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Allfrey et dl. [1] dem onstrated th a t isolated nuclei of thym us cells 
could incorporate radioactive amino acids into the ir proteins in th e  pre- 
sence of glucose. Sim ilar results w ere obtained by Logan et dl. [7] w ith 
isolated nuclei of Ііѵег. It was also shown that in the soluble protein 
fraction of nuclei enzymes activating am ino acids w ere present [5]. 
Rendi [13] has proved recently  th a t amino acids could be incorporated 
in vitro  in to  various nuclear fractions obtained by means of desoxycholate 
and lubrol.

In the present paper the  distribution of radioactivity in  th e  nuclear 
fractions was investigated after incorporation of 14C-amino acids. The 
incorporation was studied in vivo  and in vitro. The experim ents in vitro  
were perform ed w ith in tact and desintegrated nuclei, and w ith  nuclear 
fractions.

Besides this, the  occurrence of nucleopeptides sim ilar to  those iso
lated by Szafrański et dl. [16, 19] from  cytoplasmic supernatan t was 
studied.

MATERIALS

14C-amino acids w ere obtained by acid hydrolysis of radioactive 
protein of Chlorella. Details concerning the  cu lture  grow th and the 
method of isolation had been described previously [15].

The adenosinetriphosphoric acid (ATP) was prepared from  rabbit 
muscles by the Szent-Gyorgyi m ethod [20], and potassium  salt w as used 
for the  experim ents.

Phosphocreatine was obtained from creatine and phosphorus oxy- 
chloride [3], th e  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 m ethod of 
.Nada et al. [9]. Its activ ity  was tested by chrom atdgraphic dem onstration 
of form ation of ATP from  ADP.

Diethylaminoethylcellulose (ECTEOLA) was prepared according to 
Peters on & Sober [12].

METHODS

The nuclei w ere prepared from  perfused guinea pig Ііѵег by the 
m ethod of Hogeboom et al. [4]. To separate the  undisrupted oells from  
the nuclei an additional centrifugation at 60 g for 5 min. was applied. 
Microscopic ехатіпаѣіоп of the  obtadned preparations showed no more 
than 2-3 per cent of undisrupted cells.

Isolated nuclei were desintegrated in 0.25 м-saccharose in a glass 
homogenizer a t 0° for 4 min. at 1500 r.p.m., then th ree  fractions were 
obtained by centrifugation. The first sedim ented for 10 min. a t 600 g con- 
tained the unbroken nuclei and larger fragm ents, the  second consisted 
of particles sedim ented for 1.5hour at 40 ООО g, th e  th ird  fraction was 
the supernata-nt. The first two fractions were suspended in water. Tri- 
chloracetic acid (TCA) was added to  all fractions to a finał concentration 
of 5 per cent. The precipitates of protein w ere purified according to the 
procedurę described by Simkin & W ork [14], suspended in 10 per cent 
ammonia, and samples were examined for radioactivity and protein. 
Radioactivity was determ ined by  means of G. M. window counter after 
drying on plexiglass discs 2 cm. diam eter in an infinitely thin layer.

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

Incorporation of 14C-amino acids into nuclear fractions in vivo

Guinea pigs, 6 - 9  m onths old, starved for 24 hours, w ere given in- 
tracardial injections of about 2 ml. of hydrolyzate of l/,C-Chlorella protein, 
the  amount being 45 цс per kg. of body weight. A fter 30 min. the anim als 
were decapitated, the Ііѵег perfused w ith  cold 0.25 м-saccharose and 
nuclei isolated. The nuclei obtained from 12 g. of Ііѵег w ere suspended 
in 12 ml. of 0.25 м-saccharose, desintegrated, fractionated, and radioacti- 
vity  of proteins was determ ined. As it was shown in Table 1, fraction 
2 exhibited the highest specific activity. I t  contained particles fairly 
visible in the  optical microscope. Its RNA to protein ra-tio was 0.22. The 
Feulgen reaction was negative, and in  the ex tract m ade w ith hot 5 per 
cent TCA,DNA was not detectable spectrophotom etrically. The particles 
of fraction 2 were referred  as ribonucleoprotein (RNP) particles.
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T a  b 1 e 1

Incorporation  in vivo of 1ĄC-amino acids into fractions 
of Ііѵег nuclei

T he anim als w ere  killled 30 min. after intracandial injection o f radioactive aimiino
acids

N o. Nuclear fraction Imp. /hr/mg. protein

1 Sediment at 600 g 213

2 Sediment at 40000 ^ (RNP) 900

3 Supernatant 507

Incorporation of l^C-amino acids into nuclear fractions of isolated intact
and desintegrated nuclei

The incorporation of 14C-am ino acids into nuclei in nitro was studied 
on experim ents of two types. In one of them  the intact Ііѵег nuclei were 
incubated for 30 min. w ith  radioactive am ino acids, and then  desintegrated 
and fractionated. In the  second one the nuclei w ere desintegrated prior 
to  incubation. The incubations w ere carried out in the  presence of glucose 
as  the  source of energy [1]. The specific activities of protedns of individual

T a - b l e  2

Incorporation in  v itro  of ViC-amino acids into nuclear fractions 
in intact or desintegrated nuclei

The com position of incubation m ixture: 0.5 ml. o f suspended nuclei (intact or
desintegrated) obtaimed from  0.5 g. Ііѵег, in  0.25M-sacchairose; 0.25 ml. 0.1 м-phosphate 
buffer pH 7.3, in  0.25 м-saccharose; 0.2 ml. 0.1 м-glucose conitaining 0.75 mg. NaCl;

0.05 ml. 14C -am ino acids (0.675 p,c). Incubation 30 min., at 37°, in open tubes

Incubated nuclei

1 No. Nuclear fraction intact desintegrated

Imp./hr./mg. protein

1 Sediment at 600 g 70 962

2 Sediment at 40000 g  (RNP) 254 1978

3 Supernatant 680 2753

http://rcin.org.pl



282 P. SZAFRAŃSKI, HANNA W EHR and  T. GOŁASZEW SKI [4]

fractions w ere presented in Table 2. The highest radio activities after 
incubation of in tact or desintegrated nuclei w ere found in the  supem atan t 
as contrasted w ith  experim ents in vivo  (Table 1), w here fraction RNP 
was bearing the highest label. Incorporation into desintegrated nuclei was 
found to be m ore intense than  into in tact nuclei.

Incorporation of 14C-amino acids into isolated nuclear fractions

The experim ents w ith  isolated fractions were perform ed in order to 
verify w hether the  presence of all the  three nuclear fractions w as in- 
dispensable for th e  incorporation of am ino acids.

T a b l e  3

Incorporation of u C-amino acids into isolated RNP particles 
in the presence of nuclear supem atant, and into the supem atan t alone
The composition of incubation m ixture: 1.5 ml. o f RNP particles suspension
in 0.1 M-phosphate buffer, pH 7.3 (11 mg. protein); 5.4 ml. o f supem atant (6.5 mg. 
protein), or in Expt. 2: 6.9 ml. o f supem atant (8.3 mg. protein), RNP particles being  
om itted; 2.1 ml. 0.1 м -glucose containing 7.9 mg. NaCl; 1.0 ml. 14C -am ino acids 

(13.5 pc). Incubation at 37° in  open tubes.
In Expt. 1: after th e  indicated tim es of incubation, sam ples w ere w ithdraw n, diluted  
up to 3-fold volum e w ith  0.25 м-saccharose w ith  an addition of non-radioactive  
am ino acids and RNP particles centrifuged. In the RNP sedim ent the radioactivity  
and protein w ere determ ined. In Expt. 2 th e  protein w as precipitated w ith  TCA  

at a finał concentration 10 per cent

Expt. Fraction

Incubation time (m in.)
1 10 | 20 | 40

Imp./min./mg. protein

1 RNP particles 48 85 113 148

2 Nuclear supematant 276 301 508 407

RNP particles (fraction 2) w ere suspended in 0.1 м-phosphate buffer, 
pH 7.3, and incubated w ith laibelled amino acids, glucose and the  nuclear 
supem atan t obtained at 40 000 g (fraction 3). The addition of th e  super- 
natan t was indispensable, sińce it contained enzymes activa'ting amino 
acids [5]. A fter various tim es of incubation the  samples of RNP particles 
w ere centrifuged and the  specific radioactivities of RNP protein de
term ined. It was also investigated w hether the  incorporation of amino 
acids could occur in the  supem atant alone. The nuclear supem atan t was 
incuibated w ith  radioactive aminoi acids w ith  addition of glucose. From
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the  incubation m ix tu re  3 ml. samples w ere w ithdraw n, transferred  to 3 ml 
of 10 per cent TC A, and after purifieation the specific radioactivity of 
the proteins was determ ined.

The results (Table 3) showed th a t addition of supernatant is sufficient 
for the  incorporation of amino acids in to  RNP particles. Могеоѵег, the  
supernatan t alone incorporates am ino acids in to  proteins a t  high rate. 
I t is notew orthy tha t the incorporation of amino acids into proteins of 
nuclear supernatan t was the  highest a-fter 20 min. incubation, then radio-

activity  decreased.
Incorporation of 14C-amino acids into isolated nuclear RNP particles 

in the presence of cytoplasmic supernatant

Experim ents w ere perform ed to see w hether the nuclear supernatant 
could be replaced by th e  cytoplasmic one for the  incorporation of amino 
acids into RNP particles. The cytoplasmic supernatant was prepared 
on 1.5 hr. centrifugation of Ііѵег homogenate a t 40 000 g, a t 0°. The RNP 
particles f rom nuclei w ere incubated in a system used in experim ents on 
protein synthesis of microsomes. The incubation m ixture was added w ith 
ATP and A TP-generating system. A fter incubation tim e as indicated 
in Table 4, samples w ere centrifuged and radioactivity and protein of

T a b l e  4

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

The com position of incubation m ixture: 2.15 ml. of RNP particles suspended
in 0.25 м-saccharose (14.5 mg. protein); 3.85 ml. of cytoplasm ic supernatant (25 mg. 
protein); 2.3 ml. 0.1 м-tris buffer, pH 7.5, confaining 4.48 mg. ATP, 34.2mg. KC1 
and 0.92 mg. M gCl2; 0.78 ml. o f w ater solution of phosphocreatine sodium  salt 
(35.9 mg.), and 2.3 mg. o f creatine kinase; 0.92 ml. o f 14C-am ino acids (12.3 pc). 
Incubation at 37° in open tubes. RNP particles w ere isolated as previously (Table 3)

and sp ec ific  a c tiv ity  o f  protein  d eterm in ed

Incubation time (m in.)

1 10 20 40

Imp./min./mg. protein

56 95 155 201

RNP particles w ere determ ined. Results of these experim ents showed 
that RNP particles incorporated 14C-amino acids in the  presence of the 
cytoplasmic supernatant. Thus it  appeared th a t incorporation of amino
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acids into nuclear RNP particles could prooeed in a system necessary for 
protein synthesis in microsomes.

It should be m entioned that the  cytoplasmic supernatan t used in our 
experimemts was slightly  contam inated w ith  microsomes residues. The 
incorporation of amino acids into nuclear RNP particles cannot, however, 
be a ttribu ted  to  these microsomes sińce it lasted for 40 m inutes, w hereas 
it  is well known th a t microsomes lose their ab iii ty  of incorporation 
already after 15 to 20 m inutes.

Isolation and some characteristics of the nucleopeptides from  celi nucleus

The fact that nuclear supernatant can be replaced by cytoplasmic one 
would point to  a sim ilarity  of both protein synthesisin.g system s. There- 
fo re  it was interesting to see w hether there are some nucleopeptides in 
the nucleus sim ilar to those isolated from  cytoplasm  [16, 17].

The same procedurę was applied to isolate nucleopeptides from  nuclei 
as for cytoplasmic m ateriał [19]. The suspension of desintegrated nuclei 
deriying from  24 g. Ііѵег was deproteinized by amm onium  sulphate 
saturation, centrifuged in cold a t 32 000 g, and the precipitate discarded. 
Am monium sulphate was precipitated w ith  ethanol a t finał concentration 
of 85 per cent, and supernatan t evaporated to about 1.5 ml. The samples 
contadning 700 - 800 Mg. RNA (as estim ated by absorption a t 260 mjr) were 
m ade up w ith  w ater to  4 ml. and dialyzed overnight against w ater, at 2°. 
Absorption at 260 mja m easured both in the solution surrounding the 
dialysis bag and inside it, showed sim ilar values indicating th a t the com- 
pounds under investigation wene dialyzable.

O ther samples w ere subjected to  the  column fractionation. Since the 
nuclear m ateriał was not adsorbed on the triethylam inoethylcellulose, 
as the cytoplasmic one, another adsorbent was used, nam ely ECTEOLA. 
The m ateriał from  ECTEOLA column (12 X 1.5 cm.) was eluted sub- 
seąuently  w ith 0.01 м-tris  buffer, pH 7.4, Ім -NaCl in О.ОІм-tris buffer, 
pH 7.4, and 1.5 per cent NaOH. Thus th ree  fractions w ere 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 afosorbing u ltrav io let light 
in each of th ree  fractions. These spots w ere excised, eluted and subjected 
to chrom atography in Partridge’s system  [11]. Each electrophoretic 
fraction was separated in to  2 - 4  spots absorbing u ltrav io let light. The 
sam e sites on the  chrom atograms gave the  positive hydroxam ic reaction, 
thus indicating the  presence of activated groups, m ay be of am ino acids 
or peptides. The total hydrolysis perform ed after 'elution of these spots

2 8 4
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gave an increase of amino acid contents indicating that they contadned 
peptides.

The differen t fractions from paper chrom atography were investigated 
for the  presence both of sugars and nucleic bases. Several chrom ato- 
graphic spots w ere eluted with w ater, treated  w ith brom ine w ater, and

Fig. 2. Paper chrom atogram  of am ino  
acids after total hydrolysis o f short 
peptides (obtained on partia! hydrolysis 
of peptides from  hydroxam ic acids). 
(1), (2), (3); fractions from  colum n; (a), 
(b), eluted short peptides (see in  the 

text)

paper chrom atography was carried out in butanol - acetic acid - w ater 
( 4 : 1  : 5) to detect ribose. D iphenylam ine reaction for deoxyri:bose madę 
both on filter paper and in eluates was negative.

Nucleic bases w ere tested chrom atographically [21] a fte r hydrolysis 
of m ateriał elu ted  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 thym ine were 
not found on th e  con trary  to the case of cytoplasmic nucleopeptides.

The detection of activated peptides, nucleic bases and ribose in protein- 
-free  m ateriał indicates that compounds under investigations are  nucleo
peptides, indeed.

Fig. 1. Fracticnation o f protein free 
m ateriał of guinea pdgs Ііѵег nuclei on 
diethylam inoethylcellu lose (ECTEOLA) 
colum n. V olum e of sam ple 3.8 ml., tim e 
of fillin g  o f  sin g le  test tube: 4 min. in 
the case of fractions 1 and 2, and 8 min. 

for the fraction 3

285
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For fu rther characterization of nuclear nucleopeptides, the  sam e pro
cedurę was applied as descrlbed previously [19] for cytoplasmic ones. 
Paper chrom atograms w ith separated nucleopeptides w ere treated  w ith  
hydroxylam ine and hydroxam ic acids were form ed, then  eluted and 
separated chrom atographically in butanol-acetic acid - w ater (9 :1 :1). 
A fter chromatograms had been sprayed w ith ferric  chloride solution 
2 - 3  pink-ibrown spots of со тр іех  salts of hydroxam ic acids w ere detected 
in each nucleopeptide. This m ight indicate th a t nuclear nucleopeptides 
like cytoplasmic ones contadned 2 - 3  peptides linked to  one nucleotide 
part.

P artia l hydrolysis and chrom atography of short peptides w as per- 
form ed to е х а т іп е  the peptide parts. A fter spraying w ith  ninhydrine 
various amounts of short peptides w ere detected from  various с о тр іе х  
salts of hydroxam ic acids. The excess of ninhydrine was rem oved and 
after elution total hydrolysis of short peptides was perform ed. Paper 
chrom atography of am ino acids deriving from  short peptides (Fig. 2) 
showed that the  amino acid composition of peptide parts of individual 
nuclear nucleopeptides was not always the  same, as it was also stated  in 
cytoplasmic nucleopeptides.

Results obta-ined point to  the  generał sim ilarity of iboth nuclear and 
cytoplasmic nucleopeptides — the  presence of ribose, and dialyzable 
character, though some differences w ere observed concerning their 
absorption on TEAE column, as well as nucleic bases composition.

DISCUSSION

Invest.igations on the function of the  subcellular fractions indicate that 
synthesis of cytoplasmic protein m ay be controlled by RNA of nuclear 
origin. This nuclear RNA synthesised in the  presence of DNA would be 
a link betw een chromosomes and cytoplasm  in transm itting  genetic 
features. As RNA is an im portant part of microsomes well know n for 
their intensive synthesis of protein, it has been suggested by Bonner [2] 
that microsomes a re  produced in the  nucleus and then transm itted  to  the 
cytoplasm. If this is tru e  particles of a composition and properties sim ilar 
to those of microsomes should be found in nucleus. O ur investigations 
showed that in desintegrated nuclei it was possible to  obtain, by m eans 
of differential centrifugation, particles capable of achieving synthesis of 
proteins. These particles, however, a re  m uch 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 tw ice th a t found in m icro
somes. The incorporation of amino acids into these nuclear RNP particles
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is sustained during a 40 m inutes incubation, whereas in  microsomes 
synthesis of protein ceases already a fte r  15 to  20 m inutes. It is also to be 
noted th a t after the  desintegration of nuclei the incorporation of amino 
acids seems to be m ore intensive than  in the case of in tact nuclei. It may 
be due to  elim ination of the barrier furnished by  the nuclear m em brane. 
Bes des this, protein synthesis in the  in tact nucleus m ay be controlled 
by o ther m etabolic processes.

The incorporation of amino acids into proteins of the  nuclear su
perna tan t took place even in absence of other fractions. It was analogical 
to  results obtained by Kalf & Simpson [6] w ith  m itochondrial supernatant. 
These aufhors stated  tha t the  supernatan t obtained by oentrifugation for 
8 hrs. at 105 000 g of desintegrated m itochondria incorporated radio- 
active ѵаііпе during several hours and then there  appeared a decrease 
in protein radioactivity. This would point to the presence as well in m ito
chondria as in nuclei of a soluble system  w ith an ability  to achieve protein 
synthesis in the absence of particles.

We tried to show th a t nucleopeptides isolated from  nuclei could be 
considered as identical w ith those found in cytoplasm. In our experim ents 
we found scrne features common for both bu t some differences, too.

SUMMARY

The incorporation of 14C-amino acids in to  ribonucleoprotein (RNP) 
particles obtained by centrifugation at 40 000 g of desintegrated guinea 
pig Ііѵег nuclei, as well as in to  the nuclear supernatan t was investigated 
in vivo  and in nitro.

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

Nucleopeptides sim ilar to those of cytoplasm  described preyiously [19] 
w ere detected in nuclei.
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BADANIA NAD SYNTEZĄ BIAŁEK W JĄDRZE KOMÓRKOWYM

S t r e s z c z e n i e

Zbadano włączanie 14C-aminokwasów in vitro  i  in vivo  do cząstek 
rybonukleoproteidow ych (RNP) otrzym anych przez wirowanie przy 
40 000 g rozbitych jąder komórek wątroby świnki m orskiej oraz do super- 
na tan tu  jądrowego.

Synteza białka w izolowanych cząstkach RNP przebiegała w obecno
ści supernatan tu  jądrowego' i  glikozy, jak również w obecności superna- 
tan tu  cytoplazmatycznego i układu regenerującego ATP. Sam supernatan t 
jądrow y wykazywał bardzo intensyw ne włączanie.

W jądrach komórkowych stwierdzono obecność nukleopeptydów po
dobnych do opisanych poprzednio [19] nukleopeptydów cytoplazm a- 
tycznych.

R eceived 1 August 1960
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BINDING OF ATP BY HUMAŃ SERUM ALBUMIN IN SOLUTION

D epartm ent of Biochemistry, Nencki Institu te of Experim ental Biology, W arszaw a  
Head of the Departm ent: Prof. Dr. W. Niemierko

It has been shown in the previous papers [7, 9] th a t the binding of 
ATP by various proteins precipitated by alcohol or by heat denatura-tion 
resem bles the  adsorption isotherm. The present paper is concerned w ith 
the binding of ATP łby serum  album in in Solutions. Some results of this 
work have been presented earlier [8].

MATERIAŁ AN D METHODS

Humań serum  album in, V-th fraction of Cohn, was kindly supplied 
by the Institu te  of Haematology in  W arszawa. Its concentration in Solu
tions was determ ined according to Gornall et al. [11]. ATP (Light) was 
purified on Dowex-2 column, and did not contain e ther chrom atografi- 
cally detectable nucleotides. Its concentration was calculated from  the 
optical density  a t 259 mp (pH 7.0) using the  m olar extinction coefficient 
15400 [3].

Eąuilibrium  dialysis was carried out a t  2° in bags m ade from  dialyzing 
tubings (Kalle & Co., W iesbaden-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 w ere put together the sam e finał 
results w ere oibtained. Finał ionic strength  of buffers was 0.05 - 0.1 jr. 
Because of th e  presence of com paratively high concentrations of electro- 
lytes and Iow concentration of the protein the  Donnan effect was 
negligible [13, 14].

W hen the  eąuilibrium  had been attained  the  concentration of ATP 
outside the  bags was determ ined spectrophotom etrically a t 259 mjr after 
buffering to pH 7.0. Inside the  bags, i.e. in the  protein solution, the  optical 
density a t 259 and 280 mjr was m easured after buffering to pH 7.0, and

[289]
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th e  nucleotide concentration was calculated as in the  previous paper [9]. 
The am ount of protein-bound ATP was calculated in two ways: (1) from 
the difference of the concentration of the  nucleotide inside and outside 
the bag m ultiplied by the volume of the fluid inside the bag; (2) from  the  
difference betw een concentration of the  nucleotide in the control (without 
protein), and in the  tested sam ple (with albumin) m ultiplied by th e  to tal 
volum e (inside and outside the bag).

U ltrafiltra tion  w ith  centrifugation was carried out according to  the 
procedurę elaborated in this laboratory [21]. 2 - 3 ml. samples contalning 
ATP, serum  album in and buffer solution (of the  sam e ionic strength  as 
used in dialysis experim ents) w ere centrifuged 3 - 4  hours a t 6000 r.p.m. 
w ith the  layer of liąuid paraffin  (usually 5 ml.) through a m em brane 
filter in  a vessel m ade of Plexiglass [21]. In the  control samples ATP 
solution w ithout album in was filtered by the same procedurę. The am ount 
of protein-ibound ATP was calculated from the  difference in concentra- 
tions of the  nucleotide between the sam ple w ith albumin and the  control.

Paper electrophoresis was carried out on M acherey-Nagel No. 224 
filter paper in  the m oist chamber, using the  voltage about 3.5 V/cm. 
Ѵегопаі buffer [22] or 0.1 м-glycine buffer, pH 8 .6 , and 0.1 M-acetate 
buffer, pH 3.6 - 5.8, w ere used.

Nucleotides w ere detected on the paper using a m ercury lam p w ith 
a filte r oontaining N iS 0 4 +  C0SO4 and Cl2 according to M arkham  
& Sm ith [17]. Stadning w ith Light Green [22] was used for the  detection 
of the  album in.

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 m uch 
greater on th e  protein-side of the  m em brane than on the  opposite side. 
This indieates the  existence of binding between ATP and protein. 
M axim um  difference was observed below the  isoelectric point; it 
decreased w ith  the  increase in pH, and was very smali at pH 5.8.

Using eąuilibrium  dialysis experim ents w ere perform ed to check the 
aibility of binding of ATP by native and modified serum  album ins. Some 
results a re  shown in Table 2. The character of changes in the  binding 
ability, dependent on th e  kind of modification, was the sam e as had been 
observed in th e  previous work [9] using precipitated proteins. Acetylated 
album in binds less ATP, w hereas esterified album in binds m ore ATP 
than th e  native  protein. Могеоѵег, the  experim ents w ith  dialysis enabled

2 S 0
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T a b l e  1
Eąuilibrium  dialysis of ATP  and human serum albumin. The effećt  of pH

on the binding
E xpt. 18/D. Inside th e  d ialyzing tubes 5 ml. ATP solution, outside 15'ml. protein  

solution. A cetate buffer. The eąuilibrium  w as attained in 72 hours.

pH

ATP (pimoles per m l.)

calculated
found after dialysis

inside the tubes 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

T a b l e  2
The eąuilibrium  dialysis of ATP and esterified or acetylated serum

albumin
Expt. 19/D. Inside th e  dialyzing tubes 5 ml. protein solution, outside 20 pm oles A T P  
in  15 ml. acetate buffer. (Acetylation and estrification w ere carried out as in the

previous paper [9]).
i

pH

Protein 
in the 
sample 
(mg.)

Initial 
relation 

o f ATP to 
protein 

(fimoles/g.)

ATP found 
outside 

the tubes 
aftei 

dialysis 
(pm oles/m l.)

Calculated 
amount o f  

protein bound 
ATP

(pimoles/g.
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

* A fter dialysis the am ount of ATP found in the control sam ple in sid e  th e  
tubes was 1.1,1 gm oles per ml.

** In these sam ples, as a result of high concentration o f ATP, a sm ali am ount of 
protein precipitated during the dialysis.

the  estimation of the binding ability a t pH values a t which no coagulation 
of sonie of the modified protein occurred, e.g. in the  case of esterified 
serum  album in at pH 3.6.
2
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T a b l e  3

Ultrafiltration of the solution of A TP  and serum albumin. The effect  of
pH on the binding

4.82 mg. serum  album in in 0.25 ml., 0.7 pm oles ATP in  1 ml., 0.25 m l. 0.4 м-acatate 
buffer a t various pH, 0.5 ml. d istilled  water. (The control sam ple conitained distilled  
w ater instead o f th e  protein solution) Initial relation o f ATP to  th e  album in w as

144 gm oles per g

pH

ATP found in the ultrafiltrate 
([i.moles per ml.)

Calculated amount of 
protein bound ATP

samples without 
protein (a)

samples with 
protein (b)

umoles/inl. 
(a - b)

txmoles/g.
protein

3.54 0.337 0.125 0.213 88.6
4.54 0.337 0.230 0.107 44.4
5.74 0.337 0.325 0.012 5.0

Dialysis is, however, rather inconvenient for the  investigations of ATP 
binding, because of a very  slow penetration of ATP ions through semi- 
perm eable m em branes [18, 21]. A long period of dialysis can cause, even 
a t Iow tem peraturo, some cleavage of ATP, which, according to  our 
previous observations [7], decreases its binding albility w ith  proteins.

Fig. 1. U ltrafiltration o f the m ixture of ATP w ith  serum  album in at pH 3.6 ( • ) .  
expt. 21/U; (X ), expt. 22/U. (A) The relataonshdp betw en th e  concentration of free 
and bound ATP. (B) The logarithm ic relaitionship betw een th e  concentration of free  

and bound ATP. For experim enfal conditions and data see  T able 5.

Therefore, experim ents concerning the  binding of ATP by serum  a-lbumin 
w ere performed by the u ltrafiltra tion  m ethod [21]. As it  is shown 
in Table 3 u ltrafiltra tion  gives sim ilar results on the  pH dependence of 
ATP binding as dialysis.
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T a b l e  4
Ultrafiltration of the solution of A TP  and serum  albumin at pH 3.6. The  
relationship between the concentration of A TP  and its binding by protein  
0 25 ml. protein solution, 0.25 ml. 0.4 м-acetate buffer, ѵагіаЫе amounlts of ATP,

ddstilled w ater to  2 ml.

Initial relation 
of ATP to protein 

pmoles per g.

ATP found in
(pmoles

the ultrafiltrate 
per ml.)

Calculated amount o f protein 
bound ATP

samples
without
protein

(a)

samples 
with protein

(b)

umoles/ml. 
(a - b)

[imoles/g. protein

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
577.0* 1.680 1.090 0.590 204.0
697.0* 2.030 1.350 0.680 235.0

* In these sam ples a sm ali amounit o f protein w as precipitated as a result o f high  
concentration of ATP.

