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ABSTRACT 

Studies have shown that about 95 per cent.of the 

radioactivity incorporated from glucose-U-14C into RNA nucleo

tides is found in the ribose moiety of each nucleotide. 

The radiospecific activity of the ribose moieties 

of guanine and uracil were the highest; that of adènine was 

somewhat lower, while the specifie activity of the ribose of 

cytosine was about ten times lower than the above three. 

It has been shown that the specifie activities of 

the various nucleotides of RNA are a reflection of the labelling 

of the corresponding nucleotides in the acid-soluble fraction. 

These results are discussed in relation to the 

comparative utilization of purine and pyrimidine bases by radio-

active ribose-phosphate for the formation of the labelled 

nucleotides of RNA. 
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CRAPTER l 

INTRODUCTION 

The recognition of the biological significance of 

'nucleic acids has led many investigators to study the way a 

living.organism goes about assembling or biosynthesizing these 

polynucleotides. The nucleic acids are made up of a few rela-

tively simple components. There are essentially five different 

nitrogenous bases, each joined with one sugar and one phosphate 

to form a nucleotide. The primary structures of deoxyribose 

nucleic acid and ribose nucleic acid are the same except for the 

absence of the hydroxy1 group on carbon-2 of deoxyribose and the 

presence of thymine (5-methy1 uracil) instead of uraci1 il;' DNA. 

Kornberg first demonstrated (1) that purine and pyrimidine nucleo-

s5de triphosphates are substrates for DNA synthesis. ~any inves-

tigators (2) have confirmed this and shown that the above compounds 

are also precursors for the formation of RNA, as illustrated in 

schemes 1 and 2. 

polymerase 
(1) n(dTTP + dCTP + dGTP + dATP) 

DNA primer 

DNA - (dTMP-dCMP-dGMP-dAMP) + 4(n) PPi 
n 

po 1yme,r ase 
(2) n(UTP + CTP + GTP + ATP) 

Template DNA 

RNA - (UMP-CMP-GMP-AMP) + 4 (n) PPi 
n 
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Direct evidence for the importance of nucleotides 

was also obtained by Potter and his coworkers (3, 4) who identified 

the 5'-monophosphates, diphosphates and triphosphates of adenosine, 

guanosine,cytidine and uridine in acid-soluble extracts of rat 

tissues. Hurlbert and Potter (5) showed that orotic acid-6- l4C 

was converted to uridine-5'-phosphates (UMP, UDP, UTP) and was in-

corporated into RNA as UMP. The occurrence of the deoXyribonucleosid~ >< 
di- and triphosphates in the acid-soluble fractions of animal cells 

has also been established (6, 7). This suggested that the nucleoside- 7' 

5'-phosphates constitute a metabolic pool for the immediate precursors 

of the nucleic acids. 

In addition to this important function as precursors 

of nucleic acids, nucleoside triphosphates are also the precursors 

of many conjugated nucleotides such as nicotinamide adenine dinucleotide 

(NAD), coenzyme A (CoA), uridine diphosphate glucose (UDPG) , cytidirie 

diphosphate choline (CDPC), deoxycytidine diphosphate choline (dCDPC), 

deoxythymidine diphosphate rhamnose (dTDPR) etc., which are the co-

factors or intermediates in various biochemical reactions involving 

electron transport and sugar or lipid metabolism (8). 

In this introduction, the biosynthesis of the purine 

and pyrimidine nucleotides will be briefly described. Consideration 

will also be given to the metabolism of these nucleotides and of RNA 

in normal and neoplastic cells and to the regulatory functions of 

various nucleotides as positive or negative effectors in nucleotide 

biosynthesis. 
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·1.1 Purine Biosynthesis de novo 

The biosynthesis of purine nucleotide from small molecules 

such as glycine, formate, aSPartic acid, glutamine and carbon dioxide has 

been elucidated chiefly by the studies of BUchanan, Greenberg and their 

coworkers (9-15). The reaction sequence leading to the formation of ino-

sinic acid (IMP) is illustrated briefly in Fig.l. In ·the de novo pathway,. 

IMP is built up stepwise on the first carbon of ribose-5-phosphate.· This 

compound is obtained from glucose via the transketolase-transaldolase or 

the hexose monophosphate shunt (16). The ribose-5,:,phosphate thus formed 

is then converted to phosphoribosylpyrophosphate (PRPP)by the donation 

of a pyrophosphate group by ATP to carbon one of ribose-5-phosphate through' 

the action of a kinase (17, 18). PRPP is the activated form of ribose 

phosphate which reacts with free purines and pyrimidines to form nucleotides 

directly. In the present reaction sequence, it combines with glutamine 

to form 5-phosphoribosylamine. The successive addition of glycine (in the 

5-10 . . 
presence of ATP) and of formate (from N -anhydr.oformyltetrahydrofclic . 

acid) yields formylglycinamide ·r.ibotide. Reaction with glutamine produces 
. , .... . 

formylglycinamidine ribotide, which is converted by ATP to. aminoimidazole 
-::-:::--._. 

ribotide. This compound then combines with CO2 and with the amine group 

of aspartate to form 5-amino-4-imidazole-N-succinocarboxamide ribotide •. 

The succino-compound is cleaved to fumaric acid and 5-amino-4-imidazole-

carboxamide ribotide. The single carbon atom needed to complete the ring 

is contributed by NIO-formyltetrahydrofolic acid and the enzyme inosinicase 

catalyses the removal of ~vater, closing the ring to for~ inosinic acid (1HP). 
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Glucose ---'--::. Ri bose - 5 - P ~ . PRPP) 

. . \7 

glutamine 

Glufamine" Formate 

~---

p-<)t2 

OH OH 

Ribose-5-P 
acid G1ycinamide:P-ibotide 

a 
Il 

:~N/CX· N> Formot! 

. H N N 
2 1 . 

Ribose-5-phosphate 

S-amino-4-imidazole 
carboxamide ribotide 

OH . S-phosphoribosylamine 

N> 
N. 
1 . . 

Ribose -5- phos-
phate 

Inosinic Acid (nIP) 

FIG. 1: Summary of. purine nucleotides biesynthesis by the 

de nove path,.,ay. 
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Bince the several precursors of purine nucleotides are usually present 

in cells, major emphasis has been placed upon de nove synthesis. 

1.2 Formation of Adenosine-S'-Phosphates and Guanosine-S'-Phosphates 

from Inosine-S'-Phosphates 

Organisms supplying their purine requirements through de nove 

synthesis must convert IMP to AMP and GMP in order to provide nucleic 

acid adenine and guanine. The formation of these two compounds was, 

therefore, considered a part of the de nove biosynthetic route. The 
\ 

amination of IMP to AMP has been observed in animal (20, 21), and bacterial 

extracts (22). From the latter experiments Liebermann has shown that IMP 

is first converted to adenylosuccinic acid (SAMP) and then to A}Œ. In 

bone marrow, GMP is formed by the oxidation of inosinia acid to xanthylic 

acid (XMP) and amination to GMP (21). The aminating agent appears to be 
-1-

NH4 in the bacterial system (23) and glutamine in the animal systems (20, 

21). Deamination of AMP directly to IMP occurs in bacterial and mammalian 

extracts (24, 2S) and a reductive deamination of GMP to IMP has been des-

cribed in ~li (26) and mammalian liver (27). 

Magasanik et al. (26) have shown that in bacteria IMP occupies 

a central position in the metabolism of purine nucleotides (Fig.Z). The 

pathways responsible for the biosynthesis of AMP and GMP, and for the 

interconversion of these nucleotides consist of irreversible reactions 

and pass through l}Œ. These features permit the cell to produce adenine 

and guanine nucleotides readily either from an exogenously supplied purine 

base or via de novo synthesis and to control the accumulation of these 
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XMP SAMP 

~ fumarate GTP IMP , 
ATP 

, , 

r ' , 
hypo-

xanthine 

GMP ~ PRPP :> AMP 
guanine adenine 

l 1 
GDP ADP 

1 ~ 
GTP ATP 

Formation of adenosine-S'-phosphates and guanosine-S'

-phosphate from inosine-S' -phosphate and from preformed 

bases. (--------) inhibition. 
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nucleotides through feedback inhibition by the end products of these 

reactions, GTP and ATP. Although most of the enzymes for the operation 

of this cycle are widely distributed in animal tissues (25) a detailed 

analysis of the conversion of adenine nucleotides to guanine nucleotides 

has not been carried out in marnrnalian tissues. 

