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Allfrey et al. [1] demonstrated that isolated nuclei of thymus cells
could incorporate radioactive am:no acids into their proteins in the pre-
sence of glucose. Similar results were obtained by Logan et al. [7] with
isolated nuclei of liver. It wds also shown that in the soluble protein
fraction of nuclei enzymes activating amino acids were present [5].
Rendi [13] has proved recently that amino acids could be incorporated
in vitro into various nuclear fractions obtained by means of desoxycholate
and lubrol.

In the present paper the distribution of radiocactivity in the nuclear
fractions was investigated after incorporation of !4C-amino acids. The
incorporation was studied in vivo and in vitro. The experiments in vitro
were performed with intact and desintegrated nuclei, and with nuclear
fractions.

Besides this, the occurrence of nucleopeptides similar to those iso-
lated by Szafranski et al. [16, 19] from cytoplasmic supernatant was
studied.

MATERIALS

14C-amino acids were obtained by acid hydrolysis of radioactive
protein of Chlorella. Details concerning the culture growth and the
method of isolation had been described previously [15].

The adenosinetriphosphoric acid (ATP) was prepared from rabbit
muscles by the Szent-Gyorgyi method [20], and potassium salt was used
for the experiments.

Phosphocreatine was obtained from creatine and phosphorus oxy-
chloride [3], the purity of the preparation as regards phosphorus was
about 90 per cent.
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Creatine kinase was obtained from rabbit muscles by the method of
Noda et al. [9]. Its activity was tested by chromatographic demonstration
of formation of ATP from ADP.

Diethylaminocethylcellulose (ECTEOLA) was prepared according to
Peterson & Sober [12].

METHODS

The nuclei were prepared from perfused guinea pig liver by the
method of Hogeboom et al. [4]. To separate the undisrupted cells from
the nuclei an additional centrifugation at 60g for 5min. was applied.
Microscopic examination of the obtained preparations showed no more
than 2-3 per cent of undisrupted cells.

Isolated nuclei were desintegrated in 0.25 m-saccharose in a glass
homogenizer at 0° for 4 min. at 1500 r.p.m., then three fractions were
obtained by centrifugation. The first sedimented for 10 min. at 600 g con-
tained the unbroken nuclei and larger fragments, the second consisted
of particles sedimented for 1.5 hour at 40 000 g, the third fraction was
the supernatant. The first two fractions were suspended in water. Tri-
chloracetic acid (TCA) was added to all fractions to a final concentration
of 5 per cent. The precipitates of protein were purified according to the
procedure described by Simkin & Work [14], suspended in 10 per cent
ammonia, and samples were examined for radioactivity and protein.
Radioactivity was determined by means of G. M. window counter after
drying on plexiglass discs 2 cm. diameter in an infinitely thin layer.

Protein was determined by the method of Lowry et al. [8] and ribo-
nucleic acid (RNA) according to the method of Ogur & Rosen [10].

Incorporation of Y4C-amino acids into nuclear fractions in vivo

Guinea pigs, 6 -9 months old, starved for 24 hours, were given in-
tracardial injections of about 2 ml. of hydrolyzate of 1“C-Chlorella protein,
the amount being 45 uc per kg. of body weight. After 30 min. the animals
were decapitated, the liver perfused with cold 0.25m-saccharose and
nuclei isolated. The nuclei obtained from 12 g. of liver were suspended
in 12ml. of 0.25 M-saccharose, desintegrated, fractionated, and radioacti-
vity of proteins was determined. As it was shown in Table 1, fraction
2 exhibited the highest specific activity. It contained particles fairly
visible in the optical microscope. Its RNA to protein ratio was 0.22. The
Feulgen reaction was negative, and in the extract made with hot 5 per
cent TCA,DNA was not detectable spectrophotometrically. The particles
of fraction 2 were referred as ribonucleoprotein (RNP) particles.
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Table 1

Incorporation in vivo of C-amino acids into fractions
of liver nuclei
The animals were killed 30 min. after intracardial injection of radioactive amino

acids

[N R TR
| No. 5 Nuclear fraction l Imp./hr/mg.protein |
S !
| 1 Sediment at 600 g | 213 |
i 5 =2 S 25 =
a2 Sediment at 40000 ¢ (RNP} 900

3 Supernatant | 507

. |

Incorporation of Y“C-amino acids into nuclear fractions of isolated intact
and desintegrated nuclei

The incorporation of !4C-amino acids into nuclei in vitro was studied
on experiments of two fypes. In one of them the intact liver nuclei were
incubated for 30 min. with radioactive amino acids, and then desintegrated
and fractionated. In the second one the nuclei were desintegrated prior
to incubation. The incubations were carried out in the presence of glucose
as the source of energy [1]. The specific activities of proteins of individual

Table 2

Incorporation in vitro of 1“C-amino acids into nuclear fractions
in intact or desintegrated nuclei

The composition of incubation mixture: 0.5ml. of suspended nuclei (intact or

desintegrated) obtained from 0.5 g. liver, in 0.25 M -saccharose; 0.25 ml. 0.1 M-phosphate

buffer pH 7.3, in 0.25 M-saccharose; 0.2ml. 0.1 M-glucose containing 0.75 mg. NaCl;
0.05 ml. “C-amino acids (0.675 uc). Incubation 30 min., at 37°, in open tubes

| 2 Gy

Incubated nuclei

| No. Nuclear fraction | intact | desintegrated
’ i T Imp./hr./mg. protein
] Sediment at 600 g | 70 962
! OISR Dt S L LT ST Al TR I A

2 Sediment at 40000 ¢ (RNP) 254 1978

3 Supernatant 680 2753
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fractions were presented in Table 2. The highest radioactivities after
incubation of intact or desintegrated nuclei were found in the supernatant
as contrasted with experiments in vivo (Table 1), where fraction RNP
was bearing the highest label. Incorporation into desintegrated nuclei was
found to be more intense than into intact nuclei.

Incorporation of 14C-amino acids into isolated nuclear fractions

The experiments with isolated fractions were performed in order to
verify whether the presence of all the three nuclear fractions was in-
dispensable for the incorporation of amino acids.

Table 3

Incorporation of 14C-amino acids into isolated RNP particles
in the presence of nuclear supernatant, and into the supernatant alone

The composition of incubation mixture: 1.5ml. of RNP particles suspension
in 0.1 m-phosphate buffer, pH 7.3 (11 mg. protein); 5.4 ml. of supernatant (6.5 mg.
protein), or in Expt. 2: 6.9 ml. of supernatant (8.3 mg. protein), RNP particles being
omitted; 2.1ml. 0.1 M-glucose containing 7.9mg. NaCl; 1.0ml. C-amino acids
(13.5 pc). Incubation at 37° in open tubes.
In Expt. 1: after the indicated times of incubation, samples were withdrawn, diluted
up to 3-fold volume with 0.25 M-saccharose with an addition of mnon-radioactive
amino acids and RNP particles centrifuged. In the RNP sediment the radioactivity
and protein were determined. In Expt. 2 the protein was precipitated with TCA
at a final concentration 10 per cent

Incubation time (min.)
Expt. Fraction 1 (ET0< i8] 200 Wi 40
Imp./min./mg. protein

1 RNP particles 48 1 85 ‘ 113 148

I
2 Nuclear supernatant 276 ‘ 301 ‘ 508 407

RNP particles (fraction 2) were suspended in 0.1 m-phosphate buffer,
pH 7.3, and incubated with labelled amino acids, glucose and the nuclear
supernatant obtained at 40 000 g (fraction 3). The addition of the super-
natant was indispensable, since it contained enzymes activating amino
acids [5]. After various times of incubation the samples of RNP particles
were centrifuged and the specific radioactivities of RNP protein de-
termined. It was also investigated whether the incorporation of amino
acids could occur in the supernatant alone. The nuclear supernatant was
incubated with radioactive amino acids with addition of glucose. From

http://rcin.org.pl



(51 PROTEIN SYNTHESIS IN NUCLEI 283

the incubation mixture 3 ml. samples were withdrawn, transferred to 3 ml
of 10 per cent TCA, and after purification the spec1f1c radioactivity of
the proteins was determined.

The results (Table 3) showed that addition of supernatant is sufficient
for the incorporation of amino acids into RNP particles. Moreover, the
supernatant alone incorporates amino acids into proteins at high rate.
It is noteworthy that the incorporation of amino acids into proteins of
nuclear supernatant was the highest after 20 min. incubation, then radio-

activity decreased.
Incorporation of “C-amino acids into isolated nuclear RNP particles
in the presence of cytoplasmic supernatant

Experiments were performed to see whether the nuclear supernatant
could be replaced by the cytoplasmic one for the incorporation of amino
acids into RNP particles. The cytoplasmic supernatant was prepared
on 1.5 hr. centrifugation of liver homogenate at 40 000 g, at 0°. The RNP
particles from nuclei were incubated in a system used in experiments on
protein synthesis of microsomes. The incubation mixture was added with
ATP and ATP-generating system. After incubation time as indicated
in Table 4, samples were centrifuged and radioactivity and protein of

Table 4

Incorporation of “C-amino acids into isolated nuclear RNP particles
in the presence of cytoplasmic supernatant

The compos'ition of incubation mixture: 2.15ml. of RNP particles suspended

in 0.25 M-saccharose (14.5mg. protein); 3.85ml. of cytoplasmic supernatant (25 mg.

protein); 2.3 ml. 0.1 M-tris buffer, pH 7.5, containing 448 mg. ATP, 342mg. KCI

and 0.92mg. MgCly; 0.78 ml. of water solution of phosphocreatine sodium salt

(35.9mg.), and 2.3mg. of creatine kinase; 0.92ml. of MC-amino acids (12.3 uc).

Incubation at 37° in open tubes. RNP particles were isolated as previously (Table 3)
and specific activity of protein determined

lncubauon time (min.)

10 20 i 40i

|
[
=

Imp./min./mg. protein |

56 95 155 ' 201 L

RNP particles were determined. Results of these experiments showed
that RNP particles incorporated 1C-amino acids in the presence of the
cytoplasmic supernatant. Thus it appeared that incorporation of amino
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acids into nuclear RNP particles could proceed in a system mnecessary for
protein synthesis in microsomes.

It should be mentioned that the cytoplasmic supernatant used in our
experiments was slightly contaminated with microsomes residues. The
incorporation of amino acids into nuclear RNP particles cannot, however,
be attributed to these microsomes since it lasted for 40 minutes, whereas
it is well known that microsomes lose their ability of incorporation
already after 15 to 20 minutes.

Isolation and some characteristics of the nucleopeptides from cell nucleus

The fact that nuclear supernatant can be replaced by cytoplasmic one
would point to a similarity of both protein synthesising systems. There-
fore it was interesting to see whether there are some nucleopeptides in
the nucleus similar to those isolated from cytoplasm [16, 17].

The same procedure was applied to isolate nucleopeptides from nuclei
as for cytoplasmic material [19]. The suspension of desintegrated nuclei
deriving from 24 g. liver was deproteinized by ammonium sulphate
saturation, centrifuged in cold at 32 000 g, and the precipitate discarded.
Ammonium sulphate was precipitated with ethanol at final concentration
“of 85 per cent, and supernatant evaporated to about 1.5 ml. The samples
containing 700 - 800 ng. RNA (as estimated by absorption at 260 mu) were
made up with water to 4 ml. and dialyzed overnight against water, at 2°.
Absorption at 260 mmn measured both in the solution surrounding the
dialysis bag and inside it, showed similar values indicating that the com-
pounds under investigation were dialyzable.

Other samples were subjected to the column fractionation. Since the
nuclear material was not adsorbed on the triethylaminoethylcellulose,
as the cytoplasmic one, another adsorbent was used, namely ECTEOLA.
The material from ECTEOLA column (12 X 1.5cm.) was eluted sub-
sequently with 0.01 m-tris buffer, pH 7.4, 1mM-NaCl in 0.01M-tris buffer,
pH 7.4, and 1.5 per cent NaOH. Thus three fractions were obtained.
A typical course of elution is presented in Fig. 1. The obtained column
fractions were tested for the presence of nucleopeptides, as described
previously [19].

Paper electrophoresis revealed one spot absorbing ultraviolet light
in each of three fractions. These spots were excised, eluted and subjected
to chromatography in Partridge’s system [11]. Each electrophoretic
fraction was separated into 2-4 spots absorbing ultraviolet light. The
same sites on the chromatograms gave the positive hydroxamic reaction,
thus indicating the presence of activated groups, may be of amino acids
or peptides. The total hydrolysis performed after elution of these spots
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gave an increase of amino acid contents indicating that they contained
peptides.

The different fractions from paper chromatography were investigated
for the presence both of sugars and nucleic bases. Several chromato-
graphic spots were eluted with water, treated with bromine water, and
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Fig. 1. Fractionation of protein free Fig. 2. Paper chromatogram of amino
material of guinea pigs liver nuclei on acids after total hydrolysis of short
diethylaminoethylcellulose (ECTEOLA) peptides (obtained on partial hydrolysis
column. Volume of sample 3.8 ml., time of peptides from hydroxamic acids).
of filling of single test tube: 4 min. in (1), (2), 3), fractions from column; (a),
the case of fractions 1 and 2, and 8 min. (b), eluted short peptides (see in the
for the fraction 3 text)

paper chromatography was carried out in butanol - acetic acid - water
(4:1:5) to detect ribose. Diphenylamine reaction for deoxyribose made
both on filter paper and in eluates was negative.

Nucleic bases were tested chromatographically [21] after hydrolysis
of material eluted from other spots. Spots corresponding to standards of
adenine, guanine, uracil and cytosine were detected, the most intensive
were these of adenine and uracil. Spots corresponding to thymine were
not found on the contrary to the case of cytoplasmic nucleopeptides.

The detection of activated peptides, nucleic bases and ribose in protein-
-free material indicates that compounds under investigations are nucleo-
peptides, indeed.
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For further characterization of nuclear nucleopeptides, the same pro-
cedure was applied as described previously [19] for cytoplasmic ones.
Paper chromatograms with separated nucleopeptides were treated with
hydroxylamine and hydroxamic acids were formed, then eluted and
separated chromatographically in butanol-acetic acid - water (9:1:1).
After chromatograms had been sprayed with ferric chloride solution
2 - 3 pink-brown spots of complex salts of hydroxamic acids were detected
in each nucleopeptide. This might indicate that nuclear nucleopeptides
like cytoplasmic ones contained 2-3 peptides linked to one nucleotide
part.

Partial hydrolysis and chromatography of short peptides was per-
formed to examine the peptide parts. After spraying with ninhydrine
various amounts of short peptides were detected from various complex
salts of hydroxamic acids. The excess of ninhydrine was removed and
after elution total hydrolysis of short peptides was performed. Paper
chromatography of amino acids deriving from short peptides (Fig. 2)
showed that the amino acid composition of peptide parts of individual
ruclear nucleopeptides was not always the same, as it was also stated in
cytoplasmic nucleopeptides.

Results obtained point to the general similarity of both nuclear and
cytoplasmic nucleopeptides — the presence of ribose, and dialyzable
character, though some differences were observed concerning their
absorption on TEAE column, as well as nucleic bases composition.

DISCUSSION

Investigations on the function of the subcellular fractions indicate that
synthesis of cytoplasmic protein may be controlled by RNA of nuclear
origin. This nuclear RNA synthesised in the presence of DNA would be
a link between chromosomes and cytoplasm in transmitting genetic
features. As RNA is an important part of microsomes well known for
their intensive synthesis of protein, it has been suggested by Bonner [2]
that microsomes are produced in the nucleus and then transmitted to the
cytoplasm. If this is true particles of a composition and properties similar
to those of microsomes should be found in nucleus. Our investigations
showed that in desintegrated nuclei it was possible to obtain, by means
of differential centrifugation, particles capable of achieving synthesis of
proteins. These particles, however, are much larger than microsomes and
well visible in an optical microscope. They are deprived of reticulum and
their ratio of RNA to protein is 0.22, nearly twice that found in micro-
somes. The incorporation of amino acids into these nuclear RNP particles
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is sustained during a 40 minutes incubation, whereas in microsomes
synthesis of protein ceases already after 15 to 20 minutes. It is also to be
noted that after the desintegration of nuclei the incorporation of amino
acids seems to be more intensive than in the case of intact nuclei. It may
be due to elimination of the barrier furnished by the nuclear membrane.
Bes'des this, protein synthesis in the intact nucleus may be controlled
by other metabolic processes.

The incorporation of amino acids into proteins of the nuclear su-
pernatant took place even in absence of other fractions. It was analogical
to results obtained by Kalf & Simpson [6] with mitochondrial supernatant.
These authors stated that the supernatant obtained by centrifugation for
8 hrs. at 1050009 of desintegrated mitochondria incorporated radio-
active valine during several hours and then there appeared a decrease
in protein radioactivity. This would point to the presence as well in mito-
chondria as in nuclei of a soluble system with an ability to achieve protein
synthes:s in the absence of particles.

We tried to show that nucleopeptides isolated from nuclei could be
considered as identical with those found in cytoplasm. In our experiments
we found some features common for both but some differences, too.

SUMMARY

The incorporation of C-amino acids into ribonucleoprotein (RNP)
particles obtained by centrifugation at 40 000 g of desintegrated guinea
pig liver nuclei, as well as into the nuclear supernatant was investigated
in vivo and in vitro.

Protein synthesis in isolated RNP particles occurred in the presence
of nuclear supernatant and glucose, as well as in the presence of cyto-
plasmic supernatant and the ATP regenerating system. The nuclear su-
pernatant alone showed itself very intense incorporation.

Nucleopeptides similar to those of cytoplasm described previously [19]
were detected in nuclei.
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BADANIA NAD SYNTEZA BIALEK W JADRZE KOMORKOWYM

Streszczenie

Zbadano wlaczanie 4C-aminokwasOw in vitro i in vivo do czastek
rybonukleoproteidowych (RNP) otrzymanych przez wirowanie przy
40 000 g rozbitych jader komoérek watroby §winki morskiej oraz do super-
natantu jadrowego.

Synteza bialka w izolowanych czastkach RNP przebiegala w obecno-
Sci supernatantu jadrowego i glikozy, jak rowniez w obecno$ci superna-
tantu cytoplazmatycznego i ukladu regenerujacego ATP. Sam supernatant
jadrowy wykazywal bardzo intensywne wlaczanie.

W jadrach komérkowych stwierdzono obecno$¢ nukleopeptydéw po-
dobnych do opisanych poprzednio [19] nukleopeptydéw cytoplazma-
tycznych.
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It has been shown in the previous papers [7, 9] that the binding of
ATP by various proteins precipitated by alcohol or by heat denaturation
resembles the adsorption isotherm. The present paper is concerned with
the binding of ATP by serum albumin in solutions. Some results of this
work have been presented earlier [8].

MATERIAL AND METHODS

Human serum albumin, V-th fraction of Cohn, was kindly supplied
by the Institute of Haematology in Warszawa. Its concentration in solu-
tions was determined according to Gornall et al. [11]. ATP (Light) was
purified on Dowex-2 column, and did not contain other chromatografi-
cally detectable nucleotides. Its concentration was calculated from the
optical density at 259 mp (pH 7.0) using the molar extinction coefficient
15400 [3].

Equilibrium dialysis was carried out at 2° in bags made from dialyzing
tubings (Kalle & Co., Wiesbaden-Biebrich, Germany) purified according
to Hughes & Klotz [12]. Usually the protein dissolved in 10 ml. buffer
was placed inside the bags and dialyzed against 10 ml. of ATP solution
in the same buffer. If ATP and protein were put together the same final
results were obtained. Final ionic strength of buffers was 0.05-0.1wn.
Because of the presence of comparatively high concentrations of electro-
lytes and low concentration of the protein the Donnan effect was
negligible [13, 14].

When the equilibrium had been attained the concentration of ATP
outside the bags was determined spectrophotometrically at 259 mu after
buffering to pH 7.0. Inside the bags, i.e. in the protein solution, the optical
density at 259 and 280 mu was measured after buffering to pH 7.0, and

[289]
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the nucleotide concentration was calculated as in the previous paper [9].
The amount of protein-bound ATP was calculated in two ways: (1) from
the difference of the concentration of the nucleotide inside and outside
the bag multiplied by the volume of the fluid inside the bag; (2) from the
difference between concentration of the nucleotide in the control (without
protein), and in the tested sample (with albumin) multiplied by the total
volume (inside and outside the bag).

Ultrafiltration with centrifugation was carried out according to the
procedure elaborated in this laboratory [21]. 2 -3 ml. samples containing
ATP, serum albumin and buffer solution (of the same ionic strength as
used in dialysis experiments) were centrifuged 3 -4 hours at 6000 r.p.m.
with the layer of liquid paraffin (usually 5ml.) through a membrane
filter in a vessel made of Plexiglass [21]. In the control samples ATP
solution without albumin was filtered by the same procedure. The amount
of protein-‘bound ATP was calculated from the difference in concentra-
tions of the nucleotide between the sample with albumin and.the control.

Paper electrophoresis was carried out on Macherey-Nagel No. 224
filter paper in the moist chamber, using the voltage about 3.5 V/em.
Veronal buffer [22] or 0.1 M-glycine buffer, pH 8.6, and 0.1 Mm-acetate
buffer, pH 3.6 - 5.8, were used.

Nucleotides were detected on the paper using a mercury lamp with
a filter containing NiSO; + CoSO; and Cl, according to Markham
& Smith [17]. Staining with Light Green [22] was used for the detection
of the albumin.

RESULTS

Dialysis and ultrafiltration

The influence of pH on the distribution of ATP after dialysis is shown
in Table 1. As can be seen the concentration of the nucleotide is much
greater on the protein-side of the membrane than on the opposite side.
This indicates the existence of binding between ATP and protein.
Maximum difference was observed below the isoelectric point; it
decreased with the increase in pH, and was very small at pH 5.8.

Using equilibrium dialysis experiments were performed to check the
ability of binding of ATP by native and modified serum albumins. Some
results are shown in Table 2. The character of changes in the binding
ability, dependent on the kind of modification, was the same as had been
observed in the previous work [9] using precipitated proteins. Acetylated
albumin binds less ATP, whereas esterified albumin binds more ATP
than the native protein. Moreover, the experiments with dialysis enabled
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Table 1

Equilibrium dialysis of ATP and human serum albumin. The effect of pH
on the binding
Expt. 18/D. Inside the dialyzing tubes 5ml. ATP solution, outside 15ml. protein
solution. Acetate buffer. The equilibrium was attained in 72 hours.

% ATP (pmoles per ml.)
pH found after dialysis
calculated
A inside the tubes I outside the tubes
3.6 0.198 0.360
4.7 0.290 0.332
5.8 0.312 0.317
Control (without
protein)
5.8 0.325 0.320 0.315
Table 2
The equilibrium dialysis of ATP and esterified or acetylated serum
albumin

Expt. 19/D. Inside the dialyzing tubes 5 ml. protein solution, outside 20 pmoles ATP
in 15 ml. acetate buffer. (Acetylation and estrification were carried out as in the
previous paper [9]).

’ Initial ATP found | Calculated
| Protein re:]aI:;:n outside amount of
in the the tubes |protein bound
pH sample of AT]? to after ATP
(mg.) protein dialysis (umoles/g.
(umoles/g.) | umoles/ml.) |  protein)
Control (without
protein) 3.8 - — 1.07* —
Native serum albu-
min 3.8%* 40.5 446 0.74 163
Esterified albumin 3.8%* 38.1 524 0.65 220
4.6%* 38.1 524 0.70 193
5.3%¢ 38.1 524 0.71 189
Acetylated albumin 3.8%% 43.3 460 0.94 60
4.9 43.3 460 1.04 13

* After dialysis the amount of ATP found in the control sample inside the

tubes was 1.11 pmoles per ml.

** In these samples, as a result of high concentration of ATP, a small amount of
protein precipitated during the dialysis.

the estimation of the binding ability at pH values at which no coagulation
of some of the modified protein occurred, e.g. in the case of esterified"

serum albumin at pH 3.6.
2
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Table 3

Ultrafiltration of the solution of ATP and serum albumin. The effect of
pH on the binding
482mg. serum albumin in 0.25ml., 0.7pmoles ATP in 1ml., 0.25ml. 0.4 m-acetate
buffer at various pH, 0.5 ml. distilled water. (The control sample contained distilled
water instead of the protein solution) Initial relation of ATP to the albumin was
144 pmoles per g

ATP found in the ultrafiltrate ' Calculated amount of ‘
(umoles per ml.) | protein bound ATP
pH = Iz e R ,
samples without samples with ' vmoles/ml. | umoles/g. !
protein (a) protein (b) | (a-b) | protein
3.54 ‘ 0.337 0.125 0.213 88.6 |
4.54 | 0.337 0.230 0.107 4.4
5.74 | 0.337 | 0.325 0.012 5.0
| |
A S =iz F e = 5 — -

Dialysis is, however, rather inconvenient for the investigations of ATP
binding, because of a very slow penetration of ATP ions through semi-
permeable membranes [18, 21]. A long period of dialysis can cause, even
at low temperature, some cleavage of ATP, which, according to our
previous observations [7], decreases its binding ability with proteins.

>
9

200 -~

~
1

albumin)
1

400 -~

1 ! 1
15
a5 & < =g -1 0 4

Free ATP(pmole) Log of Free ATP (umole)
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Log of vound ATP (pmole;

Fig. 1. Ultrafiliration of the mixture of ATP with serum albumin at pH 3.6 (@),

expt. 21/U; (X), expt. 22/U. (A) The relationship betwen the concentration of free

and bound ATP. (B) The logarithmic relationship between the concentration of free
and bound ATP. For experimental conditions and data see Table 5.

Therefore, experiments concerning the binding of ATP by serum albumin
were performed by the ultrafiltration method [21]. As it is shown
in Table 3 ultrafiltration gives similar results on the pH dependence of
ATP binding as dialysis.
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Table 4

Ultrafiltration of the solution of ATP and serum albumin at pH 3.6. The

relationship between the concentration of ATP and its binding by protein

025ml. protein solution, 0.25 ml. 0.4 m-acetate buffer, variable amounts of ATP,
distilled water to 2 ml.