T a b l e  5
U ltrafiltration of the solution of A TP  and native or denaturated serum

albumin at pH 3.6
Expt. 19/U. 6.1 m g. protein in  0.25 ml., 0.25 ml. 0.4 м-acetate buffer, ATP in sam ples
(I) 0.39 pmoles, and in  (II) 0.78 pmoles, d istilled  w ater to  2 ml. The denaturation was 
perform ed by heating in  th e  acetate buffer a t pH 3.6 during 10 min. on boiling w ater

bath .

Albumin
Initial relation of 
ATP to protein 

(fimoles/g.)

ATP found in the 
ultrafiltrate 

(um oles/m l.)
Calculated 
amount o f  

protein-bound ATP 
(timoles/g. protein)

samples
without
protein

samples
with

protein

I. Native 64 0.184 0.136 20.0
Denaturated 64 0.184 0.134 20.1

II. Native 128 0.390 0.209 59.5
Denaturated 128 0.390 0.206 60.5

2 9 3
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Table 4 shows the  relationship betw een protein-bound and free  ATP. 
Data from this Table a re  presented in Fig. 1A, as a relation betw een the  
am ount of bound ATP (in м-moles per g. albumin), and the concentration 
of free ATP in mM. The logarithm ic dependence of these values is shown 
in  Fig. IB. As indicated by the  character of the curves, the binding of 
ATP by serum  album in in the  solution resemibles the  isotherm  absorp- 
tion, a situation sim ilar to the  binding of th is nucleotide by coagulated 
protein observed previously [9]. The comparison of the present and the 
earlier results shows tha t the binding ability of ATP by serum  album in 
in solution is only insignificantly sm aller than by the coagulated protein.

Using the u ltrafiltration  method, it was possible to  establish the 
influence of denaturation on the  binding ability. Table 5 shows tha t 
there  is no difference betw een the  ex ten t of binding of ATP by the 
native album in and by  album in 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 w ere found between the  extinction a t  259 тц . for the 
m ixture  of ATP and several proteins and the sum of the  extinctions of 
these components determ ined separately. We w ere also unable to demon- 
s tra te  any  difference in extinction values if the  m ix ture  of ATP and 
protein was preincubated during 30 min. a t pH 11, and adjusted after- 
wacds to pH 7.6, according to the  procedurę of Anina & W endt [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 
w ith  tyrosine (Table 6).

In experim ents shown in Table 6 , th e  ratio  of ATP to protein was 
90 - 120 Mmoles per g. It was shown earlier [7] tha t 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 experim ent w ith m uch higher concentrations of ATP, about 
350 umoles per g. protein. However, also in this case no changes in the 
spectrum  of the nucleotide a t pH 7.0 in the  presence of serum  album in 
w ere observed.

A t pH 3.6 and when the  ATP to protein ratio  am ounted to 240 M-moles 
per g. there  was a smali decrease (up to 6%) in the extinction a t 260 гщх. 
However, no change could be observed in  the  extinction a t 280 mjr. It 
appeared impossible to use higher concentrations of ATP a t pH 3.6, 
because of a partial precipitation of serum  album in.

http://rcin.org.pl



BIN D IN G  OF ATP B Y  ALBUMIN 295

T a b l e  6

Optićal density at 259 rm  of A TP  solution, protein solution, and A TP  in
protein solution 

A li data aire m ean values from 3 to 6 analyses ±  standard deviatiotn

Substance pH

Optical density at 259 mp.
found calculated 

as the sum 
of (a) 

and (b)

protein
solution

(a)

ATP
solution

(b)

the mixture 
of protein 
and ATP

Serum albumin 3.6 0.171 ±0.004 0.509±0.007 0.670±0.010 0.680±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 0.233±0.G01 0.532±0.003 0.768±0 013 0.765 ±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* 0.171 ±0.006 0.500±0.007 0.644±0.011 0.671 ±0.013
Ovoalbumin 7.6* 0.184±0.C07 0.500±0.007 0.672±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** 0.141 ±0.010 0.488±0.014 0.626±0.008 0.641 ±0.024

* T he m ixture of ATP and serum album in, or ATP and tyrosine, w as incubated  
30 min., 50°, at pH 11, and then adjusted to pH 7.6.

** The m ixture o f A TP and tyrosine w as incubated 30 min., 50°, at pH 11, after- 
wards it w as kept a t 0° during 48 hrs., and then adjusted to  pH 7.6.

Paper electrophoresis

To elucidate the  m utual influence of ATP and serum  album in on 
their m igration in  the electric field the  paper electrophoresis of this 
nucleotide or protein alone, o r the  m ix ture  of both oompounds was 
carried out.

Fig. 2 shows electropherogram s of ATP, serum  album in and their 
m ix tu re  a t pH 8.6 and 5.4. It is obvious that there  is no difference in the  
m igration velocity of the  protein in the  presence and in the  absence of 
ATP a t both pH values. However, near the  isoelectric point of serum  
album in some influence of the  nucieotides on the  protein m igration could 
be observed. As it  can be seen in Fig. ЗА album in alone m igrated slowly 
to the  cathode, w hereas in the  presence of ATP it rem ained a t  the  s ta rt 
line. On another electropherogram  (Fig. 3B) album in in the  presence of

[7]
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ATP m igrated slightly to the anodę, whereas- in the absence of nucleo-
tides it moved shghtly to the cathode.

G reater differences in  the  behayiour of the album in in electric field
w ere observed below the isoelectric point (Fig. 4). In this case a  decrease
in the mobili ty  of albumin was observed in the presence of nucleotides. 
The efforts, however. to  detect the  presence of nucleotides in th e  same 
places w here protein was located, w ere unsuccessful. The decrease of the  
moibility 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. A t Iow concentrations of ATP, about 250 irmoles per g. protein, 
no influence of ATP on the m igration of album in could be shown. The 
decrease of the  m obility of the  protein was observed only at high con
centrations of ATP. above 700M,moles per g. protein. In th is case 
a distinct dependence on the ratio  between the  concentration of ATP 
and the m obility could be observed (Picture C, Fig. 4).

In th e  whole investigated pH rangę no influence of serum  album in on 
the nucleotide m igration was observed (Fig. 5). Preparations of ATP 
used in the  electrophoretic experim ents contained usually  some am ounts 
of ADP. Using acetate buffer in the pH rangę 3.6 - 5.5, a good separation 
of ATP from  ADP could be obtained. However, th e  duration of the  elec- 
trophoresis had to  be longer than in th e  experim ents concerned w ith the  
ATP-album in interaction.

DISCUSSION

In the present paper the formation of the  binding between ATP and 
protein in solution was dem onstrated. Existence of a relationship was 
established betw een the  binding ability  and pH of the medium, and 
between the  am ount of bound ATP and the  concentration of the  free 
nucleotide. This was in agreem ent w ith previous experim ents [7, 9] per- 
formed w ith  th e  coagulated protein.

Earlier study  from this laboratory [19, 20] showed th a t during the 
extraction о-f th e  muscle pulp w ith buffer Solutions a t  pH 4.6 m ore than 
50°/o of nucleotides rem ained in the  residue together w ith  proteins. On 
the  o ther hand, ATP added during the extraction was under these con- 
ditions com pletely soluble, i.e. it did not bind w ith proteins. I t  is reaso- 
nable to assum e that under these conditions m uscle proteins w ere practi- 
cally sa tu ra ted  w ith  nucleotides originally present in th e  muscles.

The resu lts  of the present investigation confirm  th e  earlier observa- 
tions [9] concerning the role of the  protein cationic side chains in  the 
form ation of th e  combinations w ith  nucleotides. The results a re  also in 
agreem ent w ith  absence of a difference betw een the  binding ability of

2 9 6  w - DRABIKOW SKI [8]
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Fig. 2. Paper electrophoresis of ATP and serum album in above the isoelectric point.
(A) 0.05 м-ѵѳгопаі buffer, pH 8.6; 4 hrs. (B) 0.1 м-glycine buffer, pH 8.6; 13 hrs. 
(C) 0.1 м-acetate buffer, pH 5.4; 8 hrs. (1) serum album in; (2) serum album in in the

presence of ATP

Fig. Э. Paper electrophoresis of ATP and 
serum  album in near th e  isoelectric point. 
ОДм-acetate buffer, pH 4.7. (A) 17.5 hrs..
(B) 5 hrs. (1) serum  album in; (2) serum  albu

min in the presence of ATP

Fig. 4. Paper electrophoresis of ATP and serum  album in below  the isoelectric point. 
(Л) 0.1 м-acetate buffer, pH 4.0; 5 hirs., (B) 0.2 м-acetate buffer, pH 3.4; 7 hrs.,
(C) 0.1 м-acetate buffer, pH 3.8; 4 hrs. (1) serum  album in; (2 - 5 )  serum album in in the  
presence of increasing concentrations of ATP. T he in itia l ratio of ATP to the protein:
(2) 950 umoles per g. (3) 1900 ц-moles per g. (4) 3800 pmoles per g. (5) 5700 umoles

per g.

Fig. 5. The influence of the protein on the m obility  of adenine nucleotides. Pictures 
taken at UV. 0Л м-acetate buffer: (A) pH 4.0, 8 hrs.; (B) pH 4.0, 15 hrs.; (C) pH 5.4, 

17 hrs. (1) ATP in the presence o f serum  album in; (2) ATP alone
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the  native and denatured serum  album in observed previously in the case 
of coagulated proteins [7].

Several au thors [cf. 14] dem onstrated earlie r that th e  light absorbing 
suibstances showed, after combination w ith proteins, a decrease of the 
extinction coefficient and/or a shift of the absorption m axim um . Con- 
cerning na tu ra l combinations of proteins w ith  various nucleotides o r nuc- 
leic acids the  results of various authors a re  not always in agreem ent w ith 
each other. Some of them  show [2, 4, 16] th a t the  extinction coefficient 
of nucleoproteins is lower than that of nucleic acids. On the o ther hand, 
Chargaff [6] found th a t 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 com binations betw een DPN and alcohol 
dehydrogenase, showed changes in th e  spectra of these nucleotides in the  
presence of the  enzyme. On the  o ther hand, Ѵеііск [24] was able to  demon- 
s tra te  th a t in the  со тр іе х  of DPN w ith 3-phosphoglyoeraldehyde dehy
drogenase the  absorption near 260 rru-i was additive. Anina & W endt [1] 
showed th a t th e  extinction coefficient of adenine nucleotides bound by 
actin w as low er than that of the  free nucleotides. These authors, as well 
as Ferrnin [10], showed also that the  incubation of the  tyrosine w ith 
adenine nucleotides led to the  form ation of combinations characterized 
by the  decrease of the extinction coefficient. However, in the  present 
investigation we w ere not able to confirm  th is phenomenon.

The experim ents described in the  present paper on the  influence of 
the  proteins on the  UV spectrum  of ATP showed, only a t pH 3.6 and 
a t higher concentration of ATP, a smali decrease in th e  absorption 
coefficient in th e  presence of serum  album in. These results confirm  pre- 
vious observations [9] that the phosphate groups of the  nucleotide mole- 
cule a re  of principal im portance in the form ation of the  complexes w ith 
proteins, whereas the  role of the  purine ring  is probably not m ore than 
a secondary one.

The fact that the  extinction values of ATP and serum  album in were 
at pH 7.0 fully  additive enabled the determ inations of the  nucleotide 
concentrations in th e  presence of proteins. This could be calculated 
according to the  eąuation presented in the  previous work [9] from  the  
data  provided by the estim ations of the  optical densities at 259 
and 280 щ і .

The character of the  investigated combinations of ATP w ith  proteins 
resem bles the  adsorption isotherm  both in th e  case of coagulated proteins 
and proteins in solution. This is in agreem ent w ith  earlier observations 
[5, 14] concem ed w ith the  character of com binations of various ions w ith
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proteins in the  solution which also showed a  resem blance w ith the  
adsorption isotherm.

The am ounts of bound ATP found in  the  present paper, using u ltra 
filtration method, w ere 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 th a t below th e  isoelectric po in t of the  
album in ATP had a m arked effect on the electrophoretic moibility of this 
protein. Unsuccessful efforts to detect the  presence of the nucleotides, in 
places w here the protein was located, suggest, perhaps, th a t th e  investi- 
gated complexes, according to  the ir ionic character, m ay be sp lit in the  
electric field.

SUMMARY

Binding of ATP by serum  album in in Solutions has been investigated 
by m eans of u ltrafiltra tion  and eąuilibrium  dialysis. It has been found 
th a t the amount of ATP bound by album in decreases w ith increasing pH 
of the  medium and increases w ith  increasing concentration of ATP, 
sim ilarly  as in the  case of binding of nucleotides by precipitated 
proteins.

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

Below the isoelectric point ATP affects the  electrophoretic m obility 
of albumin.

The au thor wishes to thank  Professor W. Niemierko for his in terest 
and advice and Mrs. Alina Jurow ska for the  skilful technical assistance.
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W IĄZANIE ATP PRZEZ ALBUM IN SUROWICY W ROZTWORACH

S t r e s z c z e n i e

Przy zastosowaniu u ltrafiltrac ji i dializy wyrównawczej stwierdzono 
powstawanie połączeń ATP z allbuminem surowicy w  roztworach. Zdol
ność wiązania ATP spada wraz ze wzrostem  pH, a  wzrasta ze wzrostem 
stężenia ATP, podobnie, jak w  przypadku połączeń nukleotydów ze s trą 
canymi białkami.

Badania spectrofotom etryczne m ieszaniny ATP i album inu surowicy 
wykazały, że obecność białka nie wpływa na widmo ATP w ultrafiolecie, 
co potwierdza brak udziału pierścienia adeniny w tw orzeniu badanych 
połączeń.

W pH poniżej punktu izoelektrycznego zaobserwowano wyraźny 
wpływ ATP na ruchliwość elektroforetyczną album inu na> bibule.

Rece4ved 15 October, 1960
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SOME PROPERTIES OF COMPLEXES OF MUSCLE PROTEINS WITH  
THE NUCLEOTIDES PRESENT IN THE MUSCLE

D ep ar tm en t of B iochem istry , Nencki Institute of Experim ental Biology, Warszawa  
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It has been often observed the presence of adenine nucleotides and 
of orthophosphate in preparations of muscle proteins and isolated 
m yofibrils, and a ibinding of added nucleotides and orthophosphate by 
m uscle proteins [cf. 7,24,28]. In generał, only a smal.1 fraction, usually 
no m ore than 10°/o of the total am ount of muscle nucleotides, have been 
detected as complexes w ith proteins. However, Niemierko et al. [27, 29] 
and Lange [19] have found that m uch greater ąuantities of muscle nucleoti
des, i.e. about 50%, m ay form  combinations w ith  proteins. These large 
discrepaneies seem  to  Ibe due to  a high lability of complexes of nucleotides 
w ith m uscle proteins as pointed out by Niemierko et al. [28, 29]. It has 
been shown by these authors th a t these complexes are  rather stable in 
acetate buffer of pH 4.6 -  5.5 but are split in distilled w ater and in 60°/o 
ethanol.

As it has been described in a prelim inary communieation [10] there is 
a relationship between the am ount of bound nucleotides and pH of the  
ex tracting  medium. W hen frog muscles were extracted w ith a m ixture 
of 0.2 м-acetate buffer, pH 3.6, and ethanol (1 : 1) as m uch as 90%  of 
total nucleotides rem ained unextrac table, i.e. presum ably bound to 
m uscle proteins. However, at pH 5.8 the  greater part of total nucleotides 
was extractable and only 25% rem ained in the  residue. It- has been 
found tha t these changes in extractib ility  can be a ttribu ted  to  both the 
form ation of new com binations between nucleotides and proteins during 
the extraction procedures and to the breakdown of the  existing com- 
plexes. This has been shown by  the  following experim ents. Two sym- 
m etric m uscles w ere separately homogenized in a  buffer of pH 6.0 and one 
of these two homogenates was brought to pH 4.4. It was found tha t the

[301]
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amount of bound nucleotides was mudh higher in the  acidified hom o- 
genate. In another experim ent, muscles w ere homogenized a t pH 4.4 and 
one of the two homogenates was brought to pH 6.0. This resulted in 
a* dim inution of the am ount of bound nucleotides.

The ability to form  ccmplexes w ith nucleotides is not a specific pro- 
perty  of the struc tu ra l m uscle proteins. A form ation of such complexes 
and its dependence on pH was observed already in 1932 by Przyłęcki & 
G rynberg [31] w ith  egg album in. Recently Niemierko and his co- 
w orkers [10] found tha t the  proteins in frog Ііѵег, kidneys and lungs 
homogenates m ay contain the  bound nucleotides, w hile Draibikowski [7] 
observed a binding of adenine nucleotides, and its dependence on pH, by 
yarious purified protein preparations (egg album in, serum  album in, serum  
Y-globulin, casein, myosin).

At the present state, our knowledge on the  properties of complexes 
of nucleotides w ith m uscle proteins is ra th e r poor. It seemed, therefore, 
interesting to е х а т іп е  more carefully the  form ation of these complexes 
within a broad rangę of pH and to investigate the  effect of some inorganic 
salts thereupon. In connection w ith criteria  of Przyłęcki [32] it could be 
expected that such an investigation m ight furnish some new  data  con- 
cerning the natu rę  of binding between m uscle proteins and nucleotides.

MATERIAŁ AND METHODS

Ali experim ents w ere carried out w ith  the  acetone-dried m uscle 
powder from the frog (Rana esculenta). The powder was prepared ac
cording to the  procedurę described earlier [28]. In spite  of a partial 
denaturation of proteins, th is powder, as a uniform  m ateriał, proved to 
be m ore convenient for th rs investigation than fresh muscles. Its nu- 
cleotide composition was stable for several m onths if stored in ѵасио 
a t 0°. Molar ratio  of labile nucleotide P to ribose in  the  used muscle 
powder preparations am ounted from  1.0 to 1.7 (on the  average 1.3) which 
indicated tha t nucleotides of yarious phosphorus content w ere present. 
Paper chrom atography of nucleotides from  the  acetone powder (per- 
formed according to [37]) and spectrophotom etric analyses of the  eluted 
spots revealed the  presence of ATP and ADP and only m inutę 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 ion of the  powder.

In experim ents on the effect of pH on the  binding of nucleotides by 
muscle proteins the following procedurę was used. 200 - 250 mg. of the

[2 ]
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acetone powder was extracted  during 10 m inutes a t  0° w ith 10 ml. of 
buffer solution in 48% ethanol. A t this concentration of ethanol practical- 
ly all th e  protein rem ained undissolved. Finał concentration of the  'buf- 
fers was usually  not higher than 0.05 м in order to diminish the possi- 
bility of com petition between ions of the  buffer and the nucleotides for 
the protein. The extract was filtered on a Schott funnel G4 and washed 
th ree tim es w ith the buffer solution. All the  filtrates w ere combined and 
analysed for the  am ount of nucleotides.

It has been assum ed according to Niemierko et al. [27] that those 
nucleotides which, during the described procedurę, a re  not ex tractable 
and rem ain in the  protein residue are protein bound. These nucleotides 
w ere determ ined a fte r liberation w ith  10%  trichloracetic acid at 0°.

In  experim ents on the  effect of salts, the  acetone powder was ex- 
tracted w ith  ethanol-buffer Solutions, as described above, supplem ented 
w ith various salts. In order not to introduce additional factors the  buffers 
used in these experim ents contained very little  o r none of m etal ions.

Nucleotides w ere determ ined by the  am ount of ribose and of laibile 
nucleotide phosphorus liberated by 15 m inutes hydrolysis in 1 n -H 2S 0 4 
a t 100° (Д Р 15). Phosphate was determ ined according to Fiske & Sub- 
barow [13] and ribose according to  the m ethod of M ejbaum [23] w ith 
m odification of Niemierko and Strzelecka-Gołaszewska (in prepa-ration); 
the  tim e of hydrolysis was 40 min, according to  Albaum & Um breit [1]. 
The pH was m easured by means of a glass electrode. All yalues given 
in the tex t and in figures indicate finał pH of the  ex tracting  media, i.e. 
the  m ixtures of buffers, ethanol and salt Solutions.

All data concerning the  am ount of bound nucleotides a re  m eans of 
a t  least two parallel experim ents perform ed on samples of the  same muscle 
powder preparation. The results w ere reproducible w ith in  a few per cent. 
The data are expressed as per cent of the  total am ount of nucleotides in 
the  muscle powder.

RESULTS

Fig. 1 and 2 dem onstrate the relationship between pH of the ex tract- 
ing medium  and the am ount of protein bound nucleotides. The highest 
am ount of bound nucleotides was found at pH 2.20 - 2.78. W ith 0.05 м-cit- 
ra te  buffer, pH 2.20, afoout 90% of nucleotides (as determ ined by the 
labile phosphorus) rem ained bound to  proteins (Fig. 1) and w ith 0.05 
м -glycine buffer, pH 2.40 and 2.78, practically all th e  nucleotides rem ained 
unextracted (Fig. 2). In m ore acidic Solutions, the  am ount of bound
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nucleotides decreased rapidly; so it  w as only a few per cent at pH 0.90 
(Fig. 2). The degree of binding also dim inished w ith  increasing pH, 
although m ore slowly. At pH 6.8 as mudh as 40°/o of the nucleotides were 
still bound to  proteins (Fig. 1). On fu rth e r alkalization of the extracting 
m edia 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 
alm ost identical w hether determ ined by ribose or labile phosphorus 
(Л Р 15). There are  only a few discrepancies which m ay indicate that

Fig. 1. Relationship betw een pH and binding  
of m uscle nucleotides by m uscle  proteins.
Muscle powder was extracted at 0° w ith the 
following Solutions in 48P/o ethanol: (A) pH 
1.70 -  7.46, 0.05 м-citrate buffer; (B) pH 7.85 -
- 8.98, 0.05 м-barbital buffer; (C) pH 9.30 -  10.43,
0.05 M-glycine-NaOH buffer, (O), nucleotides 
determ ined by lab ile  P; ( • ) ,  by ribose. Two  
preparations (I and II) o f m uscle pow der w ere  
used; (I) w as extracted w ith  Solutions A  and 
В, (II) — w ith  solution C. Preparation I con- 
tained per g. 37.8 gm oles of lab ile nucleotide  
P, and 21,8 gm oles o f ribose; preparation II
— 52,1 gm oles o f lalbile nucleotide P, and

36.2 gm oles of ribose

nucleotides of d ifferent am ount of phosphate m oieties d iffer in their 
response to  pH. However, it should be taken into account th a t a certain  
part of ribose, as determ ined in the  present experim ents, should not 
necessarily come from  nucleotides.

In connection w ith  the results obtained, indicating a different degree 
of binding of adenine nucleotides a t d ifferent pH, experim ents on the 
effect of inorganic salts (CaCl2, MgCl2, NaCl, and KC1) w ere performed 
a t a few  various pH values: 2.42, 6.96 and 8.98. It was found th a t а-t 
pH 2.42 (0.05 M-glycine buffer) the  presence of 0.025 M-CaCl2 or MgCl2 
considerafoly decreased th e  am ount of bound nucleotides as compared

p h

Fig. 2. R elationship betw een pH 
and binding of m uscle nucleoti
des by m uscle proteins. M uscle 
pow der w as extracted at 0° w ith  
the follow ing Solutions in  48°/o 
ethanol: (A) pH 0.9-1.65, HC1 in  
concentrations 0.5 m, 0.25 M, and 
0.05 m respectively; (B) pH 1.67 - 
-3.48, 0.05 м-glycine-H C l buffer; 
(C) pH 4.59-6.58, 0.1 M-acetate 
buffer. (O), nucleotides determ in
ed by lab ile  P; ( • ) ,  by ribose. 
M uscle pow der contained per g. 
44.0 gm oles o f lab ile nucleotide  

P, and 32.9 gm oles of ribose

304
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w ith  bu ffer solution alone when no m etal ions were present in  the  ex- 
tracting  m edium  (Fig. 3). A smali but clea-rly detectable effect of CaCl>

Satf concentration (u )

Fig. 3. Influence of som e inorganic salts (CaCl2, MgCl2, NaCI, and KC1) on com 
binations o f m uscle nucleotides w ith  m uscle proteins at pH 2.42' +  0.06. M uscle 
powder w as extraoted at 0° w ith  Solutions containing 0.05 м-glycine-H Cl buffer. 
pH 2.42, inorganic salt in ѵагіаЫе concentrations, and 48°/o o f ethanol. (O), nucleotides 
determ ined by labile P; ( • ) ,  by ribose. M uscle powder contained per g. 59.5 um oles 

of lab ile  nucleotide P, and 51,9 um oles of ribose

NaCI concentration ( m)

Fig. 4. In fluence of NaCI on 
com binations of m uscle nucleo
tides w ith  m uscle proteins at 
pH 6.96 +  0.06. M uscle powder 
w as extracted  at 0°w ith  Soluti
ons containing 0.05 м-Tris buf
fer, pH 6.96, NaCI in ѵагіаЫе 
concentrations, and 48% of etha
nol. (O), nucleotides determ ined  
by labile P; (•) by ribose. M us
cle  pow der contained per g. 66.2 
ftmoles of lab ile  nucleotide P, 

and 65.8 fim oles of ribose

Fig. 5. Influence o f NaCI on com binations of 
m uscle nucleotides w ith  m uscle proteins at 
pH 8.98 +  0.09. M uscle powder w as extracted  
at 0° w ith  Solutions containing 0.05 м -Tris buf
fer, pH 8.98, NaCI in  variable concentrations, 
and 48% of ethanol. (O), nucleotides determ ined  
by lab ile  P; ( • ) ,  by ribose. M uscle pow der con
tained per g. 65.2 jimoles of lab ile nucleotide P, 

and 64.7 umoles o f ribose

and MgCl2 was ofoserved a t concentration as Iow as 0.005 m, which cor- 
responds approxim ately to  the  concentration of Mg2+ and Ca2+ ions 
in m uscle tissue. The effect of NaCI a t pH 2.42 could be observed only
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a t concentrations m uch higher than those of MgCl2 and CaCl2 (Fig. 3). 
However, in th is case also a decrease of th e  am ount of bound nucleotides 
w ith increasing salt concentration could be oibserved. Thus, in the  presence 
of 0.5 м -NaCl only about 12% of laibile nucleotide P was found as bound 
by proteins as compared w ith  100%  when no m etal ions w ere present 
in the extracting medium. The effect of KC1 was the same as that of 
NaCl. Similar results w ere obtained at pH 1.9 (0.05 м-citra te  buffer).

On the  other hand, when the muscle powder was extracted w ith
0.05 м-Tris buffer, pH 6.96, the results w ere ąu ite  d ifferent. In this case 
no substantial dhanges in the degree of binding could be observed in the  
presence of NaCl (Fig. 4) or KC1 in concentrations from  0.025 м to 0.5 м. 
The effect of CaCl2 and MgCl2 could not be studied a t th is pH because of 
the  form ation of insoluble calcium and m agnesium  salts of nucleotides.

The effect of NaCl on the  binding of nucleotides in the  alkaline 
medium  (0.05 м-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 м 
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 experim ents 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 w ith muscle proteins. Hcwever, 
no regular dependence upon pH or salt concentrations could be detected.

DISCUSSION

The present investigation confirm s the form er resu lts by Niemierko 
et al. [10, 28, 29] indicating a great variability of the  am ount of nucleoti
des bound by muscle proteins a t d ifferent conditions. It has been shown 
th a t pH and the concentration of salts in the extracting m edium  are the 
most im portant factors influencing the ex ten t of binding.