1.3 Purine Biosynthesis by de novo and Salvage Pathways in Animal Cells 

Experiments with both normal·and malignant tissues from animais 

have shown that formate and glycine label1ed with 14 C are incorporated 

into nucleic acid purines by the de novo route illustrated in Fig.l (28-

31). Of several tissues which have been studied, 1iver shows the greatest 

ability to carry out purine nucleotide synthesis de novo either in vivo 

or in vitro (31). Rabbit bone marrow (32), red blood cel1s (33) 

. l4C f . ff·· l ~ncorporate - ormate very ~ne ~c~ent y 

14 
into purine nucleotides in vitro, a1though formate- C is well incorporated 

into DNA thymine. Formate is used in the formation of the pyrimidine 

nucleotides at the level of transformation of .dUMP into thymidylic acid. 

Thomson, Smellie and Davidson (34) and Harrington (35) reported 

chat addition of glucose to Ehrlich ascites ce1ls great1y enhances the 

14 
incorporation of formate- Cinto purine nucleotides of the acid-soluble 

and nucleic acid fractions. Hmvever, in bone marrow, there was no effect 

f 1 f 14 C . .. t . 1· cl o g ucose on ormate- ~ncorporat~on ~n 0 pur~ne nuc eot~ es. Henderson 

and Lepage (36) and Herscovics and Johnstone (37) observed that maximum 

incorporation of glycine and formate-
14

C into the purines of Ehrlich ascites 
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cells in vitro occurs when both L-glutamine and glucose are added to 

the incubation medium. This combination is much more effective than 

glucose or glutamine alone. The main function of glucose was shown 

to be a source of ribose phosphate (38). Glucose also stimulates the 

. . fI' ? 14c '1 2 14 d d . 8 l4c . ~ncorporat~on 0 g yc~ne-_- ,urac~ - - C an a en~ne- - 1nto 

the purine and pyrimidine nucleotides of various malignant tissues (38, 

39). The requirements for L-glutamine in purine synthesis in Ehrlich 

ascites cells. is in agreement with the observation that little, if any, 

free glutamine is present in these cells (40, 41). Selzman, Eagle and 

Sebring (42) have shown that the amide of glutamine is the source of 

t.'o7o nitrogen atoms for nucleic acid adenine and of three atoms of 

nitrogen for nucleic acid guanine. 

Lé!jtha and Vane (43) found that the nucleic acid purines of 

the bone marrow of rabbits receiving 14C-formate were highly labelled. 

14 
In hepatectomized animaIs, however, the utilization of formate- C for 

synthesis of DNA purines was much lower in the bone marrow, although 

. 14 
'che rate of C-formate incorporation into DNA thymine \-las not altered. 

These "lorkers conc1uded that the results seemed to indicate that in vivo 

the 1iver was the principal site of purine synthesis de novo and that it 

provides the tissues that have a low capacity for nucleotide sy-nthesis 

de novo \-lith partially formed purine precursors or possibly with a pre-

formed purine. The findings that most tissues can uti1ize preformed 

purines for nucleotide synthesis (38, 44-48) are pertinent. The alternate 

pathways by-passing the de novo route have been termed "the salvage path-

\vays" (40). These pathways have assumed special prominance in studies on 
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'the mechanism of growth inhibition by purine and pyrimidine analogues. 

The main pathway by which purines are metabolized to ribonucleotides 

is via the nucleotide pyrophosphorylase enzyme reactions that combine 

the purine bases with PRPP,to form the corresponding nucl~otides. 

Kornberg. and coworkers (50, 51)'have shown that there are two 

phosphoribosyl transferase enzymes, (called pyrophosphorylases) one for 

the conversion of adenine to AMP, and: the other for the conversion of 

guanine and hypoxanthine to GMP and !MP, tespectively (Fig.2). 

The utilization of hast purines by a transplanted mouse tumor 

~Yas investigated by Henderson and Lepage (52). Tumors of mice which 

h d b .. d·· h d . 8 14c h' h' l a een ~nJecte w~t a en~ne- - t ree ours pr~or to transp an-

tation of the tumor cells contained 2 per cent of the radioactivity 

found in the liver and 10 per'cent of that in the blood cells. It was 

also shown that the transport of the host purine was probably mediated 

by the erythrocytes of the mouse, (53). Siegel (54) has measured the 

. . f" d 14C d' . RNA d A f l' ~ncorporat~on 0 ~nJecte -a en~ne ~nto an DN 0 severa t~ssues 

of young mice. In rapidly metaboli';dng organs such as intèstine, liver 

and spleen, the RNA was more highly labelled than in.brain and carcass. 

DNA synthesis, an indicator of mitotic activity, was simi.larly deter-

mined,and found to be high in the intestine and spleen but relatively 

low in the carcass, brain and liver. In liver the radioactivity of RNA 

adenine was much higher than that of DNA adenine. 

High levels of purine nucleotide pyrophosphorylase activity 

have been found in rapidly dividing tissues such as the Ehrlich ascites 

tumor (55), human leukemic leucocytes (56) and rabbit and rat bone marrow 
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. and spleen (55). The sign~ficance of active salvage pathways in 

rapidly growing tissues with respect to nucleotide and nucleic acid 

synthesis remains uncertain, but it certainly provides these cells 

with the ability of conserving extracellular purin~s derived from 

other organs and of reutilizing intracellular purine deri.ved from 

the degradation of nucleic acids, nucleotides or nucleotide coenzymes. 

1.4 de nova Synthesis of Pyrimidine Nucleotide 

A. Synthesis of Uridine-S'-phosphate: 

A sequence of enzyme reactions has now been discovered in 

mammalian and in microbial systems through which orotic acid is formed 

from small molecules and then transformed to UMP (Fig.3). The rela-

tionship of CO
2

, NH3 and aspartic acid to orotic acid was obtained 

mainly from in vivo (57, 58) and in vitro (59) isotope experiments. 

In rat liver slices CO
2 

is specifically used as a source of carbon 2 

of RNA pyrimidine and orotic acid (60). Furthermore, it was found that 

15N is introduced into orotic acid from ammonia and that the whole 

molecule of aspartate is a precursor of nitrogen 3 and carbons 4-7 of 

orotic acid in rat liver slices (60). Through the pioneering work of 

Cohen and Grisolia (61, 62) and Jones et al. (63) it was demonstrated 

that carbamyl phosphate is formed from CO
2

, NH
3 

and ATP in liver and micro

organisms. Reichard (64, 65) was able to demonstrate that in mammalian 

liver the overall formation of carbamylaspartate from CO
2

, NH
3 

and 

aspart~te require 2 molecules of ATP and an N-acetylglutamate der ivat ive. 

The enzymic conversion of carbamyl aspartate ta orotic acid was elucidated 
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acety1g1utamate 

OH 

ï~~ -<--
HO~ .. /COOH 
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dihydroorotate 

l 
OH 

J H 
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Il 
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Il 

NH2 - C o - P - OH 
1 

OH 
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COOH 

\ 
NH2 CH2 
1 1 

O=C""", /CH-COOH 
NH 

carbamy1-aspartate 

OH 

N~ 
HO~ JCOOH 

N 

b H20P 

OH OH 

orotodine-S'-phosphate 

t 
OH 

N~ 
HO~N) 

1 

k('?H2 0P 

OH OH 

FIG.3: The de novo pathway for pyrimidine hiosynthesis in 

an ima 1 ce 11 5 • 
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.by Lieberman and Kornberg (66, 67) who isolated two enzymes from micro-

organisms. Dihydroorotase effects the ring closure of carbamylaspartate 

to di~ydroorotic acid and dihydroorotic dehydrogenase removes two hydrogen 

atoms at C-5 and 6 of dihydroorotic acid to yield orotic acid~ 

The formation of orotic aeid as described above represents the 

aetual de novo synthesis of the pyrimidine ring. There remains a series 

of transformation by which orotie aeid is built up to uridine nueleotides 

to serve as building bloeks for nueleic acid synthesis. The work of 

Hur1bert and Potter (68) and Weed and Wilson (69) showed extensive in- 1 
14 corporation of orotie aeid-6- Cinto acid-so1uble and RNA uridine nuc-

1eotides and implieated uridine phosphates as produets of orotie aeid 

metabolism. It was the investigation of this prob1em that led Lieberman 

and Kornberg (70) to diseover PRPP and the pyrophosphorylaee enzyme 

reaetions mentioned previously. They isolated two enzymes from yeast 

(orotidine-'S 1 -phosphate pyrophosphorylase and orotidylic decarboxylase) 

and showed that the first enzyme whieh catalyzes the reaetion between 

orotie aeid,_ and PRPP to give orotidine-S'-phosphate is specifie for orotic 

aeidj uraei1, cytosine, ,adenine and dihydroorotic acid are not used as 

substrates. The othe~ 'enzyme eatalyzes the deearboxylation of orotidine-

5'-phosphate to UMP. The presence of these enzymes and their speeificity 

has been demonstrated in different mammalian tissues (71). 