ATP found in the ultrafiltrate Calculated amount of protein |
(umoles per ml.) bound ATP i
Initial relation | YRS T T 3 o= Lrr ey i
‘of ATP to protein sa.mp les samples |
wmoles per g. wnho.ut with protein wmoles/ml. :gmoles/g. protein
protein (b) (a-b) | [
(a)
Expt. 21/U, 6.26 mg. protein in the samples

30.5 0.095 0.044 0.051 16.6 {

61.0 0.191 0.075 0.116 37.2
91.5 0.286 0.107 0.179 57.2 |

122.0 0.382 0.164 0.218 69.8

152.5 0.476 0.224 0.252 81.0

183.0 0.572 0.255 0.319 101.0
Expt. 22/U, 5.8 mg. protein in the samples !

! 126.0 0.365 0.153 0.212 73.0

378.0* 1.095 0.692 0.403 139.0
465.0* 1.350 0.835 0.500 ‘ 173.0 f
‘ 577.0* 1.680 1.090 0.590 204.0 |
! 697.0* 2.030 | 1.350 0.680 | 235.0 |

* In these samples a small amount of protein was precipitated as a result of high

concentration of ATP.
Table 5

Ultrafiltration of the solution of ATP and native or denaturated serum
albumin at pH 3.6

Expt. 19/U. 6.1mg. protein in 0.25ml., 0.25 ml. 0.4 M-acetate buffer, ATP in samples

(I) 0.39 pmoles, and in (II) 0.78 umoles, distilled water to 2 ml. The denaturation was

performed by heating in the acetate buffer at pH 3.6 during 10 min. on boiling water

bath. 3
ATP found in the
ultrafiltrate Calculated
Initial relation of | (umoles/ml.) * amonnc ot
Albumin k A'I;P r::,] :sr/c;tfm i‘ s;mpl;; —l Js;r‘nples ‘ protein-bound ATP
i A 3
\ | Sitoae | with 1 (umoles/g. protein)
: | protein | protein |
I. Native ‘ 64 ! 0.184 ‘ 0.136 : 20.0
Denaturated 64 0.184 0.134 | 20.1
1L Native ‘ 128 0.390 0.209 | 59.5
Denaturated 128 0.390 0.206 | 60.5
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Table 4 shows the relationship between protein-bound and free ATP.
Data from this Table are presented in Fig. 14, as a relation between the
amount of bound ATP (in wmoles per g. albumin), and the concentration
of free ATP in mM. The logarithmic dependence of these values is shown
in Fig. 1B. As indicated by the character of the curves, the binding of
ATP by serum albumin in the solution resembles the isotherm absorp-
tion, a situat’on similar to the binding of this nucleotide by coagulated
protein observed previously [9]. The comparison of the present and the
earlier results shows that the binding ability of ATP by serum albumin
in solution is only insignificantly smaller than by the coagulated protein.

Using the ultrafiltration method, it was possible to establish the
influence of denaturation on the binding ability. Table 5 shows that
there is no difference between the extent of binding of ATP by the
native albumin and by albumin previously heated to 100° at pH 3.6 (at
which pH this protein does not coagulate).

Spectrophotometric measurements

As it is shown in Table 6, at pH 7, as well as at pH 3.6, only insignifi-
cant differences were found between the extinction at 259 mum for the
mixture of ATP and several proteins and the sum of the extinctions of
these components determined separately. We were also unable to demon-
strate any difference in extinction values if the mixture of ATP and
protein was preincubated during 30 min. at pH 11, and adjusted after-
wards to pH 7.6, according to the procedure of Anina & Wendt [1], used
by these authors in their studies on binding of nucleotides by actin. Simi-
larly, we could not detect any changes in ATP spectrum after incubation
with tyrosine (Table 6).

In experiments shown in Table 6, the ratio of ATP to protein was
90 - 120 pmoles per g. It was shown earlier [7] that the greater was the
concentration of ATP in the protein solution the greater was the amount
of the protein bound nucleotide. It seemed, therefore, advisable to per-
form experiment with much higher concentrations of ATP, about
350 umoles per g. protein. However, also in this case no changes in the
spectrum of the nucleotide at pH 7.0 in the presence of serum albumin
were observed.

At pH 3.6 and when the ATP to protein ratio amounted to 240 wmoles
per g. there was a small decrease (up to 6%) in the extinction at 260 mu.
However, no change could be observed in the extinction at 280 mu. It
appeared impossible to use higher concentrations of ATP at pH 3.6,
because of a partial precipitation of serum albumin.
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Table 6

Optical density at 259 mu of ATP solution, protein solution, and ATP in
protein solution
All data are mean values from 3 to 6 analyses + standard deviation

Optical density at 259 mp

found calculated

Substance pH protein ATP the mixture as the sum
solution solution of protein of (a)
(a) (b) and ATP and (b)

Serum albumin | 3.6 0.171-£0.004 0.5094+-0.007 0.670-+0.010 0.€80-+0.011
Serum albumin | 6.5 0.189-+-0.003 0.537-+0.014 0.739-+0.007 0.726-+0.017
Serum albumin | 3.6 0.229-+-0.004 0.454+-0.014 0.680-+-0.021 0.670+0.018
Serum albumin | 6.5 0.249-+-0.002 0.469-+-0.016 0.691-+0.015 0.718-£0.018

y-globulin 3.6 0.2334-0.001 0.532-+-0.003 0.768+0.013 0.7654-0.004
y-globulin 6.5 0.250-£0.010 0.544--0.013 0.795--0.013 0.784+0.023

Ovoalbumin 7.6*| 0.17140.006 0.500-0.007 0.644+0.011 0.6714-0.013
Ovoalbumin 7.6%| 0.184-+0.C07 0.500-+-0.007 0.672-4-0.010 0.684-+:0.014

Tyrosine 7.6%| 0.149+0.013 0.500-:0.007 0.634-£0.006 0.649-+-0.020
Tyrosine 7.0%*|  0.14110.010 0.488-:0.014 0.626+0.008 0.641-+-0.024

* The mixture of ATP and serum albumin, or ATP and tyrosine, was incubated
30 min., 50°, at pH 11, and then adjusted to pH 7.6.

** The mixture of ATP and tyrosine was incubated 30 min., 50°, at pH 11, after-
wards it was kept at 0° during 48 hrs., and then adjusted to pH 7.6.

Paper electrophoresis

To elucidate the mutual influence of ATP and serum albumin on
their migration in the electric field the paper electrophoresis of this
nucleotide or protein alone, or the mixture of both compounds was
carried out.

Fig. 2 shows electropherograms of ATP, serum albumin and their
mixture at pH 8.6 and 5.4. It is obvious that there is no difference in the
migration velocity of the protein in the presence and in the absence of
ATP at both pH values. However, near the isoelectric point of serum
2lbumin some influence of the nucleotides on the protein migration could
be observed. As it can be seen in Fig. 3A albumin alone migrated slowly
to the cathode, whereas in the presence of ATP it remained at the start
line. On another electropherogram (Fig. 3B) albumin in the presence of
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ATP migrated slightly to the anode, whereas in the absence of nucleo-
tides it moved slightly to the cathode.

Greater differences in the behaviour of the albumin in electric field
were observed below the isoelectric point (Fig. 4). In this case a decrease
in the mobility of albumin was observed in the presence of nucleotides.
The efforts, however, to detect the presence of nucleotides in the same
places where protein was located, were unsuccessful. The decrease of the
mobility of serum albumin, as well as the change of the shape of its
spots, showed marked dependence on the initial ratio of ATP to the
protein. At low concentrations of ATP, about 250 wmoles per g. protein,
no influence of ATP on the migration of albumin could be shown. The
decrease of the mobility of the protein was observed only at high con-
centrations of ATP, above 700umumoles per g. protein. In this case
a distinct dependence on the ratio between the concentration of ATP
and the mobility could be observed (Picture C, Fig. 4).

In the whole investigated pH range no influence of serum albumin on
the nucleotide migration was observed (Fig. 5). Preparations of ATP
used in the electrophoretic experiments contained usually some amounts
of ADP. Using acetate buffer in the pH range 3.6 -5.5,a good separation
of ATP from ADP could be obtained. However, the duration of the elec-
trophoresis had to be longer than in the experiments concerned with the
ATP-albumin interaction.

DISCUSSION

In the present paper the formation of the binding between ATP and
protein in solution was demonstrated. Existence of a relationship was
established between the binding ability and pH of the medium, and
between the amount of bound ATP and the concentration of the free
nucleotide. This was in agreement with previous experiments [7, 9] per-
formed with the coagulated protein.

Earlier study from this laboratory [19, 20] showed that during the
extraction of the muscle pulp with buffer solutions at pH 4.6 more than
50%0 of nucleotides remained in the residue together with proteins. On
the other hand, ATP added during the extraction was under these con-
ditions completely soluble, i.e. it did not bind with proteins. It is reaso-
nable to assume that under these conditions muscle proteins were practi-
cally saturated with nucleotides originally present in the muscles.

The results of the present investigation confirm the earlier observa-
tions [9] concerning the role of the protein cationic side chains in the
formation of the combinations with nucleotides. The results are also in
agreement with absence of a difference between the binding ability of
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Paper electrophoresis of ATP and serum albumin above the isoelectric point.
(A) 0.05 m-veronal buffer, pH 8.6; 4 hrs. (B) 0.1 m-glycine buffer, pH 8.6; 13 hus.

(C) 0.1 m-acetate buffer, pH 5.4; 8 hrs. (I) serum albumin; (2) serum albumin in the
presence of ATP

Fig. 2.
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! ' s Fig. 3. Paper electrophoresis of ATP and
serum albumin near the isoelectric point.
s 0.1M-acetate buffer, pH 4.7. (A) 17.5 hrs.,
: ' ¢ (B) 5 hrs. (1) serum albumin; (2) serum albu-
min in the presence of ATP

Fig. 4. Paper electrophoresis of ATP and serum albumin below the isoelectric point.
(A) 0.1 m-acetate buffer, pH 4.0; 5hrs., (B) 0.2 m-acetate buffer, pH 3.4; 7 hrs.,
(C) 0.1 m-acetate buffer, pH 3.8; 4 hrs. (1) serum albumin; (2 - 5) serum albumin in the
presence of increasing concentrations of ATP. The initial ratio of ATP to the protein:

(2) 850 umoles per g. (3) 1900 umoles per g. (4) 3800 wmoles per g. (5) 5700 umoles

per g.

Fig. 5. The influence of the protein on the mobility of adenine nucleotides. Pictures
aken at UV. 0.1 m-acetate buffer: (A) pH 4.0, 8 hrs.; (B) pH 4.0, 15 hrs.; (C) pH 5.4,
17 hrs. (I) ATP in the presence of serum albumin; (2) ATP alone
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the native and denatured serum albumin observed previously in the case
of coagulated proteins [7].

Several authors [cf. 14] demonstrated earlier that the light absorbing
substances showed, after combination with proteins, a decrease of the
extinction coefficient and/or a shift of the absorption maximum. Con-
cerning natural combinations of proteins with various nucleotides or nuc-
leic acids the results of various authors are not always in agreement with
each other. Some of them show [2, 4, 16] that the extinction coefficient
of nucleoproteins is lower than that of nucleic acids. On the other hand,
Chargaff [6] found that the spectrum of nucleoproteins did not differ
from that of free nucleic acids.

Madsen & Cori [15], relating the binding of AMP by phosphorylase.
and Theorell [23], relating the combinations between DPN and alcohol
dehydrogenase, showed changes in the spectra of these nucleotides in the
presence of the enzyme. On the other hand, Velick [24] was able to demon-
strate that in the complex of DPN with 3-phosphoglyceraldehyde dehy-
drogenase the absorption near 260 mu was additive. Anina & Wendt [1]
showed that the extinction coefficient of adenine nucleotides bound by
actin was lower than that of the free nucleotides. These authors, as well
as Fermin [10], showed also that the incubation of the tyrosine with
adenine nucleotides led to the formation of combinations characterized
by the decrease of the extinction coefficient. However, in the present
investigation we were not able to confirm this phenomenon.

The experiments described in the present paper on the influence of
the proteins on the UV spectrum of ATP showed, only at pH 3.6 and
at higher concentration of ATP, a small decrease in the absorption
coefficient in the presence of serum albumin. These results confirm pre-
vious observations [9] that the phosphate groups of the nucleotide mole-
cule are of principal importance in the formation of the complexes with
proteins, whereas the role of the purine ring is probably not more than
a secondary one.

The fact that the extinction values of ATP and serum albumin were
at pH 7.0 fully additive enabled the determinations of the nucleotide
concentrations in the presence of proteins. This could be calculated
according to the equation presented in the previous work [9] from the
data provided by the estimations of the optical densities at 259
and 280 mu.

The character of the investigated combinations of ATP with proteins
resembles the adsorption isotherm both in the case of coagulated proteins
and proteins in solution. This is in agreement with earlier observations
[5, 14] concerned with the character of combinations of various ions with
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proteins in the solution which also showed a resemblance with the
adsorption isotherm.

The amounts of bound ATP found in the present paper, using ultra-
filtration method, were only slightly lower than those bound by coagu-
lated proteins. These results suggest that the binding of nucleotides by
the boundary surface of the solid phase, which in this case is a precipi-
tated protein, does not take a significant part in the case of investigated
complexes.

Paper electrophoresis showed that below the iscelectric point of the
albumin ATP had a marked effect on the electrophoretic mobility of this
protein. Unsuccessful efforts to detect the presence of the nucleotides, in
places where the protein was located, suggest, perhaps, that the investi-
gated complexes, according to their ionic character, may be split in the
electric field.

SUMMARY

Binding of ATP by serum albumin in solutions has been investigated
by means of ultrafiltration and equilibrium dialysis. It has been found
that the amount of ATP bound by albumin decreases with increasing pH
of the medium and increases with increasing concentration of ATP,
similarly as in the case of binding of nucleotides by precipitated
proteins.

The presence of albumin in the solution has no influence upon the
ultraviolet absorption spectrum of ATP, which indicates that the adenine
ring is not involved in the linkage.

Below the isoelectric point ATP affects the electrophoretic mobility
of albumin.

The author wishes to thank Professor W. Niemierko for his interest
and advice and Mrs. Alina Jurowska for the skilful technical assistance.
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WIAZANIE ATP PRZEZ ALBUMIN SUROWICY W ROZTWORACH

Streszczenie

Przy zastosowaniu ultrafiltracji i dializy wyréwnawczej stwierdzono
powstawanie polaczern ATP z albuminem surowicy w roztworach. Zdol-
nos¢ wigzania ATP spada wraz ze wzrostem pH, a wzrasta ze wzrostem
stezenia ATP, podobnie, jak w przypadku polaczen nukleotydéw ze stra-
canymi bialkami.

Badania spectrofotometryczne mieszaniny ATP i albuminu surowicy
wykazaly, ze obecno$¢ biatka nie wplywa na widmo ATP w ultrafiolecie,
co potwierdza brak udzialu pierScienia adeniny w tworzeniu badanych
polaczen.

W pH ponizej punktu izoelektrycznego zaobserwowano wyrazny
wplyw ATP na ruchliwoéé¢ elektroforetyczna albuminu na bibule.
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It has been often observed the presence of adenine nucleotides and
of orthophosphate in preparations of muscle proteins and isolated
myofibrils, and a binding of added nucleotides and orthophosphate by
muscle proteins [cf. 7,24,28]. In general, only a small fraction, usually
no more than 10% of the total amount of muscle nucleotides, have been
detected as complexes with proteins. However, Niemierko et al. [27, 29]
and Lange [19] have found that much greater quantities of muscle nucleoti-
des, i.e. about 50°%, may form combinations with proteins. These large
discrepancies seem to be due to a high lability of complexes of nucleotides
with muscle proteins as pointed out by Niemierko et al. [28, 29]. It has
been shown by these authors that these complexes are rather stable in
acetate buffer of pH 4.6 - 5.5 but are split in distilled water and in 60%
ethanol.

As it has been described in a preliminary communication [10] there is
a relationship between the amount of bound nucleotides and pH of the
extracting medium. When frog muscles were extracted with a mixture
of 0.2 m-acetate buffer, pH 3.6, and ethanol (1 :1) as much as 90°% of
total nucleotides remained unextractable, i.e. presumably bound to
muscle proteins. However, at pH 5.8 the greater part of total nucleotides
was extractable and only 25% remained in the residue. It has been
found that these changes in extractibility can be attributed to both the
formation of new combinations between nucleotides and proteins during
the extraction procedures and to the breakdown of the existing com-
plexes. This has been shown by the following experiments. Two sym-
metric muscles were separately homogenized in a buffer of pH 6.0 and one
of these two homogenates was brought to pH 4.4. It was found that the

[301]
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amount of bound nucleotides was much higher in the acidified homo-
genate. In another experiment, muscles were homogenized at pH 4.4 and
one of the two homogenates was brought to pH 6.0. This resulted in
a diminution of the amount of bound nucleotides.

The ability to form complexes with nucleotides is not a specific pro-
perty of the structural muscle proteins. A formation of such complexes
and its dependence on pH was observed already in 1932 by Przylecki &
Grynberg [31] with egg albumin. Recently Niemierko and his co-
workers [10] found that the proteins in frog liver, kidneys and lungs
homogenates may contain the bound nucleotides, while Drabikowski [7]
observed a binding of adenine nucleotides, and its dependence on pH, by
various purified protein preparations (egg albumin, serum albumin, serum
v-globulin, casein, myosin).

At the present state, our knowledge on the properties of complexes
of nucleotides with muscle proteins is rather poor. It seemed, therefore,
interesting to examine more carefully the formation of these complexes
within a broad range of pH and to investigate the effect of some inorganic
salts thereupon. In connection with criteria of Przylecki [32] it could be
expected that such an investigation might furnish some new data con-
cern'ng the nature of binding between muscle proteins and nucleotides.

MATERIAL AND METHODS

All experiments were carried out with the acetone-dried muscle
powder from the frog (Rana esculenta). The powder was prepared ac-
cording to the procedure described earlier [28]. In spite of a partial
denaturation of proteins, this powder, as a uniform material, proved to
be more convenient for th’s investigation than fresh muscles. Its nu-
cleotide composition was stable for several months if stored in vacuo
at 0°. Molar ratio of labile nucleotide P to ribose in the used muscle
powder preparations amounted from 1.0 to 1.7 (on the average 1.3) which
indicated that nucleotides of various phosphorus content were present.
Paper chromatography of nucleotides from the acetone powder (per-
formed according to [37]) and spectrophotometric analyses of the eluted
spots revealed the presence of ATP and ADP and only minute amounts
of AMP.

The muscle powder preparations contained orthophosphate originally
present in the fresh muscles and orthophosphate split from the phospho-
creatine which appeared to be unstable during preparat’on of the powder.

In experiments on the effect of pH on the binding of nucleotides by
muscle proteins the following procedure was used. 200 - 250 mg. of the
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acetone powder was extracted during 10 minutes at 0° with 10 ml. of
buffer solution in 48% ethanol. At this concentration of ethanol practical-
ly all the protein remained undissolved. Final concentration of the buf-
fers was usually not higher than 0.05m in order to diminish the possi-
bility of competition between ions of the buffer and the nucleotides for
the protein. The extract was filtered on a Schott funnel G4 and washed
three times with the buffer solution. All the filtrates were combined and
analysed for the amount of nucleotides.

It has been assumed according to Niemierko et al. [27] that those
nucleotides which, during the described procedure, are not extractable
and remain in the protein residue are protein bound. These nucleotides
were determined after liberation with 10 trichloracetic ac'd at 0°.

In experiments on the effect of salts, the acetone powder was ex-
tracted with ethanol-buffer solutions, as described above, supplemented
with various salts. In order not to introduce additional factors the buffers
used in these experiments contained very little or none of metal ions.

Nucleotides were determined by the amount of ribose and of labile
nucleotide phosphorus liberated by 15 minutes hydrolysis in 1 N-H,SO4
at 100° (AP;;). Phosphate was determined according to Fiske & Sub-
barow [13] and ribose according to the method of Mejbaum [23] with
modification of Niemierko and Strzelecka-Golaszewska (in preparation);
the time of hydrolysis was 40 min, according to Albaum & Umbreit [1].
The pH was measured by means of a glass electrode. All values given
in the text and in figures indicate final pH of the extracting media, i.e.
the mixtures of buffers, ethanol and salt solutions.

All data concerning the amount of bound nucleotides are means of
at least two parallel experiments performed on samples of the same muscle
powder preparation. The results were reproducible within a few per cent.
The data are expressed as per cent of the total amount of nucleotides in
the muscle powder.

RESULTS

Fig. 1 and 2 demonstrate the relationship between pH of the extract-
ing medium and the amount of protein bound nucleotides. The highest
amount of bound nucleotides was found at pH 2.20 - 2.78. With 0.05 mM-cit-
rate buffer, pH 2.20, about 90% of nucleotides (as determined by the
labile phosphorus) remained bound to proteins (Fig. 1) and with 0.05
M-glycine buffer, pH 2.40 and 2.78, practically all the nucleotides remained
unextracted (Fig. 2). In more acidic solutions, the amount of bound
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nucleotides decreased rapidly; so it was only a few per cent at pH 0.90
(Fig. 2). The degree of binding also diminished with increasing pH,
although more slowly. At pH 6.8 as much as 40% of the nucleotides were
still bound to proteins (Fig. 1). On further alkalization of the extracting
media the degree of binding increased again, although very slightly.

As can be seen in Fig. 1 and 2, changes in the degree of binding are
almost identical whether determined by ribose or labile phosphorus
(APy5). There are only a few discrepancies which may indicate that
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Fig. 1. Relationship between pH and binding
of muscle nucleotides by wmuscle proteins.
Muscle powder was extracted at 0° with the
following solutions in 48%6 ethanol: (4) pH
1.70 - 7.46, 0.05 m-citrate buffer; (B) pH 7.85 -
- 8.98, 0.05 m-barbital buffer; (C) pH 9.30 -10.43,
0.05 m-glycine-NaOH buffer, (O), nucleotides
determined by labile P; (@), by ribose. Two
preparations (I and II) of muscle powder were
used; (I) was extracted with solutions A and
B, (II) — with solution C. Preparation I con~
tained per g. 37.8 umoles of labile nucleotide
P, and 21,8 umoles of ribose; preparation II
— 52.1 umoles of labile nucleotide P, and
36.2 umoles of ribose

Fig. 2. Relationship between pH
and binding of muscle nucleoti-
des by muscle proteins. Muscle
powder was extracted at 0° with
the following solutions in 48%
ethanol: (A) pH 09-1.65, HCI in
concentrations 0.5M, 0.25M, and
0.05 m respectively; (B) pH 1.67 -
-3.48, 0.05 m-glycine-HCl buffer;
(C) pH 4.59-6.58, 0.1 m-acetate
buffer. (O), nucleotides determin-
ed by labile P; (@), by ribose.
Muscle powder contained per g.
44,0 pmoles of labile nucleotide
P, and 32.9 pumoles of ribose

nucleotides of different amount of phosphate moieties differ in their
response to pH. However, it should be taken into account that a certain
part of ribose, as determined in the present experiments, should not
necessarily come from nucleotides.

In connection with the results obtained, indicating a different degree
of binding of adenine nucleotides at different pH, experiments on the
effect of inorganic salts (CaCly, MgCly, NaCl, and KCl) were performed
at a few various pH values: 2.42, 6.96 and 8.98. It was found that at
pH 2.42 (0.05m-glycine buffer) the presence of 0.025M-CaCly or MgCl,
considerably decreased the amount of bound nucleotides as compared
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with buffer solution alone when no metal ions were present in the ex-
tracting medium (Fig. 3). A small but clearly detectable effect of CaCl,

calty | Mgcl, NaCl
400

&

Nucleotides bound (%)

1 1k 1 1 | A | 1 {
000 Q05 Q00 005 Q0 o1 02 03 04 o5

Salt concentration(M)
Fig. 3. Influence of some inorgamic salts (CaCly, MgCls, NaCl, and KCI) on com-
binations of muscle nucleotides with muscle proteins at pH 242 + 0.06. Muscle
powder was extracted at 0° with solutions containing 0.05 M-glycine-HCI buffer.
pH 2.42, inorganic salt in variable concentrations, and 48% of ethanol. (O), nucleotides
determined by labile P; (@), by ribose. Muscle powder contained per g. 59.5 umoles
of labile nucleotide P, and 51,9 umoles of ribose
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Fig. 4. Influence of NaCl on Fig. 5. Influence of NaCl on combinations of
combinations of muscle nucleo- muscle nucleotides with muscle proteins at
tides with muscle proteins at pH 898 + 0.09. Muscle powder was extracted
PH 6.96 + 0.06. Muscle powder at 0° with solutions containing 0.05 m-Tris buf-
was extracted at 0°with soluti- fer, pH 8.98, NaCl in variable concentrations,
ons containing 0.05 m-Tris buf- and 48% of ethanol. (O), nucleotides determined
fer, pH 6.96, NaCl in variable by labile P; (@), by ribose. Muscle powder con-
concentrations, and 48% of etha- tained per g. 65.2 umoles of labile nucleotide P,
nol. (O), nucleotides determined and 64.7 umoles of ribose

by labile P; (@) by ribose. Mus-

cle powder contained per g. 66.2

pmoles of labile nucleotide P,
and 65.8 pmoles of ribose

and MgCl, was observed at concentration as low as 0.005 M, which cor-
responds approximately to the concentration of Mg?* and Ca?* ions
in muscle tissue. The effect of NaCl at pH 2.42 could be observed only
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at concentrations much higher than those of MgCl, and CaCl, (Fig. 3).
However, in this case also a decrease of the amount of bound nucleotides
with increasing salt concentration could be observed. Thus, in the presence
of 0.5 Mm-NaCl only about 12% of labile nucleotide P was found as bound
by proteins as compared with 100°% when no metal ions were present
in the extracting medium. The effect of KCl was the same as that of
NaCl. Similar results were obtained at pH 1.9 (0.05 M-citrate buffer).

On the other hand, when the muscle powder was extracted with
0.05 M-Tris buffer, pH 6.96, the results were quite different. In this case
no substantial c¢hanges in the degree of binding could be observed in the
presence of NaCl (Fig. 4) or KCI in concentrations from 0.025 M to 0.5 M.
The effect of CaCly, and MgCl, could not be studied at this pH because of
the formation of insoluble calcium and magnesium salts of nucleotides.

The effect of NaCl on the binding of nucleotides in the alkaline
medium (0.05 m-Tris buffer, pH 8.98) is illustrated in Fig. 5. As can be
seen, an increase in the concentration of sodium chloride up to 0.25 M
is accompanied by an increased binding of nucleotides by proteins. A fur-
ther increase in NaCl concentration results, however, in a gradual
decrease of bound nucleotides.