Przyłęcki [32] deseribes several kinds of linkages between macro- 
molecular substances, like proteins, and compounds C'f Iow mclecula-r 
weight. According to the criteria given by Przyłęcki, th e  results of the  
present investigation indicate that at d ifferent pH of the medium dif
ferent kinds of linkages betw een m uscle proteins and m uscle nucleotides 
may exist. E lectrostatic (salt type) linkage between m uscle proteins and 
nucleotides in acidic m edium  is dem onstrated 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 isoelectri: point 
of most of muscle proteins is in pH rangę from  4.6 to  5.4 [9] it can be 
supposed that electrostatic binding exists betw een phosphate moieties of
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nucleotides and positively charged groups of proteins. A sim ilar conclusion 
has been expressed by Drabikowski [7] who has found tha t an  increase in 
the  am ount of phosphate groups in the  nucleotide molecule increases its 
a ffin ity  tow ards proteins at, and below the isoelectric point of the  protein. 
By blocking functional groups of the  protein it has foeen shown also 
th a t r-am ino groups of lysine and guanidine groups of arginine are  the 
main sites of binding betw een serum  album in 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  am ount of bound nucleotides decreases abruptly , as 
obseryed in the present iiwestigation. This decrease in the  binding of 
nucleotides by proteins in strongly acid m edium  m ay be also partly  ex- 
plained by a com petition of chloride ions (from HC1 present in the  extract- 
ing medium) w ith the nucleotides. The affinity of chloride ions towards 
m uscle proteins increases w ith a decrease in pH, as it has been shown 
by Nanninga [26] w ith H- and L-meromyosin. The competition of CT~ 
w ith nucleotides m ay also ехріаіп a decrease in the ex ten t of binding 
when NaCl, KC1, MgCl2 or CaCl2 a re  added to the  extracting medium 
at pH 2.42 and 1.9. As this decrease in  the  presence of CaCl2 and MgCl2 
is m uch higher than in the  presence of NaCl and KC1 it is evident that 
Mg2+ and Ca2+ m ay have some additional effect. The natu rę  of this 
effect needs, however, a fu rther examination. A decrease in the  binding 
of nucleotides in the  presence of inorganic salts has been also observed 
by Drabikowski [7] w ith egg album in.

As inorganic salts have no distinct effect on the  ex ten t of nucleotide- 
-protein binding a t pH 7 it m ay be concluded that in th is case a  binding

Г 7 ]  COMPLEXES OF MUSCLE PROTEINS W ITH NUCLEOTIDES 3 0 7

Fig. 6. A possible kind o f binding of adenine  
nucleotides through a m etal to  the carboxyl 

protein rests of the protein

of some other type  than electrostatic exists. It m ay be supposed that 
a chelate complexing ot adenine m oiety of the nucleotide w ith сагЬоху! 
groups of the  protein is formed by a m etal ion (Fig. 6), as suggested by 
K irby [16] for complexes of deoxyribonucleic ac'd and proteins. It has 
been already shown by Epp et al. [11] th a t ATP and ADP form  chelate
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compounds w ith  Mg2+ by the  am ino group attached to  6-carbon atom  
and the nitrogen atom in the  position 7 of the  purine ring. I t is also 
known [26] th a t Mg2+ m ay combine w ith proteins.

Chelate binding of nucleotides w ith  muscle proteins m ay ex ist side 
by side w ith the binding of the salt type. A t neu tral pH salt type binding 
m ay occur betw een phosphate groups of the  nucleotide and positively 
charged groups of the  protein, which a t pH 7 are still ra ther num erous, 
or carboxyl groups of the  protein and magnesium, o r calcium  ions. The 
affin ity  of Mg2+ and Ca2+ to muscle proteins [26] and to phosphate groups 
of nucleotides [33, 36, 21, 6] a t neutral pH is well known. It can be sup- 
posed th a t the  acetone-dried m uscle powder used in the  present in- 
vestigation oontained enough m agnesium  and calcium to m ake such type  
of binding possible.

A participation of calcium  in the form ation of binding betw een adenine 
nucleotides and actin has been already suggested by Straub & Feuer [34]. 
It has been also postulated recently  [17, 35, 25, 18] th a t the  well known 
effect of bivalent cations on the  hydrolysis of ATP by myosin and acto- 
myosin and on transphosphorylations which occur w ith  the participation 
of nucleotides is due to the  form ation of an enzym e-m etal-substrate 
сотр іех . Hasselbach [14], however, does not agree w ith the  conception 
of participation of bivalent cations in binding of nucleotide by actin. H e 
has dem onstrated th a t AMP and orthophosphate, which appear during 
the hydrolysis of actin-bound ADP by apyrase, a re  bound by the  protein 
and that th e  amount of actin-bound calcium  and m agnesium  rem ains 
unchanged. However, these results m ay be explained assuming tha t Ca 
and Mg form  a chelate со тр іех  w ith actin and the  nucleotide and th a t, 
a t the  sam e time, the nucleotide is attached to actin by its  phosphate 
groups.

A binding of th e  tioester type betw een 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 
w ith the  assum ption of existenoe of such kind of binding [12, 5].

An increase in the  binding of nucleotides by m uscle proteins in the 
presence of NaCl and KC1 (in concentrations up to 0.25 m) a t  pH 9, as 
observed in th e  present investigation, m ay be expladned as an effect of 
binding of N a+ and K + by carboxyl groups of the  proteins, which shifts 
the isoelectric point towards m ore alkaline pH and extends the rangę 
at which a- binding of the  salt type between nucleotides and muscle 
proteins takes place. Such an in terpretation is in accordance w ith the  
results of Lewis & Saroff [20] who found a violent increase of affin ity  
of N a+ and K + towards m uscle proteins a t  pH above 7. Drabikowski [8]
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blocked the  сагѣохуі groups of serum  album in by esterification and also 
observed an increased binding of ATP by the protein. This modification 
of th e  protein molecule, like binding of sodium or potassium  in the  
p resent investigation, increases the  alkaline character of a protein.

On th e  o ther hand, higher concentrations (0.5 - 1.0 m) of NaCl had, 
a t pH about 9, a  slight decreasing effect on the  am ount of protein bound 
nucleotides. This effect m ight be explained as a competition of Cl-  ions 
w ith  nucleotide ions fo r the  binding sites in  the  protein molecule. Nan- 
ninga- [26] did not find any binding of Cl-  by meromyosins a t pH above 6 , 
but the  concentration of chloride ions in his experim ents was not higher 
than  0.1 м. It seems ąu ite  possible th a t such a binding, even a t pH 9, does 
occur at higher concentrations of Cl-  ions, as used in  the  present in- 
vestigation, and th a t in this case chloride ions m ay com pete w ith the 
nucleotides which are present in a far lower concentration.

It has been shown łby H erm ann [15] that the binding of ATP by 
myosin in the  presence of KC1 is accompanied by a sim ultaneous binding 
of potassium  and that a Iow concentration (0.0005 м) 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 Iow 
concentrations of inorganic salts a t pH 9. A closer comparison is, however, 
difficult sińce no precise inform ation concerning pH is аѵаіІаЫе in 
H erm ann’s paper.

The present results indicate a great la<bility of complexes of muscle 
proteins w ith  nucleotides. It should be taken into account th a t it is hardly 
possible to  decide to  w hat ex ten t the  am ounts of 'bound nucleotides, as 
m easured by various authors, correspond to the degree of binding which 
occurs in the  intact, living muscle. One m ust realize th a t the amount 
of nucleotides present in the  isolated protein is always strongly de
pendent on the isolation procedurę. As was pointed ou t by Przyłęcki, 
already 20 years ago [32], the attem pt to isolate natu ral complexes from  
biolog bal m ateriał m ust be accompanied by a detailed study of artificial 
complexes, of th e ir s tru c tu re  and of conditions of their form ation and 
splitting.

SUMMARY

The effect of pH and of some inorganic salts (NaCl, KC1, CaCl2 and 
MgCl2) on the  com binations of m uscle nucleotides w ith  m uscle proteins 
was studied in acetone-dried powder prepared from  the  frog muscles. 
The ex ten t of binding w as dependent upon pH of the  ex tracting  medium. 
It was the  highest a t pH 2 .2 -2 .8 , w hen 90% to 100% of the  nucleotides 
present in the  m ateriał w ere 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 m y thanks to Prof. W. N iem ierko for his interest. 
advice and helpful criticism  in the course of this investigation.
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NIEKTÓRE WŁASNOŚCI POŁĄCZEŃ NUKLEOTYDÓW ADENINOWYCH  
Z BIAŁKAM I MIĘŚNIOWYMI

S t r e s z c z e n i e

Badano wpływ pH i niektórych soli nieorganicznych (NaCI, KC1, CaCL 
i MgCl2) na> połączenia białek mięśniowych z zawartym i w mięśniu nukleo- 
tydam i. Doświadczenia- przeprowadzano na osuszonym acetonem  proszku 
z mięśni żaby. Stwierdzono w yraźną zależność ilości nukleotydów związa
nych od pH. Najwięcej nukleotydów  (do 90 - 100% ogólnej ich ilości 
w materiale) znaleziono w form ie związanej przy pH 2,2 - 2,8. Dodatek soli 
nieorganicznych, zależnie od ich stężenia i od pH środowiska, powodował 
obn iżene  lub zwiększenie ilości nukleotydów związanych, lub też pozo
staw ał bez wpływu. W oparciu o uzyskane wyniki przedyskutowano możli
wości istnienia, m iędzy nukleo ty darni a białkami mięśniowymi różnego 
rodzaju wiązań w różnych w arunkach.

[11] COMPLEXES OF MUSCLE PROTEINS WITH NUCLEOTIDES 3 ц
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CHANGES IN PROTEINS OF YELLOW ŁUPIN (LU P IN U S LU TEU S L .) 
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Head: Doc. dr. W anda M ejbaum -K atzenellenbogen

R itthausen in 1811 [9] was the f irs t who studied th e  typical protein 
of lupins and called i t  conglutin. Osborne & Campbell [8] separated i t  
in to  conglutin a  and tha t precipitate a t 0.6 and 0.7 saturation w ith 
am m onium  sulphate, respectively. Joubert [3] introduced a modification 
to the Danielsson’s m ethod for fractionation of peas globulins and se
parated  łupin  proteins in to  fractions A and В corresponding to  the  
Osiborne’s  fractions a and /?. On fu rther studies Joubert [4] separated 
proteins of yellow łupin into th ree  components differing one from  another 
by th e ir sedim entation constants. One of these components showed dis- 
sociation, th a t depended upon pH of solution and salts concentration. 
G erritsen [2] dem onstrated that proteins derived from  seeds of yellow 
łupin differed from one another by the presence of tryp tophan  and 
m ethionine. W iewiórowski & A ugustyniak [10] applied paper electro- 
phoresis to separate proteins of yellow łupin as well as those of b lue and 
w hite łupin. Могеоѵег, W iewiórowski et al. [11] followed the  m etabolism  
of protein in ripening seeds of w hite and blue łupin.

In th is paper some attem pts w ere undertaken to follow the  changes 
in proteins during germ ination of seeds of yellow łupin.

EXPERIMENTAL

Studies w ere carried out on seeds of yellow łupin (Lupinus luteus L .)4, 
w ith s trengh t of germ ination 95 ±  3°/o. Germ ination and developm ent of 
seeds was carried out in  pot cultures from  17th April till 6th  May, on 
garden soil of pH 6.5 and relative m oisture of 61°/o. Aeration was perfor-

1 Seeds w ere kindly supplied  by W ojewódzka Stacja Oceny Nasion. W rocław.

[313]http://rcin.org.pl



BRONISŁAW A MORAWIECKA [2]

med through glass tubes reaching gravel on the  bottom  of the pot. O pti- 
mal m oisture of the ground was achieved by w atering the pla-nts daily 
in the  pots to constant weight. Seedlings w ere sampled a t  the  first, th ird  
and fifth  phase of developm ent. In  these experim ents the I phase was 
w ithin 2nd and 4th day of germ ination, the  III between 7th and 9 th  day 
w hile the  V one from 16th to 20th day of germ ination. The morphological 
description of plants a t individual phases of developm ent had been 
presented in previous report [7].

Extracts w ere prepared of seeds and seedlings. A fter seed-coat had 
been rem eved seeds were ground in a mili. Seedlings w ere washed w ith 
distilled w ater, lyophilized and then disintegrated in a porcelain m or ta r  
The powdered m ateriał from  seeds or seedlings was treated  w ith  e thyl 
ether in the  Soxhlet’s apparatus for 12 hr. The fa t-free  m ateriał in 
am ount 0.1 to 0.2 g. was twice extracted w ith  2.5 or 5 ml. of 0.1 M-borate 
buffer, pH 8.8 and p 0.13, at room tem peraturę  for 8 'hr. Supernatants 
a fte r centrifugation w ere combined and m ade up to 5 or 10 ml., respecti- 
vely. This procedurę allowed for praetically com plete extraction of protein 
soluble in borate buffer.

Conglutin a and fi w ere isolated from  salt extracts of seeds according 
to Csborne [8] while fractions A  and В  according to  Joubert [3]. The 
obtained preparations w ere lyophilized, then  dissolved for 3 h r. in borate 
buffer, pH 8.8 , and subjected to paper* electrophoresis.

P aper electrophoresis of proteins was perform ed in borate buffer, 
pH 8.8, M- 0.13. Samples w ere applied on strip s (37 X 3 cm.) of W hatm an 
No. 1 fil ter paper, 4 cm. from  the middle toward the cathode. Time of 
duration of electrophoresis was 7 hr. at 230 V, and intensity 0.5- 
-0.9 mA/cm. Electropherogram s w ere stained and individual fractions 
estim ated according to  M ejbaum -Katzenellenbogen & Dcibryszycka [6]. 
Protein was determ ined w ith the m icro-K jeldahl and the tannin 
methods [5].

RESULTS

Results obtained by means of the  tannin m ethod [5] were compared 
with the Kjeldahl m ethod in order to determ ine the  applicability of the 
form er. Protein was precipitated out of 2 ml. of borate pxtract w ith  the 
eąual volume of 10% trichloroacetic acid (TCA). The precipitated piotein 
was tw ice washed w ith 5% TCA, then dissolyed in 0.1 N-NaOH and 
estim ated w ith both methods. Besides th a t protein was estim ated b> 
means of tannin in borate ex tracts diluted w ith 0.1 N-NaOH. It m ay be 
concluded from  Table 1 that protein of seeds and seedlings of yellow 
łupin ma-у be estim ated w ith  the  tannin method.
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T a b l e  1

Estimations of protein in borate extracts of yellow  łupin seeds 
by means of the K jeldahl and tannin methods 

R esults obtained in  tw o  different extraets are presented

Materiał Method

Protein

(g./ІОО ml. of 
extract)

(g./lOO g. o f  
dry seeds)

Borate extract tannin 0.625
0.613

43.75
42.91

Protein o f  borate 
extract precipitated 

with 5 % TCA, 
precipitate dissolved 

in O.lN-NaOH

tannin 0.620
0.606

43.40
42.42

Kjeldahl 
(coef. 5.81)*

0.611
0.621

42.77
43.47

* T he c o e ffic ie n t is  th e  a r ith m etica l m e a n  va lu e  o f  th e  n itrogen  c o n te n ts  in  yellow  łu p in  
proteins, as reported by G erritsen  [2].

T a b l e  2

A m ounts of protein extracted from  yellow łupin seeds 
by means of various solvents 

Mean values o f six  estim ations, +  standard deviation

SoIvent
Protein

(g ./ЮО g. o f dry seeds)1 (% )

Borate buffer, pH 8.8; 
u 0.13

42.1 ±  1.3
■

100

Ѵегопаі buffer, pH 8.6;
fi. 0.06

38.5 ±  1.6 91.4

10% N a C l, pH 8.8 35.6 ±  1.8 89.5

h 2o 8.9 ±  2.0 21.1
1

The yield of extraction of proteins from  the yellow łupin seeds w ith 
borate buffer is compared in Talble 2 to those obtained by means of 
ѵегопаі, of 10% sodium chloride, pH 8 .8 , and of distilled w ater. The dif- 
ference between the  am ount of protein pa-ssing into borate buffer and 
into 10% sodium chloride was about 10%. Могеоѵег borate extracts could 
be subjected to paper electrophoresis w ithout previous dialysis and lyophi- 
lization.
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Fig. 1 а, Ъ. Paper electrophoresis of proteins o f th e  yellow  łupin seeds. 
a) (1), borate extract o f seeds; (2), conglutin /? contam inated wiith conglutin a;
(3), conglutin а. Ъ) (I), borate extract of seeds; (2), Joubert’s fraction В contam inated  
w ith  traces o f fraction A  and w ith  a fraction m igrating slow er; (3), Joub erfs frac
tion A  contam inated w ith  album in-globulin fraction miigrating w ith  the highest

velocity  tow ards anodę

Fractions V IV  III I I  I

Fig. 2. Changes in electrophoretic pattem  of 
proteins during germ ination of the yellow  
łupin seeds. Borate extracts of seeds: (A) not 
subjected to  germ ination; (B) at I phase of 
developm ent; (C) at III phase of developm ent;

(D) a t V  phase of deyelopm ent

Fig. 3. Changes nn th e  contents or 
total protein and of electrophoretic  
fractions during germ ination o f the  
yellow  łupin seeds, (# ) , total pro
tein  ; (□), first fraction — th e albu
m in-globulin ; (O), second fraction
— conglutin a; (A), third fraction — 
conglutin /3; (@), fourth fraction ;

(X), fifth  fraction

Borate extracts, preparations of a a«nd /? conglutin as well as of 
Jo u b erfs  fractions A  and В w ere subjected to  paper electrophoresis in  
order to identify  proteins of yellow łupin seeds. The electrophoretic 
picture of borate  ex tracts (Fig. 1) contained five fractions: the  first — the

http://rcin.org.pl



Г5] PROTEINS OF YELLOW ŁUPIN DURING GERMINATION 317

m ost ąuickly m igrating tow ard the anodę, w ith a m obility of an album in- 
-globulin fraction; the  second — corresponding in its m obility to  conglutin 
a and fraction A; the  th ird  — corresponding to conglutin /3 and fraction B; 
th e  fourth and fifth  fractions not identified precisely. The m ain proteins 
of yellow łupin seeds w ere conglutins a and /?, which constitu ted  about 
73°/o of the  total seed protein (Table 3).

T a b l e  3

Protein fractions during germination of seeds of yellow  łupin  
The ardthmetacal m ean values from  three m easurem ents are presented

Phase of 
development

Day o f  
germination

Protein
instilled

(US)

Protein
recovered

(% )

Distribution o f  electrophoretical 
fractions 

(% )

I II III IV V

O 0 640 100.8 14.8 34.9 37.6 8.9 3.8

I 2 - 4 872 98.7 15.1 36.3 37.7 6.3 4.6

III 7 - 9 385 103.4 18.2 59.5 8.1 0 14.2

V 1 6 -2 0 368 100.7 0 59.8 0 29.6 10.6

Fig. 2 presents changes in electrophoreticel pattern  of proteins of 
yellow łupin seeds during germ ination and early phases of developm ent. 
Borate extracts deriving from  I and V  phase of developm ent of the  seeds 
were compared w ith freshly prepared ex tract of seeds not subjected to 
germ ination. No changes w ere found а-t the  I phase of developm ent, while 
a t the III phase the  am ount of conglutin was distinctly decreased. Con
glutin  /? and album in-globulin fraction disappeared a t V  phase of develop- 
m ent and conglutin a rem ained 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 germ inating seeds 
or plants. The percentage of total protein as well as that of all the  in- 
dividual fractions, exoept conglutin fi decreases gradually  during germ in
ation and developm ent of the  seeds. Conglutin /5, however, disappears 
m ore ąuickly than o ther fractions and its level a t III  phase of developm ent 
falls to 7.8% of th e  am ount found in dry seed. Conglutin /9 and the 
album in-globulin fraction disappear a t  V phase, while the  level of total 
protein diminishes a t  th is tim e from  40% to 1.3% of the  p lan t’s dry 
weight.

Table 3 presents th e  distribution of electrophoretic fractions of proteins 
deriving from th e  seeds of yellow łupin, 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 germ ination, while a t III phase of development the  
ratio  of indiyidual fractions is distinctly changed. A t this phase conglutin 
a constitutes as m uch as 60% of total protein, and conglutin fi 8%  onlyT 
w hereas the contents of both conglutins are eąual in dry seed and amount 
to about 36% of total protein for each one. The ratio  of other fractions 
rem ains a t  III phase sim ilar to  the initial one. Album in-globulin fraction 
and conglutin /? disappear a t V" phase thus the content of the  other fractions, 
expressed in per cents rises correspondingly.

As seen from  the  data presented above conglutin fi disappears first 
during germination of the  yellow łupin seeds. This finding has been 
confirm ed on fractionation of salt extract of 18-day old seedlings with 
increasing concentrations of amm onium  sulphate (conglutin a precipitates 
a t 0.6 and conglutin fi at 0.7 saturation). About 60% of total protein has 
been precipitated at 0.6 saturation w ith ammonium sulphate', while the  
rem aining protein has not been precipitated at 0.7 saturation.

DISCUSSION

The tannin micromethod developed by M ejbaum -Katzenellenbogen for 
anim al proteins was applied for the determ ination of łupin proteins. The 
applicability of this m ethod to the  yellow łupin proteins was established 
by m eans of comparison of the results to those obtained w ith the Kjeldahl 
method. The results w ere consistent within the  lim its of experim ental 
erro r of both methods.

Staining and elution of proteins from the electropherograms was per- 
form ed according to the m ethod of M ejbaum -Katzenellenbogen & Dobry- 
szycka [6], which allowed for direct estimation of protein in each in- 
dividual fraction, as opposed to o ther m ethods based on the determ ination 
of the  dye adsorbed on the  electrophoretic protein fractions.

B orate buffer was used to ex traet the proteins from seeds of yellow 
łupin, as it was found to be the m ost efficient reagent. Могеоѵег, the borate 
ex tracts could be subjected directly to paper electrophoresis in the same 
buffer, w ithout previous dialysis and lyophilization. Joubert dem onstrated 
that one of the proteins of yellow łupin was characterized by sedim enta- 
tion constant 11.6 S, which corresponded to  conglutin fi and which un- 
derw ent complete dissociation to  protein w ith sedim entation 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 fi w hile paper electro
phoresis carried out in the  sam e buffer prevented probably the secondary 
association to  protein of higher molecula-r weight.
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The generał decrease of total protein during germ ination is ac
companied iby the  decrease in  the  protein  fractions under investigation. 
These changes, however, do not proceed a t an eąual ra te  in all fractions. 
The concentration of conglutin (3 falls m ore rapidly than that of o ther 
fractions and as early as between the I and III  phase of the  developm ent 
of seedlings. Conglutin {3 and album in-globulin fraction disappear a t V  
phase of developm ent and the level of to ta l protein falls to 1.3%  of the 
p lan t’s dry we'ght. Thus conglutin jl is the  first and most ąuickly utilized 
protein by the growing plant. G erritsen [2] has detected the  presence of 
m ethionine and tryptophan only in th is fraction. As proved by W ild- 
m en [12] tryptophan is a  precursor of /?-indolylacetic acid — the  plant 
heteroauxin. Thus, i t  seems possible th a t conglutin /5 is not only a source 
of energy and aminoacids as other fractions are, but also m ay be a source 
of precursors of grow th substances.

SUM MARY

Proteins of bor a te  ex tracts from seeds and seedlings of yellow łupin 
w ere separated into five fractions on paper electrophoresis. The behavior 
of individual fractions was followed during I, III and V phase of the  seed 
development. D uring germ ination total protein dim inishes from  40% 
of dry w e‘gth of seeds to 1.3%. The am ount of conglutin (3 fa-lls rapidly 
between the I and III phase of developm ent, and is not detected at 
V  phase. The album in-globulin fraction disappears a t V phase, too.

І7] PROTEINS OF YELLOW ŁUPIN D U R IN G  GERMINATION 31^9
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ZMIANY W BIAŁKACH ŁUBIN U  ŻÓŁTEGO (LUPIN US LUTEUS L.)
PODCZAS KIEŁKOW ANIA

S t r e s z c z e n i e

Białka wyciągów boranowych z nasion i siewek łubinu żółtego rozdzie
lono w  elektroforezie bibułowej na pięć frakcji. Przebadano zachowanie 
się poszczególnych frakcji w I, III i V  fazie rozw oju nasion. Podczas kieł
kowania białko całkow ite spada z 40% suchej m asy nasion na> 1,3%. Mię
dzy I a III fazą rozwoju gwałtownie obniża się ilość konglutyny (i, 
a w  fazie V  n ie wykazano już jej obecności. Również w V  fazie zanika 
frakcja albuminowo-globulinowa.

R eceived 28 Decemlber 1960
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I t has been dem onstrated earlier in this laboratory tha t phosphorus 
m etabolism  in the wax m oth Іагѵае (Galleria mellonella  L.) shows some 
rem arkable peculiarities. Thus, it has been established th a t pyro- and 
polyphosphates a re  formed in the  insect body in great ąuantities and a re  
found in  the  excreta as the principal phosphorus compounds [4, 4a, 5, 
6 , 12, 16]. During digestion of w ax by the  Іагѵае large ąuantities of phos- 
pholipids a re  synthesized in the  intestine; they  disappear prom ptly 
during starvation and reappear during refeeding [9, 8 , 17, 11].

I t seem ed that the  application of isotopic traoers, especially of 32P, 
could throw  some light on the  mechanism  of form ation of the  m entioned 
phosphorus compounds. This could facilitate the  approach to th e  problem  
of the  possible interrelationship betw een the  d ifferen t features of phos
phorus m etabolism  in Galleria and the  un iąue  ability of this insect to 
utilize wax.

The adm of th e  present investigation, which is the first of th is series, 
was to follow th e  incorporation of 32P  into phospholipids, nucleic acids 
and different fractions of acid-soluble phosphorus compounds in  the  
Іагѵаі body and to follow the  elim ination of 32P in the  excreta during 
feeding and during starvation of th e  insects.

METHODS

Radioactive phosphorus was purchased from  the lnstitu te  of Nuclear 
Research, W arszawa, in  the  form  of the  Na-jH^PO/, solution. Before use 
it was hydrolyzed for 10 m inutes in 1 n -HCI a t  100° to decompose pyro- 
phosphate, and neutralized w ith  alkali.

[321]
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Smali pieces of bee-comb, weighing about 200 mg. each, w ere sprayed 
w ith 0.1 ml. of the radioactive phosphate solution and dried  using an 
infra-red lam p and a fan. The am ount of radioisotope em ployed varied in 
different series of experim ents from 5 м-C to 44 pC.

Experim ents were perform ed on groups of 10 full-grow n wax m oth 
Іагѵае weighing about 150 mg. each, bred on bee-comb at 30°. They were 
placed in smali glass vessels, 10 specimens in each, and supplied w ith  
200 mg. of the  comb contadning 32P. A fter the  20 hr. feeding and “labelling’’ 
period the  whole portion of comb was consumed by th e  insects. The 
Іагѵае w ere then transferred  to  another vessel, and either supplied w ith 
some non-radioactive comb or starved for several days. In the  la tte r case 
the Іагѵае w ere ligated just behind the  head for preventing m etam or- 
phosis [6].

At the  next and subseąuent days of feeding w ith  non-radioactive comb 
(normal feeding), or starvation, the  Іагѵае and the  excreta w ere analyzed 
separately.

Ali determ inations w ere duplicated. The phosphorus content and radio- 
activity w ere m easured in various phosphorus fractions from  the  larva-l 
body and the  excreta.

The phosphorus compounds w ere fractionated by the  m ethod of Nie
m ierko et al. [7], the  nucleic acids w ere sepa-rated according to  Schnei
der [14]. The lipid phosphorus (P n pid), nucleic acid phosphorus ( P nUci) and 
total acid-soluble phosphorus (P t a s) contents w ere determ ined by the  
method of Fiske & Subbarow [1] after digestion w ith n itric acid. The 
samples w ere evaporated to dryness in bakelite dishes, and their radio- 
activity was measured w ith an end-w indow Geiger-M iiller counter 
(4 mg./cm2.).

Arnong the acid-soluble phosphorus compounds the  following fractions 
were determ ined: orthophosphate (Pj), compounds hydrolyzaible after 
10 min. heating a t 100° in 1 N-HC1 (Рю), compounds hydrolyzable after 
8 hr. heating (Pi8o) and the  remadning phosphorus compounds resistant 
to 3 hr. acid hydrolysis (Pnh)- The phosphorus content of each fraction was 
detterm ined by the m ethod of M artin & Doty [3], the corresponding radio- 
activity was checked in aliąuots of żsobutanol-benzene solution after 
evaporation of the solvent.

The excreta of the  Іагѵае were ex tracted  w ith cold 5°/o trichloracetic 
acid (TCA). The content and the  radioactivity of Р І5 Рю and P t a s. w ere 
determ ined in the same w ay as in the  Іагѵаі body.

3 2 2 PAULINA WŁODAWER
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[3] INCORPORATION OF 3 2 P  INTO GALLERIA MELLONELLA

EXPERIMENTAL AND RESULTS 

Incorporation of 32P into the phosphorus compounds of the feeding Іагѵае

The phosphorus contents of various fractions of the  Іагѵаі body, as 
established previously in th is laboratory [4ib] and in the present study, are 
indicated in Table 1.

