chemicznych przy uzyciu analizy elementarnej, reakcji oksydo-redukcji, przylaczenia, pod-
stawienia, przegrupowania, kondensacji, hydrolizy lub zobojetniania. Uwypuklono réwniez zna-
czenie przeksztalcen chemicznych dla celéw analitycznych. Syntetycznie — ale w sposdb pozwala-
jacy oceni¢ ich przydatnos¢ dla badan zwigzkéw chemicznych — sa omowione metody spektro-
skopii w nadfiolecie i podczerwieni, magnetycznego rezonansu jadrowego, spektrografii masowej,
polarymetrii, dichroizmu kolowego i dyspersji skrecalnosci optycznej. Natomiast nowe metody
wysoce specjalistyczne, jak spektroskopia Ramana, neutronowa, paramagnetycznego rezonansu
elektronowego, cyklotronowego rezonansu jonowego, jak i metody oparte na ugieciu promieni
rentgenowskich, neutronéw i elektronéw z ich zastosowaniem dla badania struktury i ostatecznej
konfiguracji, chociaz uwzglednione w ksiazce szerzej, lacznie z aspektami teoretycznymi i prak-
tycznymi, sa dla czytelnika mniej przygotowanego trudne do oceny.

Druga czg$¢ pierwszego tomu poswigcona jest metodom analitycznym o istotnym znaczeniu
dla eksperymentalnych nauk biologicznych. Dokonano tutaj przegladu szczeg6lnych metod ana-
litycznych stuzacych do oznaczenia pierwiastkéw §ladowych w materiale biologicznym. Cenne jest
pokazanie najrozmaitszych technik specjalnych do rozwiazywania okre§lonych probleméw ana-
litycznych, jak oznaczania pestycydow, $rodkéw leczniczych i spozywczych. W tej czesci tomu
omowiono rowniez w sposob syntetyczny podstawy teoretyczne metod, stosowana aparatur¢ oraz
techniki badawcze i ich ograniczenia metodyczne dla rozdzialu i oznaczania weglowodandw,
bialek, peptydow i aminokwasow oraz kwasOw nukleinowych. Czytelnik ma takze mozliwo$¢
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zapoznania si¢ z metodami biochemiczno-biologicznymi uwzgledniajacymi zasady, na ktorych
opiera si¢ analiza enzymatyczna, mikrobiologiczna oraz farmakologiczno-toksykologiczna. Tom
pierwszy konczy si¢ przedstawieniem warunkow perspektywicznego rozwoju metod analitycznych
w oparciu o udoskonalenia instrumentalne, sprzezenie kilku metod, ich automatyzacje i kompute-
ryzacje. Ocena tomu nie bylaby pelna, gdyby nie zwrécono uwagi na walory cytowania na kazdej
stronie pozycji pismiennictwa i bibliografii podstawowych opracowan z danej dziedziny. Wartosci
tomu pierwszego poswigconego analityce mozna dopatrze¢ si¢ rOwniez w tym, ze wyprobowane
przepisy metod z uwzglednieniem dyskusji przedstawiono tak, ze nie zachodzi potrzeba si¢gania
do zrédlowych pozycji literaturowych. Nowe natomiast drogi, ktore rozwiazuja jaki§ problem
metodyczny w sposob bardziej nowoczesny, zostaly przedstawione z uwzglednieniem zaréwno
aspektow teoretycznych, jak i praktycznych oraz zaopatrzone w ogromnie bogata literature Zré-
dlowa siggajaca dziesigciu tysiecy pozycji.

Tom pierwszy Methodicum Chimicum stanowi cenna pozycje dla wszystkich pracujacych
metodami chemicznymi chemikéw, przyrodnikow, lekarzy i farmaceutow.

Leon Zelewski
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