In all the experiments described above it was observed as well that
a considerable part of orthophosphate (up to 30% of the total amount
in muscle powder) formed combinations with muscle proteins. However,
no regular dependence upon pH or salt concentrations could be detected.

DISCUSSION

The present investigation confirms the former results by Niemierko
et al. [10, 28, 29] indicating a great variability of the amount of nucleoti-
des bound by muscle proteins at different conditions. It has been shown
that pH and the concentration of salts in the extracting medium are the
most important factors influencing the extent of binding.

Przylecki [32] describes several kinds of linkages between macro-
molecular substances, like proteins, and compounds of low mclecular
weight. According to the criteria given by Przylecki, the results of the
present investigation indicate that at different pH of the medium dif-
ferent kinds of linkages between muscle proteins and muscle nucleotides
may exist. Electrostatic (salt type) linkage between muscle proteins and
nucleotides in acidic medium is demonstrated by the effect of inorganic
salts and of changes of pH upon the degree of binding. As nucleotides
form anions at all pH values above 2 [22,2] and as the isoelectriz point
of most of muscle proteins is in pH range from 4.6 to 5.4 [9] it can be
supposed that electrostatic binding exists between phosphate moieties of
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nucleotides and positively charged groups of proteins. A similar conclusion
has been expressed by Drabikowski [7] who has found that an increase in
the amount of phosphate groups in the nucleotide molecule increases its
affinity towards proteins at, and below the isoelectric point of the protein.
By blocking functional groups of the protein it has been shown also
that e-amino groups of lysine and guanidine groups of arginine are the
main sites of binding between serum albumin and ATP [8].

At pH below 2 the dissociation of phosphate groups is decreased and
the nucleotides exist as cations [22,2]. This is probably the reason why
below pH 2.2 the amount of bound nucleotides decreases abruptly, as
observed in the present investigation. This decrease in the binding of
nucleotides by proteins in strongly acid medium may be also partly ex-
plained by a competition of chloride ions (from HCI present in the extract-
ing medium) with the nucleotides. The affinity of chloride ions towards
muscle proteins increases with a decrease in pH, as it has been shown
by Nanninga [26] with H- and L-meromyosin. The competition of Cl—
with nucleotides may also explain a decrease in the extent of binding
when NaCl, KCl, MgCl, or CaCl, are added to the extracting medium
at pH 2.42 and 1.9. As this decrease in the presence of CaCl, and MgCl,
is much higher than in the presence of NaCl and KCIl it is evident that
Mg?* and Ca’' may have some additional effect. The nature of this
effect needs, however, a further examination. A decrease in the binding
of nucleotides in the presence of inorganic salts has been also observed
by Drabikowski [7] with egg albumin.

As inorganic salts have no distinct effect on the extent of nucleotide-
-protein binding at pH 7 it may be concluded that in this case a binding

LA

\ NH,
/

_M

(0 Ao, : ” ’ i -

i i Fig. 6. A possible kind of binding of adenine
cO CcO nucleotides through a metal to the carboxyl
b e——— .

protein rests of the protein

of some other type than electrostatic exists. It may be supposed that
a chelate complexing of adenine moiety of the nucleotide with carboxyl
groups of the protein is formed by a metal ion (Fig. 6), as suggested by
Kirby [16] for complexes of deoxyribonucleic ac’d and proteins. It has
been already shown by Epp et al. [11] that ATP and ADP form chelate
3 .
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compounds with Mg?* by the amino group attached to 6-carbon atom
and the nitrogen atom in the position 7 of the purine ring. It is also
known [26] that Mg?* may combine with proteins.

Chelate binding of nucleotides with muscle proteins may exist side
by side with the binding of the salt type. At neutral pH salt type binding
may occur between phosphate groups of the nucleotide and positively
charged groups of the protein, which at pH 7 are still rather numerous,
or carboxyl groups of the protein and magnesium, or calcium ions. The
affinity of Mg?* and Ca?* to muscle proteins [26] and to phosphate groups.
of nucleotides [33, 36, 21, 6] at neutral pH is well known. It can be sup-
posed that the acetone-dried muscle powder used in the present in-
vestigation contained enough magnesium and calcium to make such type
of binding possible.

A participation of calcium in the formation of binding between adenine
nucleotides and actin has been already suggested by Straub & Feuer [34].
It has been also postulated recently [17, 35, 25, 18] that the well known
effect of bivalent cations on the hydrolysis of ATP by myosin and acto-
myosin and on transphosphorylations which occur with the participation
of nucleotides is due to the formation of an enzyme-metal-substrate
complex. Hasselbach [14], however, does not agree with the conception
of participation of bivalent cations in binding of nucleotide by actin. He
has demonstrated that AMP and orthophosphate, which appear during
the hydrolysis of actindbound ADP by apyrase, are bound by the protein
and that the amount of actin-bound calcium and magnesium remains
unchanged. However, these results may be explained assuming that Ca
and Mg form a chelate complex with actin and the nucleotide and that,
at the same time, the nucleotide is attached to actin by its phosphate
groups.

A binding of the tioester type between SH-groups of proteins and
phosphate moieties of nucleotides has been also postulated [3, 4, 30].
However, in the case of myosin and actomyosin some data do not agree
with the assumption of existence of such kind of binding [12, 5].

An increase in the binding of nucleotides by muscle proteins in the
presence of NaCl and KCl (in concentrations up to 0.25m) at pH 9, as
observed in the present investigation, may be explained as an effect of
binding of Na* and K+ by carboxyl groups of the proteins, which shifts
the isoelectric point towards more alkaline pH and extends the range
at which a binding of the salt type between nucleotides and muscle
proteins takes place. Such an interpretation is in accordance with the
results of Lewis & Saroff [20] who found a violent increase of affinity
of Na* and K+ towards muscle proteins at pH above 7. Drabikowski [8]
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blocked the carboxyl groups of serum albumin by esterification and also
observed an increased binding of ATP by the protein. This modification
of the protein molecule, like binding of sodium or potassium in the
present investigation, increases the alkaline character of a protein.

On the other hand, higher concentrations (0.5-1.0 M) of NaCl had,
at pH about 9, a slight decreasing effect on the amount of protein bound
nucleotides. This effect might be explained as a competition of Cl— ions
with nucleotide ions for the binding sites in the protein molecule. Nan-
ninga [26] did not find any binding of Cl~ by meromyosins at pH above 6,
but the concentration of chloride ions in his experiments was not higher
than 0.1 m. It seems quite possible that such a binding, even at pH 9, does
occur at higher concentrations of Cl— ions, as used in the present in-
vestigation, and that in this case chloride ions may compete with the
nucleotides which are present in a far lower concentration.

It has been shown by Hermann [15] that the binding of ATP by
myosin in the presence of KCl is accompanied by a simultaneous binding
of potassium and that a low concentration (0.0005M) of bivalent cations
considerably increases the binding of ATP in the presence of potassium
ions. These findings are related to our observations on the effect of low
concentrations of inorganic salts at pH 9. A closer comparison is, however,
difficult since no precise information concerning pH is available in
Hermann’s paper.

The present results indicate a great lability of complexes of muscle
proteins with nucleotides. It should be taken into account that it is hardly
possible to decide to what extent the amounts of bound nucleotides, as
measured by various authors, correspond to the degree of binding which
occurs in the intact, living muscle. One must realize that the amount
of nucleotides present in the isolated protein is always strongly de-
pendent on the isolation procedure. As was pointed out by Przylecki,
already 20 years ago [32], the attempt to isolate natural complexes from
biolog‘cal material must be accompanied by a detailed study of artificial
complexes, of their structure and of conditions of their formation and
splitting.

SUMMARY

The effect of pH and of some inorganic salts (NaCl, KCl, CaCl, and
MgCl,) on the combinations of muscle nucleotides with muscle proteins
was studied in acetone-dried powder prepared from the frog muscles.
The extent of binding was dependent upon pH of the extracting medium.
It was the highest at pH 2.2 -2.8, when 90% to 100% of the nucleotides
present in the material were in a protein-bound form. Inorganic salts had
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a varying effect on the degree of binding, depending on pH and the salt
concentration. A possibility of various types of chemical binding between
proteins and nucleotides is discussed.

I wish to express my thanks to Prof. W. Niemierko for his interest.
advice and helpful criticism in the course of this investigation.
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NIEKTORE WLASNOSCI POLACZEN NUKLEOTYDOW ADENINOWYCH
Z BIALKAMI MIESNIOWYMI

Streszczenie

Badano wplyw pH i niektérych soli nieorganicznych (NaCl, KCl, CaCl,
i MgCly) na polaczenia bialek mig$n‘owych z zawartymi w mieéniu nukleo-
tydami. Doswiadczenia przeprowadzano na osuszonym acetonem proszku
z miesni zaby. Stwierdzono wyrazng zalezno$¢ iloéci nukleotydéw zwigza-
nych od pH. Najwiecej nukleotydéow (do 90 - 100% ogélnej ich ilosci
w materiale) znaleziono w formie zwigzanej przy pH 2,2 - 2,8. Dodatek soli
nieorganicznych, zaleznie od ich stezenia i od pH $rodowiska, powodowat
obnizen’e lub zwigkszenie ilosci nukleotydéw zwigzanych, lub tez pozo-
stawal bez wplywu. W oparciu o uzyskane wyniki przedyskutowano mozli-
wosci istnienia miedzy nukleotydami a biatkami migéniowymi réznego
rodzaju wigzan w réznych warunkach.
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Ritthausen in 1811 [9] was the first who studied the typical protein
of lupins and called it conglutin. Osborne & Campbell [8] separated it
into conglutin « and B, that precipitate at 0.6 and 0.7 saturation with
ammonium sulphate, respectively. Joubert [3] introduced a modification
to the Danielsson’s method for fractionation of peas globulins and se-
parated lupin proteins into fractions A and B corresponding to the
Osborne’s fractions ¢ and f. On further studies Joubert [4] separated
proteins of yellow lupin into three components differing one from another
by their sedimentation constants. One of these components showed dis~
sociation, that depended upon pH of solution and salts concentration.
Gerritsen [2] demonstrated that proteins derived from seeds of yellow
lupin differed from one another by the presence of tryptophan and
methionine. Wiewi6érowski & Augustyniak {10] applied paper electro-
phoresis to separate proteins of yellow lupin as well as those of blue and
white lupin. Moreover, Wiewiérowski et al. [11] followed the metabolism
of protein in ripening seeds of white and blue lupin.

In this paper some attempts were undertaken to follow the changes
in proteins during germination of seeds of yellow lupin.

EXPERIMENTAL

Studies were carried out on seeds of yellow lupin (Lupinus luteus L.) 1,
with strenght of germination 95 * 3%. Germination and development of
seeds was carried out in pot cultures from 17th April till 6th May, on
garden soil of pH 6.5 and relative moisture of 61%. Aeration was perfor-

! Seeds were kindly supplied by Wojewddzka Stacja Oceny Nasion, Wroclaw.
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med through glass tubes reaching gravel on the bottom of the pot. Opti-
mal moisture of the ground was achieved by watering the plants daily
in the pots to constant weight. Seedlings were sampled at the first, third
and fifth phase of development. In these experiments the I phase was
within 2nd and 4th day of germination, the III between 7th and 9 th day
while the V one from 16th to 20th day of germination. The morphological
description of plants at individual phases of development had been
presented in previous report [7].

Extracts were prepared of seeds and seedlings. After seed-coat had
been removed seeds were ground in a mill. Seedlings were washed with
distilled water, lyophilized and then disintegrated in a porcelain mortar
The powdered material from seeds or seedlings was treated with ethyl
ether in the Soxhlet’s apparatus for 12 hr. The fat-free material in
amount 0.1 to 0.2 g. was twice extracted with 2.5 or 5 ml. of 0.1 M-borate
buffer, pH 8.8 and » 0.13, at room temperature for 8hr. Supernatants
after centrifugation were combined and made up to 5 or 10 ml., respecti-
vely. This procedure allowed for practically complete extraction of protein
soluble in borate buffer.

Conglutin « and g were isolated from salt extracts of seeds according
to Osborne [8] while fractions A and B according to Joubert [3]. The
obtained preparations were lyophilized, then dissolved for 3 hr. in borate
buffer, pH 8.8, and subjected to paper.electrophoresis.

Paper electrophoresis of proteins was performed in borate buffer,
pH 8.8, u 0.13. Samples were applied on strips (37 X 3 cm.) of Whatman
No. 1 filter paper, 4 cm. from the middle toward the cathode. Time of
duration of electrophoresis was T7hr. at 230V, and intensity 0.5-
-0.9 mA/cm. Electropherograms were stained and individual fractions
estimated according to Mejbaum-Katzenellenbogen & Dobryszycka [6].
Protein was determined with the micro-Kjeldahl and the tannin
methods [5].

RESULTS

Results obtained by means of the tannin method [5] were compared
with the Kjeldahl method in order to determine the applicability of the
former. Protein was precipitated out of 2 ml. of borate extract with the
equal volume of 10% trichloroacetic acid (TCA). The precipitated protein
was twice washed with 5% TCA, then dissolved in 0.1 N-NaOH and
estimated with both methods. Besides that protein was estimated by
means of tannin in borate extracts diluted with 0.1 N-NaOH. It may be
concluded from Table 1 that protein of seeds and seedlings of yellow
lupin may be estimated with the tannin method.
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Table 1

Estimations of protein in borate extracts of yellow lupin seeds
by means of the Kjeldahl and tannin methods

Results obtained in two different extracts are presented

PROTEINS OF YELLOW LUPIN DURING GERMINATION

Protein
Material Method (g./100 ml. of (g./100 g. of
extract) dry seeds)
=2 e
Borate extract tannin 0.625 43.75
0.613 4291
Protein of borate 2
o fantih 0.620 43.40
extract precipitated 0.606 42.42
with 5 % TCA, > g 3 ST
precipitate dissolved Kjeldahl 0.611 42.77
in 0.1 N-NaOH (coef. 5.81)* 0.621 43.47

|
|
|
|
)

315

* The coefficient is the arithmetical mean value of the nitrogen contents in yellow lupin
proteins, as reported by Gerritsen [2].

Table 2

Amounts of protein extracted from yellow lupin seeds
by means of various solvents
Mean values of six estimations, + standard deviation

| Solvent

w 0.13

Borate buffer, pH 8.8;

w 0.06

Veronal buffer, pH 8.6;

109/p NaCl, pH 8.8

H,0

385 +

35.6 4

8.9 +

(g./100 g. of dry seeds)"| 3 (%/0)

Protein

]

g !

1.6 91.4 ‘
1.8 89.5 ]
2.0 21.1 ’
|

The yield of extraction of proteins from the yellow lupin seeds with
borate buffer is compared in Table 2 to those obtained by means of
veronal, of 10% sodium chloride, pH 8.8, and of distilled water. The dif-
ference between the amount of protein passing into borate buffer and
into 10°% sodium chloride was about 10%. Moreover borate extracts could
be subjected to paper electrophoresis without previous dialysis and lyophi-
lization.
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Borate extracts, preparations of « and g conglutin as well as of
Joubert’s fractions A and B were subjected to paper electrophoresis in
order to identify proteins of yellow lupin seeds. The electrophoretic
picture of borate extracts (Fig. 1) contained five fractions: the first — the

lofa/e &//a:/ r \ . Borare ex/rac/

i L'my/w‘mﬁ tl ' ! frac/'/o/; 8

i Cmg/a/?})-_(x;,gl . f/ac/_/ob A

Fig. 1 a, b. Paper electrophoresis of proteins of the yellow Ilupin seeds.

a) (1), borate extract of seeds; (2), conglutin # contaminated with conglutin «;

(3), conglutin «. b) (1), borate extract of seeds; (2), Joubert’s fraction B contaminated

with traces of fraction A and with a fraction migrating slower; (3), Joubert’s frac-

tion A contaminated with albumin-globulin fraction migrating with the highest
velocity towards anode

Fractions V IV IIl 1I 1

| M
A4 |
‘0..
|
= =
LT 3
%nso
B 3
3
N
o
i <
c It 0}
L
3 0
Phase of development
D
i 1 Fig. 3. Changes in the contents of
o total protein and of electrophoretic

: fractions during germination of the
Fig. 2. Changes in electrophoretic pattern of yellow lupin seeds, (e), total pro-
proteins during germination of the yellow tein; (), first fraction — the albu-
lupin seeds. Borate extracts of seeds: (A) not min-globulin; (O), second fraction

subjected to germination; (B) at I phase of —- conglutin a; (4), third fraction —
development; (C) at III phase of development; conglutin g; (@), fourth fraction;
(D) at V phase of development (X), fifth fraction
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most quickly migrating toward the anode, with a mobility of an albumin-
-globulin fraction; the second — corresponding in its mobility to conglutin
a and fraction A; the third — corresponding to conglutin # and fraction B;
the fourth and fifth fractions not identified precisely. The main proteins
of yellow lupin seeds were conglutins ¢ and g, which constituted about
73%0 of the total seed protein (Table 3).

Table 3

Protein fractions during germination of seeds of yellow lupin
The anithmetical mean values from three measurements are presented

g ; Distribution of electrophoretical
Phase of Day of Protein Protein fractions
instilled recovered (/o)

development | germination
(8) (/o)

i (B T M R N

o 0 640 100.8 14.8 | 349 | 37.6 8.9 _38_
1 2-4 872 98.7 1531 |36:3" 377 6.3 4.6
I 7-9 385 § 103.4 18.2 | 59.5 8.1 0 14.2
Vv 16 - 20 368 100.7 0 59.8 0 29.6 | 10.6

Fig. 2 presents changes in electrophoreticel pattern of proteins of
yellow lupin seeds during germination and early phases of development.
Borate extracts deriving from I and V phase of development of the seeds
were compared with freshly prepared extract of seeds not subjected to
germination. No changes were found at the I phase of development, while
at the III phase the amount of conglutin g was distinctly decreased. Con-
glutin g and albumin-globulin fraction disappeared at V phase of develop-
ment and conglutin a remained as well as fractions fourth and fifth.

Fig. 3 presents changes in the contents of total protein as well as of
individual fractions calculated per g. of dry weight of germinating seeds
or plants. The percentage of total protein as well as that of all the in-
dividual fractions, except conglutin § decreases gradually during germin-
ation and development of the seeds. Conglutin #, however, disappears
more quickly than other fractions and its level at III phase of development
falls to 7.8°% of the amount found in dry seed. Conglutin g and the
albumin-globulin fraction disappear at V phase, while the level of total
protein diminishes at this time from 40% to 1.3% of the plant’s dry
weight.

Table 3 presents the distribution of electrophoretic fractions of proteins
deriving from the seeds of yellow lupin, expressed in per cent values.
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No changes are found at I phase of development in comparison to seeds
not subjected to germination, while at III phase of development the
ratio of individual fractions is distinctly changed. At this phase conglutin
a constitutes as much as 60% of total protein, and conglutin g 8% only,
whereas the contents of both conglutins are equal in dry seed and amount
to about 36%0 of total protein for each one. The ratio of other fractions
remains at III phase similar to the initial one. Albumin-globulin fraction
and conglutin g disappear at V phase thus the content of the other fractions,
expressed in per cents rises correspondingly.

As seen from the data presented above conglutin g disappears first
during germination of the yellow lupin seeds. This finding has been
confirmed on fractionation of salt extract of 18-day old seedlings with
increasing concentrations of ammonium sulphate (conglutin « precipitates
at 0.6 and conglutin g at 0.7 saturation). About 60°%0 of total protein has
been precipitated at 0.6 saturation with ammonium sulphate, while the
remaining protein has not been precipitated at 0.7 saturation.

DISCUSSION

The tannin micromethod developed by Mejbaum-Katzenellenbogen for
animal proteins was applied for the determination of lupin proteins. The
applicability of this method to the yellow lupin proteins was established
by means of comparison of the results to those obtained with the Kjeldahl
method. The results were consistent within the limits of exper:mental
error of both methods.

Staining and elution of proteins from the electropherograms was per-
formed according to the method of Mejbaum-Katzenellenbogen & Dobry-
szycka [6], which allowed for direct estimation of protein in each in-
dividual fraction, as opposed to other methods based on the deiermination
of the dye adsorbed on the electrophoretic protein fractions.

Borate buffer was used to extract the proteins from seeds of yellow
lupin, as it was found to be the most efficient reagent. Moreover, the borate
extracts could be subjected directly to paper electrophoresis in the same
buffer, without previous dialysis and lyophilization. Joubert demonstrated
that one of the proteins of yellow lupin was characterized by sedimenta-
tion constant 11.6 S, which corresponded to conglutin g and which un-
derwent complete dissociation to protein with sedimentation constant
7.2 S in borate buffer, pH 8.8 and ionic strength 0.1. Dissociation of this
component depended upon the concentration of salts and pH of the
solut‘on. Borates induced dissociation of conglutin g while paper electro-
phoresis carried out in the same buffer prevented probably the secondary
association to protein of higher moleculer weight.
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The general decrease of total protein during germination is ac-
companied by the decrease in the protein fractions under investigation.
These changes, however, do not proceed at an equal rate in all fractions.
The concentration of conglutin g falls more rapidly than that of other
fractions and as early as between the I and III phase of the development
of seedlings. Conglutin g and albumin-globulin fraction disappear at V
phase of development and the level of total protein falls to 1.3% of the
plant’s dry we'ght. Thus conglutin § is the first and most quickly utilized
protein by the growing plant. Gerritsen [2] has detected the presence of
methionine and tryptophan only in this fraction. As proved by Wild-
men [12] tryptophan is a precursor of f-indolylacetic acid — the plant
heteroauxin. Thus, it seems poss:ble that conglutin g is not only a source
of energy and aminoacids as other fractions are, but also may be a source
of precursors of growth substances.

SUMMARY |

Proteins of borate extracts from seeds and seedlings of yellow lupin
were separated into five fractions on paper electrophoresis. The behavior
of individual fractions was followed during I, III and V phase of the seed
development. During germination total protein diminishes from 40%,
of dry we'gth of seeds to 1.3%. The amount of conglutin g falls rapidly
between the I and III phase of development, and is not detected at
V phase. The albumin-globulin fraction disappears at V phase, too.

The author wishes to express her very best thanks to Doc. Dr. W. Mej-
baum-Katzenellenbogen for her kind advice and criticism.
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ZMIANY W BIALKACH LUBINU ZOLTEGO (LUPINUS LUTEUS L.
PODCZAS KIELKOWANIA

Streszczenie

Biatka wyciggéw boranowych z nasion i siewek lubinu zé6ltego rozdzie-
lono w elektroforezie bibulowej na pigé frakcji. Przebadano zachowanie
sie poszczeg6lnych frakeji w I, III i V fazie rozwoju nasion. Podczas kiel-
kowania bialko calkowite spada z 40°%0 suchej masy nasion na 1,3%. Mie-
dzy I a III faza rozwoju gwaltownie obniza sie ilo$¢ konglutyny g,
a w fazie V nie wykazano juz jej obecnosci. Rowniez w V fazie zanika
frakcja albuminowo-globulinowa.
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It has been demonstrated earlier in this laboratory that phosphorus
metabolism in the wax moth larvae (Galleria mellonella L.) shows some
remarkable peculiarities. Thus, it has been established that pyro- and
polyphosphates are formed in the insect body in great quantities and are
found in the excreta as the principal phosphorus compounds [4, 4a, 5,
6, 12, 16]. During digestion of wax by the larvae large quantities of phos-
pholipids are synthesized in the intestine; they disappear promptly
during starvation and reappear during refeeding [9, 8, 17, 11].

It seemed that the application of isotopic tracers, especially of 32P,
could throw some light on the mechanism of formation of the mentioned
phosphorus compounds. This could facilitate the approach to the problem
of the possible interrelationship between the different features of phos-
phorus metabolism in Galleria and the unique ability of this insect to
utilize wax.

The aim of the present investigation, which is the first of this series,
was to follow the incorporation of 32P into phospholipids, nucleic acids
and different fractions of acid-soluble phosphorus compounds in the
larval body and to follow the elimination of %P in the excreta during
feeding and during starvation of the insects.

METHODS

Radioactive phosphorus was purchased from the Institute of Nuclear
Research, Warszawa, in the form of the Na,H32PO, solution. Before use
it was hydrolyzed for 10 minutes in 1 N-HCI at 100° to decompose pyro-
phosphate, and neutralized with alkali.

[321]
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Small pieces of bee-comb, weighing about 200 mg. each, were sprayed
with 0.1 ml. of the radioactive phosphate solution and dried using an
infra-red lamp and a fan. The amount of radioisotope employed varied in
different series of experiments from 5uC to 44 nC.

Experiments were performed on groups of 10 full-grown wax moth
larvae weighing about 150 mg. each, bred on bee-comb at 30°. They were
placed in small glass vessels, 10 specimens in each, and supplied with
200 mg. of the comb containing 32P. After the 20 hr. feeding and “labelling”
period the whole portion of comb was consumed by the insects. The
larvae were then transferred to another vessel, and either supplied with
some non-radioactive comb or starved for several days. In the latter case
the larvae were ligated just behind the head for preventing metamor-
phosis [6].

At the next and subsequent days of feeding with non-radioactive comb
(normal feeding), or starvation, the larvae and the excreta were analyzed
separately.

All determinations were duplicated. The phosphorus content and radio-
activity were measured in various phosphorus fractions from the larval
body and the excreta.

The phosphorus compounds were fractionated by the method of Nie-
mierko et al. [7], the nucleic acids were separated according to Schnei-
der [14]. The lipid phosphorus (Pjipia), nucleic acid phosphorus (Ppu) and
total acid-soluble phosphorus (P,, ) contents were determined by the
method of Fiske & Subbarow [1] after digestion with nitric acid. The
samples were evaporated to dryness in bakelite dishes, and their radio-
activity was measured with an end-window Geiger-Miiller counter
(4 mg./cm?2).

Among the acid-soluble phosphorus compounds the following fractions
were determined: orthophosphate (P;), compounds hydrolyzable after
10 min. heating at 100° in 1 y-HCI (Pyy), compounds hydrolyzable after
S hr. heating (Pjg) and the remaining phosphorus compounds resistant
to 3 hr. acid hydrolysis (P,;). The phosphorus content of each fraction was
dettermined by the method of Martin & Doty [3], the corresponding radio-
activity was checked in aliquots of isobutanol-benzene solution after
evaporation of the solvent.