T a b l e  1

Phosphorus ćompounds in wax m oth Іагѵае

mg % of fresh body 
weight

Plipid 50- 60
Pnucl. 40- 45
Pt.a.s. 100- 120
Pi 12- 14
Pio 22- 28
P180 10- 13
Pnh 50- 60

The distribution of th e  incorporated 32P  among the various phos
phorus compounds in the body of the  feeding Іагѵае is presented in 
Table 2. As m entioned afoove (see Methods) the radioactivity of the  phos- 
pha-te adm inistered to the Іагѵае was different in individual series of 
experim ents (from 5 mc to  44 м-c). Conseąuently, the  radioactivity of the 
phosphorus fractions investigated varied greatly from  one experim ent 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 32P ingested by  th e  Іагѵае. The radioactivity of the  total fraction 
(counts per min.) expressed as percentage of the ingested dose and diyided 
by the P  conten t (mgs) of th e  corresponding fraction was designated as 
the “reduced” specific activity.

As can be seen from  Table 2 , a t  completion of the one day period of 
ingestion of the radioactive food the  32P content of the  Іагѵаі body ac- 
counted for 60% (Ехр. ѴІ- l)  up to 77% (Ехр. III-2) of the  ingested dose, 
the rem ainder having been excreted by the Іагѵае. The distribution of 
the radioisotope among the fractions under investigation varied greatly. 
Although the insects w ere given 32P in the form  of orthophosphate, after 
cessation of 32P ingestion m erely 5 to  15% of the  radioisotope adm inistered 
was found in the Pj fraction; 28 to  58% of 32P appeared in other acid-
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15] INCORPORATION ОР 3 2 P  INTO GALLERIA MELLONELLA 325

-soluble phosphorus compounds; 7,5 to  13°/o in  the  phospholipids and oni у 
3 to  7°/o in the  nucleic acids.

The highest specific activity  am ounting from 51 to 80% was found in 
the  orthophosphate fraction, it was somewhat low er in the rem aining acid- 
-soluble compounds (25 to 46%) and still lower in  the  phospholipids and 
nucleic acids (12 to 15% and 7 to 9% respeetively).

The subseąuent feeding of the Іагѵае w ith comb contaaning no 
radioisotope, which followed the  ,,labelling“ period, brought about 
rem arkable changes in the distribution of 32P among the  yarious 
phosphorus fractions (Table 2 and Fig. 1). By far the  greater part of the

Fig. 1. 32P content in yarious phospho
rus fractions from feeding Іагѵае and 
in their excreta. During the firsit day  
the Іагѵае w ere fed w ith  comb con- 
taining radioactive orthophosphate; 
during the subseąuent days norm al food 
was given ( • ) ,  Pj; (O), Pt.a S-Pj; Ы , Plipid;

(A ) ,  P n u c l l  (П )>  f*cxcreted

Fig. 2. Specific activity — tim e relations 
o f th e  phosphorus fractions from  
feeding Іагѵае. Specific activities
expressed as percentage o f the total 32P 
ingested per 1 mg. P of the correspon
ding fractions. (O), P t o o -P ;; (A) 

(A). Pnucl '
lipid i

radio isotope was excreted in the course of experim ents (almost exclusively 
as pyro- and polyphosphates). The 32P content of the  acid-soluble fraction 
of the Іагѵаі body decreased significantly (an abrup t fali in radioactivity 
was apparent already after the  first day of normal feeding, bu t was m uch 
smaller on the  second day). On the contrary, the  32P content of the  phos- 
pholipid fraction increased sim ultaneously and reached its  m axim um  after
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a 24 hr. period of norm al feeding. The radioactivity-tim e relation of the 
nucleic acids resembled tha t of the  phospholipids, the rise in 32P  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 experim ent. In each series 
of experim ents some deviations w ere observed, but the generał trend  was 
the  same. The m ost significant result was the abrup t fali in the specific 
activ ity  of the acid-soluble phosphorus compounds accompanied by an 
increase in the  specific activities of the  phospholipids and nucleic acids 
w ithin the  period of norm al 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 
a rb itrarily  taken as 100. As can be seen, in the course of the  experim ent

T a b l e  3
Specific activities of various phosphorus fractions from  wax m oth Іагѵае 
Results expressed as percentage of the specific activity o f P t a s m inus P ; at com- 
pletion o f 32P ingesting period, taken as 100. A verage of 6 experim ents and standard

deviation

3 26  PAULINA WŁODAWER [6 ]

Fraction
At completion  

of 32P ingestion

Duration o f subseąuent 
normal feeding

one day two days

Pt.a.s. " 100 60 ±  13.6
I

39 ±  10.3

Plipid 38 ±  4.8 72 ±  15.0 63 ±  10.3

Pnucl. 21 ±  3.7 39 ±  5.5 41 ±  7.1

the specific activities both of the phospholipids and the nucleic acids 
exceeded that of the acid-soluble P compounds, for the phospholipids 
th is became evident on the second day and for th e  nucleic acids on the 
third day of the experim ental period.

The distribution of the radioisotope among various acid soluble 
P  fractions was also studied, and the  results indicated that no uniform ity 
of labelling occurred, a t least w ith in  the period investigated. The ra te  of 
32P  incorporation reactions seems to differ widely in the  particular 
fractions. F igurę 3 shows the  resu lts of a typical experim ent, indicat- 
ing the  pronounced differences in 32P distribution, which persisted 
throughout the  experim ental period. The phosphorus fraction, containing 
compounds resistant to acid hydrolysis (P nh), accounts for m ore than  a ha-lf 
of the  Pt a s , bu t its content of 32P was com paratively smali, whereas the 
P 10 fraction revealed a ra th e r high content of the  radioisotope.
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[7] INCORPORATION OF 32P INTO GALLERIA MELLONELLA

The lack of uniform ity in „labelling“ brought a-bout considerable 
differences in  the  specific activities of the soluble P fractions, which were 
evident throughout the  whole experim ental period (Taible 4). As indicaied 
above, th e  specific activ ity  of P nh was. always th e  lowest and the diffe
rences persisted to the  end of the  experim ental period.

T a b l e  4

Specific activities of the acid-soluble phosphorus fractions from  w ax
m oth Іагѵае

Results expressed as percentage of the specific activi.ty of P t a s*~) tak en as 
100. A verage of 6 experimen.ts, +  standard deviation.

Fraction
At completion 

o f n p  ingestion

Duration of subsequent 
normal feeding

one day two days

Pt.a.s. 100 100 100

Pi 205 ±  25 126 ±  27 143 ±  26

Pio 170 ±  43 144 ±  22 150 ±  17

Pl 80 104 ±  23 125 ±  34 121 ±  26

Pnh 43 ±  22 70 ±  10 65 ±  5

The specific activ ity-tim e relation for each of the acid-soluble P 
fractions varied greatly. A lthough differences were observed in individual 
experim ents, the  generał pattern  rem ained similar. The results of one 
experim ent are  given in Taible 5 (they will be discussed below).

T a b l e  5

Reduced specific activities * of the acid-soluble P fractions from  w ax m oth
Іагѵае

Average o f duplicate determ inations

Fraction
At com pletion 

of 32P ingestion

Duration of subseąuent normal 
feeding

one day two days

Pi 77 20 15
Pio 76 15 14
Pl80 32 19 11
Pnh 8 ♦ 8 6

* Specific activ ities expressed  as per cent of ingested 32P per 1 mg. o f the 
corresponding fractions.

327
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328 PAULINA WŁODAWER [8]

Excretion of 32P by the feeding Іагѵае

The total P oontent of the  excreta of the  feeding wax m oth Іагѵае 
falls within relatively  wide limits, depending upon the comb the insects 
are  bred on. The comb used throughout our experim ents contained about
0.4% P, and the oontent of P in the excreta of the Іагѵае was 0.5 to 0.8%.

Fig. 4. Excretion of 32P by feeding Іагѵае. 
D uring the first day the Іагѵае w ere fed  
w ith comb containing radioactive ortho- 
phosphate, during the subsequent days 
norm al comb w as given. ( • ) ,  P ; fraction, 

(B) ,  Pio fraction

Fig. 3. Phosphorus content and 32P 
distribution in the acid -so lub le phos
phorus fractions from  feeding Іагѵае.
(A), phosphorus content of the fractions 
as per cent of Pt.a.s. , (B ),  32P content in  
the fractions as per cent of the 32P con
tent in Pt.a.s. (1) at com pletion of the  
32p ingesting period; (2), after one day 
(3) after 2 days of subseąuent norm al 

feeding

The determ inations of the  P ; and P 10 content of the  excreta w ere in good 
agreem ent w ith the data reported earlier [4a-] and w ere consistent w ith  the 
view that nearly all phosphorus is present in the excreta as polyphosphates.

In the  present study, the  content of P 10 accounted for 90 to 97% of 
the total P found in the  excreta. The radioactivity m easurem ents of both 
the Pi and P 10 fractions indicated that practically all 32P was confined to 
the polyphosphates, the  radioisotope content of the  orthophosphate consti- 
tuting m erely 3 to  10% of the  total 32P (Fig. 4). The am ount of S2P excreted 
increased during the experim ental period and was a ttribu ted  almost 
exclusively to  th e  polyphosphates.
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[9] INCORPORATION OF 3 2 P  INTO GALLERIA MELLONELLA 329

Incorporation of 32P  by starned Іагѵае

The last series of experim ents w ere undertaken in  order to  gain some 
inform ation on the  influence of a prolonged period of starvation upon the 
phosphorus metabolism. The results a re  presented in Fig. 5. In accordance 
w ith  the results of the  preoeding experim ents, after cessation of 32P 
adm inistration m ore th a t half of the 32P ingested was found to be present 
in the  acid-soluble P  compounds, about 10% in  the  phospholipids, 5% in

Fig. 5. 32P content in the various phos
phorus fractions from starved Іагѵае 
and in  the excreta. The Іагѵае w ere fed  
w ith  radioaotive comb during the first 
day and starved throughout the subse- 
ąuent period. Explanations as in Fig. 1

Fig. 6. Specific activ ity -tim e relations 
of the phosphorus fractions from star- 
ved Іагѵае. The specific activities  
expressed as percentage of the total 32P 
ingested per 1 mg. P of the fraction. 
The Іагѵае w ere fed w ith radioactive 
comb during th e  first day and starved  
throughout the subsequent period.

Explanaitions as in  Fig. 1

the  nucleic acids, the rem ainder having been excreted. Thoughout the  
period of starvation th e  radioisotope content of the  phospholipids and 
nucleic acids underw ent insignificant changes only, the  32P content of 
the  acid-soluble compounds declined less than in feeding Іагѵае.

As indicated in  Fig. 6 , the changes in the  specific activities of the  
various P fractions w ere less pronounced in the  starved than  in the fed 
Іагѵае. Thus, the  fali in the specific activity of the acid-soluble P fraction
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PAULINA WŁODAWER [10]

was m uch slower than  that observed in the  feeding Іагѵае. The specific 
activities both of the phospholipids and nucleic acids increased to some 
ex ten t on the  next da-y a fte r ligation. Afterwards, they  decreased and 
later did not undergo any  significant changes, being steadily lower than 
the specific activ ity  of the  acid-soluble P fraction. It is notew orthy th a t 
the  specific activ ity  of th e  phospholipids пеѵег reached the  high level 
observed in the  feeding Іагѵае.

Fig. 7 indicates th a t during starvation the ingested radioisotope was 
retained for a longer tim e in the  Іагѵаі body and excreted m uch slower 
than by the feeding Іагѵае. Throughout the  experim ental period of 7 days 
(including 6 days of starvation) about 60% of th e  32P adm inistered was 
excreted, which was less than during 3 days of feeding. The orthophosphate

Fig. 7. Excretion of 32P by starved  
Іагѵае. Experimerital conditdons 
as in Fig. 5 and 6. ( #) ,  P ; frac
tion; (и), P10 fraction (д ), Ptas

Fig. 8. The phosphorus content and 32P distribu- 
tion in th e  acid soluble phosphorus fractions 
from  starved Іагѵае. (A), phosphorus content of  
the fractions as per cent o f P t.a.s. '■> (B )> 32P cc>ri‘ 
tent of the fractions as per cent of the 32P 
content in P t a s 0, at com pletion of 32P inge- 
sting period; 1, 2, 3, 6 — subsequent days of 

starvatdon

content was som ewhat higher in the  excreta of the  starved than  in those 
of the feeding Іагѵае. The orthophosphate which accounted for 15 to  20% 
of the  total P excreted contadned about 25 to 30% of the  total radioisotope, 
!the  rem aining 70 to 75% w ere a ttribu ted  to the  polyphosphates.
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[11] INCORPORATION OF 3 2P  INTO GALLERIA MELLONELLA

It is evident from  Fig. 8 , which presents the distribution of 32P among 
yarious acid-soluble P  compounds, th a t the  entire pool of the  soluble 
compounds became uniform ly labelled during starvation. Conseąuently, 
the  specifc  activities of the soluble P fractions w ere approxim ately eąual, 
which could пеѵег be found to occur in the fed insects.

DISCUSSION

The present study on the  32P incorporation in to  yarious phosphorus 
fractions is thought to haye throw n some light on the  phosphorus 
m etabolism  in the wax m oth Іагѵае which, however, is still far from  being 
elucidated.

The high incorporation ra te  of 32P into the acid-soluble P compounds 
(let alone the orthophosphate') and the  abrupt fali in 32P  content during 
the  subseąuent normal feeding seem to be indicative of a- rapid turnover 
of th is class of compounds. The P ;, P 10, PJ80 and P nh fractions were 
analyzed separately. This procedurę enabled to get some inform ation on 
the  ra te  of synthesis and breakdown reactions of each group of compounds. 
One m ust keep in mind, however, th a t each of these fractions, save the 
orthophosphate, still continued to be heterogeneous.

The changes in the  specific activity  of P, a re  ąuite  elear. The Іагѵае 
w ere fed labelled orthophosphate, which resulted in high 32P content of 
inorganic P compounds of the  Іагѵаі body. The specific a*ctivity of P, fell 
ab rup tly  during subseąuent norm al feeding, along w ith the transform ation 
of the orthophosphate into other P compounds and with the sim ultaneous 
influx of unlabelled P  from the  comb.

It is notew orthy th a t a t completion of 32P ingestion the specific 
activ ity  of P 10 was as high as th a t of the orthophosphate and a sim ilar 
abrupt fali was steadily observed. As has been m entioned already, the  P ]0 
fraction is highly heterogeneous: besides arginine-phosphate, ATP and 
ADP it contains pyro- and polyphosphates [4b, 12]. It was found th a t the  
specific actiyity of the  Рю fraction was h :gher in the  case when less of 
the  32P ingested had been excreted, and it  was lower when less 32P was 
retained in the Іагѵаі body. This suggests that the high content of 32P of 
this fraction could be, partially  at least, a ttributed to the  polyphosphates 
already syntbesized in the Іагѵаі body and not yet excreted. As indicated 
above, most of the  32P was excreted in the  form of polyphosphates. The 
conclusion m ight be draw n, therefore, th a t the ingested orthophosphate is 
rapidly involved in metabolic reactions und undergoes transform ations 
un til finally phosphorus is excreted as polyphosphates. When, along w ith 
the  subseąuent normal feeding, the  Іагѵае were supplied w ith non radio-
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active phosphate present in the  comb, the  32P content in  the  P 10 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 wa*x m oth Іагѵае. In th e  present study w ith the aid 
of 32P the high ra te  of the  reactions concerned w ith  the  synthesis of 
polyphosphates and the intensity of transform ations could be evidenced. 
In one series of experim ents (not described above) th e  adm inistered 
Na2H32PC>4 contained large am ounts of carrier (about 20 m g./l ml.), w h !ch 
resulted in  m uch higher orthophosphate content of the  excreta (15 to 
20% of the  to tal P) accompanied by a high content of 32P in the P; 
fraction (25 to  30% of the  tota-l 32P excreted). One m ight conclude, 
therefore, tha t the  larwa was not able to m etabolize all of the  phosphate, 
when given in too large a dose, and th a t a considerable part of i t  passed 
through the intestine unchanged.

Compounds resistant to acid hydrolysis (Pnh) had always the  lowest 
specific activ ity  as compared w ith o ther acid-solulble fractions, and this 
a-ctivity did not undergo any significant changes during subseąuent normal 
feeding. As reported by Lenartowicz [2] the  P nh fraction of Galleria 
mellonella Іагѵае consists chiefly of phosphoethanolam ine and phospho- 
glycerol. One m ight suppose th a t the  turnover ra te  of these compounds is 
m uch lower than th a t of the  other acid-soluble P fractions. On the other 
hand, it is not to be excluded that phosphoethanolam ine and phospho- 
glycerol m ight be continuously derived from  the breakdow n of the 
phospholipids. As the la tte r compounds w ere found in the  present 
experim ents to be rich in 32P, this kind of transform ation m ight result in 
an increase of the radioactivity of the  P nh fraction.

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

The course of 32P incorporation into the phospholipids is indicative for 
a high m etabolic ra te  of these compounds. Conclusion ma-y be drawn 
that a complete phospholipid synthesis takes place in the Іагѵаі body, in 
which some acid-soluble compounds are utilized. The tim e-specific activity 
relation curves for P t a s and Piipjcj fractions seem to yield evidence on this 
point (Fig. 1 and 2). The phospholipid specific activ ity  was increasing 
during the first day a fte r cessation of 32P ingestion, which points to the 
acid-soluble compounds of the Іагѵаі body as the prim ary source of P for 
phospholipid synthesis. However, on the  basis of the  present experim ents 
no evidence could be obtained suggesting which of the  acid-soluble 
compounds m ight serve as phospholipid precursors.
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The changes in th e  activ ity-tim e relation of the phospholipids led to 
th e  conclusion th a t the  turnover ra te  of the  phospholipids m ight be lower 
than  that of th e  acid-soluble P fraction. In a previous study [17] it was 
found th a t the  intestinal phospholipids of the  wax m oth Іагѵае undergo 
a very rapid breakdown and resynthesis. The results of the  present 
experim ents seem to indicate that the  bulk of phospholipids outside the 
intestine has a lower tu rnover rate  than  the  intestinal phospolipids. Ехрегі- 
m ents perform ed by Perlm an et al. [10] on the  rat dem onstrated th a t the  
32P  content of phospholipids (of the whole anim al body, not in a particu- 
la r  organ) reached its m axim um  in 20 to 24 hr. a fter 32P adm inistration, 
which is consistent w ith  the results obtained for the wax moth. In the  rat, 
bowever, only about 5% of the adm inistered dose oould be recovered in 
the  phospholipids, as compa-red w ith about 20°/o found in the  wax moth. 
This seem s to indicate th a t the  ra te  of phospholipid m etabolism  in the 
wax m oth is higher than in the  rat.

A ttention was directed to  the  possibility th a t the  intense metabolism 
of phospholipids in the w ax m oth Іагѵае could be correlated w ith the 
peculiar food of the  insect and influenced by the  digestion and absorption 
of wax. The results of our experim ents carried out on starved Іагѵае seem 
to confirm  this assum ption. During sta-rvation the  am ount of 32P incorpo- 
rated in to  the phospholipids was sm aller and the fali in the  radioactivity 
was less pronounoed than  during feeding of the  insects. A smali increase 
in the  i2P content in the  lipids, oibserved the next day following li galion, 
was prdbably due to the fact that the intestine still contained a certain  
ąuan tity  of the  comb and th a t no real starvation took place a t th a t time. 
Throughout the  following days of starvation the 32P content in the  lipids 
underw ent insignificant a lterations only.

There a re  good reasons also for assuming th a t the  metabolism of the 
acid-soluble P  compounds during feeding and during starvation is d ifferent 
to some extent. This was confirm ed by the  finding th a t during sta-rvation 
some kind of „isotopic un ifo rm ity“ was established in these compounds. 
The various acid-soluible fractions (P i; Рю, P ]80 and P nh) became uniform ly 
labelled and their specific aetivities eąualled each other, w hat could пеѵег 
be observed during feeding of the Іагѵае. Uniform ity of labelling has been 
preyiously claimed to occur in the  yarious acid-soluble P fractions by 
W interingham  et al. [15], as w ell as by Samuels et al. [13]. No explanation 
is ayailable so far for the  fact th a t uniform ity of labelling can ibe 
accomplished in the  starved and not in the  feeding Іагѵае. The reasons for 
so pronounced differences a re  still obscure.
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SUMMARY

1. W ith the aid of 32P, given as orthophosphate, the  phosphorus 
metabolism in the  feeding and in the  starved wax m oth Іагѵае was studied.

2. The 32P content of the acid-soluble P fraction, which was very high 
a t completion of the  radioisotope ingestion, fell abruptly  during th© 
subseąuent period of norm al feeding. The fali in  the  specific activity of 
the acid-soluble P compounds was accompanied by an increas© in the  
specific activities of the  phospholipids and nucleic acids. The phospholipid 
specific activity reached its m axim um  24 hr. a fte r cessation of 32P ingestion 
and exceeded the activity  of the acid-soluble P fraction.

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

4. During starvation the fali in the  specific activity of the  acid-soluble 
P fraction was less pronounced than  during feeding w hile the changes in 
the specific activities of the  phospholipids and the  nucleic acids w ere ra ther 
insignificant.

5. Uniform ity of labelling was found to occur in the acid soluble P 
compounds of the  starved bu t not of the  fed Іагѵае.

I wish to  thank Prof. Dr. W. Niemierko for his continual in terest and 
helpful discussions. I am also indebted to Miss B. Rudzisz f or her skilled 
technical assistance.
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W ŁĄCZANIE SIĘ :i2P  W ZWIĄZKI FOSFOROWE MOLA WOSKOWEGO 
(G A LLE RIA  MELLONELLA)

S t r e s z  c z e  n i e

1. Przy pomocy ortofosforanu, znakowanego 32P, badano metabolizm 
związków fosforowych u żerujących i głodzonych gąsienic mola wosko
wego.

2. Zawartość 32P we frakcji kwasorozpuszczalnej (bezpośrednio po za
przestaniu pobierania izotopu jest wysoka i spada znacznie po przejściu 
na „norm alne" żerowanie. Równocześnie ze spadkiem  aktywności właści
wej we frakcji' kwasorozpuszczalnej stw ierdza się wzrost aktywności w ła
ściwej fosfolipidów i kwasów nukleinowych. Aktywność właściwa fosfo
lipidów osiąga m axim um  po 24 godz. normalnego żerowania i przekracza 
aktywność właściwą kwasorozpuszczalnych związków fosforowych.

3. Cały niemal 32P, wydalony przez gąsienice, zaw arty jest we frakcji 
polifosforanów.

4. Podczas głodu gąsienic stw ierdza się słabszy spadek aktywności 
właściwej frakcji kwasorozpuszczalnej niż podczas żerowania, a zmiany 
aktywności fosfolipidów i kwasów nukleinowych są nieznaczne.

5. W związkach fosforowych kwasorozpuszczalnych ustala się równo
waga izotopowa już po 2 dniach głodu, natom iast nie stw ierdza się tego 
zjawiska podczas żerowania.

R eceived 21 January 196(1
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THYMIDINE PHOSPHORYLASE AND OTHER ENZYMES 
IN REGENERATING RAT L1VER

ln s ti tu te  of Biochemistry  & Biophysics, Polish A cadem y  of Sciences
W arszaw a

I t has now been reasonably well established tha t the  imm ediate 
precursors invo!ved in DNA biosynthesis a re  the nucleoside-5'-triphospha- 
tes [26, 30, 3, 24, 41] which m ay be synthesized by the appropriate enzymes 
from  nucleosides or 5'-nucleotides. W hile incorporation of thym ine into 
tissue DNA occurs only to  a smali extent, if a t all [21, 37, 27], thym idine 
is readily incorporated in a num ber of biological systems [35, 15, 17, 39] 
following its transform ation to  the mono-, pyro- and triphosphate [4, 8 , 42]. 
The principal reason for the  lack of incorporation of thym ine into DNA, 
o r uracil into RNA, is the  rapid degradation of pyrim idines in metabolizing 
tissue [10, 5, 16]. A detailed exam ination of the  relationship between 
anabolism and catabolism  of pyrim idines led to the  suggestion that 
a decrease in degradation of tissue pyrim idines is accompanied iby an 
enhanoed probability of their incorporation into nucleic acids [6 , 7]. Such 
a decreased ra te  of degradation of pyrim idines is usually encountered 
under conditions of rapid celi division as in regenerating ra t Ііѵег where, 
in  fact, a  decrease in  degradation ra te  of uracil is accompanied by its 
incorporation in to  RNA. The ra te  of degradation of thym ine is likewise 
reduced in regenerating tissue [7], from  which it m ight ibe expected that 
appropriate conditions exist for DNA incorporation of thym ine; and both 
Holmes et al. [21] and Reichard [35] have actually dem onstrated such 
incorporation of injected labelled thym ine in regenerating ra t Ііѵег.

Presum ably such incorporation proceeds via the  transform ation of 
thym ine to thymidine. Since the only enzym e known to  synthesize thy
m idine from  thym ine is thym idine phosphorylase [13], i t  appeared of 
in terest to  study the activity  of this enzyme in regenerating ra t Ііѵег 
w ith  a view to obtaining some concrete inform ations as to its  metabolic 
role; the m ore so in that the sam e enzym e exhibits sim ilar activity  in th e

[337]
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synthesis of uracil deoxyriboside, which is also closely related to DNA 
synthesis inasm uch as it is a specific acceptor for m ethyl groups via an 
a lte rna te  pathw ay for thym idine synthesis [14, 2, 22, 34, 33].

The activity  of thym idine phosphorylase has therefore been m easured 
as a function of tim e of regeneration, in relation to protein and DNA 
synthesis, in the regenerating Ііѵег of the  rat. For purposes of compa-rison, 
the activities of acid phosphomonoesterase and 5'-nucleotidase have been 
sim ultaneously estim ated.

MATERIALS AND METHODS

Thym idine phosphorylase. Activity was m easured according to the  
m ethod of Friedkin & Roberts [12] via the  ra te  of arsenolysis of thymidine; 
the thym ine thus formed is estim ated spectrally a t 300 mu in alkaline 
medium, under which conditions thym idine absorption is negligible. The 
optim al reaction conditions established as a result of prelim inary trials 
w ere as follows: thym idine, 2.4 mg. (4.6 pm) and a volume of aąueous Ііѵег 
homogenate containing 20 mg. tissue in 0.05 м-suocinate-arsenate buffer, 
pH 5.9 to a total finał volume of 0.4 ml. Incubation tim e was 30 mins. at 37° 
and the un it of activity was the  am ount of thym ine liberated during th is 
interval.

Sample preparations. W hite m ałe rats, 200 - 250 gms., w ere used. Hepa- 
tectomy was performed according to Higgins & Anderson [20] and the 
mice killed a fte r predeterm ined periods of regeneration. The Ііѵег was 
imm ediately removed and homogenized in cold, redistilłed w ater in a Pot- 
ter-E lvehjem  type of homogenizer; 1 gm. tissue in 10 ml. w ater for enzy- 
m atic determ inations and 1 gm. in 5 ml. w ater for isolation of DNA.

Protein was determ ined 'by the m ethod of Lowry et al. [28], using 
Y-globulin for the standard curve, w ith all m easurem ents perform ed in 
duplicate.

Determination of DNA. DNA was isolated according to  th e  m ethod of 
Schneider [38] and estim ated by the Dische reaction [9] as m odified by 
A llfrey & M irsky [1] and involving heating of the  test samples for 20 mins. 
on the w ater bath. Acetic acid freshly distilled from dichrom ate was used 
for the Dische reagent.

5'-nucleotidase. This enzym e was determ ined according to  de Lam irande 
et al. [25] using AMP as substrate  w ith an incubation tim e of 30 mins. 
The unit of activ ity  is the am ount of inorg. P liberated by the  en tire  Ііѵег 
or by 100 mg. protein.