B. Synthesis of Cytidine Nucleotide: ' 

A eonneetion between uridine and cytidine nueleotides was ob-

tained through the finding that injection of isotopie orotie acid into 
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·animals Iabelled both the fu~A uracil and cytosine nucleotides (68, 69). 

HmoJever, the uridine nucleotides of the acid-soluble fraction Vlere 

Iabelled before the cytidine nucleotides (72). 

The first demonstration of an enzyme catalysing the conversion 

of uridine nucleotide to cytidine nucleotide was obtained by Lieberman 

(73, 74) using a purified enzyme from E. coli. The conversion Has found 

to occur at the triphosphate level by a reaction dependent upon ammonia 

and ATP. ID1P, uridine or uracil did not serve as substrates for the 

enzynle but UDP .las converted to a cytidine derivative at half the reac-

tion rate obtained with UTP. It \·,as found however that the enzyme 

preparation contained a nucleoside diphosphate kinase, which suggests 

that the UDP may have been converted to UTP prior to its conversion to 

CTP. Kammen and Hurlbert (75) obtained evidence for conversion of 

orotic-6- 14C and uridine-5'-phosphate-6-14c to cytidine nucleotide '·1ith 

a partially purified enzyme from Novikoff hepatoffila and rat liver. Op-

timal incorporation of these labelled precursors into cytidine nucleo~~àes 

'Jas ootained after addition of ATP, GTP and glutamine to the incubation 

medium. The experiments did not establish the nature of the acceptor 

for the amine group from glutamine but the involvement of UTP '.Vas con-

sidered likely. 

Recently, Long and Pardee (76) reported that the cytidine tri-

phosphate synthetase in E.coli is capable of using glutamine or ammonia 

as the amine donor. The enzyme has been purified 300 fold and shovm to 

require UTP as substrate, UDP was converted to cytidine nucleo~ide at 

only 20 per cent the rate obtained with UTP. 
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1.5 pyrimidine Biosynthesis by the de nova and Salvage Pathways in 

Animal Cells 

Orotic acid serves as a precursor of uridine-S-phosphate in 

animal and cancer cells (71, 77). However, of aIl mammalian organs 

examined only liver seems to contain significant amounts of carbamyl 

phosphate (78, 79). Even tissues, such as the Ehrlich ascites tumor 

cells and the Novikoff hepatoma cells, which have a high pyrimidine 

nucleotide requirement, do not contain carbamylphosphate synthetase~ 

although the other enzymes of the orotic pathway are present (80). 

Hertzfeld et al. (81) shO"lved that no significant amount of carbamyl-

phosphate is transported by the blood, indicating that the liver cannot 

supply this compound to extra-hepatic tissues. Rager and Jones (80) 

have, however, in recent experiments demonstrated that 14C-bicarbonate 

is incorporatad in vitro into carbon-2 of the uracil of the acid-

soluble fraction of Ehrlich ascites cells. When orotic acid Has added 

to the incubation medium a depression in the radioactivity of the uracil 

and an increase in the labelling of the carbamylaspartate were observed 

indicating that carbamylphosphate and orotic acid are probably inter-

mediates in the biosynthesis of uridine nucleotides in these cancer 

cells. The above ~vorkers further observed that much lower concentrations 

of L-glutamine than ammonia Here required to effect maximal incorporation 

of l4C-bicarbonate into the uracil of the nucleotide fraction of the 

Ehrlich twnor cells. Mayfield et al. (82) working ':vith Novikoff hepatome 

also found maximal incorporation of I4C-bicarbonate into uracil of P~A 

in the presence of L-glutamine. This has Ied to the supposition that 
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:::::-:tra-hepatic tissues probably contain '" glutamine-dependent carbarnyl-

i?~10sphate synthetase (80). This type of enzyme activity has :)een Louna 

inmushroom (83) and in E.coli (84). 

The ability of rapidly grm'ling tissues, such as turno::::;, 

corporate uracil and uridine into the nucleic acids has raised the ;:)0:,-

sibility that in these cells the salvage pathtvays are of major sign:1 .•• 

ficance for pyrimidine nucleotide synthesis. Rutman et aL (72) hav(: 

- h" '1 ? l4C ' • d sno;-.'TI t at ~n v~tro urac~ -_- ~s ~ncorporate to a greater e:-:teE': 

i"to th<:: liver RNA of i:ats treated with the carcinogen 2-acetylamiEG-

flclOrene, than into RNA of normal liver. Heidelberger et al. (85) ha'.--" 

d d ' '1 1 f ·1 ? l4C ' , .-. 2::lOnstrate a s~m~ ar precursor ro e 0 urac~ -_- U1 rat lntestJ.1':.s,:, 

nu~osa and in the FleJ-."l1er-Jobling carcinoma. Experiments Hith uraci::', 

uridine and uridine-S'-phosphate have indicated that both the nucleosiQ", 

and the nucleotide are incorporated to a greater extent into the &\lA ':;1: 

normal rat liver than is uracil.-2-
l4 C (86). Liebman and HeidelbergèT ':'2~;:, 

have shmm that the nucleotide undergoes dephosphorylation :prio:sl 'to i~". 

entry into the cell. 

Hork by Fink et al. (88, 89), Rutman ..;;;e.;;t,--,a.;;..· 'J.;:,.' ;;.... (90) and Ganellakis 

(9? \ ' d' d l '1 ? 14 -. bd' hl' '. _/ :!on ~cate t lat urac~ -_- C ~ncu ate vnt rat ~Vèr slices 'was 

rapidly catabolized \.lieh the formation of ~ -arnino acids and CO
2

• Sub-

sequent Hork on the isolated enzymes shm'led that uracil Has degraded ta 

{3 -alanine, CO
2 

and ammonia via 4, S-dihydrouracil and (3 -ureidopropionic 

acid. Despite t~: demonstrated reversibility of the enzymatic reactions 

resulting in the conversion of uracil to p -alanine, it is generally 

held that this pathway 1S used for the de.gradation of uracil not its 
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sY--:J.thesis (93). 

In contrast to previous studies, Canellakis (94) demonstrated 

14 
chat rat liver slices, incubated with uracil-2- C at high extracellular 

concentrations, incorporated this compound into &~~ as effectively as 

u~idinc or orotic acid. 

In subsequC:ilt study, he shm·,ed the presence oi a uridine 

)::osphorylase and uridine ki:.l.ase in rat liver Hhich together defined a 

path\.!..:y for the utilization of uracil by mamma1ian liver (95). 

uridine 
Uracil + Ribodc-l-phosphate ------7 uridine 1 Pi 

phosphorylase 

uridine 
"Cridine + An' ~--) mlP 

kin~se 

paege and Schlenk (95) r.~lve isolated uridine pil.osphorylase from 

'::~.!~J2li_ ~l~d shmm that uridine phosphorylase splits uridi.-:.e but is inactive 

tO\>/;J.rùs cvtidine . , thymidine or t::~ purine nucleosides (adenosine, gua-

.. :csine, inosinl:). At physiological pH, llucleoside formz.tion is the 

Cane1lakis o21so sflO\oJed LÎl.at: uridine phosphorylase did not react 

,·;ith ribose-5-phosphate nor did rat liver contain any pyrophosphorylase 

activity tOvlards uracil. This enzyme catalyzes the formation of uridy1ic 

o2cid from uraci1 and PRPP and has been shmm in extracts of bacteria 

(97). The isolation of the uridine di- and triphosphates ~oJas also reporteà 
\ 

in this study. Canellalds concluded that the existence of t1·JO enzymic 

path\oJays in the rat liver, one anabolic the other catabolic, may constitute 

part of a homeostatic mechanism governing the rate of RKI\. synthesis. 
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Reichard and Skold (98) demonstrated the occurrence of uridine 

phosphorylase and uridine kinase in acetone powder extracts of Ehrlich 

ascites cells. The extracts also possessed a very feeble uridine-S'-

phosphate pyrophosphorylase activity capable of condensing uracil with 

PRPP. 