The excreta of the larvae were extracted with cold 5% trichloracetic
acid (TCA). The content and the radioactivity of P;, Py and P,, . were
determined in the same way as in the larval body.
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EXPERIMENTAL AND RESULTS
Incorporation of **P into the phosphorus compounds of the feeding larvae

The phosphorus contents of various fractions of the larval body, as
established previously in this laboratory [4b] and in the present study, are
indicated in Table 1.

Table 1

Phosphorus compounds in wax moth larvae

mg % of fresh body

, 1
[ | weight !
| Pipid ’ 50- 60

Prucl. 40- 45
B i
| B, 12- 14
( Pio i 2- 28
| Pyso ; 10- 13 :
| Pan , 50- 60 i
. |

The distribution of the incorporated %P among the various phos-
phorus compounds in the body of the feeding larvae is presented in
Table 2. As mentioned above (see Methods) the radioactivity of the phos-
phate administered to the larvae was different in individual series of
experiments (from 5 uc to 44 pc). Consequently, the radioactivity of the
phosphorus fractions investigated varied greatly from one experiment to
another. To enable comparison of the results, the radioisotope content
of each fraction (total activity) was expressed as percentage of the total
dose of %P ingested by the larvae. The radioactivity of the total fraction
(counts per min.) expressed as percentage of the ingested dose and divided
by the P content (mgs) of the corresponding fraction was designated as
the “reduced” specific activity.

As can be seen from Table 2, at completion of the one day period of
ingestion of the radioactive food the 3P content of the larval body ac-
counted for 60°% (Exp. VI-1) up to 77% (Exp. III-2) of the ingested dose,
the remainder having been excreted by the larvae. The distribution of
the radioisotope among the fractions under investigation varied greatly.
Although the insects were given 32P in the form of orthophosphate, after
cessation of 32P ingestion merely 5 to 15% of the radioisotope administered
was found in the P; fraction; 28 to 58%0 of 32P appeared in other acid-
4
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151 INCORPORATION OF 32P INTO GALLERIA MELLONELLA 325

-soluble phosphorus compounds; 7,5 to 13% in the phospholipids and only
3 to 7% in the nucleic acids.

The highest specific activity amounting from 51 to 80% was found in
the orthophosphate fraction, it was somewhat lower in the remaining acid-
-soluble compounds (25 to 46%) and still lower in the phospholipids and
nucleic acids (12 to 15% and 7 to 9% respectively).

The subsequent feeding of the larvae with comb containing no
radioisotope, which followed the ,labelling“ period, brought about
remarkable changes in the distribution of 32P among the various
phosphorus fractions (Table 2 and Fig. 1). By far the greater part of the

40 —
Wi
60
0
S5
(7Y
3
Q 40 =
o
. S 2r
S =
g g
g L 7)
g
< 0
0
| 1 | 1
g s 2 3 4
Time (days) Time (days)

Fig. 1. **P content in various phospho-
rus fractions from feeding larvae and
in their excreta. During the first day
the larvae were fed with comb con-
taining radioactive orthophosphate;

Fig. 2. Specific activity — time relations
of the phosphorus fractions from
feeding larvae. Specific activities
expressed as percentage of the total **P
ingested per 1 mg. P of the correspon-

during the subsequent days normal food
was given (@), P;; (O), Py, P;; (), Pyipia;
(a), Pruct; (O), Pexereted

ding fractions. (O), Pt.a.s.'Pi; (‘)y Plipid;
(A), Pnucl

radioisotope was excreted in the course of experiments (almost exclusively
as pyro- and polyphosphates). The 3P content of the acid-soluble fraction
of the larval body decreased significantly (an abrupt fall in radioactivity
was apparent already after the first day of normal feeding, but was much
smaller on the second day). On the contrary, the 32P content of the phos-
pholipid fraction increased simultaneously and reached its maximum after
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a 24 hr. period of normal feeding. The radioactivity-time relation of the
nucleic acids resembled that of the phospholipids, the rise in *?P content
being less significant, however.

The changes in the specific activity of the fractions are illustrated in
Fig. 2, which represents the results of a typical experiment. In each series
of experiments some deviations were observed, but the general trend was
the same. The most significant result was the abrupt fall in the specific
activity of the acid-soluble phosphorus compounds accompanied by an
increase in the specific activities of the phospholipids and nucleic acids
within the period of normal feeding.

In Table 3 are presented the changes in specific activities of the
phospholipids and nucleic acids, related to the specific activity of the
acid-soluble phosphorus compounds (minus orthophosphate), which was
arbitrarily taken as 100. As can be seen, in the course of the experiment

Table 3

Specific activities of various phosphorus fractions from wax moth larvae
Results expressed as percentage of the specific activity of P, minus P; at com-
pletion of *P ingesting period, taken as 100. Average of 6 experiments and standard

deviation
I & leti ] Duration of subsequent |
Fraction p cor'np euf)n normal feeding
of 32P ingestion | _— —_———
l | one day { two days ;
N — e R N e et b 4
| Pras- P, 100 | 60+136 39 4+ 10.3
Plipid 38 4- 4.8 72 4 15.0 63 + 10.3

l Phuel. l 21 £3.7 394+ 5.5 s 71

|

the specific activities both of the phospholipids and the nucleic acids
exceeded that of the acid-soluble P compounds, for the phospholipids
this became evident on the second day and for the nucleic acids on the
third day of the experimental period.

The distribution of the radioisotope among various acid soluble
P fractions was also studied, and the results indicated that no uniformity
of labelling occurred, at least within the period investigated. The rate of
32P incorporation reactions seems to differ widely in the particular
fractions. Figure 3 shows the results of a typical experiment, indicat-
ing the pronounced differences in “2P distribution, which persisted
throughout the experimental period. The phosphorus fraction, containing
compounds resistant to acid hydrolysis (P,;), accounts for more than a half
of the P, but its content of 3P was comparatively small, whereas the
Py, fraction revealed a rather high content of the radioisotope.
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The lack of uniformity in ,labelling brought about considerable
differences in the specific activities of the soluble P fractions, which were
evident throughout the whole experimental period (Table 4). As indicated
above, the specific activity of P,, was always the lowest and the diffe-
rences persisted to the end of the experimental period.

Table 4

Specific activities of the acid-soluble phosphorus fractions from
moth larvae

Results expressed as percentage of the specific activity of P,/ taken
100. Average of 6 experiments, + standard deviation.

as

] ' 5 3
i Duration of subsequent ;
At completion

Fraction | ‘of 2P ingestion > E)ngz}l ;Eiding_'A “;

one day i two days |

; Pras. ‘ 100 100 ' 100 !

| p; 205 + 25 126 + 27 43426 |
| P1o ' 170 + 43 144 -+ 22 . 150 4 17
P1so & 104 + 23 125 + 34 121 + 26

Pan , 43 422 70 + 10 65+ 5 »

The specific activity-time relation for each of the acid-soluble P
fractions varied greatly. Although differences were observed in individual
experiments, the general pattern remained similar. The results of one
experiment are given in Table 5 (they will be discussed below).

Table 5

Reduced specific activities * of the acid-soluble P fractions from wax moth
larvae
Average of duplicate determinations

| ‘ s Duration of subsequent normal l
| At completion

Eraction of 32P ingestion | V_AAfecdmg B}

| one day two days !

| P 3 77 { 20 15 |
Po 76 15 14 ’
Piso 32 19 11 |

| Poy 8 L je1 A | 6 |

* Specific activities expressed as per cent of ingested **P per 1mg. of the
corresponding fractions.
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Excretion of 2P by the feeding larvae

The total P content of the excreta of the feeding wax moth larvae
falls within relatively wide limits, depending upon the comb the insects
are bred on. The comb used throughout our experiments contained about
0.4% P, and the content of P in the excreta of the larvae was 0.5 to 0.8%o.

w
.

“»'1 llgl A B A 'ﬁl' 60 -
el Il
r} e 3 T
I il & Sl
1]} 24 1= “'Z

L _LL“:. S* 30 =
TE =94 33 v§
¥ / 19 § wf
4 /53 1 7 !

%
! . i I i

2 3
AP me Pigo Pnh J 2 3
=l gy
Fig. 3. Phosphorus content and P
distribution in the acid-soluble phos-

Fig. 4. Excretion of P by feeding larvae.
During the first day the larvae were fed

phorus fractions from feeding larvae.
(A), phosphorus content of the fractions
as per cent of Pt.as., (B), *P content in
the fractions as per cent of the %P con-

with comb containing radioactive ortho-

phosphate, during the subsequent days

normal comb was given. (@), P; fraction,
(R), Pyo fraction

tent in Pt.as. (1) at completion of the
32P ingesting period; (2), after one day
(3) after 2 days of subsequent mormal
feeding

The determinations of the P; and P;, content of the excreta were in good
agreement with the data reported earlier [4a] and were consistent with the
view that nearly all phosphorus is present in the excreta as polyphosphates.

In the present study, the content of Py accounted for 90 to 97% of
the total P found in the excreta. The radioactivity measurements of both
the P; and Py, fractions indicated that practically all *>P was confined to
the polyphosphates, the radioisotope content of the orthophosphate consti-
tuting merely 3 to 10% of the total 32P (Fig. 4). The amount of 3P excreted
increased during the experimental period and was attributed almost
exclusively to the polyphosphates.
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Incorporation of 3P by starved larvae

The last series of experiments were undertaken in order to gain some
information on the influence of a prolonged period of starvation upon the
phosphorus metabolism. The results are presented in Fig. 5. In accordance
with the results of the preceding experiments, after cessation of 32P
administration more that half of the 3?P ingested was found to be present
in the acid-soluble P compounds, about 10°% in the phospholipids, 5% in

W

60
50 30
S
@
. g
Q =
bl il
g ¥ £
=1 o
&Y |
10
0 <
0 0 PUIEEER B el P | g S
1 2 3 4 5 ) 7
: Time (days) Time(days)

Fig. 5. P content in the various phos- Fig. 6. Specific activity-time relations
phorus fractions from starved larvae of the phosphorus fractions from star-
and in the excreta. The larvae were fed ved larvae. The  specific activities

with radioactive comb during the first
day and starved throughout the subse-
quent period. Explanations as in Fig. 1

expressed as percentage of the total P
ingested per 1 mg. P of the fraction.
The larvae were fed with radioactive

comb during the first day and starved
throughout the subsequent period.
Explanations as in Fig. 1

the nucleic acids, the remainder having been excreted. Thoughout the
period of starvation the radioisotope content of the phospholipids and
nucleic acids underwent insignificant changes only, the 32P content of
the acid-soluble compounds declined less than in feeding larvae.

As indicated in Fig. 6, the changes in the specific activities of the
various P fractions were less gronounced in the starved than in the fed
larvae. Thus, the fall in the specific activity of the acid-soluble P fraction
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was much slower than that observed in the feeding larvae. The specific
activities both of the phospholipids and nucleic acids increased to some
extent on the next day after ligation. Afterwards, they decreased and
later did not undergo any significant changes, being steadily lower than
the specific activity of the acid-soluble P fraction. It is noteworthy that
the specific activity of the phospholipids never reached the high level
observed in the feeding larvae.

Fig. 7 indicates that during starvation the ingested radioisotope was
retained for a longer time in the larval body and excreted much slower
than by the feeding larvae. Throughout the experimental period of 7 days
(including 6 days of starvation) about 60% of the *2P administered was
excreted, which was less than during 3 days of feeding. The orthophosphate

g
Eso- ﬂ" il:;
g‘co— ' II:
i aou-
il |
§2o— !:J_a_
10 b
. BRAPCT o 1o %%,

1 2 3 4 5 6

1 ? 3
Time (days) _7 n' me %m ﬂmm;w,

‘Fig. 7. Excretion of 3P by starved Fig. 8. The phosphorus content and *P distribu-
larvae. Experimental conditions tion in the acid soluble phosphorus fractions
as in Fig. 5 and 6. (@), P; frac- from starved larvae. (A), phosphorus content of
tion; (m), P, fraction (A), Pi.s the fractions as per cent of P,, ; (B), *P con-
tent of the fractions as per cent of the P
content in P, 0, at completion of **P inge-
sting period; 1. 2, 3, 6 — subsequent days of
starvation

content was somewhat higher in the excreta of the starved than in those
of the feeding larvae. The orthophosphate which accounted for 15 to 20%
of the total P excreted contained about 25 to 30% of the total radioisotope,
‘the remaining 70 to 75%0 were attributed to the polyphosphates.
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It is evident from Fig. 8, which presents the distribution of 3?P among
various acid-soluble P compounds, that the entire pool of the soluble
compounds became uniformly labelled during starvation. Consequently,
the specif'c activities of the soluble P fractions were approximately equal,
which could never be found to occur in the fed insects.

DISCUSSION

The present study on the 3P incorporation into various phosphorus
{ractions is thought to have thrown some light on the phosphorus
metabolism in the wax moth larvae which, however, is still far from being
elucidated.

The high incorporation rate of 3P into the acid-soluble P compounds
(let alone the orthophosphate) and the abrupt fall in 2P content during
the subsequent normal feeding seem to be indicative of a rapid turnover
of this class of compounds. The P;, Py, P;s and P,, fractions were
analyzed separately. This procedure enabled to get some information on
the rate of synthesis and breakdown reactions of each group of compounds.
One must keep in mind, however, that each of these fractions, save the
orthophosphate, still continued to be hetercgeneous.

The changes in the specific activity of P; are quite clear. The larvae
were fed labelled orthophosphate, which resulted in high *P content of
inorganic P compounds of the larval body. The specific activity of P; fell
abruptly during subsequent normal feeding, along with the transformation
of the orthophosphate into other P compounds and with the simultaneous
influx of unlabelled P from the comb.

It is noteworthy that at completion of 2P ingestion the specific
activity of Py, was as high as that of the orthophosphate and a similar
abrupt fall was steadily observed. As has been mentioned already, the Py,
fraction is highly heterogeneous: besides arginine-phosphate, ATP and
ADP it contains pyro- and polyphosphates [4b, 12]. It was found that the
specific activity of the Py, fraction was h'gher in the case when less of
the 2P ingested had been excreted, and it was lower when less *’P was
retained in the larval body. This suggests that the high content of 2P of
this fraction could be, partially at least, attributed to the polyphosphates
already synthesized in the larval bedy and not yet excreted. As indicated
above, most of the 32P was excreted in the form of polyphosphates. The
conclusion might be drawn, therefore, that the ingested orthophosphate is
rapidly involved in metabolic reactions und undergoes transformations
until finally phosphorus is excreted as polyphosphates. When, along with
the subsequent normal feeding, the larvae were supplied with non radio-
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active phosphate present in the comb, the 2P content in the Py, fraction
diminished rapidly. The polyphosphates have been previously reported by
Niemierko & Niemierko [4a, 5] to be the chief phosphorus constituents
of the excreta of the wax moth larvae. In the present study with the aid
of 3P the high rate of the reactions concerned with the synthesis of
polyphosphates and the intensity of transformations could be evidenced.
In one series of experiments (not described above) the administered
Na,H3?PO, contained large amounts of carrier (about 20 mg./1 ml.), whch
resulted in much higher orthophosphate content of the excreta (15 to
20% of the total P) accompanied by a high content of P in the P;
fraction (25 to 30% of the total 32P excreted). One might conclude,
therefore, that the larva was not able to metabolize all of the phosphate,
when given in too large a dose, and that a considerable part of it passed
through the ihtestine unchanged.

Compounds resistant to acid hydrolysis (P,,) had always the lowest
specific activity as compared with other acid-soluble fractions, and this
activity did not undergo any significant changes during subsequent normal
feeding. As reported by Lenartowicz [2] the P,, fraction of Galleria
mellonella larvae consists chiefly of phosphoethanolamine and phospho-
glycerol. One might suppose that the turnover rate of these compounds is
much lower than that of the other acid-soluble P fractions. On the other
hand, it is not to be excluded that phosphoethanolamine and phospho-
glycerol might be continuously derived from the breakdown of the
phospholipids. As the latter compounds were found in the present
experiments to be rich in 2P, this kind of transformation might result in
an increase of the radioactivity of the P, fraction.

The fall in 32P content of the total acid-soluble P fraction can be the
result of the following processes: (1) excretion of %P, (2) inflow of
unlabelled P from the honeycomb, and (3) transformation of some acid-
-soluble P compounds into phospholipids and nucleic acids.

The course of 32P incorporation into the phospholipids is indicative for
a high metabolic rate of these compounds. Conclusion may be drawn
that a complete phospholipid synthesis takes place in the larval body, in
which some acid-soluble compounds are utilized. The time-specific activity
relation curves for P, , . and Py;,iq fractions seem to yield evidence on this
point (Fig. 1 and 2). The phospholipid specific activity was increasing
during the first day after cessation of 3?P ingestion, which points to the
acid-soluble compounds of the larval body as the primary source of P for
phospholipid synthesis. However, on the basis of the present experiments
no evidence could be obtained suggesting which of the acid-soluble
compounds might serve as phospholipid precursors.
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The changes in the activity-time relation of the phospholipids led to
the conclusion that the turnover rate of the phospholipids might be lower
than that of the acid-soluble P fraction. In a previous study [17] it was
found that the intestinal phospholipids of the wax moth larvae undergo
a very rapid breakdown and resynthesis. The results of the present
experiments seem to indicate that the bulk of phospholipids outside the
intestine has a lower turnover rate than the intestinal phospolipids. Experi-
ments performed by Perlman et al. [10] on the rat demonstrated that the
3P content of phospholipids (of the whole animal body, not in a particu-
lar organ) reached its maximum in 20 to 24 hr. after 3?P administration,
which is consistent with the results obtained for the wax moth. In the rat,
however, only about 5% of the administered dose could be recovered in
the phospholipids, as compared with about 20% found in the wax moth.
This seems to indicate that the rate of phospholipid metabolism in the
wax moth is higher than in the rat.

Attention was directed to the possibility that the intense metabolism
of phospholipids in the wax moth larvae could be correlated with the
peculiar food of the insect and influenced by the digestion and absorption
of wax. The results of our experiments carried out on starved larvae seem
to confirm this assumption. During starvation the amount of 3P incorpo-
rated into the phospholipids was smaller and the fall in the radioactivity
was less pronounced than during feeding of the jnsects. A small increase
in the *?P content in the lipids, observed the next day following ligation,
was probably due to the fact that the intestine still contained a certain
quantity of the comb and that no real starvation took place at that time.
Throughout the following days of starvation the 2P content in the lipids
underwent insignificant alterations only.

There are good reasons also for assuming that the metabolism of the
acid-soluble P compounds during feeding and during starvation is different
to some extent. This was confirmed by the finding that during starvation
some kind of ,isotopic uniformity*“ was established in these compounds.
The various acid-soluble fractions (P;, Pyo, Pigp and P,;) became uniformly
labelled and their specific activities equalled each other, what could never
be observed during feeding of the larvae. Uniformity of labelling has been
previously claimed to occur in the various acid-soluble P fractions by
Winteringham et al. [15], as well as by Samuels et al. [13]. No explanation
is available so far for the fact that uniformity of labelling can be
accomplished in the starved and not in the feeding larvae. The reasons for
so pronounced differences are still obscure.
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SUMMARY

1. With the aid of 32P, given as orthophosphate, the phosphorus
metabolism in the feeding and in the starved wax moth larvae was studied.

2. The 2P content of the acid-soluble P fraction, which was very high
at completion of the radioisotope ingestion, fell abruptly during the
subsequent period of normal feeding. The fall in the specific activity of
the acid-soluble P compounds was accompanied by an increase in the
specific activities of the phospholipids and nucleic acids. The phospholipid
specific activity reached its maximum 24 hr. after cessation of P ingestion
and exceeded the activity of the acid-soluble P fraction.

3. Practically all of the 32P excreted by the larvae was found in the
polyphosphates.

4. During starvation the fall in the specific activity of the acid-soluble
P fraction was less pronounced than during feeding while the changes in
the specific activities of the phospholipids and the nucleic acids were rather
insignificant.

5. Uniformity of labelling was found to occur in the acid soluble P
compounds of the starved but not of the fed larvae.

I wish to thank Prof. Dr. W. Niemierko for his continual interest and
helpful discussions. I am also indebted to Miss B. Rudzisz for her skilled
technical assistance.
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WLACZANIE SIE #P W ZWIAZKI FOSFOROWE MOLA WOSKOWEGO
(GALLERIA MELLONELLA)

Streszczenie

1. Przy pomocy ortofosforanu, znakowanego P, badano metabolizm
zwigzkoéw fosforowych u zerujacych i glodzonych gasienic mola wosko-
wego.

2. Zawartos¢ ?P we frakeji kwasorozpuszczalnej bezposrednio po za-
przestaniu pobierania izotopu jest wysoka i spada znacznie po przejéciu
na ,normalne® Zerowanie. Réwnoczesnie ze spadkiem aktywnosci wlasci-
wej we frakeji kwasorozpuszezalnej stwierdza sie wzrost aktywnosci wla-
sciwej fosfolipidow i kwaséw nukleinowych. Aktywno$é wlasciwa fosfo-
lipidéw osigga maximum po 24 godz. normalnego zerowania i przekracza
aktywno$¢ wlasciwg kwasorozpuszezalnych zwigzkéw fosforowych.

3. Caly niemal *2P, wydalony przez gasienice, zawarty jest we frakeji
polifosforanow.

4. Podczas glodu gasienic stwierdza sie slabszy spadek aktywnosci
wlasciwej frakeji kwasorozpuszczalnej niz podczas zerowania, a zmiany
aktywnosci fosfolipidow i kwaséw nukleinowych sg nieznaczne.

5. W zwigzkach fosforowych kwasorozpuszczalnych ustala sie réwno-
waga izotopowa juz po 2 dniach glodu, natomiast nie stwierdza sie tego
zjawiska podczas zerowania.
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It has now been reasonably well established that the immediate
precursors involved in DNA biosynthesis are the nucleoside-5"-triphospha-
tes [26, 30, 3, 24, 41] which may be synthesized by the appropriate enzymes
from nucleosides or 5’-nucleotides. While incorporation of thymine into
tissue DNA occurs only to a small extent, if at all [21, 37, 27], thymidine
is readily incorporated in a number of bological systems [35, 15, 17, 39]
following its transformation to the mono-, pyro- and triphosphate [4, 8, 42].
The principal reason for the lack of incorporation of thymine into DNA,
or uracil into RNA, is the rapid degradation of pyrimidines in metabolizing
tissue [10, 5, 16]. A detailed examination of the relationship between
anabolism and catabolism of pyrimidines led to the suggestion that
a decrease in degracdation of tissue pyrimidines is accompanied by an
enhanced probability of their incorporation into nucleic acids [6, 7]. Such
a decreased rate of degradation of pyrimidines is usually encountered
under conditions of rapid cell division as in regenerating rat liver where,
in fact, a decrease in degradation rate of uracil is accompanied by its
incorporation into RNA. The rate of degradation of thymine is likewise
reduced in regenerating tissue [7], from which it might be expected that
appropriate conditions exist for DNA incorporation of thymine; and both
Holmes et al. [21] and Reichard [35] have actually demonstrated such
incorporation of injected labelled thymine in regenerating rat liver.

Presumably such incorporation proceeds wvia the transformation of
thymine to thymidine. Since the only enzyme known to synthesize thy-
midine from thymine is thymidine phosphorylase [13], it appeared of
interest to study the activity of this enzyme in regenerating rat liver
with a view to obtaining some concrete informations as to its metabolic
role; the more so in that the same enzyme exhibits similar activity in the

[337]
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synthesis of uracil deoxyriboside, which is also closely related to DNA
synthesis inasmuch as it is a specific acceptor for methyl groups via an
alternate pathway for thymidine synthesis [14, 2, 22, 34, 33].

The activity of thymidine phosphorylase has therefore been measured
as a function of time of regeneration, in relation to protein and DNA
synthesis, in the regenerating liver of the rat. For purposes of comparison,
the activities of acid phosphomonoesterase and 5’-nucleotidase have been
simultaneously estimated.

MATERIALS AND METHODS

Thymidine phosphorylase. Activity was measured according to the
method of Friedkin & Roberts [12] via the rate of arsenolysis of thymidine;
the thymine thus formed is estimated spectrally at 300 mu in alkaline
medium, under which conditions thymidine absorption is negligible. The
optimal reaction conditions established as a result of preliminary trials
were as follows: thymidine, 2.4 mg. (4.6 uM) and a volume of aqueous liver
homogenate containing 20 mg. tissue in 0.05 M-succinate-arsenate buffer,
pH 5.9 to a total final volume of 0.4 ml. Incubation time was 30 mins. at 37°
and the unit of activity was the amount of thymine liberated during this
interval.

Sample preparations. White male rats, 200 - 250 gms., were used. Hepa-
tectomy was performed according to Higgins & Anderson [20] and the
mice killed after predetermined periods of regeneration. The liver was
immediately removed and homogenized in cold, redistilled water in a Pot-
ter-Elvehjem type of homogenizer; 1 gm. tissue in 10 ml. water for enzy-
matic determinations and 1 gm. in 5 ml. water for isolation of DNA.

Protein was determ’ned by the method of Lowry et al. [28], using
v-globulin for the standard curve, with all measurements performed in
duplicate.

Determination of DNA. DNA was isolated according to the method of
Schneider [38] and estimated by the Dische reaction [9] as modified by
Allfrey & Mirsky [1] and involving heating of the test samples for 20 mins.
on the water bath. Acetic acid freshly distilled from dichromate was used
for the Dische reagent.

5’-nucleotidase. This enzyme was determined according to de Lamirande
et al. [25] using AMP as substrate with an incubation time of 30 mins.
The unit of activity is the amount of inorg. P liberated by the entire liver
or by 100 mg. protein.

Acid phosphatase. This was estimated as follows: 30 umoles glycerophos-
phate, liver homogenate containing 10 mg. tissue, 0.05M-acetate buffer,
pH 5, total volume 3 ml. Incubation time 30 mins. at 37°. The activity is
expressed in terms of the amount of inorg. P liberated by the entire liver."
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3] THYMIDINE PHOSPHORYLASE IN REGENERATING LIVER 339

RESULTS AND DISCUSSION

The overall results have been brought together in Table 1 and are
presented graphically in Fig. 1, in the latter of which are the figures for
the individual components in the liver during the regeneration period. The
initial mass of the liver was calculated on the assumption that the portion
removed was 2/3 of the total weight. As will be seen from Fig. 1, both

Conttent (%)
8 2 3 88 8
Aclivity (%)
34 8 3 3 8 8 8
I 1 1 1
(=]

a3

A 1 1 L
2] 8 72 9% M 48 72 %
Reneneration time (hrs ) Regeneration time (hrs.)