Acid phosphatase. This was estim ated as follows: 30 uMoles glycerophos- 
phate, Ііѵег homogenate containing 10 mg. tissue, 0.05M-acetate buffer, 
pH 5, total volume 3 ml. Incubation tim e 30 mins. a t 37°. The activ ity  is 
expressed in term s of the  am ount of inorg. P liberated by th e  en tire  Ііѵег.

http://rcin.org.pl



13] THYM IDINE PHOSPHORYLASE IN  REGENERATING LIVER 339

RESULTS AND DISCUSSION

The оѵегаіі results have been brought together in Table 1 and are  
presented graphically in Fig. 1, in the  lat ter of which a re  the  figures for 
the  individual components in the  Ііѵег during the  regeneration period. The 
in itial m ass of the  Ііѵег was calculated on the assum ption th a t the portion 
rem oved was 2/3 of th e  total weight. As will be seen from Fig. 1, both

РрпрпегаТюп time (h rs ) Regeneration time (hrs.)

Fig. 1. R ate o f regeneration o f yarious com ponents o f the Ііѵег in percentages 
(initial values taken as 33%). (А); (X), DNA, (•) , Ііѵег mass, (A), protein. (B); (D), 

thym idine phosphorylase, (D)f acid phosphatase, (O), 5'-nucleotidase

protein and DNA synthesis as well as an increase in Ііѵег mass, are 
notioeable aibout 18 hours following hepatectom y: but regeneration of the 
enzym e system s exhibits a pronounced lag. The in itial increase in actiyity

■of the  enzymes investigated was clearly low er than  tha t of total protein 
and only after about 50 hours for nucleoside phosphorylase, and about 
75 hours for 5'-nucleotidase, did regeneration of enzyme actiy ity  surpass

Fig. 2. Variations in enzym e activities per 
100 mg. protein during regeneration. The 100% 
values are for the activities of the control 
anim als (see Table 2). (x) thym idine phospho

rylase, ( • ) ,  5'-nucleotidase

5
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[5] ТНУМ Ш Ш Е PHOSPHORYLASE IN  REGENERATING LIVER

th a t of total protein. This relationship between rates of enzyme and protein 
regeneration is perhaps m ore clearly illustrated in Table 2 and Fig. 2 , 
w here enzym e activities per 100 mg. protein a re  presented as percentages 
of control values.

From  Fig. 2 it  will be observed tha t thym idine phosphorylase activity 
decreases during th e  period of m ost active DNA synthesis, i.e. betw een 
20 and 30 hours after hepatectom y [32, 18]. Notw ithstanding all the 
regulatory  mechanisms the living celi disposes of fo r the  channeling of 
yarm us m etabolic processes, the  increase in th e  am ount or activity  of 
a given enzyme is the  most convincing evidence for its participation in 
a given process or reaction. The decrease in  activ ity  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 thym idine phosphorylase does not d iffer significantly from  th a t

T a b l e  2

Activities of thym idine phosphorylase and 5'-nucleotidase during rat Ііѵег
regeneration

A ctivity  of thym idine phosphorylase expressed in  pM oles thym ine liberated  
in 30 m ins. per 100 mg. protein. A ctiv ity  of 5'-nucleotidase in mg. inorg. P liberated  

in 30 mins. per 100 mg. protein. Mean deviations calculated as in Table 1.

Number
of

rats

Time o f  
regenera

tion  
(hrs.)

Thymidine
phosphorylase

Activity 
(as % of  
control)

*5‘-nucleotidase
Activity 

(as % of  
control)

0 4 7 .7 ± 1 0 1.89 ±0.01
6 49.8 ± 1 3 104 2.84± 0 .5 152

0 5 1 .7 ± 6 .0 2.18 ±  1.2
J 12 4 8 .2 ± 5 .6 93 2.15 ±  1.1 98

0 4 7 .7 ± 7 .9 1.84±0 .2
18 4 2 .4 ± 2 .2 88 2 .0 6 ± 0 .2 112

0 58.3 ±  15 2.71 ± 0 .3
O

24 49.2 ± 9 84 1.85 ± 0 .7 68

0 52 .4 ± 1 4 2.11 ± 0 .8
O 48 45.7 ± 1 1 87 1 .92±0.3 91

6 0 50 .7±12 2 .13± 0 .3

-
72 62 .2± 16 122 1 .98±0.5 93

0 52 .0 ± 1 4 1.9 ± 0 .6
96 6 7 .8 ± 1 6 130 2 .3 9 ± 0 .5 125
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for acid phossphatase and 5'-nucleotidase, two enzymes th e  m etabolic
functions of which a re  not known.

Several o ther enzym e system s a re  known which have been correlated 
w ith DNA synthesis and which m ake their appearance, or exhibit increased 
activity, during  Ііѵег regeneration. These include thym idine kinase [4, 8], 
thym idylate kinase [8, 30, 19, 42], thym idylic synthetase, deoxycytidylic 
acid deam inase [29], and polymerase [4, 40] so that the  form ation of DNA 
thym ine in th e  celi m ay prooeed by one or m ore of th e  following
pathw ays: oroUc aci(J

]
u rid in e -5 '-P  > cytidine-5'-P

i i .
deoxyuridine ^  deoxyuridine-5'-P <— deoxycytidine-5 -P

i l
thym idine ^  thymid ne-5 '-P  deoxycytidine

i
thym idine-5 '-PPP

1
thymidine-DNA

Uridylic acid, formed from  orotic acid, is am inated to  cytidylic acid 
[23]. Both uridylic and cytidylic acids a re  transform ed to the corresponding 
deoxy derivatives by reduction of the  2'-hydroxyls [36, 31]. Deoxycytidylic 
acid m ay be deam inated to deoxyuridylic acid in the presence of thym idy
lic synthetase to thym idylic acid [11], which is then phosphorylated by the 
appropriate kinases to mono-, di-and triphosphate for incorporation into 
DNA. W hile incorporation of pyrim idine deoxynucleosides is m ade possiible 
by the  existence of the  appropriate kinases, their form ation is undoubtedly 
only a by-pass from the  generał ana-bolic pathway. The results obtained 
here w ith  thym idine phosphorylase, at any rate, suggest tha t it is concern- 
ed principally  w ith the catabolism  of thym idine.

Finally, m ention should be m ade of the  fact th a t Friedkin & Roberts 
[12], m easuring thym idine phosphorylase activity a t pH 7.5, observed an 
inhibitory effect of m itochondria on the ra te  of hydrolysis of thym idine. 
However a t the  optim al pH, 5.9, used in the  аЪоѵе work, w e could find no 
such inhibdtion.

SUMMARY

The level of thym idine phosphorylase during DNA synthesis in 
regenerating ra t  Ііѵег has been m easured w ith a view  to obtaining some 
inform ation as to the  m etabolic role of this enzyme. Simultaneous
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m easurem ents w ere m ade of 5'-nucleotidase, acid phosphomonoesterase, 
DNA and protein contents, and Ііѵег growth. During the period of m axi- 
m um  DNA synthesis the  activ ity  of thym idine phosphorylase, in relation 
to to ta l protein, decreases; its subseąuent increase, based on activity  m ea
surem ents during fu rther regeneration, does not differ m arkedly from  that 
for the o ther enzymes.

The results suggest tha t thym idine phosphorylase is involved ra th e r in 
the degrada-tion, and not synthesis, of DNA.

We should like to  acknowledge w ith  thanks the very  able technical 
assistance of Mrs. H. Szemplińska.

R E F E R E N C E S

[1] A lfrey V. A. & Mirsky A. E., J. Gen. Physiol.  36, 227, 1952.
[2] B im ie  G. D. & Crosbie G. W., Biochem. J. 69, IP, 1958.
[3] Bollum  F. J., J. Biol. Chem.  255, 2399, 1960.
[4] Bollum  F. J. & Potter V. R., Cancer Research  19, 56il, 0.958.
[5] Canellakis E. S., J. Biol. Chem., 221, 315, 1956.
[6] C anellakis E. S., J. Biol. Chem., 227, 701, 1957.
[7] Canellakis E. S., Jaffe J. J., M antsavinos R. & Kraków J. S., J. Biol. Chem.  234,

2096, 1959.
[8] Canellakis E. S. & M antsavinos R., Biochim. Biophys. Acta  27, 643, 1958.
[9] D ische Z., Mikrochemie  8, 4, 1930.

[10] Fink R. М., Mc Gaughoy C., C line R. E. & Fink K., J. Biol. Chem.  218? 1, 1956.
[11] Friedkin M. & Kornberg A., The Chemical Basis of Heredity,  p. 609, Johns Hop

k ins Press, Baltimore, Md. 1957.
[12] Friedkin M. & Roberts D., J. Biol. Chem. 207, 245, 1954.
[13] Friedkin M. & Roberts D., J. Biol. Chem.  207, 257, 1954.
[14] Friedkin M. & Roberts D., J. Biol. Chem. 220, 653, 1956.
[15] Friedkin М., Tilson D. & Roberts D., J. Biol. Chem.  220, 627, 1956.
[16] Fritzon Р., J. Biol. Chem. 226, 223, 1957.
[17] Furlomg N. B., Arch. Biochem. Biophys.  87, 154, 1960.
[18] Hocht L. J. & Potter V. R., Cancer Research  16, 988, 1956.
[19] Hiatt H. H. & Bojarski Т. B., Federation Proc. 19, 200, 1960.
[20] Higgins G. M. & Anderson R. М., Arch. Path. 12, 187, 193/1.
[21] H olm es W. C., Prusoff W. H. & W elch A. D., J. Biol. Chem. 209, 503, 1954.
[22] Hum phreys G. K. & Greenberg D. М., Arch. Biochem. Biophys. 78, 275, 1958.
[23] Hurlbert В. B. & Kam/men H. D., J. Biol. Chem. 235, 443, tl960.
[24] Kornberg A., Science  131, 1503, 1960.
[25] d e  Lam irande G., A llard C. & Cantero A. J.. Biophysic. & Biochem. Cytol.  4, 

373, 1958.
[26] Lehman I. R.. Bessm an M. J., Sirnrns E. S. & Kornberg A., J. Biol. Chem. 233, 

163, 1958.
[27] Lieberman J. & Оѵе Р.. J. B io l  Chem. 235, 1119, 1960.

http://rcin.org.pl



344 CELINA JANION an d  D. SHUGAR [S]

[28] Lowry O. H., Rosembrough N. J., Farr A. L. & Randall R. J., J. Biol. Chem. 193, 
265, 195il.

[2/9] M aley F. & M aley G. F., J. Biol. Chem. 235, 2968, 1960.
[20] M antsaylnos R. & Canellakis E. S., J. Biol. Chem. 234, 628, 1959.
[31] Moore E. C. & H urlbert R. B., Biochim. Biophys. A c ta  40, 371, 1960.
[32] Nygaard O. & Rusch H. Р., Cancer Research  15, 240, 1955.
[33] Potter V. R., Pittot H. C., Mc Elay A. B. & M oorse A. B., Federation Proc. 19, 

312, 1960.
[34] Prusoff W. H., Biochim. Biophys. A c ta  220, 873, 1958.
[35] Reichard Р., A cta  Chem. Scandinav. 9, 1275, 1955.
[36] Reichard Р., Biochim. Biophys. Acta  27, 434, 1958.
[37] Salzmain N. P. & Segring E. D., Arch. Biochem. Biophys. 84, 143, 1959.
[38] Schneider W. C., J. Biol. Chem. 161, 293, 1945.
[39] Schneider J. H., Cassir R. & Chordikian, Biochim. Biophys. Acta  42, 225, 1960.
[40] Sm ellie  R. M. S., Biochem. J. 77, 15P, 1960.
[41] Sm ellie  R. M. S., Gray E. D., Keir H. М., Richard J., B ell D. & Davtidson J. N., 

Biochim. Biophys. A c ta  37, 243f 1960.
[42] W eissman S. М., Paul J., Thomson R. J., Sm ellie R. M. & Davidson J. N.,

Biochem. J. 76, 1P, 1960.

FOSFORYLAZA TYMIDYNOWA I INNE ENZYMY REGENERUJĄCEJ WĄTROBY
SZCZURA

S t r e s z c z e n i e

W celu uzyskania wiadomości o roli fosforylazy tymidynowej przeba
dano zachowanie się tego enzymu w  okresie syntezy DNA w regenerującej 
wątrobie szczura. Równocześnie oznaczano 5'-nukleotydazę i fosfatazę 
kwaśną, zawartość DNA i białka oraz przyrost wagi wątroby. W okresie 
największego nasilenia syntezy DNA aktywność fosforylazy tym idynowej 
w stosunku do białka całkowitego m aleje; w  następnych okresach regene
racji aktywność jej wzrasta, nie różniąc się od zachowania pozostałych 
enzymów.

Uzyskane wyhiki przem awiają, że jest to enzym  biorący udział raczej 
w rozpadzie niż w syntezie DNA.

Recedved 22 February 1961
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NUCLEOLYTIC ENZYMES OF THIOBACILLUS TH IOPARUS . 
PURIFICATION AND PROPERTIES OF RIBONUCLEASE

D epartm ent of Physiological Chemistry, A ca dem y  of Medicine, K ra kó w

D uring studies of the  m etabolism  of Th. thioparus carried out in  th is 
departm ent [19, 27], the  celi ex tract was found to contain a< considerable 
am ount of nucleic acids especially in  the  initial phase of growth, and also 
to  display m arked nucleolytic activity. The extract, obtained after des- 
integration of the  cells in the presence of phosphate buffer a t pH 7.0, 
degraded R N A 1 practically completely, setting free oligonucleotides, 
m ononucleotides and nucleosides. W ith appropriate methods of fraction- 
ation protein m ixtures, ribonuclease, nonspecific phosphodiesterase and 
5'nucleotidase w ere shown to be present in  the  ex trac t of Th. thioparus.

In this w ork a method of purification of rilbonuclease free of phospho
diesterase and 5'-nucleotidase is reported and some properties of the  
enzym e are  described.

MATERIAŁ AND METHODS

Microorganism. The strain  of Th. thioparus was isolated and grown 
in previously described conditions [20]. Cells in the  logarithmic phase 
of grow th (72 hr. a fte r  inoculation) w ere harvested from  the m edium  
by centrifugation or filtration through Berkefeld filters. Elem entary 
su lphur was then remoyed by differential centrifugation [20]. After wash- 
ing w ith distilled w ater, the bacterial mass was stored in  th e  frozen state  
a t - 12°.

Yeast RNA (Merck) and thym us DNA (Light & Co., London), were 
employed. L im it polynucleotide (“core”) was obtained from  yeast RNA

1 A bbreviations used are: RNA, ribonucleic acid from  yeast; DNA, deoxyribo- 
nucleic acid from  thym us; RNA-Th, ribonucleic acid from  the cells o f Th. thioparus; 
NA, nucleic acids; Poły A, polyadenylic acid; Pu, purine; Py, pyrim idine; A, adenine; 
G. guanine; C, cytosine; U, uracil; tris, tris-(hydroxym ethyl)-am inom ethane.

[345]
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by exhaustive hydrolysis w ith  pancreatic ribonuclease according to  
Hilmoe [12]. Low-molecular products of hydrolysis w ere dialyzed against 
distilled w at er and the  residue was lyophilized. Beef pancreas ribonuclease. 
th ree tim es crystallized, was obtained by the m ethod of Mc Donald [17].

Determ ination of ribonuclease actinity. D eterm inations w ere based on 
the m ethod of Anfinsen et dl. [2], m odified as follows. Yeast RNA, which 
was first dialyzed against distilled w ater for 48 hr. a t 0°, was used as 
substrate. Before use, a 0.6% solution in 0.1 м-d tra te -p h o sp h a te  buffer 
of pH 7.0 w as prepared. In this buffer solution the  original actiy ity  of 
non-specific d iesterase was diminished to about one-third. To 0.5 ml. of 
the  substra te  solution, 0.5 ml. of enzyme solution was added, and the  
m ixture  was incubated a t 37° for 60 min. A t zero time, a 0.2 ml. sample 
was draw n, and 0.3 ml. of 2.5% solution of perchloric acid containing 
0.25% urany l acetate im m ediately added. A sim ilar sam ple w as prepared 
under identical conditions a fte r the incubation period. The sam ples were 
set aside for 10 min. at 0° and the  precipitate was centrifuged. To 0.2 ml. 
of the elear supernatant, 2.8 ml. distilled w ater was added and m easure- 
m ents w ere taken  a t 260 mu w ith Uyispec spectrophotom eter (Hilger, 
London) in 1 cm. cuvette. The increase of €'xtinction in the incubated 
sample as com pared w ith the control was calculated and expressed in A2G,) 
units for 60 m in. and 1 ml. of undiluted enzyme solution. The am ount of 
enzyme giving Л26° = 1.00 under the  described conditions was assumed 
to represent one unit of ribonuclease actiyity. In all cases the  average of 
two determ inations w ith each sam ple was taken for calculation of enzym - 
atic actiyity.

The specific actiyity of the ribonuclease was obtained as the  ratio  
of actiyity, expressed in A260 units to  the  extinction of the  sam ple at 
280 mri.

Determ ination of phosphodiesterase actinity. Ca-[bis (p-nitrophe- 
nyl)-phosphate]2 (Sigma, USA) was used as substra te  [26]. To 100 м-1
0.01 м-solution of substra te  in 0.1 м-tris-HCl buffer of pH 8.5, 100 ці 
2 X 10~3 m M nS04 as the  activator was added and 10 мі of enzym e solution. 
The m ix tu re  was incubated a-t 37° for 60 min. The reaction was stopped 
by adding 2.8 ml. 0.1 N-NaCH and extinction was then  determ ined at 
400 тм . The values of extinct:on served to calculate th e  am ount of 
м тоіе p-nitrophenol liberated by 1 ml. of enzym e solution during 60 min. 
a t 37°.

The actiy ity  of 5'-nucleotidase was determ ined' using 5'-AMP (Light) 
as substrate. Adenosine was separafed chrom atographically in solvent 2 
(v . i.) and localized under UV-lamp. The spots w ere then  eluted with
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0.1 N-HC1 and extinction a t 257 mq m easured. Adenosine was calculated 
quantita tively  using the m olar coefficient of 14 600 in 0.1 N-HC1.

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

A m berlite IRC-50 (ХЕ-64), 200-400 m esh (Light) was trea ted  before 
use according to  the m ethod of Hirs [13]. The protein content was estim ated 
as the  extinction a t 280 mg using Uvispec spectrophotom eter. The con
centration of protein in chrom atographic fractions collected from  IRC-50 
column was determ ined by ninhydrin analysis [24a].

Paper chromatography. The following solvent system s were used:
(1) HC1 azeotrope-isopropanol-water (65 : 33 : ad 100) [33]; (2) 96% etha
nol -1  M-ammonium acetate, adjusted to pH 7.5 by addition of NH;{ 
(75:30) [6]; (3) żsopropanol-water-NH3 ( 70 : 10 : 20)  [23]; (4) n-butanol 
saturated  w ith saturated  boric acid 2. W hatm an No. 1 or No. 3MM filter 
paper w ere used for separation by the  ascending techniąue w ith  solvents 
2, 3 and 4 and by the  descending techniąue w ith  solvent 1. The spots 
of th e  separated substances on the  paper w ere visualized by taking photo- 
graphs of the chrom atogram s in UV light.

High voltage electrophoresis. Separation was cacried ou t in a W ieland- 
-P fleiderer type apparatus [32] on W hatm an No. 1 filter paper a t  a poten- 
tial gradient of 35 V/cm. a t  4°. An 0.1 м-acetate buffer solution a t  pH 3.5 
served as electrolyte for separation of th e  m ononucleotides [16], and 0.4 
M-sodium tetrabora te  solution adjusted to pH 13.0 by m eans of NaOH 
for separation of the cyclic 2' : 3Lphosphonucleosides from  linear З'-phos- 
phonucleosides [11].

Isolation and charactćrization of RN A-Th. RNA-Th was isolated by 
the m ethod of K irby [15] by extraction w ith 90% phenol from  bacteria*- 
ground w ith carborundum 3. The precipitate which was form ed iby 
adding 2 volumes of ethanol in the  presence of 1%  sodium .acetate was 
washed w ith  alcohol then w ith  ether, and dried in ѵасио. The powder 
obtained was poorly soluble in w ater, but readily  soluble in 0.2 м-NaCl

2 Dr. D. Shugar, personal com m unication.
3 The carborundum before use w as first boiled w ith  sulphuric acid then w ith  

w ater and w ashed until neutrality.
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a t pH 7.0. F urther purification was achieved by chrom atography on 
a DEAE-cellulose column. In Fig. 1 is shown th e  result of separation of 
35 mg. RNA-Th in conditions as described under Figurę. Fractions 5 0 - 7 0  
w ere pooled and, after rem oving salt by dialysis, RNA was precipitated 
w ith 2 volumes of ethanol and dried as previously.

In UV light th e  preparation showed m axim um  absorption a t 258 mu, 
and m inim um  at 230 mju (in 0.2 м-NaCl buffered w ith 0.03 M-tris-HCl 
of pH 7.0). The ratio  of extinctions D  m a x / D m in  — 1.74; D  ш ах / D 2 8 0  =  2 .00; 
D m a x / D 22 0 =  1-39. Analysis of the  composition of purine and pyrim idine 
bases after hydrolysis of the  preparation w ith 12 n-HCIO/, gave the fol- 
lowing results: G, 25.4; A, 23.2; C, 24.0; U, 27.4 molar per cent. Ratio

Fraction number

Fig. 1. Gradient elution o f a sam ple of 35 mg. RNA-Th on a D EA E-cellulose column. 
T he colum n (1.2 X 9.5 cm.) w as eąuilibrated w ith  0.02 м-sodiurn phosphate buffer, 
pH 7.8, comtaining 0.2 м-NaCl. A fter adsorptiom o f th e  sam ple (2 ml.) gradient elution  
was begun w ith  a buffer solution composed of 0.2 Mnphosphate of pH 5.5 contain- 
ing 1.2 м-NaCl. The m ixing  cham ber contained 500 m l. o f starting buffer and the 
reservoir 500 ml. eluting buffer. Fractions (5 ml.) w ere collected  at the rate of 
60m l./hr. The continuous line denotes extinction  at 260 mp; x, show s th e  change

of gradient of NaCl

P u/P y  =  0.95, G/C = 1 .0 6 , A/U =  0.85. The preparation contained ap- 
ргох. 3°/o of DNA calculated as thym ine. RNA-Th w ith  above properties 
was used as the substrate  for ribonuclease in  some of th e  experim ents 
fu rther described in this paper.

RESULTS

Ribonuclease actiuity during growth of the mićroorganism

W ith the  aim  of studying the  relation between the  grow th of the 
bacteria and the ribonuclease form ation, 4-liter volumes of m edium  were 
inoculated w ith eąual am ounts of suspensions of ibacterial cells in  the 
log phase of growth. At 24-hours intervals the  cells w ere haryested from
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th e  m edium  and after grinding extracts were prepared in conditions 
identical w ith those deseribed below (under “Purification of ribonuclease”). 
Assays w ere m adę in  the  ex tract of nitrogen by the  m icro-K jeldahl 
m ethod, and ribonuclease activity  and nucleic acids content. The amount 
of NA was calculated on the basis of m easurem ents of extinction at 280 
and 260 mu [31]. From  Fig. 2 it can be seen th a t during exponential growth 
th e  activ ity  of the  ribonuclease and th e  NA content increase in proportion 
to  th e  mass of bacterial nitrogen. In the  stationary phase, in which partial

Fig. 2. Growth and course of ribonuclease 
form ation and NA in  cells o f Th. thioparus.
T he culture w as incubated at 25°; ( • ) ,  
bacterial nitrogen in m g./ml.; (O), ribo
nuclease activ ity  per ml.; (A), NA in 

m g./ml. o f extract

lysds of the cells occurs, the activity of ribonuclease and NA content are 
not diminished, but continue on the  sam e level. This indicates th a t enzyme 
activity, as well as the am ount of m ateriał absorbing at 260 mp per celi, 
a re  still increasing.

The agreem ent betw een the rafes of synthesis of ribonuclease and NA 
is interesting; w e 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 th e  ibacterial celi [7, 24, 5].

Purification of ribonuclease

ls t  step. Preparation of the Crude extract. Ali procedures connected 
w ith purification of th e  enzym e were carried out a t арргох. 4°. The w et 
mass of bacteria was ground up for about 2 hr. in a porcelain m ortar 
with carborundum  in  th e  presence of 0.1 м-citrate-phosphate buffer. 
pH 7.0. A fter centrifuging a t  15000 r.p.m. for 20 min. the  sedim ent was 
washed tw ice w ith  sm ali portions of buffer. The pooled extracts were 
dialyzed overnight against distilled w ater, and then  centrifuged at 
1500 r.p.m . for 10 min. The sedim ent was discarded and the pinkish- 
-colored solution was stored at - 12°.

349
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2nd step. Protaminę fractionation. l°/o aąueous solution of protam inę 
su lphate (Light) — 75 mg. per 100 mg. nitrogen in the  ex trac t — was 
added slowly w hile m ixing. The precipitate was eentrifuged at 10 000 
r.p.m. for 10 min. and discarded. The supernatan t was then fractionated 
w ith am m onium  sulphate.

3rd step. A m m onium  sulphate fraćtionation. To each 100 ml. of solution 
obtained in step 2, 35 g. powdered am m onium  sulphate was added and, 
after dissolving, the  m ix ture  was set aside for several hours a t 0°. The 
p recipitate w as eentrifuged and discarded; 20.5 g. amm onium  sulphate 
were then added for each 100 ml. of the  solution and kept overnight a t 0°.

Fig. 3. C hrom atographic separation on CM -cellulose column o f th e  fraction obtadned 
in step 3. The sam ple (250 E2go units) w as dialyzed against 0.01 м-phosphate buffer 
pH 6.0, and adsorbed on a colum n (1.2 X 9.0 cm.) eąuilibrated w ith  the sam e buffer. 
A fter w ash ing the colum n w ith  арргох. 200 ml. o f starting buffer, th is w as replaced  
by 0.1 м-phosphate of pH 7.5. The rate of elution w as 45m l./hr., fraction volum e 4 ml. 
The continuous line denotes absorption at 280 т ц , (O), ribonuclease activity. The 
shaded area depicts th e  protein rem aining on th e  colum n, w hich  could be eluted

w ith  0.5 N-NaOH.

A fter centrifuging  a t  15000 r.p.m. for 15 min., the  supernatan t was dis- 
ca-rded. The precipitate was dissolved in a smali volum e of w ater and 
dialyzed against w ater for 24 hr.

[61
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4th step. Fractionation on CM-cellulose. The solution obtained in step 3 
was n ex t dialyzed against 0.01 м-sodium phosphate buffer, pH 6.0 [3] 
and transferred  to a column prevk>usly eąuilibrated  w ith  th e  sam e buffer. 
A fter waishing th e  column w ith  арргох. 200 ml. buffer solution, the 
form er solution was replaced by 0.1 м-phosphate buffer of pH 7.5. The 
resu lt of the  separation is shown in Fig. 3. Two active peaks w ere obtain
ed in conform ity w ith  the extinction of protein a t  280 mg. A sm ali am ount 
of protein remaiining in the  column could be eluted w ith  0.5 N-NaOH. 
A sm ali protein peak em erging from the‘ column In fraction 1 3 - 2 3  was 
pink coloured and contained cytochrome s [27]. On the  basis of ana-lysis 
of peaks I and II i t  was found that peak I is a  m ix tu re  of a t least th ree 
d ifferent enzymes: ribonuclease resistant to acids and elevated tem pera- 
tures, nonspecific phosphodiesterase and 5'-nucleotidase not completely 
precipitated from th e  solution during fractionation w ith am m onium  su.1-

T a b l e  1

Isolation of ribonuclease II

Step
No.

Fraction
Total

E 280
units

Total
^ 260

units

Specific
activity

(Z |2 6 0 /E 28o)

Relative
activity

Yield
(%)

1 Crude extract 2170 900 0.42 1.00 100
2 Protaminę 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 (70°,5 min.) 4.6 71 15.50 37.40 8
6 Amberlite IRC-50

(peak Il-A ) 0.35 47 131.50 313.00 5

phate. The separation of the  different enzymes in peak I w ill be reported  
in another paper. Peak II did not contain any appreciaible am ounts of 
diesterase o r 5'-nucleotidase. The enzym e in th is peak was subm itted 
to fu rth e r purification and called ribonuclease II.