In a study of alternate pathvlays for uridine nucleotide synthesis 

from uracil, Reichard and Skold (99) sh01;ved that there was a considerable 

increase in the activity of uridine phosphorylase and especially uridine 

kinase in Ehrlich ascite,,: cell/;; '::."d regc:nerating liver over tha"C found 

i:l. either normal rat or mOllse liver. In addition, rapid incorporation 

of uracil-2-
14

C into ~lA \-las obtaill.ed i;;, the former two tissues Hhereas 

14 
normal liver catabolized uracil to CO

2 
extensivel)'. Skold (100) has 

also found that uridine kinase increases first during liver regeneration. 

In addition the specifie activity of this enzyme is 10-20 tirnes lOHer 

i.:llan the phosphorylase enzyme. The author (100) concluded that uridine 

kinase ,vas a rate limiting enzyme and that sorne degree of correlation 

exist bet"leen the rate of proliferation of rapidly grmving tissues, sucn 

~s regenerating liver and Ehrlich ascites carcinorna cells, and the ef-

ficiency of this alternate pa'th",ay. 

In a more detailed study on uridine kinase (101) the enzyme has 2 0 

been purified 400 fold from the Ehrlich ascites cells. The enzyme re-

++ quires ATP and Hg for optimal activity. It can react with cytidine 

and ,vith 5 fluorouracil, a pyrimidine analogue vlhich has found extensive 

use in cancer chemotherapy. • 
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- 1. 6 l1etabolic Stability of Polynucleotides 

The work of Schoenheimer and his coworkers (102) supported 

~he concept that macromolecules and proteins undergo a continuous 

process of synthesis and degradation. With respect to nucleic acids, 

this vie\ol was called into question by Hershey (103) who observed that 

32P-orthophosphate incorporated into RNA and DNA of E.coli was con-

served through several generations. Siminovitch and Graham (104, 105) 

\vorking ~vith bacteria and animal cells demonstrated that there was no 

significant loss of 32 p _RNA after numerous periods of cell multipli-

ca~ion. Hatts and Harris (106) showed that loss of label from the 

nuc1eic acids depended on the nature of the radioactive precursor used. 

32 
If cells \olere labelled with P-orthophosphate and then transferred to 

medi~~ containing un1abelled orthophosphate, there \olas no loss of ra

dioactivity of RNA. However, cells 1abelled with adenine-
14

C and trans-

ferred to medium containing unlabelled adenine showed an appreciab1e 

10ss of radioactivity from the fu~A. In studies carried out for 12-hour 

periods, these authors found no evidence for renewal of DNA, but for 

the &"lA there vlas extensive rene~'la1 and this renewal vlas associated 

Hith reutilisation of breakdown products. 

Similarly, Hecht and Potter (107) studied the specifie activities 

or liver nuc1ear and cytoplasmic RNA as weIl as DNA at various times after 

injection of orotic acid-6- l4C into rats 1;Vhich had been partially hepa-

teczomized 24 hours earlier. After 64 days, the specific activities of 

the lli\JA 1 S ~vere very 10H, but the specific activity of DNA 1;Vas still at il 

high level. The results of Kihara, Amano and Sibatani (108) and of SHick, 
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Koch and Handa (109) indicate that in the liver of young animals there 

is also considerable reneHal of RNA but not of DNA. Scott et aL (110, 

111) studied the stability of nucleic acids in tumors. They labelled 

Ehr 1 · h· 11 . h . . d 6 14 d d . 8 14 
LC ascLtes tumor ce s HLt orotLc aCL - - C an a enLne- - C 

transplanted the cells into other mice and observed that the labelling 

in the RNA and DNA Has conserved even after several generations. 

B ' (112)· d· d· 14C b 1· . 
ennet et aL. Ln stu yLng a enLne- meta o_Lsm Ln 

various tè~ors found a 1055 of label from the RNA but a decreased capacity 

to degrade the breakdoHn products of nucleic acid and an increased ability 

ta reutilize these compounds for nucleic acid synthesis. These and other 

studies of conservation of nucleic acids have led Bennet et al. (112) 

to conclude that RNA and DNA are conserved in rapidly groHing cells. 

The conservation of RJ.'L"'- is associated ,vith some return of the acid-soluble 

precursors ta the biosynthetic pathYJaY, Hhereas the DNA is metabolically 

stable as long as the cell is viable. In resting cells or slouly dividing 

l:e11s, DNA is conserved and is metabolically inert but RNA is extensively 

reneHed. 

1. 7 Enz;lmes Involved in the Synthesis and BreakdO'\m of RNA 

A. Synthesis: 

The nucleotide sequences of most of the cellular &~A require 

a directed bios~Lthesis and experiments carried out in many laboratories 

ha.ve sho'\vn that most of the fu'1A in the cell is probably synthesized \·7ith 

Di'lA as a template. Heiss et aL (113) isolated from rat liver a particulate 
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'enzyme (RNA polymerase) which required the presence of all four ribo-

nucleoside triphosphates for the formation of polyribonucleotides in 

the presence of DNA. Preincubation of the enzyme with small quantities 

of DNAase inactivated the system, suggesting that DNA is involved in this 

RI\JA synthesis. Alkaline hydrolysis of the RNA formed in r.his reaction 

after incubation with c{ - 32p_phosphate in any one of the nucleoside 

triphosphate precursors resulted in the liberation of 2 '-3'. nucleoside 

monophosphates that Vlere aIl labelled. This indicated that the in-

corpbrated nucleotide residu~s were adjacent to aIl of the other three 

nucleotides. Either native or single stranded DNA (phage t/J X-174 DM 

or heated DNA preparations) will act as template in the reaction, directing 

i:.he assembly of ribonucleotides into polynucleotide chains. 

Studies of nucleotide incorporation in cell-free preparations 

have disclosed the existence of a variety of enzyme fractions that catalyze 

the incorporation of simple nucleotides into polynucleotide material. 

Edmonds and Abrams (114, 115) have isolated an enzyme from extracts of 

calf thymus nuclei which catalyses the formation of poly A ,lith ATP as 

substrate. lts activity is dependent on a polynucleotide vlhich appears 

to contain an adenylate sequence. End group analysis of the ne~"ly form'2d 

poly A has shown that aIl of the incorporated adenylate units are in 

internucleotide linkages. 

An enzyme or enzyme system has been partially purifièd from 

the cytoplasm of rat liver and from E.coli (116, 117, llS), ,,,hic!: in-

corporates AMP and CNP from ATP and CTP in the order of 2 CHP residues 
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fo11owed by one AMP residue into the terminal position of RNA. Recht 

et al. (119) have shovm that the product formed is probab1y RNA-CCA. 

Studies by Canellakis and Herbert (120), Recht et al. (121), Rarbers 

and Heide1berger (122) and others (123-126) have shown that enzymes 

exist in tissues that not on1y incorpùrate C~Œ and AMP, but al~o G~œ 

and ill'Œto pre-existing m'lA chains. l',;uil10 acid acceptor L:ZNA CO:1t2.i::", 

the terminal nuc1eotide .:ièque:-ncc :JCpCpr\ Lm: the significancé of L,~', 

'terminated 'by other nùcleotide sequencC!s is ut1knm-m. 

One is t~~ po:ynuc1eotide ~~osphory1ase 
.... . - . 
J:l.:.:S-;':: :_':;0~:"._;';'L. 