Fig. 1. Rate of regeneration of various components of the liver in percentages
(initial values taken as 33%). (4); (X), DNA, (@), liver mass, (4), protein. (B); (&),
thymidine phosphorylase, (D), acid phosphatase, (0), 5’-nucleotidase

protein and DNA synthesis as well as an increase in liver mass, are
noticeable about 18 hours following hepatectomy: but regeneration of the
enzyme systems exhibits a pronounced lag. The initial increase in activity

140

120

S

Relative activity(%)

Fig. 2. Variations in enzyme activities per
100 mg. protein during regeneration. The 100%o
values are for the activities of the control
60 - . % animals (see Table 2). (x) thymidine phospho-
Regeneration time (hrs) rylase, (@), 5°-nucleotidase

8

of the enzymes investigated was clearly lower than that of total protein
and only after about 50 hours for nucleoside phosphorylase, and about
75 hours for 5-nucleotidase, did regeneration of enzyme activity surpass

5

http://rcin.org.pl



-—

(9)Z'8F1°0¢ 9)9°€TF6'Ly (9)217F9°8¢€8 9)9TF 1T O)zF 151 (9)96'0F L'L 96
©)0FFOoIT Op'L F681 | (96Z1F9€0€ (9)$6°0F 19 (9LO1F €8S Oy0FILT 0
©)L9F 161 (9)9°12F9°2¢ (9191F5°LS9 (€)8S ST 61 (9)9S1F SLOT (9)S0'TFL6'9 gL
S TF6El O)L8 F9vi A (986 T9¢e€ ©T1FEL OWZIF 199 OWpLoFLTE 0
@' FH91 (8)0°01F6°0Z (®)ZLIF oLE (S)8L'OFL6 (8)911F Z8L (8)IL0FT8Y 8
@8 TFI'TI (9oL Frer | @8ss T siz (S)€°0F59 ®II1F 0SS (8)6v°0Fv0°E 0
|
(8)9°9F0¥I (8)9°'1 F061 (8)801F <8¢ RWE'TT6'8 (R)EETFL9EL (8)S8°0FSt'd ¥T
@)1 eFTor @1y FsvI F (8)86 F 8vE (8)S0°'1F0L (8)LOIF €LS (8)I8°0FLI'E 0
©0PFTYI ©)0v FTvI _ (€)zL F9°L6T (©17¥es (€)90zF 0IL (£)S6°0F96°€ 81
(€9 IF6€T (€01 FEvI ‘ (€)6v F9'ISE (£)89°0F9°L (£)69 F 9¢L ()I1T0FSsp's 0
(€)8°€F0791 €1 FL9 (EP01F €be (£)per0Fs 8 (£)s9 F 069 (€)ov0TFeTe 9
P I1F1€I (€)9'1 F'8 (€)ze F 6LE (€)zs0FTL ©€1 7+ $59 (£)SE0TF€I'E 0
SRlY L -
(‘suru o ur pajes (om0 G e ) (‘3w) (‘Sw) (‘sws) (‘say)
-aq1[ 4 “S1our ‘Sw ur) ..___ Vozmhop__ d pajeIaql dunwAy) U0 JU2IU0D ) o
aseprjodponu-,¢ Sioup Ama)  [wIoN of) seephzond VNa urolg , JySom IOAT] uoneIUATIY
asejeydsoyd proy -soyd surprwiy L

| B! ¢

2(Z—x)32

= 0 B[NWIOJ 0) SUIPIOIOE PIJEINO[Ld SUONBIADP UBOW PUE :PIsN S[EWIUE JO JOQUINU 9Y) 0} IOJAI §)9)oriq Ul samMJL

u0DLudbaL fo 2wy fo uoyounf » s 121 WL fo spuauodwod snowva fo 12a277

I °2Iqel

[340]

http://rcin.org.pl



(5] THYMIDINE PHOSPHORYLASE IN REGENERATING LIVER

341

that of total protein. This relationship between rates of enzyme and protein
regeneration is perhaps more clearly illustrated in Table 2 and Fig. 2,
where enzyme activities per 100 mg. protein are presented as percentages
of control values.

From Fig. 2 it will be observed that thymidine phosphorylase activity
decreases during the period of most active DNA synthesis, i.e. between
20 and 30 hours after hepatectomy [32, 18]. Notwithstanding all the
regulatory mechanisms the living cell disposes of for the channeling of
various metabolic processes, the increase in the amount or activity of
o given enzyme is the most convincing evidence for its participation in
a given process or reaction. The decrease in activity of nucleoside phos-
phorylase during the synthesis of DNA argues, therefore, against its
participation in DNA synthesis during regeneration. The course of regene-
ration of thymidine phosphorylase does not differ significantly from that

Table 2

Activities of thymidine phosphorylase and 5’-nucleotidase during rat liver
regeneration
Activity of thymidine phosphorylase expressed in pMoles thymine liberated
in 30 mins. per 100 mg. protein. Activity of 5-nucleotidase in mg. inorg. P liberated
in 30 mins. per 100 mg. protein. Mean deviations calculated as in Table 1.

Number Thme. of i Activity Activity
of oo Thymidine (as % of | “5“nucleotidase (as % of
rats (ltilrosn) phosphorylase control) control)
: 0 a27£10 | 1.89-40.01
S Gl 49.8+13 104 2.844+0.5 152

0 | 517460 *2.18:12
2 27 Ml ek es TV e 2.15+1.1 98
3 IR R & R 1.84::0.2
18 & s Ees s TS e 2.06+0.2 12
. 0 ! 58.3+15 ! 2.7140.3
il 24 | 49.24+9 o 84 1.85+0.7 68
! o o shagten | 211408
5 | 457411 PRT 1.9240.3 91
- e
" I 0 | 507+12 ' 2.13+03
e &l 62.24+16 | 122 1.9840.5 93
g 0 I 52.0+14 ; 1.9 +0.6
96 l 67.8-16 | 130 2.3940.5 125
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for acid phossphatase and 5-nucleotidase, two enzymes the metabolic
functions of which are not known.

Several other enzyme systems are known which have been correlated
with DNA synthesis and which make their appearance, or exhibit increased
activity, during liver regeneration. These include thymidine kinase [4, 8],
thymidylate kinase [8, 30, 19, 42], thymidylic synthetase, deoxycytidylic
acid deaminase [29], and polymerase [4, 40] so that the formation of DNA
thymine in the cell may proceed by one or more of the following

pathways: orotic acid

uridine-5-P ———- — cytidine-5-P
l l
deoxyuridine — deoxyuridine-5'-P «— deoxycytidine-5'-P
thymidine ~— thymid ne-5'-P deoxycytidine

thymidine-5-PPP

|

thymidine-DNA

Uridylic acid, formed from orotic acid, is aminated to cytidylic acid
[23]. Both uridylic and cytidylic acids are transformed to the corresponding
deoxy derivatives by reduction of the 2’-hydroxyls [36, 31]. Deoxycytidylic
acid may be deaminated to deoxyuridylic acid in the presence of thymidy-
lic synthetase to thymidylic acid [11], which is then phosphorylated by the
appropriate kinases to mono-, di-and triphosphate for incorporation into
DNA. While incorporation of pyrimidine deoxynucleosides is made possible
by the existence of the appropriate kinases, their formation is undoubtedly
only a by-pass from the general anabolic pathway. The results obtained
here with thymidine phosphorylase, at any rate, suggest that it is concern-
ed principally with the catabolism of thymidine.

Finally, mention should be made of the fact that Friedkin & Roberts
[12], measuring thymidine phosphorylase activity at pH 7.5, observed an
inhibitory effect of mitochondria on the rate of hydrolysis of thymidine.
However at the optimal pH, 5.9, used in the above work, we could find no
such inhibition.

SUMMARY

The level of thymidine phosphorylase during DNA synthesis in
regenerating rat liver has been measured with a view to obtaining some
information as to the metabolic role of this enzyme. Simultaneous
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measurements were made of 5’-nucleotidase, acid phosphomonoesterase,
DNA and protein contents, and liver growth. During the period of maxi-
mum DNA synthesis the activity of thymidine phosphorylase, in relation
to total protein, decreases; its subsequent increase, based on activity mea-
surements during further regeneration, does not differ markedly from that
for the other enzymes.

The results suggest that thymidine phosphorylase is involved rather in
the degradation, and not synthesis, of DNA.

We should like to acknowledge with thanks the very able technical
assistance of Mrs. H. Szemplinska.
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FOSFORYLAZA TYMIDYNOWA I INNE ENZYMY REGENERUJACEJ WATROBY
SZCZURA

Streszczenie

W celu uzyskania wiadomosci o roli fosforylazy tymidynowej przeba-
dano zachowanie si¢ tego enzymu w okresie syntezy DNA w regenerujacej
watrobie szczura. Réwnocze$nie oznaczano 5’-nukleotydaze i fosfataze
kwasna, zawarto§¢é DNA i bialka oraz przyrost wagi watroby. W okresie
najwiekszego nasilenia syntezy DNA aktywnos$¢ fosforylazy tymidynowej
w stosunku do bialka calkowitego maleje; w nastepnych okresach regene-
racji aktywno$é jej wzrasta, nie roézniac sie od zachowania pozostalych
enzymow.

Uzyskane wyhiki przemawiajg, ze jest to enzym biorgey udzial raczej
w rozpadzie niz w syntezie DNA.
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During studies of the metabolism of Th. thioparus carried out in this
department [19, 27], the cell extract was found to contain a considerable
amount of nucleic acids especially in the initial phase of growth, and also
to display marked nucleolytic activity. The extract, obtained after des-
integration of the cells in the presence of phosphate buffer at pH 7.0,
degraded RNA ! practically completely, setting free oligonucleotides,
mononucleotides and nucleosides. With appropriate methods of fraction-
ation protein mixtures, ribonuclease, nonspecific phosphodiesterase and
5nucleotidase were shown to be present in the extract of Th. thioparus.

In this work a method of purification of ribonuclease free of phospho-
diesterase and 5-nucleotidase is reported and some properties of the
enzyme are described.

MATERIAL AND METHODS

Microorganism. The strain of Th. thioparus was isolated and grown
in previously described conditions [20]. Cells in the logarithmic phase
of growth (72 hr. after inoculation) were harvested from the medium
by centrifugation or filtration through Berkefeld filters. Elementary
sulphur was then removed by differential centrifugation [20]. After wash-
ing with distilled water, the bacterial mass was stored in the frozen state
at -12°,

Yeast RNA (Merck) and thymus DNA (Light & Co., London), were
employed. Limit polynucleotide (“core”) was obtained from yeast RNA

1 Abbreviations used are: RNA, ribonucleic acid from yeast; DNA, deoxyribo-
nucleic acid from thymus; RNA-Th, ribonucleic acid from the cells of Th. thioparus;
NA, nucleic acids; Poly A, polyadenylic acid; Pu, purine; Py, pyrimidine; A, adenine;
G. guanine; C, cytosine; U, uracil; fris, tris<(hydroxymethyl)-aminomethane.

[345])
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346 W. OSTROWSKI and Z. WALCZAK 2y

by exhaustive hydrolysis with pancreatic ribonuclease according to
Hilmoe [12]. Low-molecular products of hydrolysis were dialyzed against
distilled water and the residue was lyophilized. Beef pancreas ribonuclease,
three times crystallized, was obtained by the method of Mc Donald [17].

Determination of ribonuclease activity. Determinations were based on
the method of Anfinsen et al. [2], modified as follows. Yeast RNA, which
was first dialyzed against distilled water for 48 hr. at 0°, was used as
substrate. Before use, a 0.6%0 solution in 0.1 M-citrate-phosphate buffer
of pH 7.0 was prepared. In this buffer solution the original activity of
non-specific diesterase was diminished to about one-third. To 0.5 ml. of
the substrate solution, 0.5 ml. of enzyme solution was added, and the
mixture was incubated at 37° for 60 min. At zero time, a 0.2 ml. sample
was drawn, and 0.3ml. of 2.5% solution of perchloric acid containing
0.25% uranyl acetate immediately added. A similar sample was prepared
under identical conditions after the incubation period. The samples were
set aside for 10 min. at 0° and the precipitate was centrifuged. To 0.2 ml.
of the clear supernatant, 2.8 ml. distilled water was added and measure-
ments were taken at 260 mw with Uvispec spectrophotometer (Hilger,
London) in 1 e¢m. cuvette. The increase of extinction in the incubated
sample as compared with the control was calculated and expressed in A26?
units for 60 min. and 1 ml. of undiluted enzyme solution. The amount of
enzyme giving A?0-—1.00 under the described conditions was assumed
to represent one unit of ribonuclease activity. In all cases the average of
two determinations with each sample was taken for calculation of enzym-
atic activity.

The specific activity of the ribonuclease was obtained as the ratio
of activity, expressed in A0 units to the extinction of the sample at
280 mu.

Determination of phosphodiesterase activity. Ca-[bis (p-nitrophe-
nyl)-phosphate], (Sigma, USA) was used as substrate [26]. To 100 ul
0.01 Mm-solution of substrate in 0.1 m-tris-HC1 buffer of pH 8.5, 100 wul
2 X 10—% M MnSOj as the activator was added and 10 ul of enzyme solution.
The mixture was incubated at 37° for 60 min. The reaction was stopped
by adding 2.8 ml. 0.1 N-NaCH and extinction was then determined at
400 me. The values of extinction served to calculate the amount of
umole p-nitrophenol liberated by 1 ml. of enzyme solution during 60 min.
at 37°.

The activity of 5-nucleotidase was determined’ using 5-AMP (Light)
as substrate. Adenosine was separated chromatographically in solvent 2
(v. i) and localized under UV-lamp. The spots were then eluted with
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0.1 N-HCl1 and extinction at 257 muw measured. Adenosine was calculated
quantitatively using the molar coefficient of 14 600 in 0.1 N-HCI.

Column chromatography. Cellulose ion exchangers CM, DEAE and
ECTEOLA obtained from the Serva Co. (Entwicklungslabor., Heidelberg,
Germany) with exchange capacities 0.66, 0.60 and 0.40 mequiv./g.
respectively, were employed. Before using, CM and ECTEOLA were twice
treated with 0.1 N-NaOH and 0.1 N-HCI alternately, washed in the chloride
form with distilled water, and finally with appropriate buffer solutions [29].
DEAE-cellulose was treated first with 1 N-NaOH, washed with water and
then with buffer solution [21]. All chromatographic separations were
done in a cold room at about 4°.

Amberlite IRC-50 (XE-64), 200-400 mesh (Light) was treated before
use according to the method of Hirs [13]. The protein content was estimated
as the extinction at 280 mu using Uvispec spectrophotometer. The con-
centration of protein in chromatographic fractions collected from IRC-50
column was determined by ninhydrin analysis [24a].

Paper chromatography. The following solvent systems were used:
(1) HCl azeotrope-isopropanol-water (65 : 33 : ad 100) [33]; (2) 96°0 etha-
nol - 1 M-ammonium acetate, adjusted to pH 7.5 by addition of NHj
(75 :30) [6]; (3) isopropanol-water-NH; (70 :10 :20) [23]; (4) m-butanol
saturated with saturated boric acid 2. Whatman No. 1 or No. 3MM filter
paper were used for separation by the ascending technique with solvents
2, 3 and 4 and by the descending technique with solvent 1. The spots
of the separated substances on the paper were visualized by taking photo-
graphs of the chromatograms in UV light.

High voltage electrophoresis. Separation was carried out in a Wieland-
-Pfleiderer type apparatus [32] on Whatman No. 1 filter paper at a poten-
tial gradient of 35 V/em. at 4°. An 0.1 m-acetate buffer solution at pH 3.5
served as electrolyte for separation of the mononucleotides [16], and 0.4
M-sodium tetraborate solution adjusted to pH 13.0 by means of NaOH
for separation of the cyclic 2’ : 3’-phosphonuclecsides from linear 3"-phos-
phonucleosides [11].

Isolation and characterization of RNA-Th. RNA-Th was isolated by
the method of Kirby [15] by extraction with 90° phenol from bacteria
ground with carborundum3. The precipitate which was formed by
adding 2 volumes of ethanol in the presence of 1% sodium,acetate was
washed with alcohol then with ether, and dried in wvacuo. The powder
obtained was poorly soluble in water, but readily soluble in 0.2 M-NaCl

? Dr. D. Shugar, personal communication.
3 The carborundum before use was first boiled with sulphuric acid then with
water and washed until neutrality.
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at pH 7.0. Further purification was achieved by chromatography on
a DEAE-cellulose column. In Fig. 1 is shown the result of separation of
35 mg. RNA-Th in conditions as described under Figure. Fractions 50 - 70
were pooled and, after removing salt by dialysis, RNA was precipitated
with 2 volumes of ethanol and dried as previously.

In UV light the preparation showed maximum absorption at 258 mu,
and minimum at 230mu (in 0.2 M-NaCl buffered with 0.03 M-tris-HC1
of pH 7.0). The ratio of extinctions Dmax/Dmin = 1.74; Dmax/D2go = 2.00;
Dmax/D220=1.39. Analysis of the composition of purine and pyrimidine
bases after hydrolysis of the preparation with 12 N-HCIO, gave the fol-
lowing results: G, 25.4; A, 23.2; C, 24.0; U, 27.4 molar per cent. Ratio

20
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Fig. 1. Gradient elution of a sample of 35 mg. RNA-Th on a DEAE-cellulose column.
The column (1.2 X 95cm.) was equilibrated with 0.02M-sodium phosphate buffer,
pH 7.8, containing 0.2 M-NaCl. After adsorption of the sample (2ml.) gradient elution
was begun with a buffer solution composed of 0.2 m-phosphate of pH 5.5 contain-
ing 1.2 M-NaCl. The mixing chamber contained 500ml. of starting buffer and the
reservoir 500 ml. eluting buffer. Fractions (5ml) were collected at the rate of
60ml./hr. The continuous line denotes extinction at 260 mu; x, shows the change
of gradient of NaCl

Pu/Py =0.95, G/C=—=1.06, A/U=0.85. The preparation contained ap-
prox. 3% of DNA calculated as thymine. RNA-Th with above properties
was used as the substrate for ribonuclease in some of the experiments
further described in this paper.

RESULTS

Ribonuclease activity during growth of the microorganism

With the aim of studying the relation between the growth of the
bacteria and the ribonuclease formation, 4-liter volumes of medium were
inoculated with equal amounts of suspensions of bacterial cells in the
log phase of growth. At 24-hours intervals the cells were harvested from
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[5]) RIBONUCLEASE OF TH. THIOPARUS 349

the medium and after grinding extracts were prepared in conditions
identical with those described below (under “Purification of ribonuclease”).
Assays were made in the extract of nitrogen by the micro-Kjeldahl
method, and ribonuclease activity and nucleic acids content. The amount
of NA was calculated on the basis of measurements of extinction at 280
and 260 muw [31]. From Fig. 2 it can be seen that during exponential growth
the activity of the ribonuclease and the NA content increase in proportion
to the mass of bacterial nitrogen. In the stationary phase, in which partial

o4 off L
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e | ] [
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s | 2 | s
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~ a2~ 042
Fig. 2. Growth and course of ribonuclease § = o
formation and NA in cells of Th. thioparus. & 10~
The culture was incubated at 25°; (@), o1 oa-
bacterial nitrogen in mg./ml.; (O), ribo-
1 v - ml: (A). 3 (¢ SIS ¢ Ml 0 ] o <] g S o (U Yl T 1 2
nuclease act1v1t/y]pe; rr;l', t( ), NA in )
mg./smml. ol extrac Time (h,..s_)

lysis of the cells occurs, the activity of ribonuclease and NA content are
not diminished, but continue on the same level. This indicates that enzyme
activity, as well as the amount of material absorbing at 260 mu per cell,
are still increasing.

The agreement between the rates of synthesis of ribonuclease and NA
is interesting; we are inclined to accept the view of those authors ac-
cording to whom this phenomenon can be explained by the participation
of ribonuclease in hydrolytic processes as well as in the biosynthesis of
NA in the bacterial cell [7, 24, 5].

Purification of ribonuclease

1st step. Preparation of the crude extract. All procedures connected
with purification of the enzyme were carried out at approx. 4°. The wet
mass of bacteria was ground up for about 2 hr. in a porcelain mortar
with carborundum in the presence of 0.1 Mm—citrate-phosphate buffer,
pH 7.0. After centrifuging at 15000 r.p.m. for 20 min. the sediment was
washed twice with small portions of buffer. The pooled extracts were
dialyzed overnight against distilled water, and then centrifuged at
1500 r.p.m. for 10 min. The sediment was discarded and the pinkish-
-colored solution was stored at -12°.
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2nd step. Protamine fractionation. 1% aqueous solution of protamine
sulphate (Light) — 75 mg. per 100 mg. nitrogen in the extract — was
added slowly while mixing. The precipitate was centrifuged at 10 000
r.p.m. for 10 min. and discarded. The supernatant was then fractionated
with ammonium sulphate.

3rd step. Ammonium sulphate fractionation. To each 100 ml. of solution
obtained in step 2, 35 g. powdered ammonium sulphate was added and,
after dissolving, the mixture was set aside for several hours at 0°. The
precipitate was centrifuged and discarded; 20.5g. ammonium sulphate
were then added for each 100 ml. of the solution and kept overnight at 0°.
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POPOQOTIO Q

0o 2 o3 3540 45 30 35 80 60

Fraction number l

Molarity 0.01 Sl 05N -NaOH
pH 6.0 | 75 I

Fig. 3. Chromatographic separation on CM-cellulose column of the fraction obtained
in step 3. The sample (250 Esgp units) was dialyzed against 0.01 m-phosphate buffer
pH 6.0, and adsorbed on a column (1.2 X 9.0 cm.) equilibrated with the same buffer.
After washing the column with approx. 200 ml. of starting buffer, this was replaced
by 0.1 m-phosphate of pH 7.5. The rate of elution was 45 ml./hr., fraction volume 4 ml.
The continuous line denotes absorption at 280 mp, (O), ribonuclease activity. The
shaded area depicts the protein remaining on the column, which could be eluted
with 0.5 N-NaOH.

After centrifuging at 15000 r.p.m. for 15 min., the supernatant was dis-
carded. The precipitate was dissolved in a small volume of water and
dialyzed against water for 24 hr.
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4th step. Fractionation on CM-cellulose. The solution obtained in step 3
was next dialyzed against 0.01 M-sodium phosphate buffer, pH 6.0 [3]
and transferred to a column previously equilibrated with the same buffer.
After washing the column with approx. 200 ml. buffer solution, the
former solution was replaced by 0.1 M-phosphate buffer of pH 7.5. The
result of the separation is shown in Fig. 3. Two active peaks were obtain-
ed in conformity with the extinction of protein at 280 mu. A small amount
of protein remaining in the column could be eluted with 0.5 N-NaOH.
A small protein peak emerging from the column in fraction 13 - 23 was
pink coloured and contained cytochrome s [27]. On the basis of analysis
of peaks I and II it was found that peak I is a mixture of at least three
different enzymes: ribonuclease resistant to acids and elevated tempera-
tures, nonspecific phosphodiesterase and 5-nucleotidase not completely
precipitated from the solution during fractionation with ammonium sul-

Table 1
Isolation of ribonuclease II
Step gl Tg“" Z‘z’;' S"f,d_flic Relative | Yield
280 activity 1 activit 0
No. units units (4260/ Ezg0) 4 L
1 Crude extract 2170 900 0.42 1.00 100
2 Protamine 1720 880 0.51 1.23 98
3 Ammonium sulphate
(0.55-0.85 satur.) 238 378 1.60 3.90 42
4 CM-cellulose 19.5 99 5.07 12,10 11
5 Heating (709,5 min.) 4.6 71 15.50 37.40 8
6 Amberlite IRC-50
(peak 11-A) 0.35 47 131.50 313.00 5

phate. The separation of the different enzymes in peak I will be reported
in another paper. Peak II did not contain any appreciable amounts of
diesterase or 5’-nucleotidase. The enzyme in this peak was submitted
to further purification and called ribonuclease II.

5th step. Heat denaturation. Ribonuclease II is resistant to elevated
temperatures for prolonged periods of time, withstanding heating to 70°
for 60 min. at pH 7.0 without appreciable loss of activity. The fractions
of peak II were pooled, adjusted to pH 7.0 and heated to 70° for 5 min.
After centrifuging, the precipitate was discarded. At this stage of puri-
fication the enzyme was concentrated about 40-fold (Table I). The sub-
sequently described experiments were carried out with this preparation.
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6th step. Fractionation on Amberlite IRC-50. The preparation obtained
in step 5, concentrated by blowing the air and dialyzed overnight against
0.2 M-sodium phosphate buffer of pH 6.5 was adsorbed on a 0.9 > 30.0 cm.
column of TRC-50 which had been previously equilibrated with the same
buffer. Elution was e€arried out with 0.2 M-phosphate buffer, pH 6.5.
Ribonuclease activity and intensity of the colour reaction with ninhydrin
were determined in each fraction. The result of separation is shown in
Fig. 4. Ribonuclease II was separated into two active peaks, II-A and II-B.

Table 1 contains data pertaining to typical purification of ribonucle-
ase II, concentrated more than 300-fold in comparison with the activity
of the crude extract.

Evidence for the multiple nature of ribonuclease of Th. thioparus

As can be seen from the results of purification of ribonuclease, at
least three different heat-stable enzymes capable of depolimerizing RNA
were indicated by fractionation on CM-cellulose and Amberlite TRC-50:
ribonuclease I, II-A and II-B (cf. Figs. 3 and 4). The action of 0.25 N-H,SO;,

) -
8,4 % H10 %
§ ) E

Volume (ml.)