5th step. Heat denaturation. Ribonuclease II is resistant to  elevated 
tem peratur es for prolonged periods of tim e, w ithstanding heating to  70° 
for 60 min. a t pH 7.0 w ithout appreciable loss of activi:ty. The fractions 
of peak II  w ere pooled, adjusted to  pH 7.0 and heated to 70° for 5 min. 
After centrifuging, the precipitate was discarded. At th is stage of puri
fication the enzyme was concentrated about 40-fold (Table I). The sub- 
seąuently described experim ents w ere carried ou t w ith  th is  preparation.
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6th step. Fractionation on Am berlite IRC-50. The preparation obtaiined 
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 X 30.0 cm . 
column of IRC-50 which had been previously eąuilibrated w ith the  sam e 
buffer. Elution was carried out w ith 0.2 м-phosphate buffer, pH 6.5. 
Ribonuclease activity and intensity of the  colour reaction w ith n inhydrin  
were determ ined in each fraction. The result of separation is shown in 
Fig. 4. Ribonuclease II was separated into two active peaks, II-A  and 11-В .

Table 1 contains data pertaining to  typical purification of ribonucle
ase II, concentrated m ore than 300-fold in comparison w ith th e  activ ity  
of the  crude extract.

Enidence for the m ultiple naturę of ribonuclease of Th. thioparus

As can be seen from  the  results of purification of ribonuclease, a t 
least th ree d ifferent heat-stable enzymes capable of depolimerizing RNA 
were indicated by fractionation on CM-cellulose and Am berlite IRC-50: 
ribonuclease I, II-A and II-B (cf. Figs. 3 and 4). The action of 0.25 n-H oSO/,

Fig. 4. Chrom atography on A m berlite IRC-50 of the fraction obtained in step 5. 
The sam ple w as poured on a colum n (0.9 X 30 cm.) eąuilibrated  w ith  0.2 м -p h os
phate buffer, pH 6.5, and eluted w ith  the sam e buffer at a rate of 20 m l./hr., yolum e 
of the fractions 0.75 ml. The continuous line denotes absorbancy o f the color 
reaction w ith  ninhydrin at 570 т ц ;  (O) show s ribonuclease activity. The dashed  
area show s the rangę of elution  of crystalline pancreatic ribonuclease w hen  10 mg. 
of the enzym e w as chromatographed in  th e  sam e column under identical conditions

on enzyme I after separation on CM-cellulose of th e  buffer extract 
diminished the original nucleolytic activ ity  by about one-ha-lf. The activity 
of fraction II in the  sam e conditions was not changed. W hen the  extract 
was prepared by grinding the oells w ith 0.25 N-H2SO4 a t 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 e lu ted  w ith  0.1 m-buffer at pH 7.5, tha t is in peak II. If peak I 
from the bu ffe r ex trac t was rechrom atographed a fte r  trea tm ent with 
sulphuric acid, activ ity  was obtained not in fraction I ibut 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 m edium  4 and the 
rem aining ac tiv ity , resistant to  the  Iow pH, belongs to  ribonuclease. 
After treating w ith  acid its adsorptive properties are changed and it is

Fig. 5. C hrom atography o f buffer extract and  
extract obtained by m eans of 0.25 n-H2S 0 4. The 
buffer extract from  the cells w as prepared as 
described under “Purification”. The acid extract 
was adjusted at 0° to  pH 5.8 and the precipitate  
was centrifuged. Both extracts w ere dialyzed for 
24 hrs. against w ater, concentrated about five-  
-fold by b low ing and then subm itted to  column  
chromatography. Segm ents (a), (b) and (c) re- 
present separation on CM -cellulose under condi
tions as described in Fig. 3. (a), buffer extract;
(b), acid extract; (c), rechromatography o f frac
tion I from segm ent (a) after treatm ent w ith  
0.25 n-H 2S 0 4. Segm ents (d) and (e) reipresent 
fractionation o f th e  buffer extract (d) and acid  
extract (e) on a colum n of IRC-50 under condi
tions as in Fig. 4. In all the diagram s th e  ribo
nuclease activ ity  is presented by a continuous 
line. The arrow s show  the change of buffer

Solutions Ѵоіите (ml.)

eluted only by higher m olarity of buffer solution and al higher pH. It is 
сопсеіѵаЫе th a t acid splits off some association product or peptide frag
m ent from  the enzym e in fraction I, w ithout affecting its activity, bu t 
alters its affin ity  for th e  adsorbent. P relim inary  investigations showed 
th a t enzyme I possesses a different optim um  pH as well as different 
optim um  tem peraturę of RNA hydrolysis as oompared w ith enzyme II.

W hen the  buffer ex tract and that obtained by means of sulphuric acid 
w ere subjected to analogous separation on A m berlite IRC-50, a t least 
four active fractions w ere obtained from  the  buffer extract, but the

4 Properties o f phosphodiesterase isolated from  the cells o f 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  ex tracts on CM-cellulose and 
IRC-50 are shown diagram m atically in Fig. 5 a-e. The studies of o ther 
authors [14, 9, 8] pertaining to  ribonucleases in anim al tissues also indi- 
cate th e  presence of varying num bers of active fractions, depending on 
the method of e*xtraction. This is probably connected w ith  d issocation 
under the  influence of acid products of association of ribonuclease w ith  
cytoplasmic proteins [9, 8].

Properties of purified ribonuclease II

O ptim um  pH. C itrate-phosphate, Tris-HCl and glycine-NaOH buffer 
Solutions, each 0.1 m, were used to determ ine the  optimum pH. Optimum  pH 
for hydrolysis of yeast RNA, on th e  basis of th ree  determ inations, was 
found to  be 8.5. Fig. 6 shows the  effect of pH  on th e  actiy ity  of the

Fig. 6. E ffect of pH om ribonuclease actiyity. En- 
zym atic actiy ity  w as determ ined as deseribed  
under “M ethods” using a prepara.tion of the 
enzym e w ith  specific actiy ity  15.5. ( • ) ,  citrate- 
-phosphate buffer; (O), tris-H Cl buffer; (A), 

glycine-N aO H  buffer

enzyme. It can be seen th a t the  actiyity  of enzym e II is madntained over 
a wide rangę of pH, being still appreciable a t pH 4.0. If the crude extract 
was used as the  souroe of th e  enzyme, th ree  optim a w ere obtained in the 
same conditions, a t pH 5.5 - 6.0, 7.0, and 8.0 - 8.5.

Effect  of tem peraturę. R bonuclease II heated to  70° a t pH 7.0 for 
60 min. retains its actiyity. Complete inactivation occurs only after heatir.g 
to 100° for 30 min. The curve of the  ra te  of hydrolysis of RNA in rela- 
tion to tem peraturo  has a fia t shape, w ith optim um  hydrolys s  between 
40 - 50°. At 60° арргох. 80% of the  initial actiyity is still retained.

Effect  of binalent m etal ions. Ribonuclease II is activated by Fe*+ 
ions at a< concentration of 10—3m (Table 2). The presence of yerser.e 
(ethylenediam inetetraacetic acid) in the reaction m ix ture  does not exe:t 
any effect on th e  actiyity of the enzyme. O ther bivalent m etals exhibit 
nonspecific action on the  enzym e’s actiy ity  firs t a t higher concentra-
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T a b l e  2

Effect  of Fe2+ ions on the activity of ribonuclease II
The reaction m ixture contained 3 mg. yeast RNA in 0.5 m l. 0.1 м -triethanolam ine. 
HCl-NaOH buffer, pH 7.0, enzym e II (specific activity 15.5) and Fe2+ in the form  
o f Mohr’s salt. The finał volum e w as adjusted to  1.0 ml. w ith  buffer solution. 

Incubation w as carried out at 37° for 60 min.

Molarity 
of Fe2 +

1

Activity 
A 60

Relative
activity

0* 1.75 1.00
10- ' 1.71 1.00
10-4 2.65 1.50
10~3 5.32 3.04
1 0 - 2 5.32 3.04

Versene (0.02 м) 1.70 0.97

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

tions (10 ‘2 m), usually causing precipitation in the  reaction m ixture. Mn2+, 
Cu2+, Zn2+, and Cd2+ in concentrations of 2 X 10-2  м dim inished the  
activ ity  of the enzyme by one-half to one-third. Mg2+, Ca2+, and Co2+ 
showed no effect on the enzymatic activ ity  under the  sam e conditions.

T a b l e  3

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

The reaction m ixture contained 8 mg. o f each polynucleotide in 0.5 ml. o f 0.1 M-citrate- 
-phosphate buffer, pH 7.0, and 6.6 A2eo units of ribonuclease II o f specific activity  
15.5. F inał volum e w as 1 ml., and incubated at 37° for 60 min. Extinction of the acid  
solub le products of hydrolysis at 260 т ц  w as determ ined as described under

“M ethods”.

Substrate Relative activity

RNA (yeast) 1.00
RNA - Th 1.50
” Core” 0.40
Poły - A 0.04
D NA  (thymus) 0.0

Specificity  of ribonuclease II. Ribonuclease II digests yeast RNA, 
RNA-Th, “core” and Poly-A a t various rates. RNA-Th is the  most rapidly 
hydrolyzed, and Poly-A most slowly. Thym us DNA is com pletely 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' : З'-uridylic acid also are not digested. Poły-A is hydro- 
lyzed 25 times, and “core” 2.5 tim es m ore slowly than  yeast RNA (Table 3).

In th e  products of hydrolysis no appreciable am ounts of inorganic 
phosphate or nucleosides w ere detected. During hydrolysis of RNA about 
25 - 50°/o of higher polynucleotides alw ays rem ain (even a fte r 72 hr. in - 
cubation), and can be precipitated w ith 70% ethanol, u rany l reagent or 
perchloric acid.

Separation on ECTEOLA-cellulose of hydrolysis products of RN A

F ifty  mg. of yeast RNA in 8 ml. w ater w as incubated for 48 hr. at 
37° w ith  26.4 A260 units of ribonuclease II (specific activ ity  15.5); pH of 
the  m ix tu re  was m aintained a t 8.5 by repeated additions of 0.1 N-NaOH.

M olarity of LiCl

0.05 0.10 0.15 0.25 0.50

Fraction mnnber

Fig. 7. Chromatographic separation on ECTEOLA-cellulose o f th e  products o f hydro
lysis o f yeast RNA obtained by th e  action of ribonuclease II. T he colum n (1.9 X  

X 13.0 cm.) w a s  prepared as described under “M ethods”. S tepw ise elution w as car- 
ried out by m eans o f Solutions o f LiCl at concentrations show n in  th e  upper part 
of th e  diagram . T he rate o f elution w as 1.5 m l./m in. fraction volum e 10 m l. The 

absorption a t 260 mp w as m easured in  each fraction

The solution was then adsorbed on a column and stepw ise elution was 
carried  out w ith  LiCl Solutions of increasing concentrations, as shown in 
Fig. 7. As can be seen, several fractions were obtained, and m ost of the
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m ateriał absorbing a t  260 min emerged from  the column at 0 .15-0.50 м 
concentration of LiCl. When 50 mg. RNA not sulbjected to  enzym atic 
hydrolysis was fractionated in  the  same conditions, absorption a-t 260 min. 
not exceeding 0.2, was observed only in the  rangę of 0.25 -  0.50 м-LiCl.

The fractions w ith  highest extinction of the  particular peaks were 
pooled and concentrated in ѵасио. Lithium  chloride was ex tracted  w ith 
m ethanol [29] and the  nucleotide sedim ent was dissolved in w ater. Preli- 
m inary experim ents w ith  paper chrom atography in solvents 2 , 3 and 4 , 
and by means of paper electrophoresis indicate th a t a ll the fractions eluted 
from the colum n a re  chiefly m ixtures of di- and trinucleotides. Fraction 1 
contained З'-cytidylic and З'-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 w ere next subm itted to  hydrolysis in 
12 N-HCIO4 during one hour a t  100°. The solution was neutralized w ith 
KOH and after rem oving the precipitate by centrifugation, th e  hydro- 
lysates w ere separated chrom atographically in  solvent system  1. After 
elution of the  spots w ith 0.1 N-HC1, extinctions w ere determ ined and 
quantitative composition of bases in each fraction was calculated. Taible 4 
shows the results of the ana-lysis. As can be seen, most of th e  fractions

T a b l e  4

Quantitative analysis of the bases composition of chromatographic
fractions from  Fig. 7 

Technical data in the tex t

Frac
tion
No.

Guanine Adenine Cytosine Uracil

(gmole) (%) (gmole) (%) (gmole) (%) (gmole) (%)

1 _ _ _ _ 0.005 20.2 0.018 79.8
2 — — — — 0.022 28.4 0.054 71.6
3 0.036 27.2 0.039 29.3 — — 0.057 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 — — 0.097 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

357

http://rcin.org.pl



[14]

display the  presence of two or th ree bases. The fractions containing four 
bases, are probably m ixtures of di- and trinucleotides, which can ibe con- 
cluded both from the results of chrom atographic analysis in solvents 2 
and 3, and from  the percentage m olar content of the  d ifferen t bases.

Although the  seąuences of oligonucleotides arising as hydrolysis 
Products of RNA by rilbonuclease II w ere not determ ined in  th e  present 
study, the  prelim inary results shown in Fig. 7 and Table 4 suggest th a t 
the products belong to  ra ther lower oligonucleotides containing 2 or 3 
bases. In fractions containing purine and pyrim idine bases th e  form er 
predom inate quantitatively.

DISCUSSION

Intensive studies of the  purification and properties of nucleolytic 
enzymes occuring in anim al [25, 1, 2] and plant [10, 30] tissues and espe- 
cially in microorganisms [7, 24, 5, 18, 22, 28] are  being conducted a t 
present in m any laboratories. This is due to the p>ossibility of m aking use 
of these enzymes in struc tu ra l studies of polynucleotides participating 
in num erous 'biological cellular processes. Thie study of the  occurence and 
properties of such enzymes in th e  cells of Th. thioparus possesses also 
a generał biological aspect, in  th a t this organism belongs to  the  obligative 
autotrophs, occupying a peculiar position in the  evolut:on chain [4].

The results obtained in this paper indicate th a t extracts of Th. thio
parus contain several ribonucleases which are  resistant to  acids and еіеѵа- 
ted tem peraturę. 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  oompletely resistant to  the action of these enzymes. Studies on the 
specificity of the d ifferen t ribonucleases now under way already indicate 
th a t hydrolysis of RNA by each of them  gives rise to different end- 
products, owing to d ifferen t internucleotide bonds being split by  each 
enzyme. Hence, a- system  of poły ribonucleases in the cells of Th. thioparus 
is conceivable.

Ribonuclease II, as can be seen from  Table 3, m uch m ore readily 
aigests 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 
PyP y  o r PuPuP y ( cf. Table 4). These facts suggest th a t 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 num ber of properties sim ilar 
to panereatic ribonuclease, such as resistance to acids, therm ostability  and

3 5 3  W. OSTROWSKI and Z. WALCZAK
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rangę of precipitation by ammonium sulphate [17]. Adsorption on 
CM -cellulose of both enzymes is also characteristic [3]. The optim um  pH 
of ribonuclease II lies somewhat higher than tha t of pancreatic enzyme. 
On the  o ther hand, the  optim um  tem peraturę of ribonuclease II is about 
20° lower. A characteristic feature of ribonuclease II as its  activation by 
Fe2" ions during RNA hydrolysis.

Ribonuclease II m ay therefore be classified among the acid-resistant, 
therm ostable, specific endonucleases causing hydrolysis of phosphodiester 
internucleotide bonds within the  ribopolynucleotide Chain and leading to 
liberation of probably 3r-phosphooligonucleotides composed of pyrim idine 
and purine-pyrim idine nucleotides in seąuence. Studies of the  fu rther pu
rification of ribonucleases from Th. thioparus and thedr characterization 
are under way.

SUMMARY

The presence of at least th ree ribonucleases hydrolyzing RNA to oligo- 
nucleotides in an ex tract of the  oells of Th. thioparus was demonstrated. 
The fractionation of celi ex tract w ith protam inę and ammonium sulphate 
and by chrom atography on CM-cellulose and A m berlite IRC-50 resulted 
in a  considerable degree of purification (more than 300-fold) of ribo
nuclease, which was resistant to elevated tem peraturę and acid reaction. 
The optim um  pH of isolated ribonuclease is 8.5, optim um  tem peraturę 
of hydrolysis of RNA approxim ately 45°, and the  enzym e is activated by 
Fe^4‘ ions. The enzym e hydrolyzes yeast RNA, RNA isolated from  the  same 
cells of m icroorganism, and to a lesser degree the “core” of yeast RNA. 
Synthetic Poly-A is digested aibout 25 tim es m ore slowly as compared 
w ith RNA. The enzym e does not digest deoxyribopolynucleotides. P re- 
lim inary studies of the  specificity of the  enzyme indicate th a t linkages 
betw een pyrim idine and purine-pyrim idine nucleotides are  m ore easily 
hydrolyzed than those between purine nucleotides. The m ain pinducts of 
hydrolysis of RNA are oligonucleotides built of 2 or 3 nucleotides.

The authors are  deeply indepted to Prof. Dr. B. Skarżyński for his kind 
encouragement during the course of this work, and to Prof. Dr. D. Shugar 
for providing synthetic polynucleotides and cyclic 2' : З'-phosphate of 
nucleosides. They a re  indepted also to Miss C. Grzeszczak and to  Miss 
M .  Gałka for the ir technical assistance.

http://rcin.org.pl



360 W. O STRO W SK I an d  Z. WALCZAK

R E F E R E N C E S

[1] Anderson E. P. & Heppel L. A., Biochim. Biophys. A c ta  43, 79, 1960.
[2] A nfinsen Ch. B., R edfield R. R., Choate W. L,. Page J. & Carroll W. R., J. Biol.

Chem.  207, 201, 1964.
[3] A ąuist S. E. G. & A nfinsen Ch. B., J. Biol. Chem. 234, 1112, 1969.
[4] Baalsrud K., in  Autotroph ic  Micro-organisms,  p. 54, The U niversity Press, 

Cambridge, 1954.
[5] Barker G. R. & Cannon М., Biochem. J. 75, 8, 1960.
[6] B ergkvist R., A cta  Chem. Scand.  11, 1465, 1967.
[7] Brody S., Biochim. Biophys. A cta  24, 502, 1967.
[8] Dickman S. R., M orrill G. A. & Trupin К. М., J. Biol. Chem. 235, 169, 1960.
[9] Dickman S. R. & Trupin К. М., Biochim. Biophys. A c ta  30, 200, .1958.

[10] Fellig  J. & W iley Ch. E., Science  132, 1835, 1960.
[11] Hakim A. A., Arch. Biochem. Biophys. 83, 390, 1959.
[12] H ilm oe R. J., J. Biol. Chem. 235, 2117, 1960.
[13] Hirs С. H. W., in  Methods in Enzymology,  (S. P. Colowick & W. O. Kapłan  

eds.), Vol. I, p. il 13, Acad. Press INC, Publ. N. Y., 1965.
[14] Hirs С. H. W., Moore S. & Stein  W. H., J. Biol. Chem. 200, 493, 1953.
[15] Kirby K. S., Biochem. J. 64, 405, 1956.
[16] Markham R. & Simith J. D., Biochem. J. 52, 556, 195(2.
[17] McDonald M. R., Biochem. Preparations, Vol. 3, 1ІѲ6З.
[18] N ishim ura S., Biochim. Biophys. A cta  45, 15, 1960.
[19] Ostrowski W., Skarżyński B. & Szczepkowski W. Т., A cta  Microbiol. Polon. 3, 

351, 1954.
[20] Ostrowski W. & Krawczyk A., A cta  Biochim. Polon. 4, 249, 1957.
[21] Peterson E. A. & Sober H. A., J. Am. Chem. Soc. 78, 751, 1966.
[22] Pochon F. & de G arilhe М. Р., Buli. Soc. Chim. Biol. 4 7 9 6 ,  1960.
[23] Razzel W. E. & Khotrana H. G., J. Biol. Chem.  234. 2105, 1959.
[24] Reddi К. K., Biochim. Biophys. A c ta  33, 164, 1959.
[24a] Rosen H., Arch. Biochem. Biophys.  67, 10, 1957.
[25] Roth J. S., J. Biol. Chem. Ź27, 591, ІІ957.
[26] Sinsheim er R. L. & K oem er J. F., J. Biol. Chem. 198, 293, 1952.
[27] Skarżyński B., K lim ek R. & Szczepkowski W. Т., Buli. Acad. Polon. Sci., Cl. II, 4, 

299, 1966.
[28] Stevens A. & H ilm oe R. J., J. Biol. Chem. 235, 3016, 3023, 1960.
[29] Tener G. М., Khorana H. G., Markham R. & Pol E. H., J. Am. Chem. Soc. 80, 

6223, 1958.

[30] T uve T. W. & A nfinsen Ch. B., J. Biol. Chem. 235, 8437, 1960.
[31] Warburg O. & Christian W., Biochem. Z. 310, 384, 1942.
[32] W ieland Th. & Pfleiderer G .; A ngew. Chem. 67, 257, 1955.
[33] W yatt G. R., Biochem. J. 48, 584, 1951.

[161

http://rcin.org.pl



И Г ] RIBONUCLEASE OF TH.  THIOPARUS 361

ENZYMY NUKLEOLITYCZNE TH. THIOPARUS.
OCZYSZCZANIE I W ŁASNOŚCI RYRONUKLEAZY

S t r e s z c z e n i e

W ekstrakcie kom órek Th. thioparus wykazano obecność conajmniej 
trzech rybonukleaz powodujących hydrolizę RNA do oligonukleotydów. 
Przez frakcjonow anie ekstraktu komórek siarczanem  protam iny, siarcza
nem am onu, przez chrom atografię na CM-celulozie i na Amberlicie IRC-50 
uzyskano znaczny stopień oczyszczenia (ponad 300-krotny) jednej z rybo
nukleaz, odpornej na  ogrzewanie w  wyższej tem peraturze i na działanie 
niskiego pH. Enzym posiada optim um  pH przy 8,5, optim um  tem peratury  
hydrolizy RNA ok. 45° i jest aktyw owany przez jony Fe24-. Enzym powo
duje hydrolizę RNA drożdżowego, RNA wyosobnionego z tych  samych ko
mórek oraz w  m niejszym  stopniu “core” z RNA drożdżowego. Ok. 25 razy 
wolniej w porównaniu z RNA traw i syntetyczny kwas poliadenilowy. W y
osobniona rytbonukleaza nie traw i desoksyrybopolinukleotydów. W stępne 
studia nad specyficznością enzym u wskazują, że łatw iej hydrolizuje w ią
zania m iędzy nukleotydam i pirym idynowym i i puryno-pirym idynowym i 
niż m iędzy nukleotydam i purynowym i. Głównymi produktam i hydrolizy 
RNA są oligonukleotydy zbudowane z dwu lub trzech nukleotydów.

R eceived 9 March 1961

http://rcin.org.pl



http://rcin.org.pl



A C T A  B I O C H I M I C A  P O L O N I C A  

V ol. V III 1961 No. 3

W . SZER and D. SHUGAR

SYNTHESIS AND PHYSICO-CHEMICAL AND ENZYMATIC 
PROPERTIES OF 5-BROMO DERIVATIVES OF URIDINE 

PHOSFHATES AND THEIR POLYMERS

Institu te  of Biochem istry  & Biophysics, Polish A cadem y of Sciemces, W arszawa

In a  continuation of previous studies on the physico-chemical and  
enzymatic properties of N -m ethyluridylic acid and its polymers (MeUp 
and poly-MeU) [31, 32], we have exam ined the effect of bromination of 
the 5 position in the  uracil ring. It has been shown by a num ber of 
observers [9, 33, 36] tha t 5-bromouracil and 5-brom our:dine m ay ibe incor- 
porated into the nucleic acids of certain microorganisms a<nd m ammalian 
cells. Furtherm ore d-BrUTP has been found to  act as a  substrate  for de- 
oxynucleotide polymerase [5], a  fact which has been in terpreted  as sup- 
porting evidence for the  role of this enzyme in DNA syn thes:s in vivo. 
On the o ther hand, it has been stated th a t BrUDP is not a substrate  fo r 
polynucleotide phosphorylase [23]. It seemed w orth while to  check this 
finding, which w e have done. Since it proved impcssible 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-m ethyl-5-brom ouridylic acid (V) 
w ith a  view to exam im ng the  properties of such polymers, as well as 
their behaviour towards enzymes attacking nucleic acids and the ir de- 
rivatives. It was also considered of value to investigate the  ability  of 
oligo-BrU to со тр іех  w ith poly-A. It would obviously have been more 
satisfactory to  е х а т іп е  со тр іе х  formation between poly-BrU and poly-A; 
sińce, however, the  form er cannot be  prepared, th e  use of the  oligo- 
nucleotide provides the only m eans of estim ating the effect of brorrination 
on form ation of tw in strand complexes. Such twim strand complexes 
obviously exist in vivo  in view of th e  known incorporation of bromouracil 
into DNA. С отр іех  form ation betw een poly-A and oligo-U has already 
been reported upon [32, cf. 16].

[363]
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5-bromouridine-2'(3/)-phosphate (I) was obtained by the action of 
N-bromosuccinimide on th e  tri-n-octy lam inę salt of urddylic acid as 
described by Michelson [8] for the  bromination of UMP. 5-bromo- 
uridine-2' : З'-cyclic phosphate (II) was prepared from  I by th e  action 
of dicyclohex у lcar b od i imide (DCC) in d ry  dim ethylform am ide [28]. 
Compound II was found to  be susceptible to  pancreatic ribonuclease, so 
that suibstitution of the position 5 by brom ine does no t affect th e  enzyme 
specificity. In view of the previous observation th a t  N-m ethylation of 
uracil ribotides effectively blocks against th e  action of RNase [31, 32], 
N -m ethу 1 -5-brom ouridine-2' (3')-phosphate (V) was prepared from  I by 
the m ethod previously used for the  synthesis of N -m ethyluridylic acid 
[31]; this involves m ethylation of the  cyclic phosphate w ith diazom ethane 
(III), followed by opening of the  cyclic phosphate ring  and hydrolysis 
of the resu ltan t m ethyl ester (IV). This procedurę w as found to  be ap- 
plicable also to  the  5-bromo compounds, w ith the exception th a t alkaline 
conditions could not be employed to  hydrolyze th e  m ethyl esters of the 
latter, due to  the  fact tha t compounds III, IV and V are  extrem ely 
alkali labile even a t pH  10 due to opening of th e  pyrim idine ring. 
At pH 12.5 th e  half-tim e for this reaction is about 60 mins., and is there- 
fore m uch m ore rapid than for the  corresponding N, N ' substitu ted  uracils 
[26, 27, 12]; th e  reaction is also irreversible. Conseąuently, the  hydrolysis 
IV -> V was carried out a t pH 1 and 37°. Compound V was also obtained 
by the action of diazom ethane on 5-brom ouridine-2' (3')-phosphate (I), 
followed by hydrolysis of the  resulting triester i . However, th is hydrolysis 
is both tedious and inconvenient, and w e have not used i t  on a pre- 
parative scalę. As was to be anticipated, the cyclic phosphate of N-m ethyl- 
5-brom ouridine was com pletely resistan t to RNase.

Oligo-MeBrU (VI) was obtained according to  the  proceduro of Michel
son [21, cf. 31] but, contrary  to expectations, polymerization was not 
quantitative as is th e  case for uridylic acid and N -m ethyluridylic acid 
[21, 31]. The resulting oligonucleotide was fractionated by dialysis against 
w ater and then 2 м-NaCl. The dialyzate and dialysis residue, from  dialysis 
against 2 м-NaCl, and of m ean chadn lengths 3.2 and 7.1, respectively, 
were used for enzymatic and physico-chemical tests. Both fractions were 
com pletely resistant to  RNase, confirm ing once m ore the  blocking action 
on RNase of 3N-methylation.

If we е х а т іп е  th e  effect of substitution in  th e  pyrim idine ring on 
the  action of RNase, we find tha t substitu tion of th e  5-position by  —CH3
[11] or —Br is w ithout influence, as is reduction of th e  5, 6 double bond

1 Such a procedurę has been used to  prepare N -m ethyluridylic acid (A. M. M iche.- 
son, private comm unication).
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[12]; b u t 3N-m ethylation blocks the  enzyme. It has been suggested th a t 
the num ber 3N position is a  point of a ttachm ent for th e  enzyme [7] but 
this m ay be an oversimplification. It should be recalled th a t 5-ri'bo- 
syluracil -2 ' : 3 '-phosphate 2 [22] and po!y-(5-ribosyluracil) [2] are  likewise 
substrates for RNase. It would therefore be of in terest to  see w hether 
N -m ethylation would render these substrates resistant to the  enzyme. 
The ąuestion of RNase specificity is fu rther complicated by the  fact th a t 
the enzym e 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 th is instance probably 
due to  two factors: (a) the  presence in the oligonucleotide of a m ixture 
of 2', 5' and 3', 5' internucleotide bonds, and (b) the  fact th a t we are  
dealing w ith short chains term inated by 3 ' (2')-phosphate [24].