Cohen .0"~':L .. (128) o':)serv"J c:i,c:t L.pidly L.cbe11ed i\l\lA rOrlr."d :"'. 2,~~<~<· 

infected E.':':vl:L af::er cc :j'-1~':;'" u": 'L:l:c:cil-
14

C (definéd as r.:(:sse:'.,~"l" 

yie1ds nuc1eoside-3 1-!llot1o,tlhosp::aces (130). \,1hen re1eased frOli! ::!:'" :': .. "", 

somes it becomes active and ,-,,:tacks i:~~,!A to yie1d nuc1eosiù",-3' -phuspnat:e~ 

via a 21-3 1 cyc1ic phosphat<:: intermediate (131,132). Accordir.g te 

Laskmvski (1~3) an enzyme that catalyzes the successive removal of mono-

nuc1eotides from an oligonuc1eotide in a stepVlise manner is classified 2." 

an e::onuc1ease; an endonuc1ease cata1yzes the hydro1ysis of phosphodiester 

!:londs at many points \vithin the chain. 
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The third e.nzy.il" is .::m e:-:onuc lease (RNAase l ) '(.Ihich has 

;)2en isolat",d from mOUSE: leukcmic cells (134), E.coli (135), Ehrlich 

~:'3;::ites carcinoma cells and mouse livc:r (1.36). Sekiguchi and Cohen 

(1.35) i,<:Lve 5hO\ù1 that thi.:: enzyme ::"s simil8.r to polynucleotide phos-

~)~_êl1.-y:"c.se in that it con degri.~d,,-, the rapidly labelle.d RNA in phage in-

=~:'::::E:c! E.coli but yields_-ibo·aucleotide-S'-phosphates. The propertie.::: 

0; tl:::'s .::n:.:yme ;J.re sil:!ilar to tt:os,;; ai: snake vel10m phosphodü::è CE::t r"'--'-"-

:tissi"'1.-es C!:1;': ::atsoü (137) bave shown that ribosomc:s cont;;:ining 

_08 End-Product InLiDition 

~'\ living cell consist in large part of a concentrat0.d l:lÏ::ture. 

)f ilundreds of different enzymes, e.ach of Hhich is a highly effective 

catalyst for one or more chemical reactions involving variou5 components 

of the cells. The parado:..: of intense and highly diverse chemical activity 
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on1:h", one hand and delicately poised biochemical stability (biological 

homeostasis) on the other is one of the most fundamental problems of 

biology. In the normal cell there is obviously control of the tE;nàency 

to groVl and to àivide. The general concept that cancer might be the 

~esult of loss of these contraIs has been considered by many vlorkers (112,143). 

In recent years, it has become apparent that the end-product of 

a series of reactions may inhibit an early step in the sequence even 

thoughthe end-product bears no simple structural relation to the original 

2:e2.ct2.nt. The first demonstration of metabolic regu1ation at the molecular 

L:vel ,las discovered by Umbarger (144, 145) to operate in the sequence 

leildi','g from threonine to L-isoleucine. In these reactions, L-isoleucine, 

the end-product, strong1y inhibited the activity of L-threonine deaminase, 

\:':üch ccltalyzes the first reaction in \'7hich L-threonine is c·onverted to 

iso1eucine. 

A case which has been particularly thoroughly studied is th2t 

of tl:e inhibition of aspLlrta1:e transcarbamylase, the first step in the 

pathv:2.] of pyrimidin~ synthesis (146). The inhibition of aspartate trans-

carbamylilse is of considerable interest because of the dissimi1arity 

bet:'.,:êen the structure of CTP, the inhibitor, and that of the substrate, 

~:'.Spé"cl":::':i.te, Vlith ",hich it apparently competes. Gerhart and Pardee (147, 

1~,3) pr.::.sented evidence t::.2'.t tL~ inhibition of aspartate transc21rbamyL:.se 

by CT:? Has not due to sl:eric compêtition at the active site betHeen the 

substrate and the inhibitor, but: ::hat th..:ore must be at least tHO differellt, 

mutu2l1y interacting types of SL.-"8. Comparison of the propertics of 

t11is system with those of a mimber of other "regulatory enzym~,s" (1L,.9-153) 
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·led to the definition of the concept of allosteric interaction (154). 

Allosteric proteins are assumed to possess two, or at least two, dis-

tinct non-overlapping receptor sites. One of these the active site 

binds the substrate and is responsible for the biological activity of 

the protein. The other, or allosteric site, is complementary to the 

structure of the allosteric effector, with which it can bind. The 

formation of the enzyme-allosteric effector complex is assumed to bring 

about a reversible transition of the protein. This transition modifies 

the properties of the active site, so that the kinetic parameters vihich 

characterize the biological activity of the protein are altered (e.g. 

the V ,the affinity of the substrate or even the specificity.). max 

Numerous other examp les are nm·, availab le (155) which suggest 

that metabolic control in animal cells commonly involves regulation of 

the affinity of an enzyme for its substrate, particularly when the cn-

z:nne catalyzes the first reaction of a metabolic sequence. In addition, 

such changes in affinity may alter the selective effectiveness with 

Hhich the enzyme competes with other enzymeslthat act on the same meta

bolite. As a result, the partitioning of that metabolite among various 

alternative sequences may be precisely controlled without involving the 

production of new metabolites or new enzyme activities. 

1. 9 Oualitative and Quantitative Differences betHeen Normal a:.l.d Nco-

plastic Cells 

There has been numerous studies of the metabolism of normal 
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'and cancer cells in the hope of finding sorne biochemica1 differences 

of a qualitative or quantitative nature which may be exp,loited for 

therapeutl.c purposes. In searches for such differences much attention 

IGS been devoted to the study of the metabolism of nucleotides in vivo 

and in vitro of normal and cancer cells. The reason for selecting 

~ucleotide metabo1ism stems 1arge1y from two considerations: 

1) Nuc1eic acids are essentia1 components of heritable 

biologica1 units such as genes "end viruses, \-Ihich are thought to be 

21: the basis of the transform",:tion of normal cel1s ta cancer cells. 

2) Compounds that are Gffective anti-cancer agents often 

e:·:ert their effect on nucleic acid metabolislll and are for the most part 

structur8.1 analogues of the nucleoticles thut are used for nucleic élcid 

synthe.sis. 

The results, hm'!ëver, from many studies have not been con-

clusive. To date, no Clèla1L:ative differer:ces have b8en found cc:t,·yeen 

:,o:::mal and cancer ee11s. Studies \-lith various labelled precursors of 

plEine and pyrimidine nuc leotides have shoYIll that these compounds are 

i"corporated in the nucleic aciùs of tumor cells presumably by the 

sc.me pathl'lays as the normal ce11s. The isotopie compounds that havç 

bcen used to study nuc1eotü~e mel:abolism in normal and cancer cells 

h:o'.ve oGen mainly formate labe11ed ",ith lL:c , glycine, orotic acid, puriD(~ 

1 d' 'd" 1 1 'd -, Il d 'h l4C 1 15" D&SeS an pyr~m~ ~ne baseS.ana nue eos~ es laDe e \ol~t ana 1\, 

This has l.:':d ta a great deal of information as to the quanti~ative dif-

ferences of the various path\olays betvleen normal and neoplastic ce11s. 
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since each of these radioactive tracers is incorporated into 

nucleotides by only one pathvlay, as shmm in Fig.4, these studies give 

no information as to the relative contribution of the de novo and salvage 

path\vays for nucleotide syl1thesis in the neoplastic cell. 

Studies carried out in this laboratory on the metabolism of 

glucose in Ehrlich ;J.scit8s tumor cells have sho,'ffi that it is extensively 

usecl [o::c nuch~ùticlc ",-nd nucle:'c ",cid synthesis C 38, 45). Since ribose-

phOS:):ic·te is .m i::'1!.:err,,-'.;..iia·c,=, i::.:. t"C:.e sy::.thesis of both purine and pyrimidine 

nucl.i.cticks dl:: nove or by utili~~;J.tio!l of p:ceformed bases, as shoT,m in 

1 /, 
Fig.~" -"'C-L.1::-",lled glacosc ,';CoS L:sed in the present study to assess the 

sig::ificnlce of SOUK! o!: ti:-.:,sc Qlt..::rn.::.!.:e path\vays in the Ehrlich ascites 

carcinoma cells. 
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adenine 

PRPP 

OMP 

Ribose - P0
4 

Uracil 

\V 

Uridine ---~;> IDIP 
1 
1 

.J, 
CHF 

orotic acid 

Compounds that cau function as precursors of the 

nucleotides for nucleic acids. 

Pointed arrow indicates that the level of 

phosphorylatioll. has not been taken into account. 

3 
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CI-lAPTER II 

M.A..TERIALS AND HETHODS 

1. J. Chemicals 

A. Source of Chemicals 

AlI cornmon chemicals ~'lere of "Reagent grade" and Here used 

",Î"L:hout further purification. AlI bases, nucleosides and nucleotides 

,·lere ob;:ained from Sigma Chemical Co" St.Louis, Missouri, U.S.A • 

. ".ctinomycin D ,.,as a gift from Dr. S.C. Sung, of the Unit of Cell Heta-

Dolism, :'1cGill University. Azaserine HilS obtained from Dr. H.B. lVood, 

3r., of the Cancer Chemotherapy National Service Center, National Insti-

t:12te. of He.alth, Bethesda, U.S .. l~. 