Fig. 4. Chromatography on Amberlite IRC-50 of the fraction obtained in step 3.
The sample was poured on a column (0.9 X 30 ¢cm.) equilibrated with 0.2 m-phos-
phate buffer, pH 6.5, and eluted with the same buffer at a rate of 20 ml./hr., volume
of the fractions 0.75 ml. The continuous line denotes absorbancy of the color
reaction with minhydrin at 570 mp; (O) shows ribonuclease activity. The dashed
area shows the range of elution of crystalline pancreatic ribonuclease when 10 mg.
of the enzyme was chromatographed in the same column under identical conditions

on enzyme I after separation on CM-cellulose of the buffer extract
diminished the original nucleolytic activity by about one-half. The activity
of fraction II in the same conditions was not changed. When the extract
was prepared by grinding the cells with 0.25 N-H,SO; at 0°, adjusted to
pH 5.8, the precipitate removed by centrifugation, and the supernatant
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separated on CM-cellulose, ribonuclease activity was found only in the
fraction eluted with 0.1 m-buffer at pH 7.5, that is in peak II. If peak I
from the buffer extract was rechromatographed after treatment with
sulphuric acid, activity was obtained not in fraction I but in fraction II
as shown in Fig. 5c. Obviously action of sulphuric acid on peak I in-
activated diesterase, which is very unstable in acid medium‘ and the
remaining activity, resistant to the low pH, belongs to ribonuclease.
After treating with acid its adsorptive properties are changed and it is

40-) a) cH
20 l
Fig. 5. Chromatography of buffer extract and 0 i
extract obtained by means of 0.25 N-HsSOy. The 0= b)

buffer extract from the cells was prepared as

described under “Purification”. The acid extract l
was adjusted at 0° to pH 5.8 and the precipitate 0 o
was centrifuged. Both extracts were dialyzed for 40 c)

24 hrs. against water, concentrated about five-
-fold by blowing and then submitted to column
chromatography. Segments (a), (b) and (¢) re-
present separation on CM-cellulose under condi-
tions as described in Fig. 3. (a), buffer extract;
(b), acid extract; (c), rechromatography of frac-

el

0 10 20 30 4g 50
Fraction number

7= IRC-50

Ribonuclease activity (4°%)

tion I from segment (a) after treatment with 20

0.25 N-H3SO4. Segments (d) and (e) represent

fractionation of the buffer extract (d) and acid 43_ 2 Re-50

extract (e) on a column of IRC-50 under condi- 2

tions as in Fig. 4. In all the diagrams the ribo- 20

nuclease activity is presented by a continuous

line. The arrows show the change of buffer 0 1;, 20 310 410 5'0 50
solutions Volume (ml.)

eluted only by higher molarity of buffer solution and at higher pH. It is
conceivable that acid splits off some association product or peptide frag-
ment from the enzyme in fraction I, without affecting its activity, but
alters its affinity for the adsorbent. Preliminary investigations showed
that enzyme I possesses a different optimum pH as well as different
optimum temperature of RNA hydrolysis as compared with enzyme II.

When the buffer extract and that obtained by means of sulphuric acid
were subjected to analogous separation on Amberlite IRC-50, at least
four active fractions were obtained from the buffer extract, but the

4 Properties of phosphodiesterase isolated from the cells of Th. thioparus are
described by one of us (W. O.) in separate paper, Experientia, 1961, in press.
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fraction corresponding to peak II-B in Fig. 4 disappeared from the acid
extract. The results of separation of the extracts on CM-cellulose and
IRC-50 are shown diagrammatically in Fig. 5a-e. The studies of other
authors [14, 9, 8] pertaining to ribonucleases in animal tissues also indi-
cate the presence of varying numbers of active fractions, depending on
the method of extraction. This is probably connected with dissoc’ation
under the influence of acid products of association of ribonuclease with

cytoplasmic proteins [9, 8].

Properties of purified ribonuclease II

Optimum pH. Citrate-phosphate, Tris-HCl and glycine-NaOH buffer
solutions, each 0.1 M, were used to determine the optimum pH. Optimum pH
for hydrolysis of yeast RNA, on the basis of three determinations, was
found to be 8.5. Fig. 6 shows the effect of pH on the activity of the

S
T

n
S
I

\d

Fig. 6. Effect of pH on ribonuclease activity. En-

zymatic activity was determined as described

under “Methods” using a preparation of the
A i enzyme with specific activity 15.5. (@), citrate-
4 5 6 7 8 9§ 1w -phosphate buffer; (0), tris-HCl buffer; (4),
PH glycine-NaOH buffer

Ribonuclease activity (47%)

8

enzyme. It can be seen that the activity of enzyme II is maintained over
a wide range of pH, being still appreciable at pH 4.0. If the crude extract
was used as the source of the enzyme, three optima were obtained in the
same conditions, at pH 5.5-6.0, 7.0, and 8.0 - 8.5.

Effect of temperature. R'bonuclease II heated to 70° at pH 7.0 for
60 min. retains its activity. Complete inactivation occurs only after heating
to 100° for 30 min. The curve of the rate of hydrolysis of RNA in rela-
tion to temperature has a flat shape, with optimum hydrolys’s between
40 - 50°. At 60° approx. 80% of the initial activity is still retained.

Effect of bivalent metal ions. Ribonuclease II is activated by Fe?*
ions at a concentration of 10—3Mm (Table 2). The presence of versere
(ethylenediaminetetraacetic acid) in the reaction mixture does not exert
any effect on the activity of the enzyme. Other bivalent metals exhibit
nonspecific action on the enzyme’s activity first at higher concentra-
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Table 2

Effect of Fe?* ions on the activity of ribonuclease 11

‘The reaction mixture contained 3 mg. yeast RNA in 0.5ml. 0.1 m-triethanolamine.

HCI-NaOH buffer, pH 7.0, enzyme II (specific activity 15.5) and Fe®+ in the form

of Mohr's salt. The final volume was adjusted to 1.0ml. with buffer solution.
Incubation was carried out at 37° for 60 min.

: Molarity Activity Relative :
‘ of Fe?+ AT60 activity !

0* ' 1.75 & 1.00

10— 1.71 i 1.00

10— 2.65 1.50

103 | 5.32 , 3.04

10-2 ‘ 5.32 3.04

Versene (0.02 M) ; 1.70 l 0.97

* Enzyme before use was dialyzed against doubly distilled water
for 24 hr.

tions (102 m), usually causing precipitation in the reaction mixture. Mn2+,
Cu?*, Zn?*, and Cd?* in concentrations of 2 X 10~2m diminished the
activity of the enzyme by one-half to one-third. Mg2*, Ca2*, and Co?*
showed no effect on the enzymatic activity under the same conditions.

Table 3

Comparison of the activity of ribonuclease II in respect to different
polynucleotides

The reaction mixture contained 8 mg. of each polynucleotide in 0.5 ml. of 0.1 M-citrate-
-phosphate buffer, pH 7.0, and 6.6 A units of ribonuclease II of specific activity
15.5. Final volume was 1ml, and incubated at 37° for 60 min. Extinction of the acid
soluble products of hydrolysis at 260 mp was determined as described under

“Methods”.
’ Substrate I Relative activity
’ RNA (yeast) ’ 1.00
| RNA-Th ‘ 1.50
|4 Corel , 0.40
| Poly-A | 0.04
' DNA (thymus) | 0.0

Specificity of ribonuclease II. Ribonuclease II digests yeast RNA,
RNA-Th, “core” and Poly-A at various rates. RNA-Th is the most rapidly
hydrolyzed, and Poly-A most slowly. Thymus DNA is completely resistant
to the action of the enzyme. The synthetic diesters of phosphoric acid,
6
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such as bis(p-nitrophenyl)-phosphate and the cyclic 2" : 3’-phosphonucleo-
sides, such as 2" :3’-uridylic acid also are not digested. Poly-A is hydro-
lyzed 25 times, and “core” 2.5 times more slowly than yeast RNA (Table 3).

In the products of hydrolysis no appreciable amounts of inorganic
phosphate or nucleosides were detected. During hydrolysis of RNA about
25 - 50%0 of higher polynucleotides always remain (even after 72 hr. in-
cubation), and can be precipitated with 70% ethanol, uranyl reagent or
perchloric acid.

Separation on ECTEOLA-cellulose of hydrolysis products of RNA

Fifty mg. of yeast RNA in 8 ml. water was incubated for 48 hr. at
37° with 26.4 A260 units of ribonuclease II (specific activity 15.5); pH of
the mixture was maintained at 8.5 by repeated additions of 0.1 N-NaOH.

Molarity of LiCl
0.05 it T, 1 0.15 [ 0.25 [ 050

et > —r -

i 150
Fraction .number

Fig. 7. Chromatographic separation on ECTEOLA-cellulose of the products of hydro-

lysis of yeast RNA obtained by the action of ribonuclease II. The column (1.9 >

X 13.0 cm.) was prepared as described under “Methods”. Stepwise elution was car-

ried out by means of solutions of LiCl at concentrations shown in the upper part

of the diagram. The rate of elution was 1.5 ml/min. fraction volume 10wml. The
absorption at 260 mp was measured in each fraction

The solution was then adsorbed on a column and stepwise elution was
carried out with LiCl solutions of increasing concentrations, as shown in
Fig. 7. As can be seen, several fractions were obtained, and most of the
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material absorbing at 260 mp emerged from the column at 0.15-0.50 M
concentration of LiCl. When 50 mg. RNA not subjected to enzymatic
hydrolysis was fractionated in the same conditions, absorption at 260 mu,
not exceeding 0.2, was observed only in the range of 0.25-0.50 M-LiCl.

The fractions with highest extinction of the particular peaks were
pooled and concentrated in wacuo. Lithium chloride was extracted with
methanol [29] and the nucleotide sediment was dissolved in water. Preli-
minary experiments with paper chromatography in solvents 2, 3 and 4,
and by means of paper electrophoresis indicate that all the fractions eluted
from the column are chiefly mixtures of di-and trinucleotides. Fraction 1
contained 3’-cytidylic and 3’-uridylic acids in the proportion of 1 :4. The
total content of both mononucleotides in the hydrolyzate of RNA was
about 2%. The pooled fractions were next submitted to hydrolysis in
12 N-HCIO; during one hour at 100°. The solution was neutralized with
KOH and after removing the precipitate by centrifugation, the hydro-
lysates were separated chromatographically in solvent system 1. After
elution of the spots with 0.1 N-HCI, extinctions were determined and
quantitative composition of bases in each fraction was calculated. Table 4
shows the results of the analysis. As can be seen, most of the fractions

Table 4

Quantitative analysis of the bases composition of chromatographic
fractions from Fig. 7
Technical data in the text

) Guanine Adenine Cytosine Uracil
tion B0

No. | (umole) { (%) | (umole) | (%) | (umole) | (%) | (umole) | (%)
1 g = ! == — 0.005 20.2 0.018 79.8
2 =] = = — 0.022 284 | 0.054 71.6

3 0.036 27.2 0.039 29.3 — — | 0057 43.5

4 | — — 0.015 21.7 - — | 0.055 78.3
5 0.064 30.1 0.063 29.9 0.055 26.0 0.029 14.0
6 0.020 17.2 0.031 26.8 0.032 27.2 0.033 28.7
7 0.031 15.8 0.076 38.3 0.047 23.8 0.044 22.2

8 0.048 25.7 = = = . 0.138 74.3
9 0.098 40.1 0.049 20.0 = — | o0.097 39.9
10 0.062 19.5 0.057 17.6 0.057 17.6 0.147 45.5
11 0.036 12.6 0.046 16.1 0.037 12.9 0.167 53.4
12 0.031 20.4 0.049 32.1 = — 0.072 47.1
13 0.166 33.8 0.139 28.6 0.183 37.6 == —
14 0.165 12.5 0.362 27.0 = — 0.812 60.5
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display the presence of two or three bases. The fractions containing four
bases, are probably mixtures of di- and trinucleotides, which can be con-
cluded both from the results of chromatographic analysis in solvents 2
and 3, and from the percentage molar content of the different bases.
Although the sequences of oligonucleotides arising as hydrolysis
products of RNA by ribonuclease II were not determined in the present
study, the preliminary results shown in Fig. 7 and Table 4 suggest that
the products belong to rather lower oligonucleotides containing 2 or 3
bases. In fractions containing purine and pyrimidine bases the former

predominate quantitatively.
DISCUSSION

Intensive studies of the purification and properties of nucleolytic
enzymes occuring in animal [25, 1, 2] and plant [10, 30] tissues and espe-
cially in microorganisms [7, 24, 5, 18, 22, 28] are being conducted at
present in many laboratories. This is due to the possibility of making use
of these enzymes in structural studies of polynucleotides participating
in numerous biological cellular processes. The study of the occurence and
properties of such enzymes in the cells of Th. thioparus possesses also
a general biological aspect, in that this organism belongs to the obligative
autotrophs, occupying a peculiar position in the evolution chain [4].

The results obtained in this paper indicate that extracts of Th. thio-
parus contain several ribonucleases which are resistant to acids and eleva-
ted temperature. Ribonucleases I, II-A and II-B appear to be endo-
nucleases, liberating only slight amounts of mononucleotides. The ribo-
polynucleotides are hydrolyzed, whereas the deoxyribopolynucleotides
are completely resistant to the action of these enzymes. Studies on the
specificity of the different ribonucleases now under way already indicate
that hydrolysis of RNA by each of them gives rise to different end-
products, owing to different internucleotide bonds being split by each
enzyme. Hence, a system of polyribonucleases in the cells of Th. thioparus
is conceivable.

Ribonuclease II, as can be seen from Table 3, much more readily
digests polynucleotides formed by both types of bases than those contain-
ing only the purine bases (Poly-A). Also, the products of hydrolysis of
RNA subjected to prolonged action of the enzyme are chiefly of the type
PyPy or PuPuPy ( cf. Table 4). These facts suggest that the internucleo-
tide secondary phosphate bonds most readily split by ribonuclease II are
of the PyPy or PuPy type and not PuPu.

As a protein, ribonuclease II displays a number of properties similar
to pancreatic ribonuclease, such as resistance to acids, thermostability and
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range of precipitation by ammonium sulphate [17]. Adsorption on
CM-cellulose of both enzymes is also characteristic [3]. The optimum pH
of ribonuclease II lies somewhat higher than that of pancreatic enzyme.
On the other hand, the optimum temperature of ribonuclease II is about
20° lower. A characteristic feature of ribonuclease II ds its activation by
Fe?* ions during RNA hydrolysis.

Ribonuclease II may therefore be classified among the acid-resistant,
thermostable, specific endonucleases causing hydrolysis of phosphodiester
internucleotide bonds within the ribopolynucleotide chain and leading to
liberation of probably 3’-phosphooligonucleotides composed of pyrimidine
and purine-pyrimidine nucleotides in sequence. Studies of the further pu-
rification of ribonucleases from Th. thioparus and their characterization
are under way.

SUMMARY

The presence of at least three ribonucleases hydrolyzing RNA to oligo-
nucleotides in an extract of the cells of Th. thioparus was demonstrated.
The fractionation of cell extract with protamine and ammonium sulphate
and by chromatography on CM-cellulose and Amberlite IRC-50 resulted
in a considerable degree of purification (more than 300-fold) of ribo-
nuclease, which was resistant to elevated temperature and acid reaction.
The optimum pH of isolated ribonuclease is 8.5, optimum temperature
of hydrolysis of RNA approximately 45°, and the enzyme is activated by
Fe?* ions. The enzyme hydrolyzes yeast RNA, RNA isolated from the same
cells of microorganism, and to a lesser degree the “core” of yeast RNA.
Synthetic Poly-A is digested about 25 times more slowly as compared
with RNA. The enzyme does not digest deoxyribopolynucleotides. Pre-
liminary studies of the specificity of the enzyme indicate that linkages
between pyrimidine and purine-pyrimidine nucleotides are more easily
hydrolyzed than those between purine nucleotides. The main products of
hydrolysis of RNA are oligonucleotides built of 2 or 3 nucleotides.

The authors are deeply indepted to Prof. Dr. B. Skarzynski for his kind
encouragement during the course of this work, and to Prof. Dr. D. Shugar
for providing synthetic polynucleotides and cyclic 2’ :3’-phosphate of
nucleosides. They are indepted also to Miss C. Grzeszczak and to Miss
M. Galka for their technical assistance.
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ENZYMY NUKLEOLITYCZNE TH. THIOPARUS.
OCZYSZCZANIE I WLASNOSCI RYBONUKLEAZY

Streszczenie

W ekstrakcie komérek Th. thioparus wykazano obecno$é conajmniej
trzech rybonukleaz powodujacych hydrolize¢ RNA do oligonukleotydéw.
Przez frakcjonowanie ekstraktu komoérek siarczanem protaminy, siarcza-
nem amonu, przez chromatografie na CM-celulozie i na Amberlicie IRC-50
uzyskano znaczny stopien oczyszczenia (ponad 300-krotny) jednej z rybo-
nukleaz, odpornej na ogrzewanie w wyzszej temperaturze i na dzialanie
niskiego pH. Enzym posiada optimum pH przy 8,5, optimum temperatury
hydrolizy RNA ok. 45° i jest aktywowany przez jony Fe2*. Enzym powo-
duje hydrolize RNA drozdzowego, RNA wyosobnionego z tych samych ko-
morek oraz w mniejszym stopniu “core” z RNA drozdzowego. Ok. 25 razy
wolniej w poréwnaniu z RNA trawi syntetyczny kwas poliadenilowy. Wy-
osobniona rybonukleaza nie trawi desoksyrybopolinukleotydéw. Wstepne
studia nad specyficznoécia enzymu wskazuja, ze latwiej hydrolizuje wig-
zania miedzy nukleotydami pirymidynowymi i puryno-pirymidynowymi
niz miedzy nukleotydami purynowymi. Gléwnymi produktami hydrolizy
RNA s3g oligonukleotydy zbudowane z dwu lub trzech nukleotydow.

Received 9 March 1961

http://rcin.org.pl



http://rcin.org.pl



ACTA 310 CHIMIGA POLONTICA

Vol. VIII 1961 No. 3

W. SZER and D. SHUGAR

SYNTHESIS AND PHYSICO-CHEMICAL AND ENZYMATIC
PROPEWTIES OF 5-BROMO DERIVATIVES OF URIDINE
PHOSFHATES AND THEIR POLYMERS

Institute of Biochemistry & Biophysics, Polish Academy of Sciences, Warszawa

In a continuation of previous studies on the physico-chemical and
enzymatic properties of N-methyluridylic acid and its polymers (MeUp
and poly-MeU) [31, 32], we have examined the effect of bromination of
the 5 position in the uracil ring. It has been shown by a number of
observers [9, 33, 36] that 5-bromouracil and 5-bromouridine may be incor-
porated into the nucleic acids of certain microorganisms and mammalian
cells. Furthermore d-BrUTP has been found to act as a substrate for de-
oxynucleotide polymerase [5], a fact which has been interpreted as sup-
porting evidence for the role of this enzyme in DNA synthes’s in vivo.
On the other hand, it has been stated that BrUDP is not a substrate for
polynucleotide phosphorylase [23]. It seemed worth while to check this
finding, which we have done. Since it proved impossible to obtain high
molecular weight polymers by enzymatic methods, it was decided to ap-
ply chemical procedures [20, 21, 22, 31] to obtain appropriate oligonucleo-
tides of 5-bromouridylic acid (I) and N-methyl-5-bromouridylic acid (V)
with a view to examining the properties of such polymers, as well as
their behaviour towards enzymes attacking nucleic acids and their de-
rivatives. It was also considered of value to investigate the ability of
oligo-BrU to complex with poly-A. It would obviously have been more
satisfactory to examine complex formation between poly-BrU and poly-A;
since, however, the former cannot be prepared, the use of the oligo-
nucleotide provides the only means of estimating the effect of brom'nation
on formation of twin strand complexes. Such twin strand complexes
obviously exist in vivo in view of the known incorporation of bromouracil
into DNA. Complex formation between poly-A and oligo-U has already
been reponted upon [32, cf. 16].
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5-bromouridine-2'(3")-phosphate (I) was obtained by the action of
N-bromosuccinimide on the tri-n-octylamine salt of uridylic acid as
described by Michelson [8] for the bromination of UMP. 5-bromo-
uridine-2’ : 3"-cyclic phosphate (II) was prepared from I by the action
of dicyclohexylcarbodiimide (DCC) in dry dimethylformamide [28].
Compound II was found to be susceptible to pancreatic ribonuclease, so
that substitution of the position 5 by bromine does not affect the enzyme
specificity. In view of the previous observation that N-methylation of
uracil ribotides effectively blocks against the action of RNase [31, 32],
N-methyl-5-bromouridine-2’ (3’)-phosphate (V) was prepared from I by
the method previcusly used for the synthesis of N-methyluridylic acid
[31]; this involves methylation of the cyclic phosphate with diazomethane
(III), followed by opening of the cyclic phosphate ring and hydrolysis
of the resultant methyl ester (IV). This procedure was found to be ap-
plicable also to the 5-bromo compounds, with the exception that alkaline
conditions could not be employed to hydrolyze the methyl esters of the
latter, due to the fact that compounds III, IV and V are extremely
alkali labile even at pH 10 due to opening of the pyrimidine ring.
At pH 12.5 the half-time for this reaction is about 60 mins., and is there-
fore much more rapid than for the corresponding N, N” substituted uracils
[26, 27, 12]; the reaction is also irreversible. Consequently, the hydrolysis
IV — V was carried out at pH 1 and 37°. Compound V was also obtained
by the action of diazomethane on 5-bromouridine-2’ (3")-phosphate (I),
followed by hydrolysis of the resulting triester !. However, this hydrolysis
is both tedious and inconvenient, and we have not used it on a pre-
parative scale. As was to be anticipated, the cyclic phosphate of N-methyl-
5-bromouridine was completely resistant to RNase.

Oligo-MeBrU (VI) was obtained according to the procedure of Michel-
son [21, cf. 31] but, contrary to expectations, polymerization was not
quantitative as is the case for uridylic acid and N-methyluridylic acid
[21, 31]. The resulting oligonucleotide was fractionated by dialysis against
water and then 2 M-NaCl. The dialyzate and dialysis residue, from dialysis
against 2 M-NaCl, and of mean chain lengths 3.2 and 7.1, respectively,
were used for enzymatic and physico-chemical tests. Both fractions were
completely resistant to RNase, confirming once more the blocking action
on RNase of 3N-methylation.

If we examine the effect of substitution in the pyrimidine ring on
the action of RNase, we find that substitution of the 5-position by —CHj
[11] or —Br is without influence, as is reduction of the 5,6 double bond

1 Such a procedure has been used to prepare N-methyluridylic acid (A. M. Michel-
son, private communication).
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[12]; but 3N-methylation blocks the enzyme. It has been suggested that
the number 3N position is a point of attachment for the enzyme [7] but
this may be an oversimplification. It should be recalled that 5-ribo-
syluracil -2 : 3’-phosphate 2 [22] and poly~(5-ribosyluracil) [2] are likewise
substrates for RNase. It would therefore be of interest to see whether
N-methylation would render these substrates resistant to the enzyme.
The question of RNase specificity is further complicated by the fact that
the enzyme will slowly degrade poly-ribosephosphate [35] and, in high
concentrations, poly-A [4].

Snake venom phosphodiesterase very slowly hydrolyzes VI to mono-
nucleotides. The apparent resistance of VI is in this instance probably
due to two factors: (a) the presence in the oligonucleotide of a mixture
of 2, 5’ and 3, 5 internucleotide bonds, and (b) the fact that we are
dealing with short chains terminated by 3’ (2’)-phosphate [24].

Kidney alkaline phosphatase readily dephosphorylates all the above
compounds and, following extended incubation, hydrolyzes the inter-
nucleotide linkages of VI, indicating the presence in this enzyme pre-
paration of a non-specific phosphodiesterase [cf. 31]. On the other hand,
prostate phosphomonocesterase removes only the end phosphate groups
in VI, at acid pH, and was consequently suitable for determinations of
chain length.

As mentioned in the introduction, it had been hoped to synthesize
high molecular weight polymers of BrU and MeBrU. To this end 5-bromo-
uridine-5"-pyrophosphate (BrUDP, VII) and MeBrUDP (VIII) were pre-
pared as substrates for polynucleotide phosphorylase, by bromination
of the tri-n-octylamine salts with N-bromosuccinimide at room tempera-
ture, as above. Anhydrous conditions were found to be of considerable
importance in this case, even traces of water resulting in partial hydro-
lysis of the products to the 5-monophosphates. Both VII and VIII were
quantitatively transformed by snake venom to the corresponding nucleo-
sides.

Attempts to obtain polymers from VII and VIII with polynucleotide
phosphorylase were unsuccessful [cf. 23] and, even when a mixture of VII
with UDP (1:1) was used as a substrate, only poly-U was formed;
spectral observations and hydrolysis followed by chromatography demon-
strated the total absence of bromouridylic acid in the poly-U. Compound
VII was, however, found to appreciably inhibit the formation of poly-U,

? This compound, named “pseudouridylic acid” by Cohn [6] and Michelson [22],
is perhaps not the most fortunate choice since there may also exist a 6-ribosyluracil
derivative, as well as a 3-p-ribosyluracil [25].
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indicating some reaction with the enzyme?. It is consequently of interest
to note that while MeUDP [32] and 2-thio-UDP [14] will undergo poly-
merization, as will likewise 5-methyl-UDP [11], 5-Br-UDP will not.
Furthermore 5,6-dihydro-UDP is not polymerized by polynucleotide
phosphorylase [23, 32].

Although it is at the moment rather difficult to draw any particular
conclusions with regard to the specificity of polynucleotide phosphorylase
(bearing in mind the fact that it will likewise polymerize purine nucleo-
side pyrophosphates), it would appear that enzyme specificity is not in
this instance related to any ability of the polymer to form internal
hydrogen bonds as is the case for deoxynucleotide polymerase [13]. It is,
of course, to be borne in mind that the mechanism of polymer formation
is not quite the same for the two enzymes: polynucleotide phosphorylase
does not polymerize via a “matrix” [13] but rather through a ,primer”

07

06

as
o4 Fig. 1. Spectral evidence for complex
~ formation between poly-A and oligo-BrU:
o ——poly-A; ---oligo-BrU; —.—, additive

0z absorption of poly-A and oligo-BrU; O, ob-
served absorption of poly-A and oligo-BrU.
“ molar ratio 1:1, at 9° under standard
2200 2400 2600 2800 200 a0 conditions in 0.15 M-NaCl + 0.015 Mm-sodium

Wavelength (A' ) citrate, pH 6.7

a1

[29]; nonetheless the foregoing suggestion retains some validity in view
of the undoubted existence in RNA of secondary structure. Finally, from
the point of view of specificity, it would be of interest to synthesize and
examine the behaviour of 5-ribosyl-UDP as a potential substrate.