K idney alkaline phosphatase readily  dephosphorylates all th e  above 
compounds and, following extended incubation, hydrolyzes the  in te r
nucleotide linkages of VI, indicating the  presence in  this enzyme p re
paration of a non-specific phosphodiesterase [cf. 31]. On the  o ther hand, 
prostatę phosphomonoesterase removes only the end phosphate groups 
in VI, at acid pH, and was conseąuently suitable for determ inations of 
chain length.

As m entioned in th e  introduction, it had been hoped to  synthesize 
high m olecular weight polym ers of BrU and MeBrU. To th is end 5-bromo- 
uridine-5 pyrophosphate (BrUDP, VII) and MeBrUDP (VIII) w ere pre- 
pared as substrates for polynucleotide phosphorylase, by bromination 
of the  tri-n-octylam ine salts w ith N-bromosuccinimide а-t room tem pera
turę, as above. Anhydrous conditions w ere found to be of considerable 
im portance in this case, even traces of w ater resulting in p a rt;al hydro
lysis of the  products to  the  5'-monophosphates. Both VII and VIII w ere 
quantitatively transform ed by snake venom to th e  corresponding nucleo- 
sides.

Attem pts to  obtain polymers from VII and VIII w ith  polynucleotide 
phosphorylase w ere unsuccessful [cf. 23] and, even when a m ix ture  of VII 
with UDP (1:1)  was used as a  substrate, cnly poly-U was formed; 
spectral obseiwations and hydrolysis followed by chrom atography demon- 
strated the  to tal absenoe of brom ouridylic acid in the poly-U. Compound 
VII was, however, found to  appreciably inhibit the  form ation of poly-U,

2 This compound, named “pseudouridylic acid” by Cohin [6] and M ichelson [22], 
is perhaps not th e  m ost fortunate choice siń ce there m ay also ex ist a 6-ribosyluracil 
derivative, as w ell as a 3-/?-ribosу 1 uracil [25].
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indicating some reaction w ith the  enzy m e3. It is conseąuently of in terest 
to note that w hile MeUDP [32] and 2-thio-UDP [14] will under go poly- 
m erization, as will hkewise 5-methyl-UDP [11], 5-Br-UDP will not. 
Furtherm ore 5 ,6-dihydro-U DP is not polymerized by polynucleotide 
phosphorylase [23, 32].

Although i t  is ait the' m om ent ra ther difficult to  draw  any particulai* 
conclusioms w ith  regard to  the specificity of polynucleotide phosphorylase 
(bearing in  m ind th e  fact th a t it w ill likewise polymerize purine nucleo- 
side pyrophosphates), it would appear that enzym e specificity is not in 
this instance related  to any ability of th e  polymer to- form internal 
hydrogen bonds as is the  case for deoxynucleotide polymerase [13]. It is, 
of course, to be borne in m ind th a t the  mechanism of polymer form ation 
is not ąu ite  th e  same for th e  two enzymes: polynucleotide phosphorylase 
does not polym erize via  a “m atrix” [13] but ra ther through a „prim er”

Fig. 1. Spectral evidence for с о т р іе х  
form ation betw een poly-A  and oligo-B rU :
 p o ly -A ;  oligo-BrU; — . —, additive
absorption o f poly-A  and oligo-BrU; O, ob- 
served absorption of poly-A  and oligo-BrU. 
m olar ratio 1 :1, at 9° under standard  
conditions in 0.15 м-NaCl + 0.045 м-sodium  

citrate, pH 6.7

[29]; nonetheless the foregoing suggestion retains some validity in  view 
of the  undoubted existence in RNA of secondary atructure. Finally, from  
the point of view of specificity, it would be of in terest to synthesize and 
е х а т іп е  th e  behaviour of 5-ribosyl-UDP as a  potential substrate.

In view  of th e  negative results w ith BrUDP as substrate, additional 
experim ents w ere lim ited to  the  use of oligo-BrU and oligo-MeBrU. Both 
oligonucleotides, w ith m ean chain lengths of 7 or more, w ere ąuan tita ti- 
vely hydrolyzed in 1 n-HCI overnight to  mononucleotides. The resulting 
hyperchrom icity  was 11.5% for the  form er and 13.3% for the  la t ter. The 
smali difference between these tw o once m ore supports th e  previous sug- 
gestion [19, 31] that the hyperchrom icity of such oligonucleotides is not

3 S ince com pletion o f the above work, a report has appeared by Barker et al. [3], 
in w hich  it  w as also found that BrUDP is not polym erized by polynucleotide phos
phorylase. The authors report, however, that an exchange o f phosphorus w ith the  
substrate does occur, in agreem ent w ith  our observation o f th e  inhibitory effect of 
BrUDP on polym erization of UDP.
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due to  in ternat hydrogen bonding but is ra th e r the  result of m utual in- 
teraction between adjacent pairs of residues in the  chains. This is fu rther 
supported by th e  fact that, in contrast to  poly-U [15, 32], neither oligo- 
nucleotide exhibited any evidence of secondary structu re  in th e  presence 
of 0.05 м-MgClo at tem peratures down to  3°.

Oligo-MeBrU (VI) showed no evidence of form ation of a  tw in strand 
о о тр іех  w ith  poly-A either under standard conditions [34, 8] or upon 
m crease iin ionic strength  of th e  solution, or on reduction of th e  tem pera
turę to  5°. This again confirm s the previous suggestion [32] th a t it is 
sufficient to  błock one of the  tw o hydrogen bonds between th e  base pair 
U-A to prevent tw in-strand со тр іе х  formation.

On th e  o ther hand, control experim ents dem onstrated th a t  oligo-BrU 
will form  complexes w ith  poly-A. The т а х і т и т  hyperchrom icity of 
such a  со тр іех , a t  2650 A, was 13°/o a t a 1 : 1 ratio  of A : BrU (Fig. 1), 
and is therefore qu ite  sim ilar to  that for со тр іех  form ation between 
oligo-U and poly-A [32]. This confirm s once m ore th a t 2', 5' in tem ucleo- 
tide linkaiges do not h inder со тр іе х  form ation and, m ore in teresting  still, 
that such с о тр іе х  form ation is practically unaffected iby substitution of 
brom ine in  th e  5-position of th e  uracil ring. It seems reasonable to  con- 
clude th a t in m ore highly polymerized chains BrU m ay replace U w ithout 
an y  m arked change in secondary s truc tu re  of the  chain.

EXPERIMENTAL

5-bromouridine-2' (3')-phosphate (I) and 5-brom ouridine-2 ': 3'-pho- 
sphate (II). Compound I was obtained in 80°/o yield by th e  action of 
N-bromosuccinimide a t room tem peratu rę  on th e  anhydrous tri-n-octyla- 
m ine salt of uridine-2 ' (3')-phosphate in d ry  dioxane, as described for the 
5 ' isomer [18, 30].

To 50 mg. of I, dissolved in 2 ml. d im ethу 1 form am ide, was added 
180 mg. DCC; following 1 hour pa-per chrom atography dem onstrated the 
absence of I and appearanoe of .the cyclic phosphate [28]. Solvent was 
removed under reduced pressure (at a tem peratu rę  not exceeding 30°), 
3 ml. w ater added to the  residUe, f ollowed by filtrartion and washing of 
the  precipitated dicyclohexylurea'. The filtra  te was concentrated to 1 ml., 
carefully brought to  pH 8.5 w ith  ammonia, extracted  tw ice w ith 3 ml. 
e ther and an .excess of ethanolic CaCl2 and two volumes ethanol were 
then added. The precipitated calcium salt of II was collected by oentri- 
fugaition and washed w ith ethanol and ether; i t  was chrom atographically 
homogeneous in so!vents A and B.

N-m ethtjl-5-brom ouridine-2' (3')-phosphate (V ) : 400 mg. (1 т м )  of I, 
dried оѵег P2O5, was dissolved in 10 ml. d ry  dim ethylform am ide and
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http://rcin.org.pl



36 8  w - SZER an d  D. SHUGAR [6 ]

1.5 gm. (7.3 т м )  DCC added. A fter 1 hour at room tem peraturę, crystals 
of dicyclohexylurea appear and chrom atography shows th e  absence of I 
and appearance of II. The reaction vessel was then imm ersed in ice-w ater 
and th e  reaction m ix ture  saturated  w ith gaseous diazom ethane (an e ther 
solution of CH2N2 from  5.15 gms. N -m ethylnitrosourea [2], warm ed under 
reflux and the  resulting gas dried over granulated NaOH prior to  passing 
into the  reaction m ixture). The course of the  reaction was followed by 
removing aliąuots a t  10 - 15  m inutę intervals and m easuring optical 
densities a t 2750 A, a t pH 7 and 12. The reaction is com plete after about 
40 mins. Chrom atography in  solvents A and В show th e  absence of II and 
quantitative form ation of N-methyl-5-)bromouridiine-2/ : З'-m ethylphos- 
phate (III). About 10 ml. w ater was then  added and th e  precipitated 
dicyclohexylurea filtered off and washed w ith  w ater. The filtra  te was 
evaporated to dryness under reduoed pressure (temp. 30°) and the  residue 
dissolved in  20 ml. 0.1 N-HC1 and left 8 hrs. a t  room tem peraturę. 
Chrom atography in solvents A and В now showed th a t over 90% of III 
underw ent decyclization to N-m ethyl-5-brom ouridine-2/ (3')-m ethylphos- 
phafe (IV). The solution was cooled to 0°, acidified to pH 0.5 w ith  5 n-HCI 
and left overnight a t 37°, following which chrom atography in solvents 
A and В dem onstrated the  disappearance of IV and th e  form ation of 
N -m ethyl-5-brom ouridine-2' (3')-phosphate (V). The solution was then  
brought to  pH 3.5 a t  0° by careful addition of 1 N-NaOH, concentrated 
under reduced pressure to  about 5 ml., and w ater then  removed by 
azeotropic distillation w ith  benzene and ethanol. The precipitated crystals 
of NaCI w ere washed w ith ethanol, the  filtra t es concentrated to  5 ml., 
foUowing which was added 25 ці. triethylam ine and then  an  exoess of 
alcoholic CaCl2. The resulting precipitate was collected by centrifugation, 
washed w ith ethanol and ether, again dissolved in the  m inim um  volume 
of w ater (with addition of a drop of 1 N-HCI to  assist in  com plete dis- 
solution) and precipitated w ith  two volumes ethanol. The resulting 
calcium salt of V w as washed w ith aqueous ethanol (1 : 1), ethanol and 
ether and dried at 110° under reduced pressure. Yield 280 mg. (61.2% 
theoretical).

Calculated for C10H12O9N2PB rC a: P,6.81%; N, 6.15% 
Determ ined: P, 6.5%; N, 5.82%

X -  2775 A ; - ^ -  =  1.51; ^2600 =  1.65.m a\ ’ „  p
2600 2500

A product identical w ith V was also obtained by the  d irect action of 
diazom ethane on a dry  dioxane solution of I and hydrolysis of th e  resu lt
ing N -m ethyl-5-brom ouridine-2' (3')-dim ethylphosphate in 1 n-HCI for 
60 hrs. at 37°.
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Behaviour of V  towards acid and alkali: In 1 n-HCI for 12hrs. a t  60°, 
V is stable. In 0.5 n-KOH i t  is completely decomposed in 30 mins. a t  room 
tem peratu rę  and th is is not reversible by acidification. The half-tim e for 
decomposition at pH 12.5, m easured by the  ra te  of deorease of the  
absorption m axim um  at 2775 A, Ls 60 mins. The products of decomposition 
in alkali exhibit no absorption in the ultraviolet.

Oligonucleotides of N -m ethyl-5-brom ouridine-2' (3')-phosphate (oligo- 
-M eBrU, VI): 110 mg. (0.25 т м )  of the  calcium salt of V was dissolved 
iin 6 ml. w ater and calcium  rem oved by passing the solution through 
a column of A m berhte IR-120 (H+ form, 1.5 X 5 cm.); the  column was 
washed w ith  two volum.es of w ater and the combined filtra tes con- 
centrated under reduced pressure, following which w ater was removed 
by azeotropic distillation w ith ethanol and benzene. To the solution was 
added 100 ul. (0.25 т м )  tri-n-octylam inę, following which it was dried 
by several distillations w ith  dry benzene and toluene and th e  residue 
stored оѵег P2O5 ovem ight. It was then  dissolved in 1.5 ml. d ry  dioxane, 
followed by the addition of 80 мі. diphenylphosphorochloridate (DPPC) 
and 150 ЦІ tri-n-ibutylaminę. A fter 5 hrs. a t room tem peraturę  chrom ato
graphy in solvents A and В showed th a t the  main product (about 90°/o 
by visual observation) was the  cyclic phosphate. An additional 80 ul. 
DPPC and 150 мі. tri-n-octylam ine w ere added, and th e  solution left 
overnight. Chrom atography then showed th a t polymerization had taken 
place. A 100 ul. a liąuot was then acidified to  0.1 n-HCI and left at room 
temperatur© for 6 hrs., following which chrom atography exhibited 
the presence of oligonucleotides w ith  R F ѵа-lues 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 w ith e ther 
by decantation and then dissolved in 2.5 ml. w ater. The aąueous solution 
was brought to  pH 8.5 w ith  1 N-ammonia and extracted th ree  tim es w ith 
10 ml. ether. Two volumes of ethanol w ere then added, followed by the 
dropwise addition, a t  0°, of saturated  ethanolic CaCl2. Centrifugation and 
washing produced 40 mg. of oligonucleotide, VI contam inated w ith  8%  V, 
as determ ined by elution from  paper chrom atograms.

Dialysis of oligonucleotides (VI) and chain lengths of indinidual frac
tions. About 3 mg. of VI was dissolved in 0.6 ml. w ater a t pH 5.5 and 
dialyzed against 20 ml. w ater fo r 48 hrs., then against 2 м-NaCl a t 0°, 
and finally  against w ater to  гетоѵ е  salt. M ean chain lengths w ere 
estim ated from  term inal phosphate liberated by prostatę phosphomono- 
esterase. The contents of th e  various fractions and m ean chain lengths 
are presented in Table 1. No a ttem p t was madę to  m easure the  chain 
length of the HoO dialyzate sińce it contained also monomers.
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T a b l e  1
Mean chain lengths of fraction of oligo-MeBrU

Dialyzate
against
water

Dialyzate 
against 

2 м-NaCl

Dialysis
residue

Oligonucleotide content
Mean chain length (no. o f residues)

37.2% 56.5%
3.2

6.3%
7.1

Acid hydrolysis of VI in 1n-HC1 at 37° overmight resulted im. quan- 
titative conversi.on to  mono nucleotides.

Acid hyperchrom icity of VI: A  sam ple of oligonucleotide was disr- 
solved im 1 N-HC1 and th e  optical density  a t  2775 A m easured imm ediately. 
A fter 16 hrs. a t  37° the increase in extimction, for a  sam ple w ith a mean 
cham  length of 7.1, was 11.5%.

In am analogous experim ent th e  hyperchrom icity of a sample of oligo- 
~BrU (kindly supplied by Dr. A. M. Michelson) was found to  be 13.3%.

Сотріех form ation of oligo-BrU, and oligo-MeBrU (VI), w ith  poly-A: 
It was firs t estaiblished th a t neither oligonucleotide exhi'bited secondary 
s tructu re  by śhowing th a t they exhibited no chamge in absorption a t 
tem peratures down to  3°, even when the  Solutions w ere m ade
0.05 m in MgCl2 [10, 15].

Under standard conditions, as deiscribed by W arner [34] and Doty 
et al. [8], poly-A was titra ted  w ith oligo-BrU a t 10° in 0.15 м-NaCl ł 
+  0.015 м-sodium citra te  a t pH 6.7. The со тр іе х  obtained exhibited 
т а х і т и т  hyperchrom icity of 13°/o a t a  molair ratio  of BrU to  A of 1 :1 
(Fig. 1) aind dissociated over the  tem peraturę rangę 14- 39°  with a Tin 
of 24°. A repetition of the foregoing, using oligo-MeBrU (mean chain 
length 7.1 residues) in place of oligo-BrU gave a m ixture, th e  extinction 
of which was always the arithm etic sum  of poly-A and oligo-MeBrU, 
even when the salt concentration was raised to  0.5 м.

5-bromouridine-5'-pyrophosphate (BrUDP, VII): 112 mg. (0.25 т м )  of 
the crlcium  salt of UDP was dissolved in w ater, calcium  removed by 
passing through a  column of A m berlite IR-120 (H+ form) which was then 
washed w ith  w ater and the combined peroolates conoentrated under 
reduced pressure and w ater removed by azeotropic distillation w ith ethanol 
and benzene. To the  ethanol:c solution wais added 176 mg. (0.5 т м )  
tri-n-octylam inę and drying was then  carried ou t by successive distil
lation w ith dry benzene, toluene and dioxane. The resu ltan t salt was 
dried overnight оѵег P 2O5 and dissolved in  10 ml. d ry  dioxane, to wh ch 
was added 176 mg. (1 т м )  N-bromosucciniimide. The reaction m ixture 
was left for 5 days a t room tem peraturę, following wfiich chrom atography
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in solvent В showed th a t the m ain reaction product was VII, accompanied 
by traces of the  starting  compound and about 10% of BrUMP. Solvent 
was rem oved under reduced pressure, the  residue dissolved in 5 ml. 
aąueous ethanol (1:2)  and triethylam ine added to  bring the  pH to  5. 
The calcium  salt was then  precipitated by  addition of ethanolic CaCl2 
and two volumes ethanol. The crude calcium salt, 134 mg. a fte r washing 
and drying, was dissolved in  3 ml. w ater, acidified to pH 2.5 w ith  1 N-HC1 
and 7 ml. ethanol then added. The precipitated acid salt of BrUDP was 
collected by  centrifugation, washed and dried over P 20 5. Yield 72 mg. 
(54.5% theor.), chrom atographically homogeneous in solvent В and in 
propan-2-o l-l°/o (NH4)2S 0 4 (60:40,  v/v) [1].

Calculated for CgHuO^NoPi^BrCa: N, 5.36%; P, 11,81%, 
D eterm ined: N, 5.57%; P, 11.6%.

N-m ethyl-5-brom ouridine-5'-pyrophosphate  (MeBrUDP, VIII): The 
procedurę was identical to th a t for VII described above. From  120 mg. 
(0.25 т м )  MeUDP [32] th e  yield of VIII was 85 mg. (60.7% theor.) and 
was chrom atographically homogeneous in solvent В and in propan-2- 
-ol - 1% (NH4)2S 0 4 (60 : 40, v/v) [1].

Calculated for C10H 13O12N2P2BrCa: N, 5.25%; P, 11.6%; 
Determ ined: N, 5.32%; P, 11.4%.

A ttem p ts  to polym erize BrUDP : 12 mg. of th e  calcium salt of VII 
in  0.5 ml. w ater was passed through an IR-120 (H+ form) column to 
гетоѵ е  calcium. The solution w as brought to  pH 7.6 w ith  NaOH and 
reduced to 0.1 ml., followed by the  addition of 0.1 ml. 0.2 м-tris buffer, 
pH 8.1, 2m1. M-MgCl2 and 20 м-l. polynucleotide phosphorylase (the 
enzym e was a  g ift from  Dr. S. Ochoa). No polymer form ation could be 
observed еѵѳп a fte r 18 hrs. incubation.

In ano ther experim ent a  1 :1 m ix ture  of UDP and BrUDP was subm it- 
ted  to  th e  action of the enzyme. The polymer obtained was exhaustively 
dialyzed against 0.005 м-NaCl and then hydrolyzed in  1 N-HC1 for 16 hrs. 
a t 37°. Paper chrom atography of th e  hydrolyzate dem onstrated th e  pre
sence only of uridylic acid; no brom ouridylic acid could be detected. 
However, the yield of poly-U was only 20%  of th a t to  be expected in  the  
absence of BrUDP under analogous conditions, indicating tha t BrUDP 
does com pete w ith the  enzym e for its na-tural substrate, UDP.

Enzym atic trials

Substrates were prepared a t a concentration of 10 mg/ml. in  appro- 
p ria te  0.1 M-buffers and enzym e added to a  concentration of 1 mg./ml. 
except wbere otherw ise indicated. Incuibation was a t 37° and samples
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T a b l e  2

Rp values for various compounds 
Paper chrom atography: The fo llow ing solvent sysitems w ere used  in a scen d in g  ch ro m a -  
tography wiith W hatm an paper No. 1:

A — propan-2-ol - NH4OH (d - 0.88) - H20  (70 :1 :30, v /v /v )
В — ethanol - 1 м -am m onium  acetate - (5 : 2, v/v)
С —  n -b u ta n o l -  g la c ia l a cetic  acid -  H 20  ( 3 : 2 : 3, v /v /v ).

Compound

Rp  in solvent

A В С

Uridine 0.58 0.75 0.54
Uridine-2'(3 ')-phosphate 0.22 0.25 0.26
Uridine-5 '-pyrophosphate — 0.10 —
5-bromouridine 0.69 0.82 0.59
5-bromouridine-2'(3')-phosphate (I) 0.24 0.28 0.35
5-bromouridine-2' : 3 '-phosphate (II) 
N-methyl-5-bromouridine-2' : 3 '-methyl phosphate

0.42 0.62

(III)
N-methyl-5-bromouridine-2'(3') - methyl phos

0.68 0.88

phate (IV) 0.47 0.58 —
N-methyl-5-bromouridine-2'(3') - phosphate (V) 0.34 0.38 0.42

Oligo BrU 
Oligo-MeBrU

0.0 0.0

Dialyzate vs. 2 м-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 ---

w ithdraw n a t various tirne intervals for chrom atographic analysis. Insofar 
as oligo-BrU is concem ed, sam pies used had a m ean cbain length of 
3.1 residues.

(a) Pancreatic ribonuclease (Armour). Incubaition a t  pH 7.5, in acetate 
buffer. N -m ethyl-5-brom ouridine-2' : 3 '-phosphate (III), th e  m ethyl esters 
of III and IV, and oligo-MeBrU (VI) w ere a-11 resistaint to  th e  enzyme 
after 40 hrs. incubation. On the  o ther hand, 5-brom ouridm e-2' : З'-phos- 
phate (II) w as quantiłatively converted to the m ononucleotide (I) in 2 hrs.; 
this reaction could be followed not only chrom atographically but also 
spectrally sdnce ż m a x  I is a t 2750 A .  "while ż  m ax II is at 2775 A .

(b) Snake ѵепот  (Crotalus adamanteus). Incubation a t pH 9.2 in borate 
buffer in  presence of MgClo. Both VII and VIII w ere quantitatively  cor.- 
verted to  th e  corresponding nucleosides in 1 hr.

(c) Snake ѵепот phosphodiesterase (prepared in this laboratory by 
Mrs. F. Rzendowska by fracticnation on a cellulose column). Incubation

372
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at pH 8.8 in pretsence of magnesium. Oligo-MeBrU (VI) was slow ly hydro- 
lyzed, mono nucleotides m aking their appearance after 20 hrs. incubation.

(d) A lkaline phosphatase (Worthington). Incubation a t pH 8.7 in borate 
buffer; 5-brom ouridine-2' (3')-phosphate (I) and the N -m ethylated deri- 
vatdve (V) w ere transform ed to  the corresponding nucleosides in 1 hr. 
Incubation of th e  oligonucleotide VI led to th e  appearance of sm aller 
fragm ents, not containing end phosphate groups, after about 2 hrs.; after 
6 'hrs. there  w ere t.raoes of N-methyl-5-bromouridime, and th is la tte r  was 
the sole product a fte r  20 hrs. incubation.

(e) Prostatę phosphomonoesterase (prepared according to Loring et dl. 
[17]). Incuibation in acetate buffer a t pH 5. Compounds I and V underw ent 
dephosphorylation to  the  corresponding nucleosides in 1 h r. The oligo
nucleotide VI was slowly hydrolyzed to corresponding fragm ents w ith- 
out end phosphate groups. No N-m ethyl-5-brom ouridine could be de- 
tected even a fte r 30 hrs. incubation.

SUMMARY

1. Several 5-biom inated derivatives of uridine phosphates have been 
prepared.

2. 5-bnomo-uridiaie-2' : З'-phosphate is a substra te  for ribonuclease 
but its N -m ethylated ana-logue is not. Oligo-BrU is also attacked by ribo
nuclease but oligo-MeBrU is resistant. The la tte r  polymer is, however, 
slowly hydrolyzed by snake venom phosphodiesterase.

3. Oligo-BrU is capaible of form ing a tw in-stranded с о тр іе х  w ith 
poły-A, but N-m ethylation of the  brominated polym er prevents the  
formation of such complexes.

4. The hyperchrom icities of oligo-BrU and oligo-MeBrU are  ap- 
proxim ately eąual, testifying to the  fact that such hyperchrom icity is 
due, n o t to hydrogen bonding, but to interaction between adjaoent rings 
in the cham.

5. Neither 5-BrUDP nor N-m ethyl-5-BrUD P are  substrates for poly
nucleotide phosphorylase but 5-BrUDP partiahy  inhibits th e  enzyme.
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SY N T E Z A  O R A Z  W Ł A ŚC IW O ŚC I FIZ Y K O -C H E M IC Z N E  I EN Z Y M A T Y C Z N E
5-B R O M O FO C H O D N Y C H  K W A SU  U R Y D Y LO W EG O  I JE G O  PO LIM ER Ó W

S t r e s z c z e n i e

1. Otrzym ano pochodne fosforanów urydyny, brom owane w  pozycji 
5 pierścienia uracylu.

2 . 2 ' :  З'-fosforan (cykliczny) 5-brom ourydyny stanowi substra t d la ry- 
bonukleazy z trzustki, a  jego N-m etylowy analog jest odporny na działa
nie rybonukleazy. Oligo-BrU ulega również hydrolizie pod wpływem  ry- 
bonukleazy, natom iast oligo-MeBrU jest odporny na  jej działanie, ale jest 
powoli hydrołizow any przez fosfodwuesterazę jadu węża.
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3. Oligo-BrU tw orzy podwójny kompleks z poli-A, natom iast N -m ety- 
lowanie bromowanego polim eru uniemożliwia utw orzenie takiego kom 
pleksu.

4. Efekty hiperchrom owe oligo-BrU i oligo-MeBrU są jednakowego 
rzędu. Potwierdza to  wniosek, że tego rodzaju hiperchrom azja spowodo
w ana jest współdziałaniem sąsiednich pierścieni zasad, bez wytworzenia 
pomiędzy nim i wiązań wodorowych.

5. Ani 5-BrUDP, ani N-m etylo-5Br-UDP nie są substratam i dla fosfo- 
rylazy polinukleotydow ej; 5-BrUDP ham uje częściowo działanie enzymu.

R eceived 212 March, 1961

http://rcin.org.pl



http://rcin.org.pl



*

\
A C T A  B I O C H I M I C A  P O L O N I C A  

V ol. VIII 1961 No. 3

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

METABOLISM OF 14C-l-CARBAMYLASPARTIC ACID TO 
PYRIMIDINE DERIVATIVES IN EXCISED WHEAT BLADES

ln s t i tu te  of B iochem istry  & Biophysics,  Polish A ca dem y  of Sciences, and D epartm ent  
of Biochemistry, Central College of Agriculture, W arszawa

Recenit investigations in to  the biosynthesis of pyrim idine nucleotides 
in anim al organs and m icroorganisms have established the  enzymatic 
system  as well as th e  m ain interm ediate compounds tha t participate in 
th is process [18, 3]. On plant m ateriał however only rudimenta-ry work 
has been carried out thus far [19, 4]. Prelim inary results indicate tha t on 
the whole the path of pyrim idine nucleotide synthesis in the  plant is 
sim ilar to  that in o ther organisms, yet certain distinct differences were 
also established. It was previously observed tha t p lan ts fed w ith CA1 
accum ulate large am ounts of OA and some urid ine [19]. Feeding plants 
w ith  OA leads to the  synthesis of 5'-UMP, 5'-CMP. uracil and urid ine [4]. 
These last two m entioned substances do not appear on the  main path of 
pyrim idine nucleotide synthesis in anim al organs and mieroorganisms.