Snake venom phosphodiesterase ,·las obtained at first from 

'::;alhio::hem, Los Angeles, Calif., later from Horthington Biochemical 

Corp., Freehold, Ke,·! Jersey. r-J-IAase was a product of the above eOIilp2.ny. 

The radioactive ehemicals: 
14 l~ 

glucose-U- C, glucose-l- ·C, 

. . l 14 
~.!...y·Clne.-_- C, 

14 
-Jr ae il-2 - C, 

14 14 lA 
phenylalanine-l-- C, thymidine-2- C, adenine-8- ·C, 

. 2 l4C . d . ? 14 . d· 2 14c -' eytos~ne- - , ur~ ~ne-_- C, cyt~ ~ne- - ,viere oDta~neQ 

.Eror~, the Radiochemical Center, Amersham, England. 
3? 

( -P)-orthophosphate 

~·.7L~.:3 obtained from Charles E. Frosst CO.:J rlontreal. 

Ch Purification of Norit 

Xorit ;:!ctivated charcoal, obtained from Fisher Scientific LL:d., 

,·:as purified by the follm.,ing procedure (156). The charcoa1 "Ias suspended 



-29-

. in pyridine for 2-3 hours and chen Ha shed Hith N HCL lt \-las boi led 

for 30 minutes in HCI filcered and Vlashed ,\'ith distilled water until 
") 

all the pyridine "JaS removed and the filtrate ,vas neutral. After 

drying the charcoal was ready for use. 

C. Preparation of Solutions 

ALI solutions ,·,,,,re made up ,vith distilled '·later. Solution.s 

of organic compounds were stored at -20°C. Solutions containing label1ed 

compounds \·lere made up as stock' solutions \-lithout addition of carrier. 

For the experiments, an aliquot of the stock solution \Vas diluted Hith a 

solution of the corresponding non-radioactive compound. 

2.2 f-iail1tenance of Tumor Cells 

The Ehrlich ascites carcinoma "laS grmvn in S'viss \-lhite r:Jice 

,·;eighing 20-25 gra.'11so The tUInor vlas transplanted into the peritoll"'2'-:;' 

co.vity by injection of a suspension of cells usually obtained from Lb0 

first liquid transplantation. The first liquid transplantation \-las 

routil1e1y iso1ated from the subcutaneous solicl tumor and stored in dry 

ice (157). Tumors gro\VU for 6-8 clays in the animaIs \Vere used fOl' the 

experiments. 

? ') _. J Preparation oZ 'rucnor Ccl1s 

The animaIs were kil1ed by cervical dislocation 2.nd the tUTI1Ol: 

cel.es Here removed from the periton.eal cavity with a i?asteur pipette. 

The ascitic Huid containin,s the ce1ls \\JUS diluted to 12 ml with ice co1d 
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'isotonic saline and the suspénsion \vas centrifuged at 800 x g in an 

International Clinical C",ntriruge for 20 seconds. This procedure of 

differential centrifugation separated the tumor cells from the blooCi 

cells. The cells were washed at least four times with cold isotonic 

saline The 

cells ,vere then eentrifuged <le 300 x g for 2 minutes to obtain the 

paeked cell volume. FÜ':é,1.ly, the)' Here diluted "litn rive times thei?-

volume of calcium-,l:<:"'," l('.::",;)s-~zicgçr solution. One ml of this suspension 

(equivalent to 20-22 '::6 Ù'L-Y "l\;,::'g:'rt of tissu.",), unless othen'lise stated, 

\,,,:cs used per tnree !Ill of incubation E:",dium for tlle experiments. 

2~L;- PreparatiO'i.1 O.i~ Céll-fre.e T~:,~t:racts 

The tumor cells obt"ined :lfter Hashing \"itl1 cold saline v,ere 

suspcnded in iee-cold tris buiLer (O. 2H), pH 8. ° to give a 30;:, sllspe,,-

sion. This c2.11 SUSpéllSioü \o12,S .s.onicc.'ced for 90 seconds in 30 second 

oursts '-end kept on ice duri"g SoùiCcil:iofi. The ruptured cells ' .. lere ther! 

c~ntrifuged at 100,000 ...,.. a 
-- 0 

(40,000 rpm) in ci Spinco Bodel L ultracen<:ri-

fuge ~ Beck.'11an rotor Ti 50, for 60 minutes. ThE: supernatant \o1",S removeè 

carefully taking car.:: ta exclude the lipid layer :Zloating at thE:: surface. 

Incubac:ion Nethods 

Incubation of cell suspensions ,vas carried out in calcium-rrec: 

Krebs-Ringer solution containing 145 nhVr NaCl, 5.8 mN KCl, 5.8 rfuvr KH
2

P0
4 

t "md 1. 5 E,:'1 :'1gS0
4 

usually in Cl total volume of 3 ml. The pH \·jas maintai:1eci 

",<: 7.4 by phosphate buffer (10 n"0I). AlI incubations were carried out at 
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37°C in 25 ml Erlenmeyer flasks containing center Hells. Hhen. glucose 

,,,as added to the reaction mixture 0.2 ml 20% KOH or Hyamine hydroxide 

,ws added to the center well to trap the carbon dioxide evolved during 

the oxidation of glucose. AEtel' ::'llcubation, the flasks ~vere rapidly 

pur: in cl'ushed iee to scop the reactioll. 

For the Ü1Cl:C,ê"cicn 0:( c8l:!.-free e::,:tracts thé rl!action medium 

coni:2insd tris buffer pH 8.0, 60 mt·~ phos:)lwglyccl'ic :::.cid 17.3 :i"-', AT? 

.in __ lot;, l vc. h!Iù"-: of 0.3 ml. 

3000 ~" _-,~.:cd 

Ins crUI,,:::n:: COl!lpé-i':1y Li.quid sc :_n:: i:' .1.21t iO;l cüunter. Por t i011.o (:>.: - : c:~ " ) 

of the ~tic:eoti~~ ~c~ur:ions ~ere count~d in plastic or glass \::.~:~ ccn-

dnd ~0 ~ naphtalene in 1 lii:ro 1:1:1 (jy vol.) 

toluene: dioxane: C"i:i.lê.iT!.ol. 

In SOrne experimenl~ radioactive spots cut out irom chromatügr<ll1!s 

\',Gre placed in counting vials containing 15 ml of scintillatioE fluid 

consisting of 4 gm PPO, 100 mg dimethyl-PoPoP in 1 l toluene . 

.!..7 Determination of the Radioactivity Incorporated into the Acicl-soh,ble. 

PillA. DNA and Protein Fractions 

The folloHing separation procedures were employed. 
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The incubation mixture was coaleJ and the cells plus media 

trans ferred to centrifuge tubescontaining 7 ml ice-cold Krebs-Ringer 

solution. The mixture \'las centrifuged at 800 x g for 2 minutes. The 

supernatant \'las discarded and the last drops removed with a Pasteur 

pipette. Subsequently 3 ml 2.5'/0 ice cold perchloric acid (PCA) v7as 

added to precipitate the acid-insoluble components and to extract the 

acid-soluble compounds. After standing Hith occasional stirring for 

approximate1y 30 minutes, in a bath of crushed ice the mixture was 

centrifuged for three minutes at 800 x g. The supernatant was kepl: 

for ana1ysis of the acid-soluble nucleotides as described in the sec-

cion "Separation of the Nuc leotides of the Acid-soluble Fraction". 

The "E'CA precipitate was washed with 5 ml cold 5% trichloro-

a.cecic acid (TCA). After centrifugation the lipids were extracted 

from the residue by \\7ashing twice each \'lith 5 ml 95% ethanol, e1:hanol-

chloroform (3:1. byvol.), ethanol-·ether (1:1 byvol.) as described by 

Hutchison et al. (1.58). The initial extraction with ethanol vJas carr :Le.cl 

out in the cold in order to preven'c 10ss of nucleic acid material frŒiI 

the. acid-Het residue (158). 

The lipid-free residue "las then washed once v7ith 3 ml ether 

,::JT uith 3 ml 2/0 co1d PCl\.. Residues \'lashed '-7ith ether were alloHed to 

stand at room temperature for about one hour to evaporate the ether. 