In view of the negative results with BrUDP as substrate, additional
experiments were limited to the use of oligo-BrU and oligo-MeBrU. Both
oligonucleotides, with mean chain lengths of 7 or more, were quantitati-
vely hydrolyzed in 1 N-HCI overnight to mononucleotides. The resulting
hyperchromicity was 11.5% for the former and 13.3% for the latter. The
small difference between these two once more supports the previous sug-
gestion [19, 31] that the hyperchremicity of such oligonucleotides is not

3 Since completion of the above work, a report has appeared by Barker et al. [3],
in which it was also found that BrUDP is not polymerized by polynucleotide phos-
phorylase. The authors report, however, that an exchange of phosphorus with the
substrate does occur, in agreement with our observation of the inhibitory effect of
BrUDP on polymerization of UDP.
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due to internal hydrogen bonding but is rather the result of mutual in-
reraction between adjacent pairs of residues in the chains. This is further
supported by the fact that, in contrast to poly-U [15, 32], neither oligo-
nucleotide exhibited any evidence of secondary structure in the presence
of 0.05 m-MgCl, at temperatures down to 3°.

Oligo-MeBrU (VI) showed no evidence of formation of a twin strand
complex with poly-A either under standard conditions [34, 8] or upon
increase in ionic strength of the solution, or on reduction of the tempera-
ture to 5°. This again confirms the previous suggestion [32] that it is
sufficient to block one of the two hydrogen bonds between the base pair
U-A to prevent tw:n-strand complex formation.

On the other hand, control experiments demonstrated that oligo-BrU
will form complexes with poly-A. The maximum hyperchromicity of
such a complex, at 2650 A, was 13% at a 1:1 ratio of A : BrU (Fig. 1),
and is therefore quite similar to that for complex formation between
oligo-U and poly-A [32]. This confirms once more that 2’, 5" internucleo-
tide linkages do not hinder complex formation and, more interesting still,
that such complex formation is practically unaffected by substitution of
bromine in the 5-position of the uracil ring. It seems reasonable to con-
clude that in more highly polymerized chains BrU may replace U without
any marked change in secondary structure of the chain.

EXPERIMENTAL

5-bromouridine-2’ (3’)-phosphate (I) and 5-bromouridine-2’: 3’-pho-
sphate (II). Compound I was obtained in 80% yield by the action of
N-bromosuccinimide at room temperature on the anhydrous tri-n-octyla-
mine salt of uridine-2’ (3")-phosphate in dry dioxane, as described for the
5 isomer [18, 30].

To 50mg. of I, dissolved in 2ml. dimethylformamide, was added
180 mg. DCC; following 1 hour paper chromatography demonstrated the
absence of I and appearance of the cyclic phosphate [28]. Solvent was
removed under reduced pressure (at a temperature not exceeding 30°),
% ml. water added to the residue, followed by filtration and washing of
the precipitated dicyclohexylurea. The filtrate was concentrated to 1ml.,
carefully brought to pH 8.5 with ammonia, extracted twice with 3 ml.
ether and an excess of ethanolic CaCl, and two volumes ethanol were
then added. The precipitated calcium salt of II was collected by centri-
fugation and washed with ethanol and ether; it was chromatographically
homogeneous in solvents A and B.

N-methgl-5-bromouridine-2’ (3')-phosphate (V) :400 mg. (1 mm) of I,
dried over P,0O;, was dissolved in 10ml. dry dimethylformamide and
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1.5gm. (7.3 mm) DCC added. After 1 hour at room temperature, crystals
of dicyclohexylurea appear and chromatography shows the absence of I
and appearance of II. The reaction vessel was then immersed in ice-water
and the reaction mixture saturated with gaseous diazomethane (an ether
solution of CH,;N, from 5.15 gms. N-methylnitrosourea [2], warmed under
reflux and the resulting gas dried over granulated NaOH prior to passing
into the reaction mixture). The course of the reaction was followed by
removing aliquots at 10-15 minute intervals and measuring optical
densities at 2750 A, at pH 7 and 12. The reaction is complete after about
40 mins. Chromatography in solvents A and B show the absence of II and
quantitative formation of N-methyl-5-bromouridine-2" : 3’-methylphos-
phate (III). About 10ml. water was then added and the precipitated
dicyclohexylurea filtered off and washed with water. The filtrate was
evaporated to dryness under reduced pressure (temp. 30°) and the residue
dissolved in 20ml. 0.1N-HCl and left 8 hrs. at room temperature.
Chromatography in solvents A and B now showed that over 90°% of III
underwent decyclization to N-methyl-5-bromouridine-2’ (3)-methylphos-
phate (IV). The solution was cooled to 0°, acidified to pH 0.5 with 5 N-HCI
and left overnight at 37°, following which chromatography in solvents
A and B demonstrated the disappearance of IV and the formation of
N-methyl-5-bromouridine-2’ (3")-phosphate (V). The solution was then
brought to pH 3.5 at 0° by careful addition of 1 N-NaOH, concentrated
under reduced pressure to about 5ml., and water then removed by
azeotropic distillation with benzene and ethanol. The precipitated crystals
of NaCl were washed with ethanol, the filtrates concentrated to 5ml,
following which was added 25ul. triethylamine and then an excess of
alcoholic CaCl,. The resulting precipitate was collected by centrifugation,
washed with ethanol and ether, again dissolved in the minimum volume
of water (with addition of a drop of 1N-HCI to assist in complete dis-
solution) and precipitated with two volumes ethanol. The resulting
calcium salt of V was washed with aqueous ethanol (1 :1), ethanol and
ether and dried at 110° under reduced pressure. Yield 280 mg. (61.2%
theoretical).
Calculated for C;gH{sOyN,PBrCa: P,6.81%; N, 6.15%0
Determined: P, 6.5%; N, 5.82%

& &
A —27154; 2% —151;, 2% —1.65.
€2600 €2500

A product identical with V was also obtained by the direct action of
diazomethane on a dry dioxane solution of I and hydrolysis of the result-
ing N-methyl-5-bromouridine-2’ (3')-dimethylphosphate in 1 ~-HCI for
60 hrs. at 37°.
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Behaviour of V towards acid and alkali: In 1 N-HCI for 12 hrs. at 60°,
V is stable. In 0.5 N-KOH it is completely decomposed in 30 mins. at room
temperature and this is not reversible by acidification. The half-time for
decomposition at pH 12.5, measured by the rate of decrease of the
absorption maximum at 2775 A, is 60 mins. The products of decomposition
in alkali exhibit no absorption in the ultraviolet.

Oligonucleotides of N-methyl-5-bromouridine-2’ (3')-phosphate (oligo-
~MeBrU, VI): 110 mg. (0.25 mMm) of the calcium salt of V was dissolved
in 6ml. water and calcium removed by passing the solution through
a column of Amberlite IR-120 (H* form, 1.5 X 5cm.); the column was
washed with two volumes of water and the combined filtrates con-
centrated under reduced pressure, following which water was removed
by azeotropic distillation with ethanol and benzene. To the solution was
added 100ul. (0.25 mm) tri-n-octylamine, following which it was dried
by several distillations with dry benzene and toluene and the residue
stored over P,0O; overnight. It was then dissolved in 1.5 ml. dry dioxane,
followed by the addition of 80ul. diphenylphosphorochloridate (DPPC)
and 150 ul tri-n-butylamine. After 5 hrs. at room temperature chromato-
graphy in solvents A and B showed that the main product (about 90%
by visual observation) was the cyclic phosphate. An additional 80 ul.
DPPC and 150ul. tri-n-octylamine were added, and the solution left
overnight. Chromatography then showed that polymerization had taken
place. A 100 ul. aliquot was then acidified to 0.1 N~-HCI and left at room
temperature for 6 hrs., following which chromatography exhibited
the presence of oligonucleotides with Ry values below that for V
(from 0 to 0.22), as well as some unreacted V. Solvent was then
removed under reduced pressure, the residue washed twice with ether
by decantation and then dissolved in 2.5 ml. water. The aqueous solution
was brought to pH 8.5 with 1 N~-ammonia and extracted three times with
10 ml. ether. Two volumes of ethanol were then added, followed by the
dropwise addition, at 0°, of saturated ethanolic CaCl,. Centrifugation and
washing produced 40 mg. of oligonucleotide, VI contaminated with 8% V,
as determined by elution from paper chromatograms.

Dialysis of oligonucleotides (VI) and chain lengths of individual frac-
tions. About 3 mg. of VI was dissolved in 0.6 ml. water at pH 5.5 and
dialyzed against 20 ml. water for 48 hrs., then against 2M-NaCl at 0°,
and finally against water to remove salt. Mean chain lengths were
estimated from terminal phosphate liberated by prostate phosphomono-
esterase. The contents of the various fractions and mean chain lengths
are presented in Table 1. No attempt was made to measure the chain
length of the H,O dialyzate since it contained also monomers.
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Table 1
Mean chain lengths of fraction of oligo-MeBrU
‘5 Dial)‘/zale Dial?'zate Dialysis |
against against SR
’__ ] water 2 m-NaCl
Oligonucleotide content 37.2% 56.5% 6.3%
Mean chain length (no. of residues) - 3.2 7.1

Acid hydrolysis of VI in 1N-HCl at 37° overnight resulted in quan-
titative conversion to mononucleotides.

Acid hyperchromicity of VI: A sample of oligonucleotide was dis~
solved in 1 N-HCI and the optical density at 2775 A measured immediately.
After 16 hrs. at 37° the increase in extinction, for a sample with a mean
chain length of 7.1, was 11.5%.

In an analogous experiment the hyperchromicity of a sample of oligo-
-BrU (kindly supplied by Dr. A. M. Michelson) was found to be 13.3%.

Complex formation of oligo-BrU, and oligo-MeBrU (VI), with poly-A:
Tt was first established that neither oligonucleotide exhibited secondary
structure by showing that they exhibited no change in absorption at
temperatures down to 3°, even when the solutions were made
0.05 M in MgCl, [10, 15].

Under standard conditions, as described by Warner [34] and Doty
et al. [8], poly-A was titrated with oligo-BrU at 10° in 0.15 M-NaCl +
+ 0.015 M-sodium citrate at pH 6.7. The complex obtained exhibited
maximum hyperchromicity of 13% at a molar ratio of BrU to A of 1:1
(Fig. 1) and dissociated over the temperature range 14 -39° with a Ty
of 24°. A repetition of the foregoing, using oligo-MeBrU (mean chain
length 7.1 residues) in place of oligo-BrU gave a mixture, the extinction
of which was always the arithmetic sum of poly-A and oligo-MeBrU,
even when the salt concentration was raised to 0.5 M.

5-bromouridine-5"-pyrophosphate (BrUDP, VII): 112 mg. (0.25 mM) of
the ctlcium salt of UDP was dissolved in water, calcium removed by
passing through a column of Amberlite IR-120 (H* form) which was then
washed with water and the combined percolates conoentrated under
reduced pressure and water removed by azeotropic distillation with ethanol
and benzene. To the ethanolic solution was added 176 mg. (0.5 mm)
tri-n-octylamine and drying was then carried out by successive distil-
lation with dry benzene, toluene and dioxane. The resultant salt was
dried overnight over P,O; and dissolved in 10 ml. dry dioxane, to which
was added 176 mg. (1 mm) N-bromosuccinimide. The reaction mixture
was left for 5 days at room temperature, following which chromatography
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in solvent B showed that the main reaction product was VII, accompanied
by traces of the starting compound and about 10% of BrUMP. Solvent
was removed under reduced pressure, the residue dissolved in 5 ml.
aqueous ethanol (1:2) and triethylamine added to bring the pH to 5.
The calcium salt was then precipitated by addition of ethanolic CaCl,
and two volumes ethanol. The crude calcium salt, 134 mg. after washing
and drying, was dissolved in 3 ml. water, acidified to pH 2.5 with 1 N~-HC1
and 7ml. ethanol then added. The precipitated acid salt of BrUDP was
collected by centrifugation, washed and dried over P,O;. Yield 72 mg.
(54.5%0 theor.), chromatographically homogeneous in solvent B and in
propan-2-0l-1°/s (NH,),SO; (60 : 40, v/v) [1].
Calculated for CqHy1O(sN,P;BrCa: N, 5.36%; P, 11.81%,
: Determined: N, 5.57%; P, 11.6%%b.

N-methyl-5-bromouridine-5’-pyrophosphate (MeBrUDP, VIII): The
procedure was identical to that for VII described above. From 120 mg.
(0.25 mm) MeUDP [32] the yield of VIII was 85 mg. (60.7% theor.) and
was chromatographically -homogeneous in solvent B and in propan-2-
-ol - 1%/0 (NH,),SO; (60 : 40, v/v) [1].

Calculated for CmngoignggBl‘C&I N, 5250/0, P, 1160/0,
Determined: N, 5.32%; P, 11.4%b.

Attempts to polymerize BrUDP: 12mg. of the calcium salt of VII
in 0.5ml. water was passed through an IR-120 (H* form) column to
remove calcium. The solution was brought to pH 7.6 with Na0H and
reduced to 0.1ml., followed by the addition of 0.1 ml. 0.2 m-tris buffer,
pH 81, 2pnl. M-MgCl, and 20ml. polynucleotide phosphorylase (the
enzyme was a gift from Dr. S. Ochoa). No polymer formation could be
observed even after 18 hrs. incubation.

In another experiment a 1 : 1 mixture of UDP and BrUDP was submit-
ted to the action of the enzyme. The polymer obtained was exhaustively
dialyzed against 0.005 M-NaCl and then hydrolyzed in 1N-HCI for 16 hrs.
at 37°. Paper chromatography of the hydrolyzate demonstrated the pre-
sence only of uridylic acid; no bromouridylic acid could be detected.
However, the yield of poly-U was only 20% of that to be expected in the
absence of BrUDP under analogous conditions, indicating that BrUDP
does compete with the enzyme for its natural substrate, UDP.

Enzymatic trials

Substrates were prepared at a concentration of 10 mg/ml. in appro-
priate 0.1 M-buffers and enzyme added to a concentration of 1 mg./ml.
except where otherwise indicated. Incubation was at 37° and samples
7
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Table 2

Ry values for various compounds

Paper chromatography: The following solvent systems were used in ascending chroma-
tography with Whatman paper No. 1:

A — propan-2-ol - NH,OH (d - 0.88) - H,O (70 :1:80, v/v/v)

B — ethanol -1 M-ammonium acetate-(5:2, v/v)

C — n-butanol - glacial acetic acid-H»O (5:2:3, v/v/v).

Rp in solvent I
Compound 5 —!
i A B
Uridine [ YgBs I Y. thas 0.54
Uridine-2’(3")-phosphate 0.22 0.25 0.26
Uridine-5’-pyrophosphate - | 0.10 —
S-bromouridine 0.69 | 0.82 0.59
5-bromouridine-2’(3’)-phosphate (1) 0.24 ‘ 0.28 ; 0.35 [
5-bromouridine-2” : 3’-phosphate (II) | 0.42 | 0.62 —
N-methyl-5-bromouridine-2” : 3’-methyl phosphate | a0
(11I) ' 0.68 i 0.88 —
N-methyl-5-bromouridine-2’(3") - methyl phos- ,
phate (IV) 0.47 | 0.58 —
N-methyl-5-bromouridine-2°(3) - phosphate (V) ’ 0.34 ‘ 0.38 0.42
Oligo BrU 0.0 | 0.0 —
Oligo-MeBrU |
Dialyzate vs. 2 M-NaCl | 0.1—0.15 | 0.12—0.16 -
Dialysis residue ‘ 0.0 0.0 —
5-bromouridine-5"-pyrophosphate (VII) - 0.14 —
N-methyl-5-bromouridine-5-pyrophosphate (VIII) | - 0.18 —

withdrawn at various time intervals for chromatographic analysis. Insofar
as oligo-BrU is concerned, samples used had a mean chain length of
3.1 residues.

(a) Pancreatic ribonuclease (Armour). Incubation at pH 7.5, in acetate
buffer. N-methyl-5-bromouridine-2’ : 3"-phosphate (III), the methyl esters
of III and IV, and oligo-MeBrU (VI) were all resistant to the enzyme
after 40 hrs. incubation. On the other hand, 5-bromouridine-2’ : 3"-phos-
phate (IT) was quantitatively converted to the mononucleotide (I) in 2 hrs.;
this reaction could be followed not only chromatographically but also
spectrally since Amax I is at 2750 A while Amax II is at 2775 A.

(b) Snake venom (Crotalus adamanteus). Incubation at pH 9.2 in borate
buffer in presence of MgCly. Both VII and VIII were quantitatively con-
verted to the corresponding nucleosides in 1hr.

(c) Snake venom phosphodiesterase (prepared in this laboratory by
Mrs. F. Rzendowska by fractionation on a cellulose column). Incubation
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at pH 8.8 in presence of magnesium. Oligo-MeBrU (VI) was slowly hydro-
lyzed, mononucleotides making their appearance after 20 hrs. incubation.

(d) Alkaline phosphatase (Worthington). Incubation at pH 8.7 in borate
buffer; 5-bromouridine-2" (3')-phosphate (I) and the N-methylated deri-
vative (V) were transformed to the corresponding nucleosides in 1 hr.
Incubation of the oligonucleotide VI led to the appearance of smaller
fragments, not containing end phosphate groups, after about 2 hrs.; after
t 'hrs. there were traces of N-methyl-5-bromouridine, and this latter was
the sole product after 20 hrs. incubation.

(e) Prostate phosphomonoesterase (prepared according to Loring et al.
[17]). Incubation in acetate buffer at pH 5. Compounds I and V underwent
dephosphorylation to the corresponding nucleosides in 1 hr. The oligo-
nucleotide VI was slowly hydrolyzed to corresponding fragments with-
out end phosphate groups. No N-methyl-5-bromouridine could be de-
tected even after 30 hrs. incubation.

SUMMARY

1. Several 5-brominated derivatives of uridine phosphates have leen
prepared.

2. 5-bromo-uridine-2’ : 3"-phosphate is a substrate for ribonuclease
but its N-methylated analogue is not. Oligo-BrU is also attacked by ribo-
nuclease but oligo-MeBrU is resistant. The latter polymer is, however,
slowly hydrolyzed by snake venom phosphodiesterase.

3. Oligo-BrU is capable of forming a twin-stranded complex with
poly-A, but N-methylation of the brominated polymer prevents the
formation of such complexes.

4. The hyperchromicities of oligo-BrU and oligo-MeBrU are ap-
proximately equal, testifying to the fact that such hyperchromicity is
due, not to hydrogen bonding, but to interaction between adjacent rings
in the chain.

5. Neither 5-BrUDP nor N-methyl-5-BrUDP are substrates for poly-
nucleotide phosphorylase but 5-BrUDP partially inhibits the enzyme.
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SYNTEZA ORAZ WLASCIWOSCI FIZYKO-CHEMICZNE I ENZYMATYCZNE
5-BROMOPOCHODNYCH KWASU URYDYLOWEGO I JEGO POLIMEROW

Streszczenie

1. Otrzymano pochodne fosforanéw urydyny, bromowane w pozycji
5 pierscienia uracylu.

2. 2’ : 3'fosforan (cykliczny) 5-bromourydyny stanowi substrat dla ry-
bonukleazy z trzustki, a jego N-metylowy analog jest odporny na dziala-
nie rybonukleazy. Oligo-BrU ulega réwniez hydrolizie pod wplywem ry-
bonukleazy, natomiast oligo-MeBrU jest odporny na jej dzialanie, ale jest
powoli hydrolizowany przez fosfodwuesteraze jadu weza.
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3. Oligo-BrU tworzy podwdjny kompleks z poli-A, natomiast N-mety-
lowanie bromowanego polimeru uniemozliwia utworzenie takiego kom-
pleksu.

4. Efekty hiperchromowe oligo-BrU i oligo-MeBrU sa jednakowego
rzedu. Potwierdza to wniosek, ze tego rodzaju hiperchromazja spowodo-
wana jest wspoldzialaniem sasiednich pierscieni zasad, bez wytworzenia
pomiedzy nimi wigzan wodorowych.

5. Ani 5-BrUDP, ani N-metylo-5Br-UDP nie sg substratami dla fosfo-
rylazy polinukleotydowej; 5-BrUDP hamuje cze$ciowo dzialanie enzymu.

Received 22 March, 1961

http://rcin.org.pl



http://rcin.org.pl



% C T & B1TO0OOCERIMIOA POLONTICA

Vol. VIII 1961 No. 3

J. BUCHOWICZ, I. REIFER, and J. MAKOWSKI

METABOLISM OF “C-.-CARBAMYLASPARTIC ACID TO
PYRIMIDINE DERIVATIVES IN EXCISED WHEAT BLADES

Institute of Biochemistry & Biophysics, Polish Academy of Sciences, and Department
of Biochemistry, Central College of Agriculture, Warszawa

Recent investigations into the biosynthesis of pyrimidine nucleotides
in animal organs and microorganisms have established the enzymatic
system as well as the main intermediate compounds that participate in
this process [18, 3]. On plant material however only rudimentary work
has been carried out thus far [19, 4]. Preliminary results indicate that on
the whole the path of pyrimidine nucleotide synthesis in the plant is
similar to that in other organisms, yet certain distinct differences were
also established. It was previously observed that plants fed with CA!
accumulate large amounts of OA and some uridine [19]. Feeding plants
with OA leads to the synthesis of 5-UMP, 5'-CMP, uracil and uridine [4].
These last two mentioned substances do not appear on the main path of
pyrimidine nucleotide synthesis in animal organs and microorganisms.

An attempt has been made to establish the biosynthetic sequence in
which the particular pyrimidine derivatives may arise from a common
aliphatic precursor in higher plants. With this in view plants were fed
with ""C-CA labelled in the carbamyl group and samples were with-
drawn for analysis in a dynamic experiment after 1, 2, 4 and 8 hours in-
cubation.

! Following abbreviations were used throughout: CA, rL-carbamylaspartic acid;
OA, orctic acid; OMP, orotidine-5’-phosphate; 5-UMP, uridine-5’-phosphate;
2/(3’)-UMP, uridine-2'(3’)-phosphate; 5-CMP, cytidine-5’-phosphate; 2(3)-CMP, cy-
tidine-2"(3’)-phosphate.

[377]
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MATERIALS AND METHODS

Reagents

CA was synthesised from r-aspartic acid and potassium cyanate, using
the method of Nyc & Mitchell [17].

Radioactive CA (specific activity: 1000 counts/sec./umol.) labelled in
the carbamyl group was synthesised as above, using Na!’CNO in place
KCNO. Nal"CNO was made from Nal’CN by oxidation [16].

All other reagents were of commercial origin.

Introduction of CA into the plant

Feeding experiments were carried out on 6 days old wheat blades
(ca 7 cm. in length), variety Dankowska 40.

In the first experiment 2 g. of excised blades were immersed with the
cut off ends in 1ml. of a 33 mm solution of CA with specific activity of
1000 counts/sec./umol. After 1, 2, 4 and 8 hr. the blades were treated as
described previously [19].

In the second experiment four samples were fed with 14C-CA as above.
After 4 hr. of incubation, the four samples were treated as follows: the
first sample without further treatment was prepared for analysis, the
second one was continuously fed for 4 more hr. with active CA, the third
was immersed for 4 hr. in 1 ml. of inactive CA (33 mM), and the fourth
sample was immersed for 4 hr. in 1 ml. of distilled water prior to their
preparation for analysis.

Isolation of radioactive compounds

Acid-soluble fraction. The preparation of material for analysis, the
extraction with cold 0.6 N-HC1O,, the determination of absorbed and
metabolized CA were carried out as described previously [19]. The elution
with ethanol of pyrimidine compounds adsorbed on active charcoal [4]
was slightly modified, using hot ethanol for the final elution, which
guaranteed quantitative recoveries of adsorbed compounds. The combined
charcoal eluates were evaporated under reduced pressure in a dessicator
over NaOH at room temperature. The dry residue was dissolved in about
10 ml. of distilled water and put through a Dowex-1-Cl~ column (1,5 X
X 50 ecm., 50 - 100 mesh). The non-adsorbable substances were quantitati-
vely washed out with distilled water and the adsorbed compounds were
eluted with dilute HCI (speed of elution about 0.8 ml./min.). 400 fractions
of 5ml. each were collected on the collector, using 0.002 N-HC1 for
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fractions 1-50, 0.004 N-HC1 for fractions 51 - 200, and 0.015 N-HC1 for
fractions 201 - 400.

All 400 fractions were investigated for radioactivity and their optical
density was measured at 270 mp in order to ascertain which fractions
should be used for the chromatographic isolation of radioactive compounds
absorbing ultraviolet light. Thus uracil and uridine which are not adsor-
bed on the Dowex-1-Cl~ column were recovered from water washings,
5-CMP from the combined eluates of fractions 12 -30, 5-UMP from the
combined eluates of fractions 241 - 294 and OA from fractions 301 - 360.
The chromatographic isolation of pure pyrimidine derivatives, their iden-
tification and quantitative spectrophotometric determination were carried
out as previously described [4, 19].

Fractions 76 - 110 and 128 - 190 contained at least two substances with
considerable radioactivity but which did not show any absorption in ultra-
violet light. However it was proved that these compounds were not
products of enzymatic reactions. When namely to inactive HCIO; extract
“C-CA was added, and the mixture then partitioned as above, then no
radioactivity in the pyrimidines could be observed. Yet fractions 76 - 110
and 128 - 190 have shown the same radioactivity as in the normal feeding
experiment.

Acid-insoluble fraction. The residual plant material, from which all
HClO4-soluble compounds have been removed, was hydrolyzed with
1 N-HCI at 100° for period of 1 hr. [13]. After cooling, the supernatant was
separated by centrifugation and evaporated in a dessicator under reduced
pressure over NaOH at room temperature. The dry residue was dissolved
in about 10 ml. HyO, put through a Dowex-1-Cl~ column and the pyri-
midine derivatives isolated by means of paper chromatography as above.
Fractions 17 - 43 contained 2’ (3")-CMP, and 2’ (3)-UMP were recovered
from fractions 255 - 318. During hydrolysis about 10 of mononucleotides
was decomposed to corresponding nucleosides and these losses were ac-
counted for by isolation of cytidine and uridine from the water solution
following the adsorption of the nucleotides on the Dowex-1-Cl— column.

Measurement of radioactivity

Radioactivity was measured with a window counter (1.4 mg./cm?2.), type
BAT 25/1 for varying periods of time so that the standard error did not
exceed 5%. Whenever this requirement was not met on counting for
2000 sec., then the equation according to Verchovskaja [20] was employed
for the control of accuracy of measurements.
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RESULTS

After feeding '“C-CA for 1hr., 5'-UMP contained most of the radio-
activity accounted for in plant material (Table 1). 5-CMP, uridine and
uracil have shown considerable less activity. 2’ (3")-UMP and 2’ (3")-CMP
obtained after hydrolysis of the polynucleotides have shown distinct but
very small specific activity. Contrary to 5-CMP and 5-UMP from the
acid-soluble fraction, with considerably different specific activities, the
2’ (3’)-mononucleotides have shown identical radiocactivity.