An attempt. has been rnade to  establish the  biosynthetic seąuence in 
which th e  particular pyrim idine derivatives may arise from a common 
aliphatic precursor in higher plants. W ith th is  in view plants w ere fed 
with ^C-CA labelled in  the  carbam yl group and samples w ere w ith- 
draw n for analysis in a dynamie experim ent after 1, 2, 4 and 8 hours in- 
cubation.

1 Follow ing abbreviations w ere used throughout: CA, L-caa-bamylaspartic acid; 
O A, oirotic acid; OMP, orotidine-5'-phosphate; 5'-UMP, uridine-5'-phosphate; 
2*'(3/)-UMP, uridi!ne-2/(3')-phosphate; 5'-CMP, cytidine-5'-phosphate; 2/(3')-CMP, cy- 
t id in e -2/ C3/ )-phosphate.

[ 377]
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MATERIALS AND METHODS 

Reagents

CA was synthesised from  L-aspartic acid and potassium cyanate, using 
th e  m ethod of Nyc & Mitchell [17].

Radioactive CA (specific activity: 1000 counts/sec./м-тоі.) labelled in 
the  carbam yl group was synthesised as above, using Na14CNO in  p lace 
KCNO. N a14CNO was m adę from  N a14CN by oxidation [16].

Ali o ther reagents w ere of commercial origin.

Introduetion of CA into the plant

Feeding experim ents w ere carried out on 6 days old w heat blades 
(ca 7 cm. im length), varie ty  Dańkowska 40.

In the  first experim ent 2 g. of excised blades w ere imm ersed w ith  th e  
cu t off ends in  1 ml. of a 33 т м  solution of CA w ith specific activ ity  of 
1000 counts/sec./м-тоі. A fter 1, 2, 4 and 8 hr. the  blades w ere treated  as 
described previously [19].

In  th e  second experim ent four samples w ere fed w ith 14C-CA as aibove. 
A fter 4 hr. of incubation, the  four samples w ere treated  as follows: th e  
first sam ple w ithout fu rth e r trea tm ent was prepared for analysis, th e  
second one was continuously fed for 4 m ore hr. w ith  active CA, the th ird  
w as imm ersed for 4 hr. in 1 ml. of inactive CA (33 т м ) ,  and the fou rth  
sam ple was immersed for 4 hr. in 1 ml. of distilled w ater prior to th e ir  
preparation for analysis.

Isolation of radioactive compounds

Acid-soluble fraction. The preparation of m ateriał for analysis, th e  
extraction w ith  cold 0.6 n-HC104, the  determ ination of absorbed and 
m etabolized CA w ere carried out as described previously [19]. The elution 
w ith  ethanol of pyrim idine compounds adsorbed on active charcoal [4] 
was slightly modified, using hot ethanol for th e  finał elution, which 
guaranteed quamtitative recoveries of adsorbed compounds. The combined 
charcoal eluates w ere evaporated under reduced pressure in a dessicator 
over NaOH a t room tem peraturo. The d ry  residue was dissolved in aibout 
10 ml. of distilled w ater and put through a D ow ex-l-C l~ column (1,5 X 
X 50 cm., 5 0 - 100 mesh). The non-adsorbable substances w ere quan tita ti- 
vely washed out w ith  distilled w ater and the  adsorbed compounds w ere 
elu ted  w ith  dilu te HC1 (speed of elution about 0.8 m l./min.). 400 fractions 
of 5 ml. each w ere collected on th e  oollector, using 0.002 n-HCI for

http://rcin.org.pl



[3] METABOLISM OF CARBAMYLASPARTIC ACID IN  WHEAT 379

fractions 1 - 50, 0.004 n-HCI for fractions 51 - 200, and 0.015 n-HCI for 
fractions 201 - 400.

Ali 400 fractions w ere irw estigated for radioactivity and their optical 
density w as m easured a t 270 mii in order to ascertain which fractions 
should be used for the  chrom atographic isolation of radioactive compounds 
absorbing ultraviolet light. Thus uracil and uridine which are not adsor- 
bed on th e  D ow ex-l-C l— column w ere recovered from  w ater 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 chrom atographic isolation of pure pyrim idine derivatives, th e ir  iden- 
tification and quantitative spectrophotom etric determ ination w ere carried 
out as previously described [4, 19].

Fractions 76 -110  and 128- 190 contained a t  least tw o substances w ith 
considerable radioactivity  bu t which did not show any  absorption in u ltra - 
violet light. However i t  was proved th a t these compounds w ere no t 
products of enzym atic reactions. When nam ely to  inactive HC104 ex tract 
,4C-CA was added, and the  m ix ture  then partitioned as above, th en  no 
radioactivity in the  pyrim idines could be observed. Yet fractions 76 - 110  
and 128 - 190 have shown the  sam e radioactivity as in  th e  norm al feeding 
experim ent.

1
Acid-insoluble fraction. The residua! plant m ateriał, from w hich all 

HC104-soluble compounds have been removed, w as hydrolyzed w ith  
1 n-HCI a t 100° for period of 1 hr. [13]. A fter cooling, th e  supernatan t was 
separated by centrifugation and evaporated lin a dessicator under reduced 
pressure over NaOH a t room tem peraturę. The dry residue was dissolved 
in about 10 ml. H20 , pu t through a D ow ex-l-C l~ colum n and th e  py ri
m idine derivatives isolated by m eans of paper chrom atography as above. 
Fractions 17- 43  contained 2' (З')-СМР, and 2' (3')-UMP w ere recovered 
from  fractions 255 - 318. D uring hydrolysis about 10% of m ononucleotides 
was decomposed to  corresponding nucleosides and these losses w ere ac- 
counted for by isolation of cytidine and uridine from  th e  w ater solution 
following the  adsorption of the  nucleotides on the  D ow ex-l-C l" column.

M easurement of radioactinity

Radioactivity was m easured w ith a  window counter (1.4 mg./cm2.), type  
BAT 25/1 for varying periods of tim e so th a t the  standard  e rro r did not 
exceed 5°/o. W henever this requirem ent was not m et on counting fo r 
3000 sec., then the equatkm  according to  Verchovskaja [20] was em ployed 
for the control of accuracy of m easurem ents.
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RESULTS

A fter feeding 14C-CA for 1 hr., 5'-UMP contained most of th e  radio- 
activity accounted for in plant m ateriał (Taible 1). 5'-CMP, urid ine and 
uracil have shown considerable less actiyity. 2' (3')-UMP and 2' (З')-СМР 
obtained a fte r  hydrolysis of the polynucleotides have shown distinct but 
very sm ali specific actiyity. Contrary to 5'-CMP and 5'-UMP from the 
acid-soluble fraction, w ith considerably different specific activities, the  
2' (3') -mono n ucleotid-es haye shown identical radioactiyity.

E luates containing puriine derivatives have not been radioactive a t  all, 
which is in  agreem ent w ith da,ta obtained by other workers [1, 9].

Extention of feeding tim e beyond 1 hr. caused fu rther considerable 
increases of radioactivities as well as increases in th e  absolute am ounts 
of recovered pyrim idine derivatives in the  plant. Again 5'-UMP showed 
highest specific actiyhy, followed by uracil, uridine and 5'-CMP. A lready 
after 2 hr. the specific actiy ity  of 5'-UMP am ounted to 70% of the 
specific actiyity  of CA employed in the  experim ent. The actiy ity  of py- 
rim idines obtained from the hydrolysis of the  polynucleotides continues 
to rise slowly throughout the  experim ent up to 8 hr. of feeding, but w ithout 
any increases in the  absolute ąuantities recoyered.

Entirely  d ifferen t observations w ere m ade as regards O A. Up to  2 hr. 
of feeding no OA could be found in the plant. Only a fte r 4 hr. traces 
of OA could be detected. Yet its  specific actiyity  was extrem ely  high from 
the s ta rt and amounted to 80% of the in itial actiyity of CA used in  the 
experim ent. All the  other pyrim idine derivatives of the  acid-soluble 
fraction continued to increase in ąuantity  as well as in  specific actiy ity , 
w ith the  exception of 5'-UMP which has apparently  reached the lim its of 
saturation already a fte r 2 hr. of feeding w ith CA.

Further interesting observations as regards ąuantities and activities 
w ere m ade a fte r 8 hr. of feeding w ith radioactive CA. The concentration 
and actiyity of urid ine and 5'-UMP underw ent no  fu rther changes. On 
the  other hand ąuantities of uracil and 5'-CMP increased fivefold and 
elevenfold respectively, w ith considerable increases of specific actiyity . 
A rapid accum ulation of O A was noticeable, which exceeded in ąuan tity  
a ll the  o ther pyrim idine derivatives (Table 1).

The absence of O A up to 4 hr. of feeding the p lan t w ith CA and its 
subseąuent emergence w ith extrem ely high specific actiy ity  lead to  the  
assum ption th a t OA m ay have an additional role to fu lfill in the  process 
of biosynthesis of pyrim idine nucleotides in  the  plant. Therefore an ex- 
perim ent was carried out in which w heat blades w ere fed for 4 hours 
w ith  labelled CA. As already m entioned above, th is is the shortest tim e
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T a b l e  2

A m ounts and specific activity of OA in plants fed  w ith  CA
Amounts expressed in  pmoles/2 g. o f fresh w eight. R adioactivity o f l łC -C A

1000 coun ts/sec./pm ol.

Ńo. Feeding
Found

(gmoles)

Specific acti- 
vity 

(counts/sec./ 
/[xmol.)

1 4 hr. 14C-CA 0.02 800
2 4 hr. HC-CA +  4 hr. “ C-CA 2.55 809
3 4 hr. HC-CA +  4 hr. CA 2.94 138
4 4 hr. 14C-CA +  4 hr. H20 0.00 —

reąuired for the  appearance of OA in p lants fed w ith  CA. If after 4 h r . 
of above trea tm ent the  plant was continuously fed w ith active CA, then 
rapld accum ulatlon of OA w ith very high specific activity  was noticeable. 
If how ever the  treatm ent w ith active CA w as in terrup ted  after 4 hours 
and blades transferred  onto a solution containing inactive CA, then OA 
still accum ulated rapidly as above, but th e  specific activity  was falling 
considerably. Fina-lly, if blades treated  for 4'hr. w ith active CA w ere 
immersed for f-urther 4 hours in  H20 , then  no OA accum ulated and th e  
smali ąuantities arising a fte r the first 4'hr. of feeding w ith  CA d is- 
a-ppeared en tirely  from  the plant ma ter i a-l (Table 2).

DISCUSSION

It is essenitial to  sta te  that no unequivoca-l answ er has been obtained 
concerning th e  ibiosynthetic seąuenoe of em ergence of yanious pyrimi-dine 
derivatives from  CA, the ir common precursor. According to  litera tu rę  
[18,3] the  first pyrim idine which arises from  CA lin anim al organs and 
microorganisms is OA. In plant m ateriał however OA appears only after 
4 hr. of CA feeding, w hile the  appearance of o ther pyrim idines and th-eir 
derivatives -could be observed already a fte r  1 hr. On th e  o ther hand OA 
is characterized from the  s ta rt by  extrem ely  high sp>ecific actiwity, which 
suggests th a t i t  actually is th e  first pyrim idine compound arising from  CA, 
but th a t it  undergoes rapid m etabolic changes to other pyrim idines. This 
view is supported by direct as well as in-direct evidence: (1) Feeding plants 
with OA, w e w ere able to  show synthesis of 5'-UMP, 5'-CMP, uridine 
and uracil [4]. (2) The specific -activity of six isola-ted pyrimi-dine deriva- 
tives rises gradua-lly w ith the extention of tim e of feeding, w hereas OA 
shows greatest acthńty throughout. (3) Specific activity  of O A decreases

3 8 2
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rapidly on transfer of th e  plant m ateriał onto inactive CA, suggesting 
strongly th a t OA is a  very  active m etabolite supplying th e  pyrim idine 
ring s truc tu re  to  th e  o ther derivatives (Table 2, No 3).

The in tense accum ulation of OA afte r 8 hr. of CA feeding (Table 1, 
No 4 and Table 2, No 2), as well as its  rapid m etabolism  (Table 2, No 3) 
indicate th a t OA is not only  a very active in term ediate on the  path of 
pyrim idine nucleotide synthesis, but it is also the  substanoe in which the 
plant m ay tem porarily  accum ulate th e  preform ed cyclic pyrimidine 
structure.

This in terpretation  unites to a certain  ex ten t MitchelTs view [14] that 
O A is a  by-product of pyrim idine nucleotide synthesis w ith  the thesis of 
Reichard [18] th a t O A m ust be considered a  tru e  interm ediate in this 
process. According to  our in terpretation it  m ay be assumed that all 
radioactive products th a t appear already a fte r 1 hr. arise from  14C-CA by 
way of OA as tru e  interm ediate.

5'-UMP shows highest specific activ ity  a fte r short tim e feeding, which 
indicates th a t higher plants contaiin an enzym e system  sim ilar to  animals 
and microorganisms, catalizing ribotidation of O A [12, 2] and decarboxy- 
lation of OMP [12, 10].

After 1 hr. of CA feeding uracil and uridine show distinct radio- 
activity which rises sharply  on extention of th e  tim e of feeding. This is 
in agreem ent w ith  th e  observation of uracil and uridine synthesis in 
plants fed w ith OA [4]. It would therefore appear th a t higher plants 
possess an  OA decarboxylase thus placing uracil on the m ain path  of 
fu rther anabolic reactions. It has been recently  reported tha t anim als 
[5, 15] and m icroorganisms [8 , 7] also use uracil in  sim ilar processes 
although the  path of uracil synthesis is quite d ifferent and results from 
the products of reversdble reactions of reductive degradation (/3-alanine, 
carbamyl-/?-alanine and dihydrouracil) and not from  decarboxylation 
of O A.

The stniking increases in the  ąuantities of uracil and 5'-CMP after 
4 hr. of feeding, w ith  corresponding increases of specific activity m ay 
perhaps suggest th e  am ination of uracil to  cytosine prior to the  synthesis 
of nucleotides. However th is observation m ay be codncidental, as it is 
known th a t only urid ine triphosphate undergoes am ination [11, 6] and 
fu rther detailed experim ental evidence is obviously required.

No differences appeared in  th e  specific activity of both pyrim idine 
nucleotides, obtained on hydrolysis of the  polynucleotide fraction. This 
would suggest th a t the ir precursors should have activities of the  same 
magnitude, yet radioactiv ity  of 5'-UMP and 5'-CMP in  the  acid-soluble 
fraction was distinctly  diffenent. The a-nswer to  th is question cannot be
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expected w ithout additional inform ation concerning the di- and triphos- 
phonucleosides, the  im m ediate precursors of polynucleotides.

Tentatively th e  following scheme of pyrim idine m ononucleotide syn
thesis m ay be suggested:

* uracil -  CMP

/CA—— >OA (intermediate)
H 4  co

OA (storage) 4  (OMP) UMP -C M P

SUMMARY

Excised w heat blades w ere fed for 1, 2, 4, and 8 hr. w ith CA labelled 
w ith 14C in th e  carbam yl group. Already a fte r 1 hr. considerable radio- 
activity was noticed in 5'-UM P, uracil, uridine, 5'-CMP as well as in  
2' (3')-UMP and 2' (З')-СМР of th e  polynucleotide fraction.

OA appears only a fte r 4 hr. of feeding, showing from the s ta rt ex tre - 
m ely high radioactivity am ounting to 80% of the  specific activity of CA 
employed.

The double role of OA as a true interm ediate in th e  synthesis of 
pyrim idine nucleotides as well as the  storę of pyrim idine ring structure 
has been discussed.

The existenee of OA decarboxylase in higher plants aind possible ro le 
of uracil in pyrim idine metabolism has been suggested.
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PRZEM IANA KW ASU 14C-L-KARBAM YLOASFARAGINOW EGO DO POCHOD
NYCH PIRYMIDYNOWYCH W ODCIĘTYCH ŹDŹBŁACH PSZENICY

S t r e s z c z e n i e

Odcięte źdźbła pszenicy dokarm iano kwasem L-karbamyloasparagino- 
wym znakowanym  14C w  grupie karbam ylowej przez okres 1, 2, 4 i 8 godz. 
Już po godzinie stw ierdzono włączanie 14C do 5'-UMP, uracylu, urydyny 
i 5'-CMP, oraz 2' (3')-UMP i 2' (3')-CMP frakcji polinukleotydowej.

Kwas orotow y pojawia się w  roślinie dopiero po 4 godz. dokarmiania. 
Posiada on jednak odrazu w yjątkow o wysoką radioaktywność, wynoszącą 
80°/o aktywności właściwej użytego CA.

W dyskusji wysunięto przypuszczenie, że OA odgrywa podwójną rolę 
w biosyntezie pirym idyn, a mian owicie jako aktyw ny produkt pośredni 
i jako magazyn przejściowego nadm iaru prekursora pirym idyn kwasów 
nukleinowych. Ponadto wskazano na możliwość w ystępowania dekarbo- 
ksylazy kwasu orotowego w  roślinie i udziału uracylu w syntezie mono- 
nukleotydów.

R eceived 25 March 1961
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A C T A  B I O C H I M I C A  P O L O N I C A  

V ol. V III 1961 No. 3

П. Ш АФ РАНЬСКИ, ГАННА ВЭР и Т. ГОЛАШ ЕВСКИ

ИССЛЕДОВАНИЯ НАД СИНТЕЗОМ БЕЛКОВ В КЛЕТОЧНЫ Х ЯДРАХ

Р е з ю м е

Исследовалось включение 14С-аминокислот in vitro  и iii ѵіѵо в рибо- 
нуклеопротеидовые частицы (RNP) и растворимую фракцию, полу
ченные путем центрифугирования дезинтегрированных ядер печени 
морской свинки при 40 ООО X г.

Синтез белков в выделенных частицах RNP протекал в присутствии 
растворимой фракции из ядер и глюкозы, а такж е в присутствии цито
плазматической растворимой фракции и системы регенерирующей 
АТР. Сама надосадочная жидкость ядер интенсивно вклю чала амино
кислоты.

В клеточных ядрах найдены нуклеопептиды, похожие на описанные 
ранее [19] нуклеопептиды из цитоплазмы печени морской свинки.

В. ДРАБИ КО ВСКИ

СВЯЗЫ ВАНИЕ АТР СЫВОРОТОЧНЫМ АЛЬБУМИНОМ В РАСТВОРЕ

Р е з ю м е

Яри применении ультраф ильтрации и компенсационного диализа 
установлено возникновение соединений АТР с сывороточным альбуми
ном в растворах. Способность связы вания АТР уменьшается с увели
чением pH  и возрастает с увеличением концентрации АТР, так ж е 
как и в случае связывания нуклеотидов осужденными белками.

Спектрофотометрические исследования смеси АТР и альбумина сы
воротки показали, что присутствие белка не влияет на ультраф иоле
товый спектр АТР, что подтверж дает предположение о том, что

i
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кольцо аденина ке принимает участия в образовании исследуемых сое
динений.

При pH, меньшем изоэлектрической точки, наблюдалось заметное 
влияние АТР на элоктрофоретическую  подвижность альбумина на 
фильтровальной бумаге.

ГАННА СТШ ЕЛЕЦКА-ГОЛАШ ЕВСКА

НЕКОТОРЫЕ СВОЙСТВА СОЕДИНЕНИЙ АДЕНИН-НУКЛЕОТИДОВ  
С МЫШ ЕЧНЫМИ БЕЛКАМ И

Р е з ю м е

Исследовалось влияние pH и некоторых неорганических солей 
(NaCI, КС1, СаС12 и MgCl2) на соединения мыш ечных белков содерж а
щимися в мышце нуклеотидами. Опыты проводились на ацетоновых 
порошках из мышцы лягуш ки. Установлено наличие заметной зависи
мости количества связываемых нуклеотидов от pH.

Больш е всего нуклеотидов (до 90 - 100% общего количества в м ате
риале) остается в связанной форме при pH 2,2 - 2,8. Добавление не
органических солей в зависимости от их концентрации и от pH среды, 
вызывало снижение или увеличение количества связываемых нуклео
тидов или ж е  не оказывало никакого влияния. На основании полу
ченных результатов обсуждается возможность наличия меж ду бел
ками и нуклеотидами различны х связей в разны х условиях.

БРОНИСЛАВА М ОРАВЕЦКА

ИЗМЕНЕНИЯ В БЕЛ К АХ  ЖЕЛТОГО ЛЮ ПИНА (LUPIN US LUTEUS  L.)
ПРИ ПРОРАСТАНИИ

Р е з ю м е

Белки боратных вы тяж ек из семян и проростков желтого люпина 
разделяли путем бумажного электроф ореза на пять фракций. Исследо
вались изменения отдельных фракций в I, III и V ф азе  развития 
семян. При проростании общий белок уменьш ается с 40°/о сухого веса 
семян до 1,3%. М ежду I и III фазой развития резко сниж ается количе
ство канглютина (3, а в V ф азе  не удалось уж е обнаружить его при
сутствия. В V ф азе усчезает такж е альбумино-глобулиновая фракция.

іі
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ПАУЛИНА ВЛОДАВЕР

Р е з ю м е

1. При помощи ортофосфата, меченого по ;{~Р, исследовался обмен 
ф осф орны х соединений у голодающих и потребляющих пищу гусениц 
Gallerm mellonella.

2. Содержание 32Р в кислоторастворимой ф ракции непосредствен
но после прекращ ения потребления изотопа, остается высоким и зна
чительно уменьш ается при переходе на „нормальное” потребление 
пищи. Одновременно с уменьшением специфической активности в ки
слоторастворимой ф ракции наблюдается увеличение специфической 
активности фосфолипидов и нуклеиновых кислот. Специфическая 
активность фосфолипидов достигает максимума через 24 часа после 
начала нормального потребления пищи и превыш ает активность 
кислорастворимых фосфорных соединений.

3. Выделяемый :і-’Р содержится почти исключительно во фракции 
полифосфатов.

4. При голодании гусениц наблюдается меньшее падение удельной 
активности кислоторастворимой фракции, чем при кормлении гу

сениц, а изменения удельной активности фосфолипидов и нуклеино
вых кислот незначительны.

5. В кислоторастворимых фосфорных соединениях изотопное 
равновесие устанавливается уж е в течение двух дней голодания, тогда 
как при кормлении это явление не наблюдается.

ВКЛЮ ЧЕНИЕ 32Р В ФОСФОРНЫЕ СОЕДИНЕНИЯ GALL ERIA  MELLONELLA

ЦЕЛИНА ЯНИОН и Д. ШУГАР

ТИМ ИДИН-Ф ОСФ ОРИЛАЗА И ДРУГИЕ ФЕРМЕНТЫ  
РЕГЕНЕРИРУЮ Щ ЕЙ ПЕЧЕНИ КРЫСЫ

Р е з ю м е

Для выяснения роли тимидин-фосфорилазы исследовались изме
нения этого фермента при синтезе DNA в регенерирующей печени 
крысы. Одновременно определялись б'-нуклеотидаза и кислая ф осф а- 
таза, содержание DNA и белка, а такж е увеличение веса печени. В пе
риод наиболее интенсивного синтеза DNA активность тимидин-фосфо-

ш
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рилазы  по отношению к общему белку уменьшается; в следующих 
этапах регенерации ее активность возрастает, не отличаясь на актив
ности других ферментов.

Полученные результаты  указы ваю т на то, что этото фермент при
нимает участие скорее в деградации, чем в синтезе DNA.

В. ОСТРОВСКИ и 3. ВАЛЬЧАК

НУКЛЕОЛИТИЧЕСКИЕ ФЕРМЕНТЫ TH. THIOPARUS.
ОЧИЩЕНИЕ И СВОЙСТВА РИБОНУКЛЕАЗЫ

Р е з ю м е

В экстрактах клеток Th. thioparus найдено, по крайней мере, три 
рибонуклеазы, вызываю щие гидролиз RNA олигонуклеотидов. Путем 
фракционирования экстракта сульфатом протамина, сульфатом ам
мония, хроматографии на СМ -целлюлозе и на Амберлите IRC-50 была 
достигнута значительная степень очищения (более чем 300 раз) одной 
из рибонуклеаз, устойчивой к нагреванию и к действию низкого pH. 
Оптимум pH фермента равняется 8,5, оптимум температуры гидролиза 
RNA приблизительно 45°. Фермент активируется ионами Fe->+. Ф ер
мент вы зы вает гидролиз дрожжевой RNA, RNA выделенной из тех 
ж е клеток и медленнее „сердцевину” из дрожжевой RNA. Приблизи
тельно в 25 раз медленне по сравнению с RNA разлагается этим ф ер 
ментом синтетическая полиадениловая кислота.

Выделенная рибонуклеаза не разлагает дезоксирибополинуклеоти- 
дов. Предварительные исследования над специфичностью фермента 
указывают, что легче гидролизуются связи меж ду пиримидиновыми 
и пурино-пиримидиновыми нуклеотидами, чем между пуриновыми 
нуклеотидами. Основными продуктами гидролиза RNA являю тся 
олигонуклеотиды, состоящие из двух или трех нуклеотидов.

В. Ш ЭР и Д. ШУГАР

СИНТЕЗ И ФИЗИКО-ХИМ ИЧЕСКИЕ И ЭНЗИМАТИЧЕСКИЕ СВОЙСТВА
5-БРОМ ОПРОИЗВОДНЫ Х УРИДИЛОВОЙ КИСЛОТЫ И ЕЕ ПОЛИМЕРОВ

Р е з ю м е

1. Получены производные уридин-фосфата, бромированные в по
зиции 5 кольца урацила.

2. 2' : З '-фосф ат (циклический) 5-бромуридина является субстратом 
панкреатической рибонуклеазы, а его N-метил аналог устойчив к дей

ту
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ствию рибонуклеазы. Олиго-BrU такж е подвергается гидролизу под 
влиянием рибонуклеазы, тогда как  олиго-MeBrU устойчив к ее дей
ствию, но медленно гидролизуется под влиянием фосфодиэстеразы 
змеиного яда.

3. Олиго-B rU  образует двойной комплекс с поли-А, тогда как 
N-метилированный бромированный полимер не может образовать 
этого комплекса.

4. Гиперхромные эф ф екты  олиго-BrU и олиго-MeBrU того ж е по
рядка. Это подтверж дает вывод, что такая гиперхромазия вызвана вза
имодействием соседних колец оснований без образования меж ду ними 
водородных связей.

5. Ни 5-BrUDP, ни N-метил-б BrUDP не могут быть субстратами 
для полинуклеотид-фосфорилазы; 5-BrUDP частично тормозит акти
вность этого фермента.

Е. БУХОВИЧ, И. РЕЙФЕР и Е. М АКОВСКИЙ

П РЕВРАЩ ЕНИЕ ^'С-Ь-КАРБ АМИЛ АСПАРАГИНОВОЙ КИСЛОТЫ В
В ПИРИМ ИДИНОВЫ Е ПРОИЗВОДНЫ Е В ОБОСОБЛЕННЫХ СТЕБЛЯХ

ПШЕНИЦЫ

Р е з ю м е

Обособленные стебли пшеницы инкубировали с L-карбамиласпара- 
гиновой кислотой, меченой по 14С в карбамильной группе, в течение 
1, 2, 4 и 8 часов. Установлено, что уж е через 1 час инкубации происхо
дит вклю чение 14С в 5'-UMP, урацил, уридин и 5'-СМР. а такж е 
в 2' (3')-UMP и 2' (З')-СМР полинуклеотидной фракции.

Оротовая кислота появляется в стеблях пшеницы только после 4-х 
часов инкубации. Отмечено, что образуящ аяся оротовая кислота 
с самого начала обладает исключительно высокой радиоактивностью, 
составляющей около 80% удельной активности L-карбамиласпараги- 
новой кислоты, взятой для инкубации.

В дискуссии высказано предположение, что оротовая кислота игра
ет двойную роль в биосинтезе пиримидинов. Она может быть активным 
промежуточным продуктом синтеза и с другой стороны — специальной 
формой аккум уляции временного избытка предшественника пирими
динов, входящ их в состав нуклеиновых кислот. Рассмотрена возмо
жность присутствия в высших растениях декарбоксилазы оротовой 
кислоты и участия урацил а в синтезе мононуклеотидов.
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