T'bec air dried powder \vas suspended in 1. 0 ml 0.3 N KOH and the &'JA ex-

trQctcd according to the method of Sclunidt and Thannhauser (159). Hhen 

the precipitate was \'lashed Hith PG..t, the RNA \'las extracted according to 
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'a modification of the method of Ogur and Rosen (160). The washed 

precipitate was suspended in 1.5 ml ice cold 1.2 N PCA and allowed 

to stand overnight at 0-4
0

C. After centrifugation in the cold at 

3,00b rpm for 5 minutes the supernatant, containing.the RNA fraction, 

was decanted. The precipitate was suspended in 1.5 ml cold PCA for 

30 minutes, centrifuged and the supernatant pooled with the first 

acid extracts. This solution was neutralized with KOH and the KCI0
4 

allowed to precipitate in the cold for at least 2 hours. The mixture 

was centrifuged in the cold as described above and the supernatant 

was taken to dryness under reduced pressure. The residue was dissolved 

in 0.2 ml distilled water and centrifuged at 800 x g for 3 minutes to 

pack the residual KCI0
4

• An aliquot of the supernatant was removed 

for determination of radioactivity. Further separation of the indi

vidual components ,of the RNA fraction was carried out by paper electro

phoresis. 

The precipitate obtained after extraction of ru~A was washed 

twice with 5 ml cold 5% TCA ta remove residual RNA. The DNA was then 

removed from this precipitate by hyclrolysis at 90
0 e for 20-25 minutes 

with 1. 5 ml 5% TCA. The mixture ~vas centrifuged and :::1e extraction was 

repeated with 1 ml of 5% TCA. The tube was centrifuged and the super

natant pooled with the first extract. An aliquot of this supernatant 

was removed for determination of radioactivity in the DNA fraction. 

The precipitate, containing only proteinS,was washed with 

3 ml 5% TCA and suspended in 0.2 ml Hyamine hydroxide for estimation of 

radioactivity. 
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Isolation of RNA by the Phenol JVIethod 

Hhen (32p)-orthophosphate \Vas added to the medium the Rl-JA 

"las ext:cacted from the Ehrlich ascites cells \Vith hot freshly distilled 

phenol according to the technique of Scherrer and Darnell (161). The 

tumor cells obtained after ,vashing \Vith cold saline were suspended in 

6 ml 0.01 N acetate buffer containing sodium dodecyl sulfate, final 

concentration 0.25 per cent,and polyvinyl sulfate, final concentration 

0.05 per cent. An equal volume of hot (60°) acetate-satura"ced phenol 

,-:as L:8n mixed with this solution and shaken vigorously for 10 minutes 

in a 60
0

e Hater bath. At the end of the extraction the tempe.rature 

of the solution "tvas reduced to 4-5
0

e by rapid chilling in a -20
0

C ice 

bath. The emulsion ,vas broken by centrifugation at 20,000 x g (13,000 

r.p.Iil.) in the rotor 870 of an InternationalES-20 centrifuge for 5 Iili-

nutes. The aqueous phase containing the r..NA 117as removed and the. ex-

traction repcated once more for 5 minutes with hot phenol. After 

cencrifugation as described aDove the aqueous phase ,vas removed. The 

RYA \-/3.s precipitated from the aqueous layer by the addition of 2 volum.::s of 

cold ethanol. overnight at -lOoe. After centrifugation, in a PR-2 

l'.'':érnational centrifuge, the RNA "tvas Hashed twice \-lith cold eth:'.nol a"d 

clissolved in distilled uater. This solution ,,7as made acid and th", 

precipitated R0rA washed once more \-7ith ethanol. It"tvas then dissolved 

in 0.7 ml of distilled ,-wter. 

2.9 Separation of the Nucleotides of the Acid-Soluble Fraction 

0, To separate the nucleotides of the acid-sciluble fraction 
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from other radioactive components (amino acids, sugar phosphates, etc.) 

30 mg of activated charcoal was added to the PCA extract ta ~bsorb the 

nucleotides. This mixture was allowed to stand at room temperature 

for 30 minutes with occasional shaking, 0.2 ml of '95% ethanol layered 

on top, of the tube to favour sedimentation of the charcoal and centri-

fuged at 800 x g for 5 minutes. ,The supernatant was discarded and the 

charcoal Mas washed twice with 3 ml distilled water, each time layering 

the top with 0.2 ml ethanol. 

2.10 Elution of the Nucleotides from the Charcoal (221) 

5 ml 5% pyridine in 50% ethanol was added to the charcoal 

and the mixture transferred.quantitatively into 25 ml Ehlenmeyer flasks 

and shaken at 370 C for at least 1 hour. The mixture was decanted into 

a tube and cent~ifuged. The supernatant, containing 70-85% of the nuc-

leotides, was taken to dryness as described previously and the residue 

dissolved in 0.1 ml of distilled water. An aliquot of th.is solution 

was removed for estimation of radioactivity. Further separation of 

the nucleotides was carried out by two dimensional paper chromatography. 

2.11 Separation of Nucleotides from Nucleosides and Bases 

. 14 14 . 14 
When labelled bases (urac~l- C, adenine- C, cytos~ne- c) 

were used as precursors, the incubation mixture was precipitated with 

2 ml cold 5% TCA. The acid soluble fraction was extracted 6 times with 

3 ml portions of ether to remove TCA and the free bases and 'nucleosides 

were separated from the nucleotides by extracting the.mixture 5to 6 
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times "lith n-butanol saturated ~.;rith \-later (45). This procedèlre 

removes free bases and nucleosides but leaves the nucleotides in 

the aqueous phase. 

2.12 Hydrolxsis of ~~A and Nucleotides to the BQses 

Hydrolysis of the nucleotides in the acid soluble fraction. 

and of lli\lA "7as carried out as described by Narshak and Vogel (162 ). 

The nucleotides and RNA fractioll viere dissolved in 0.1 ml 70'/;, pep. 

and the tubes placed in a boiling I,'ater bath for one ho ur "lith 

occasional stirring. After cooling the mixture it7as. dilute:d co 1. 0 ml 

,dth distilled ,V'ater. centrifuged~ and decanted into tubes containing 

activated charcoal. The charcoal it7as spun dO\ffi, washed once \·.riti1 

"",!.ter and the bases elui::ed as üescribed previously. The elü;:C-::C! >7':::'S 

taken to dryness, the residue dissolved in 0.1 ml water and spotted 

on paper. The indiviclual purine. and pyrimidine bases ,1ere t'1en 

separated by descending paper chromatography. 

2.13 Hvdrolysis of Nucleic Acids to Mononucleotides 

A. Hydro1ysis of DNA to Deoxynucleotide: 

In order to hydrolyze DNA into individual deoxyuucleoticles l 

·the. precipitates obtained after removal of the acid soluble fraction 

and RNA was dissolved Hith 1 ml 0.01 N NI\. OH (final pH, 7. 0) ~.!gC12 

(final èoncentration 0.01 H) and DNAase (about 0.1 mg) were aàded and 

the solution incubated nt 37 0 C for about 6 hours. The pH was adjusted 

ta 8.5 \-lith 1 N NH
4 

OH, snake venon Phosphodiesterase it7as add'2c1 (about 
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2 units/mg DNA) and the solution kept at 37
0

C for another five hours. 

At the end of the incubation, the solution was' made acid and kepc in 

ice for about 30 minutes to precipitate proteins and undigested D~ .• 

This solution was centrifuged and the supernatant taken to dryness. 

The residue \vas dissolved in a small volume of distilled water and an 

aliquot applied on chromatography paper for separation of the nucleo

tides by electrophoresis. 

B. Hydrolysis of RNA to 5'-mononucleotides: 

The Ri"!A obtaineel by the phenol extraction was hydrolyzed to 

5'-mononucleotide by snake venon phosphodiesterase. The RNA precipi

tated in the colel by ethanol uas dissolved in 0.7 ml H
2
0, 0.3 ml 

magnesium (final concentration 0.01 H) 'Vlas added. The solution lias 

brought to pH 8.8 by addition of 2 ml Tris-acetate buffer (final con

centration 0.05 1'1). The phosphodiesterase enz)"IlIe \vas then added 

(0.3 mg) and the mi:·:ture incubated at 37°C. The pH of th.:; solution 

'(·,as m.::.intained at pH 8.8 and after 15 hours, another 0.2 mg of enzym", 

\·:as added. After a total incubation time of 24 hours, the digestior: 

",i:<:ture 'tTaS put in ice and the solution made acid to precipitate 

undigested RNA and enzyme proteine After centrifugation, the super

natant \'las taken to dryness, the residue dissolved in 0.2 ml Hater 

and the 5' -mononuc'leotides separated by paper electrophoresis. 