Eluates containing purine derivatives have not been radioactive at all,
which is in agreement with data obtained by other workers [1, 9].

Extention of feeding time beyond 1hr. caused further considerable
increases of radioactivities as well as increases in the absolute amounts
of recovered pyrimidine derivatives in the plant. Again 5-UMP showed
highest specific activity, followed by uracil, uridine and 5-CMP. Already
after 2 hr. the specific activity of 5-UMP amounted to 70% of the
specific activity of CA employed in the experiment. The activity of py-
rimidines obtained from the hydrolysis of the polynucleotides continues
to rise slowly throughout the experiment up to 8 hr. of feeding, but without
any increases in the absolute quantities recovered.

Entirely different observations were made as regards OA. Up to 2 hr.
of feeding no OA could be found in the plant. Only after 4 hr. traces
of OA could be detected. Yet its specific activity was extremely high from
the start and amounted to 80% of the initial activity of CA used in the
experiment. All the other pyrimidine derivatives of the acid-soluble
fraction continued to increase in quantity as well as in specific activity,
with the exception of 5"-UMP which has apparently reached the limits of
saturation already after 2 hr. of feeding with CA.

Further interesting observations as regards quantities and activities
were made after 8 hr. of feeding with radioactive CA. The concentration
and activity of uridine and 5-UMP underwent no further changes. On
the other hand quantities of uracil and 5-CMP increased fivefold and
elevenfold respectively, with considerable increases of specific activity.
A rapid accumulation of OA was noticeable, which exceeded in quantity
all the other pyrimidine derivatives (Table 1).

The absence of OA up to 4 hr. of feeding the plant with CA and its
subsequent emergence with extremely high specific activity lead to the
assumption that OA may have an additional role to fulfill in the process
of biosynthesis of pyrimidine nucleotides in the plant. Therefore an ex-
periment was carried out in which wheat blades were fed for 4 hours
with labelled CA. As already mentioned above, this is the shortest time
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Table 2

Amounts and specific activity of OA in plants fed with CA

Amounts expressed in wumoles/2g. of fresh weight. Radioactivity of !"C-CA
1000 counts/sec./pmol.

Specific acti-

) . Found vity
No. Feeding (moles) (counts/sec./ i
/pmol)
i
1 4 hr. 14C-CA 0.02 800 ‘
2 4 hr. 14C-CA + 4 hr. 4C-CA 2.55 809 ‘
3 4 hr. 14C-CA + 4 hr. CA 2.94 138 1
4 | 4 hr. 14C-CA + 4 hr. H,0 0.00 = 1

required for the appearance of OA in plants fed with CA. If after 4 hr.
of above treatment the plant was continuously fed with active CA, then
rapid accumulation of OA with very high specific activity was noticeable.
If however the treatment with active CA was interrupted after 4 hours
and blades transferred onto a solution containing inactive CA, then OA
still accumulated rapidly as above, but the specific activity was falling
considerably. Finally, if blades treated for 4'hr. with active CA were
immersed for further 4 hours in Hy,O, then no OA accumulated and the
small quantities arising after the first 4 hr. of feeding with CA dis-
appeared entirely from the plant material (Table 2).

DISCUSSION

It is essential to state that no unequivocal answer has been obtained
concerning the biosynthetic sequence of emergence of various pyrimidine
derivatives from CA, their common precursor. According to literature
[18,3] the first pyrimidine which arises from CA in animal organs and
microorganisms is OA. In plant material however OA appears only after
4 hr. of CA feeding, while the appearance of other pyrimidines and their
derivatives could be observed already after 1hr. On the other hand OA
is characterized from the start by extremely high specific activity, which
suggests that it actually is the first pyrimidine compound arising from CA,
but that it undergoes rapid metabolic changes to other pyrimidines. This
view is supported by direct as well as indirect evidence: (1) Feeding plants
with OA, we were able to show synthesis of 5-UMP, 5-CMP, uridine
and uracil [4]. (2) The specific activity of six isolated pyrimidine deriva-
tives rises gradually with the extention of time of feeding, whereas OA
shows greatest activity throughout. (3) Specific activity of OA decreases
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rapidly on transfer of the plant material onto inactive CA, suggesting
strongly that OA is a very active metabolite supplying the pyrimidine
ring structure to the other derivatives (Table 2, No 3).

The intense accumulation of OA after 8 hr. of CA feeding (Table 1,
No 4 and Table 2, No 2), as well as its rapid metabolism (Table 2, No 3)
indicate that OA is not only a very active intermediate on the path of
pyrimidine nucleotide synthesis, but it is also the substance in which the
plant may temporarily accumulate the preformed cyclic pyrimidine
siructure.

This interpretation unites to a certain extent Mitchell’s view [14] that
‘OA is a by-product of pyrimidine nucleotide synthesis with the thesis of
Reichard [18] that OA must be considered a true intermediate in this
process. According to our interpretation it may be assumed that all
radioactive products that appear already after 1 hr. arise from “C-CA by
way of OA as true intermediate.

5-UMP shows highest specific activity after short time feeding, which
indicates that higher plants contain an enzyme system similar to animals
and microorganisms, catalizing ribotidation of OA [12, 2] and decarboxy-
lation of OMP [12, 10].

After 1hr. of CA feeding uracil and uridine show distinct radio-
activity which rises sharply on extention of the time of feeding. This is
in agreement with the observation of uracil and uridine synthesis in
plants fed with OA [4]. It would therefore appear that higher plants
possess an OA decarboxylase thus placing uracil on the main path of
further anabolic reactions. It has been recently reported that animals
[5, 15] and microorganisms [8, 7] also use uracil in similar processes
although the path of uracil synthesis is quite different and results from
the products of reversible reactions of reductive degradation (f-alanine,
carbamyl-g-alanine and dihydrouracil) and not from decarboxylation
of OA.

The striking increases in the quantities of uracil and 5-CMP after
4 hr. of feeding, with corresponding increases of specific activity may
perhaps suggest the amination of uracil to cytosine prior to the synthesis
of nucleotides. However this observation may be coincidental, as it is
known that only uridine triphosphate undergoes amination [11, 6] and
further detailed experimental evidence is obviously required.

No differences appeared in the specific activity of both pyrimidine
nucleotides, obtained on hydrolysis of the polynucleotide fraction. This
would suggest that their precursors should have activities of the same
magnitude, yet radioactivity of 5-UMP and 5-CMP in the acid-soluble
fraction was distinetly different. The answer to this question cannot be
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expected without additional information concerning the di- and triphos-
phonucleosides, the immediate precursors of polynucleotides.

Tentatively the following scheme of pyrimidine mononucleotide syn-
thesis may be suggested:

o uracil -CMP
CA »OA (intermediate)
1 :
OA (storage) %(OMP) =%~ UMP - CMP
SUMMARY

Excised wheat blades were fed for 1, 2, 4, and 8 hr. with CA labelled
with 14C in the carbamyl group. Already after 1 hr. considerable radio-
activity was noticed in 5-UMP, uracil, uridine, 5-CMP as well as in
2’ (3")-UMP and 2’ (3)-CMP of the polynucleotide fraction.

OA appears only after 4 hr. of feeding, showing from the start extre-
mely high radioactivity amounting to 80% of the specific activity of CA
employed.

The double role of OA as a true intermediate in the synthesis of
pyrimidine nucleotides as well as the store of pyrimidine ring structure
has been discussed.

The existence of OA decarboxylase in higher plants and possible role
of uracil in pyrimidine metabolism has been suggested.
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PRZEMIANA KWASU "“C-L-KARBAMYLOASPARAGINOWEGO DO POCHOD-
NYCH PIRYMIDYNOWYCH W ODCIETYCH ZDZBLACH PSZENICY

Streszczenie

Odciete zdzbla pszenicy dokarmiano kwasem r-karbamyloasparagino-
wym znakowanym '“C w grupie karbamylowej przez okres 1, 2, 4 i 8 godz.
Juz po godzinie stwierdzono wlaczanie “C do 5-UMP, uracylu, urydyny
i 5-CMP, oraz 2’ (3)-UMP i 2’ (3")-CMP frakeji polinukleotydowe;.

Kwas orotowy pojawia si¢ w roslinie dopiero po 4 godz. dokarmiania.
Posiada on jednak odrazu wyjatkowo wysoka radioaktywnosé, wynoszaca
80°0 aktywnosci wlasciwej uzytego CA.

W dyskusji wysunieto przypuszczenie, ze OA odgrywa podwdjna role
w biosyntezie pirymidyn, a mianowicie jako aktywny produkt posredni
t jako magazyn przejsciowego nadmiaru prekursora pirymidyn kwasow
nukleinowych. Ponadto wskazano na mozliwo$§é wystepowania dekarbo-
ksylazy kwasu orotowego w rolinie i udzialu uracylu w syntezie mono-
nukleotydéw.
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I1. IIA®PAHBCKY, TAHHA B3P u T. TOJAIIEBCKU

VICCIEINOBAHUA HAJlI CMHTE30M BEJIKOB B KJIETOYHEBEIX SAJAPAX

Pezwome

UccnemoBanocs Brmoyenyue C-aMuHOKMCIIOT in vitro u in vivo B puoo-
HyKJeonporeuosele yactuubl (RNP) u pactBopumyro dpakuymio, moixy-
YEHHbIE IIyTeM LEeHTPUMYTrMpoBaHUA JE3MHTEIPMPOBAHHBIX fAJEp IMEeYeHNU
MopcKoit cBuHKY npu 40 000 X r.

Cyunres GeskoB B BbIZeJIeHHBIX yacTuuax RNP nporekas B npucyTeTBMM
pacTBOopuMO¥ bpakumu U3 AAEp U IVIOKO3bI, a TAKIKE B IPUCYTCTBUM LUTO-
IUTa3MaTUYEeCKO) pPacTBOPMMOi (PpakKLMM ¥ CHUCTEMbI pereHepMpyroLei
ATP. Cama Ha/f0CaJOYHAA KMKOCTh AAEpP MHTEHCHMBHO BKJIOYAJa aMMHO-
KMCJIOTEL.

B k7eToyHBIX AApax HaleHbL HyKJEONeNTHbI, I0X03K1e Ha ONMMCAHHBIC
paree [19] myxreonenTuabl U3 LUMTOIIA3MBI I€YEHM MOPCKOI CBUMHKMN.

B. IPABMKOBCKM

: CBASBIBAHME ATP CBIBOPOTOYHBIM AJBBYMMHOM B PACTBOPE

Peszwwme

[Ipu npumeHeHMu yabTpaduIbLTPALMM M KOMIIEHCAIMOHHOTO AMAJIM3a
YCTaHOBJIEHO BOZHUMKHOBeHMe coemmuHenmit ATP ¢ cbIBOpOTOYHBIM aab0yMu-
HOM B pacTBopax. CriocobnocTs cBaA3bIBaHMa ATP ymeHbliaeTcs ¢ yBeJu-
genumeMm pH u Bospacraer ¢ ysesmmuenmem xonuenrtpamyy ATP, Tak e
KaK ¥ B Clly4yae CBA3BIBAHMA HYKJIEOTUIOB OCAIKACHHBLIMY Oesikammu.

CnekTpodoromerpiueckue uccaenoBansa cmecu ATP u anbbymuHa ChI-
BOPOTKM IIOKasajy, 4TO NpuCyTcTBue Oesika He BiaMAET Ha yJabTpaduoie-
TOBBUI crekTp ATP, 4yro NOATBepXkKAaeT NPEAIIOJIONKEHME O TOM, 4YTO

1
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KOJIBIIO aJIeHMHA He NIPUMHMMAaeT y4acTud B 00pa3s0BaHMM MCCJIELyEeMbIX COt-
JVHEHWIA.

Ilpu pH, MeHbIIEM M309JEKTPUYECKON TOYKM, HaAbojganock 3aMeTHOe
pusaye ATP Ha 9J0KTPOOPEeTHMIECKYIO IOABMIKHOCTL aJbOyMuHa Ha
puabTpOBaNBLHON Oywmare.

TAHHA CTIIEJEIKA-TOJAIIEBCKA

HEKOTOPEIE CBOVICTBA COEAMHEHUW AJEHMH-HYKJIEOTUJIOB
C MBIIIEYHBIMU BEJKAMU

Peszwowme

Uccnenopanoch BiusAHme pH ¥ HEKOTOPBIX HEOPTaHMYECKMX COJIelt
(NaCl, KCl, CaCl, u MgCl,) na coegMHeHus MbILIEYHBIX DEJIKOB CoAepzKa-
IMMMUCA B MBIIIE HyKJjeoTuzaMmy. ONbIThI ITPOBOAMJIMCH Ha ALETOHOBBIX
ITOPOIUKAX M3 MBILILEL JATYIIKY, ¥ CTAHOBJIEHO HAJMYMe 3aMEeTHOM 3aBUCH-
MOCTH KOJIMYECTBa CBA3BIBAEMbBIX HYKJI€OTUI0B oT pH.

Boasiue Beero Hykseornzos (o 90 - 1006 obmiero xosmyecTsa B MaTe-
puasie) ocraerca B cBA3aHHOM (opme mpu pH 2,2 -2,8. JlobaBnenne He-
OpPraHMYeCKMX COJIeH B 3aBMCMMOCTM OT MX KOHIEeHTpaumu u or pH cpexsr,
EBISBIBAJIO CHYZKEHME JJIM yBeJMYeHNe KOJMYECTBA CBA3BIBAEMbIX HYKJI€O-
TUAOB WM 2Ke He OKas3blBaJIo HMKAKoro BimAHuA. Ha ocHOBaHuy mOJIy-
YEeHHBIX PE3yJbTAaTOB O0CY’KJaeTcsi BO3MOXKHOCTH HaJIMuma Mexay Oes-
KaMy M HYKJIEOTUAAaMM Pas3JIMYHBIX CBA3€Ml B Pa3HBIX yCJIOBUAX.

BPOHUCIABA MOPABEIIKA

U3MEHEHUS B BEJKAX ZKEJITOI'O JIIOIIMHA (LUPINUS LUTEUS L.)
IIPY ITIPOPACTAHUU

Pezwome

Benky GopaTHBIX BBITAXKEK M3 CeMAH M IIPOPOCTKOB KEJITOro JIFOIMHA
paszesam myTeM GyMazkHOTO SJeKTpodpopesa Ha nATh paxumit. Meeneno-
BaJIMCh M3MEHeHMA oThenabHbix pakumit B I, III u V dase passutni
cemsaH. IIpy npopocranyy odupii 60K yMEHBILIAeTCsd ¢ 40"/o cyxoro Beca
cemsaH o 1,3%. Mexay I u III da3oit pasBuTHA PE3KO CHUZKACTCA KOJIIe~
cTBO KaHIIOTMHA 8,2 B V ¢ase He yAAIOCH yxe OOHaApy uTh €ro npy-
cyrerBusa. B V case ycueszaer takzxke anbOyMuHO-1J100ymMHOBAA dppagm.

.
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IIAYVIJIMHA BJOJIABEP

BKIIOYEHME P B ®OCPOPHBIE COEIVMHEHWA GALLERIA MELLONELLA

Peswome

1. IIpun momoum opTodocdara, MedeHoro o **P, mccaenosasncsa o6MeH
ocOPHBIX COEAMHEHMIT Y rOJIOAAIIIMX M NOTPEOJIAIMX MUILY I'yCeHMI
Galleria mellonella.

2. Copepxanue **P B KMCJIOTOPACTBOPMMOIi (PPaKLyy HEIOCPEACTBEH-
HO IocJe IIPEeKpalleHusa MoTpebiIeHNa M30TOoIa, OCTAeTCA BBICOKMM ¥ 3Ha-
YUTEJBbHO YMEHBIUAETCA IIpM Iepexoje Ha ,,HopMaJsibHoe” mnorpebieHue
. OAHOBPEMEHHO ¢ yMEHbILIEHNEeM crelmn@udecKoii aKTUBHOCT B K-
CJIOTOPACTBOPUMO¥ (pakiyy Habimogaercs ysBeymryeHue crenmududecKoin
aKTUBHOCTM (POCHOMINAOB M HYKJIEMHOBBIX Kucjor. Crenmduyeckas
aKTUBHOCTh (pocdosmnmioB focTHraeT MakcuMyMma uyepes 24 wyaca Imocje
Hayajia HOPMAaJbHOIO IIOTPeQJIeHMA I M IIPeBbIUaeT AaKTUBHOCTHL
KMCJIOPaCTBOPMUMBIX (POC(OPHBIX COEMHEHMIA.

3. Beuteasiemblit **P copepuTea MOYTH MCKIIOUUTENLHO BO (PPAKLMM
mmoscpocdaTos.

4. ITpu rosopanmyu rycenny Haburogaercs MeHbllee rajgeHue YAEILHOM
AKTHBHOCTM KMCJIOTOPACTBOPUMOJ (Dpakimu, 4Yem Ipyu KOPMJEHuy Iy-
CeHMIl, a M3MEHeHUA YJEJIbHOI aKTMBHOCTH (POCHONMUIIMIAOB M HYKJIEHHO-
BBIX KMCJIOT He3HAYMTEJIbHBL.

5. B KucioropacTBOPMMBIX (POCOPHBIX COEMHEHMAX M3OTOIMHOE
paBHOBECHE yCTaHABJMBAGTCA y¥Ke B TEYEHME ABYX [HEH roJiojaHusd, TOrAa
Kax Ipy KOPMJIEHMM 9TO ABJIEHME He HabJiofaercs.

HEJVMHA AHMUOH u JI. LIIYTAP

TUMUIANH-POCPLOPUIA3A U JIPYTUE PEPMEHTHI
PETEHEPUPYIOIIEN IIEYEHU KPEICEI

Peszome

A BbIACHEHMA POy TMMUAMH-(OCKHOPUIAZHI UCCHS0BATINCE M3ME-
HeHus 3Toro cepmenTa npyu cuHTese DNA B pereHepmpyolleii medeHu
KpBICEL. OZHOBPEMEHHO oNpeeNaeh 5 -HyKJaeoTHaasa 1 Kucaan ocda-
Tasa, conepxkanne DNA y Geska, a Tak»ke yBesmdeHyue Beca redeHu. B me-
pmos HauboJsiee MHTEeHCHMBHOTO cuHTe3a DNA akTUBHOCTH TUMHAMH-d oo~

I
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puiasel 0 OTHOLIEHMIO K obuemy OesiKy yMEHBILAeTCA; B CJCAYIOIMX
oTanax pereHepauyuy ee aKTMBHOCTb BO3PACTAET, HE OTJMYAACH HA AKTUB-
HOCTM APYIMX (hepMEHTOB.

IosryueHHBIe Pe3yJbTAThl YKA3bIBAIOT HAa TO, YTO TOTO (PepMeHT MpH-
HMMaeT ydacTue CKopee B Aerpagaip, 4em B cunrese DNA.

B. OCTPOBCKM u 3. BAJIBYAK

HYKJEOJUTUYECKUE ®EPMEHTBI TH. THIOPARUS.
OYMIIEHUE M CBOVICTBA PUBOHYKJIEA3BL

Pezmome

B skcrpakrax kaeroxk Th. thioparus HalileHO, TIo KpajiHeil Mepe, Tpu
puboHyKIeassl, BbI3bBaolme ruapoan3 RNA omuronykaeoruaos. Ilyrem
bpaKkIMOHNPOBAHMA 9KCTPAKTa CyJbgaroM NPOTaMMHA, CyJb(aToMm am-
MOHusA, xpomarorpacdyuu Ha CM-uesmoinoze 1 Ha Ambepsanre IRC-50 6b1ma
JMOCTUTHYTA 3HAYMTEJbHAA cTeneHb oumieHus (Gosee wem 300 pas) oaHOM
u3 pubOHyKJea3, yCTONYMBOJ K HArpeBaHMio M K JeicTBuio Huskoro pH.
Onrmumym pH depmenra paBHAeTca 8,5, ONTUMYM TeMIEPaTyPbl IMAPOIN3a
RNA npubmmurensro 45°. depment akTuBupyercsa uoHamy Fe*'. dep-
MEHT BbI3bIBaeT Irupaposms aApozxkzkeson RNA, RNA BBIZEJIEHHON M3 TeX
JKe KJIeTOK M MeJJIeHHee ,cepAueByHy” u3 apoxkikeBoit RNA. Ipubansn-
TesbHO B 25 pa3 MeAseHHe no cpaBHeHymio ¢ RNA pasznaraerca stum dep-
MEHTOM CHHTeTMYecKas IOoJMaJeHMIoOBasd KMUCJIOoTa.

Boigesnennas puboHyKJea3a He pasjaraer Ae30KCHPHOONOJMHYKIe0TH-
nos. IlpeaBapurenbHble MCCAEAOBaAHMA HajA CHEI(UYHOCTBIO (hbepMeHTa
YKa3bIBAaIOT, YTO Jerde IMAPOJM3YIOTCA CBA3M MEXKAy IMPUMMIMHOBBIMM
M NyPUHO-TIMPUMUANHOBBIMY HYKJIEOTMAAMM, HYeM MEeXKJAy Iy PMHOBBIMMU
HykJeotuaamyu. OCHOBHbIMM IpoayKrammu ruaposmsa RNA sasasores
OJIMTOHYKJICOTHABI, COCTOAIIME M3 ABYX WM TPEX HYKJICOTHUIOB.

B. II9P u . LIYTAP

CHMHTE3 ¥ ®U3UKO-XVMUYECKUE U DH3UMATUYECKUE CBOVICTBA
5-BPOMOIIPOM3BOJAHLIX YPUJIMJIOBOV KUCJOTHI U EE ITIOJIMMEPOB
Pe3zwowme

1. ITosy4yennl NMpOU3BOAHBIE ypuauH-(ocdara, GpoOMUMpOBaHHbEIE B I10-

3UUMM S5 KOJIbLAa ypaluia.
2. 2':3'-cocdar (uursmueckuit) 5-6pomypuanHa ABIAETCA cyOCTPATOM
NaHKPeaTH4ecKoir puboHyKJeassl, a ero N-MeTny aHaJor yCTOMYMB K neil-

v
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crBuio puboHykJyeasbl. Osumro-BrU rtakzke noasepraercsa IMAPOIM3y 107
BauAHMeM pubOHYKJeasbl, Toraa Kak oymro-MeBrU yeroitums k ee neii-
CTBMIO, HO MEAJIEHHO TMJAPOJM3yeTcs 1107 BiMAHMeM docdoamacrepasnl
3MEeMHOTO AJa.

3. Ouauro-BrU obGpasyer ABOMHONi KOMILIEKC ¢ MOJM-A, TOrga Kak
N-MeTMIMpOBaHHBI OpOMMPOBAHHBI TIOJMMEp He MozKer 00pa3oBaTh
9TOr0 KOMILJIEKCA.

4. Tunepxpomuble 9dexrbl 0anro-BrU u osmro-MeBrU Toro ke 1o-
psAaka. 9To NOATBEPIKAAET BBIBOJ, YTO TaKas I'MIIEPXpOMa3us BbI3BaHA B3a-
MMOZIEMICTBMEM COCETHMX KOJIel] OCHOBaHMi 6e3 oOpa30oBaHMA MEXAy HUMM
BOJOPOAHBIX CBA3EM.

5. Hu 5-BrUDP, uu N-metmn-5 BrUDP ne moryr ObiTh cyberpatamu
1A noauHy Kaeotuj-tpocdopunassr; 5-BrUDP gacTuyHO TOPMO3UT aKTH-
BHOCTB 9TOTO (bepMeHTa.

E. BYXOBUY, U. PEUDEP y E. MAKOBCKUI

NPEBPALIEHUE Y“C-L-KAPBAMUJACIAPATMHOBOJ KJUCJOTEI B
B NUPUMUIMHOBBIE ITPOU3BOJHBIE B OBOCOBJEHHBIX CTEBJSAX
ITIITEHUIIBI

Pezwme

Ob6ocobaennple cTebim mueHMIBI MHKYOupoBasm ¢ L-kapbammiacnapa-
TMHOBOM KMUCJIOTOM, mMedeHoit o '“C B KapbaMmibHOI Ipynie, B Te4eHHe
1, 2, 4 n 8 yacos. YcTaHOBJIEHO, YTO y2Ke 4epes 1 yac MHKyOaumuy Mpoucxo-
aur Brioyenne “C B 5-UMP, ypauus, ypumma u 5-CMP, a rakxke
B 2’ (3")-UMP u 2 (3')-CMP noJmMHyKJICOTUAHOj hpaKimm,

OpoToBas KMCJIOTA NOABJIACTCA B CTEOJAX IILIEHMLBI TOJLKO Hocie 4-X
JacoB MHKyOaumu. OrmeueHo, uro ofpa3sysAliasca oOpOTOBasA KMCJIOTA
¢ camoro Hadajya o0JIaflaeT MCKJIOYMTEJHHO BBICOKOJ PaAyOaKTUMBHOCTHIO,
cocrasyaoleir oxoso 80% ymenbHOiT akTMBHOCTYM L-kapbammiacraparu-
HOBOJ KMCJIOTBI, B3ATON AJI MHKYOALMN.

B muckyeceun BBICKa3aHO NPEAIIONIOKEHME, YTO OPOTOBas KyCJIoTa urpa-
€1 IBOMHYIO pOoJib B OmocuHTe3e nMpuMuanHOB. OHa MOozKeT ObITh aKTHUBHBIM
MPOMEIKYTOYHBIM IPOAYKTOM CHHTE3a ¥ ¢ APYTOi CTOPOHBI — CIENMaNEHOM
opmoit akKKyMyJaALMM BPEMEHHOro M30bITKA NPEALIeCTBEHHMKA NMPUMMU-
JIMHOB, BXOJAAIIMX B COCTaB HYKJIEMHOBBIX KMCJI0T. PacemoTrpeHa BO3MO-
JKHOCThb NIPMCYTCTBMA B BBICIIMX pPacTeHMAX AeKapOoKcuyaszpl OpPOTOBOM
KMCJIOTBI ¥ y4YacTHUsA ypauuia B CMHTE3e MOHOHYKJEOTHAOB.
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