2.14 Solvents for Paper Chromato::;raphy 

A. Separation of Acid-soluble Nucleotides: 

C' 'rive Jiù,..;nsional clescending paper chromatography \vas carried 
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out to separatc the individual nucleotides of the acid-soluble 

f::act:ion. The sample (100 pl) was spotted on a 18 x 24".. sheet 

of Hhatman i.'10. 3 }!N paper. The paper ~'las placed in a tank con-

t,üning isobutyric acid, conccntrated NH
4

0H, wate:;: (57:4:30, by 

voL), (163) for abou~ 20 hours. Tho. pnper \-las then nl1m·,ed to 

dry élnd placed in a second ch:comatog::::aphy tank containing isopro-

panol and RCl-"later 130:33:37 by vol. (.164) for 24 hours. 

B. Separation of Free Bases: 

One dimensiona1 desccücling papeL chromatography of the 

free purine and pyrimidine bases was performed in isopropanol

HC1-vlat8r (130:33:37 by vol.) for 24 hours using Whatman No. 3 :-]:-1 

paper. 

2.15 Paper 21ectrcphoresis 

High voltage paper electrophoresis was employed to sepa::a~~ 

the ~\A and m~A nuc1eotides. The Duffer chosen was ammonium acetat2, 

0.2 N and pH 3.7. A paper strip, 25 cm \-lide eut from a 18 x 24" 

sheet of Hhatl:1an No. 3 N;Yl, I-las soaked in the bu[fer solution and 

blotted bet\V'een tvlO pieces of ch:comatography paper and then placed 

on an aluminium plate that \Vas coo1ed by circulating tap '\VateL. "\n 

aliquot (50 pl) of the RNA or DNA samp1es was streaked on a line aàour: 

S cm from one end of the paper \vith a 10)l1 micropipette. The. p2J?e.r 

\';2.8 then covered Ivith 2. plastic sheet and compressed by a glélss pl2.te. 

The. ends of the paper sl:rip 'dere allOl-l",d to <.lip into the troughs 
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containing the buffer solution. The poweI" supply !,'as adjusted to 

provide a constant voltage of 3,000 volts and an initialcurrent 

density of 30-40 mA. The buffer solution !vas changed after every 

second run. 

2.16 Determination of Specifie Activity of the Nucleotides Eluted 

from the Chromatograms 

Aftar separation of the nucleotides of the aeid-soluble 

fraction ~nd of the nueleic acids the ehromatography paper \-lere 

allm'led to dry in air ;:.:t room temper.s.ture. The nue leotides "1cre 

located on the paper with the aid of a mineralight ultraviolet l~"p 

and marked 'vith a peneil. The area eorresponding ):0 eaeh nucleotide 

ë·!aS then eut out and stapled on both sides ta strips ot chromatography 

paper. These papers Here placed in 25 cm troughs and the nuclcotides 

Hereeluted from the paper by descending chromatography !vith distilled 

\olater or 0.05 N HCL This m.::.thod of elution gave very consistent 

results and ~ecovered about 85-90% of the nuclcotide material spotted 

on a disk of Hhatmen No. 3 l'!?:·1 paper. 3 ta 4 ml of the eluates Here 

collected, the solutions taken ta dryness and the residues dissolvècl 

in a small amount of distilled '·later. To alloH for ultraviolet a'::J:-

sorbing substances in the paper, a blank equal in area to the spots 

,:,as cut out from each chromatography paperand eluted as described 

::cbove. 

Aliquots of the above elutions \Vere rernoved for ~oèlntin3; the 

radioactivity. In order to estirnate the concentration or e~lch ~:uc:i.cot::'dc:, 



-40-

the remaincler of the solutions Has transferred to quartz cuvette 

and the absorbance measured in a Beckman DU spectrophotometer at 

260 mu. The blank was used to adjust the instrument to zero absorbance 

the molar èxtinction coefficient reported in Pabst c:ltalogue No. OR-IO 

"\Vas used to estimate th~ concc'·:1.tratiol1. 

The idel1tity of each nucleotide ~.;as determined by comparing 

the R~ values obtained afte:r chromatography with maps preparf!d v7ith 
:r: 

ki:l.OHl1 compounds. The purity of each nucleotide was deterrn.L:~ed by 

comparing the 250/260 and 280/260 ratio of the nucleotides isolated 

\·1ith those compounds chromatographed ui:l.der the same conditions. 
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CHA.PTER III 

EvALUATION OF EXPERlllENTAL TECHNIQUES 

The procedure of Schmidt and Thannhauser (159) has been 

used by ma.ny vlOrkers for the extraction of nucleic acids from .,mimal 

tissues. The advantage of the method is its convenience for handli"g 

small amounts of material and the relative simplicity in isolating 

Fu."iA and DNA from the samc sample. Several authors (165-167) howeve:::, 

have indicated that the nucleic .3.cid fractions obtained by this 

procedure are not: pur~ .:::md m.sç De c.ontü.minü.tcd by protein. Since 

glucose is incorpOl:ated into proteills as wall as nucleic acids (38) 

it \-las necessary to :iTiSUrë t:hac radioactive: purity vlas obtained in 

the nucleic .:lcid fractions isob.tcd afcer incubation of Ehrlich asciU:::: 

cclls with labelled glucose. 

3.1 E:.:tr.::tction of Nucleic Acids from Ehrlich Ascites Cells 

The experimciJ:c reported in Table l \,zas carried out to tesc 

,·:hether extraction w'ith 1.2 N cold PCA as described in Chaptcr II "18.:; 

adequate for removing R~:A. and DNA from Ehrlich ascites cells. In 

t:,ese experiments, the Schmidt-Thannhauser method t'las used as a 1"2-

ierence because satisfactory recovcry of &~A and DNA can generally 

be obtained by using ",lkaline di;;estion (166). The amount of R.1A and 

D~'~A obtaiucd by the PCA method is very similar to that obtain.:::d by the 

Sch.luidt-Thdnnh'-luser procedure. In both procedures, lli"!A "las estimat2d 

by the orcinol re.:lction (168) and Dr.:A by the diphenylamine method (169). 
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TAB:LE .. l 

Comparison of Schmidt-Thannhauserand thePerchlo~ic Acid Procedure 

for Extraction of Nucleic Acids from Ehrlich Ascites Cells 

The lipid-free residue ,vas suspended in cold PCA or 

0.3 N KOH and the lli~A and Dr~ extraeted as described 

in "Materials and Nethods ll
• 

The results are the mean data obtained from two experiments 

and refer to p.g nue leie/mg dry weight of cells.·· 
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3.2 Incorporation of Phenylalanine-I-~4C 

In arder to test for radioactive contamination fram 

protein in the RNA and DNA fractions,. Ehrlich ascites cells ,"lere 

incubated Hith carrier frae phenylalanine-I-
14c. This radioactive 

",mino acid cannot label the nucleic acids but is a precursor of 

protein Table II shOlvs the amount of radioactivity found 

in the fu~A, DNA and protein fractions obtained by the Schmidt-

Thannhauser procedure and the P~\ extraction method. It is seen 

that hy alkaline digestion of the acid insoluble residue, about 20.Pçr cent 

of the radioactivity incorporated from phenylalanine-1-
14

C ,"las found 

ln the ill-lA fraction. No radioactivity vlas found in the RNA fraction 

obtained by the cold PCA extraction method. The DNA fraction obtained 

after PCA extraction contained fe"\oler counts (6-7 per cent) than the 

DNA from the Schmidt-Thannhauser method Hhich contained about 18 to 

20 per cent of the total counts. During the course ofthese experi-

me.nts, it "las obse:rved that the extent of radioactive contamination 

of the DN.t\ fraction after extraction of RNA by the cold PCA,is de-

pendent to sorne extent to the amount of stirring of the suspension 

during extraction with hot TG.J\. Vigorous stirring, hO"\olever, is 

required to recover 85~90 per.cent of" the DNA. 

"';':'. 
" .. :" ".: . 

. :' 

3 .. 3 
. . Ile 

Incorporation of Thvmidine-2- "C 
.. . ". . .. ' , '.' . 

. '. ":': ,:' ',,'. 

The results obtained thus far indicated that protein did 

not contaminate the nucleic acid fractions obtained by co Id PCA extraction. 



-44:" 

TABLE II· 

Incorporation of Phenvlalanine-1-14 C into RNA, DM and Protein 

, 

Fractions Obtained by Various Procedures 

Schmidt-Thannhauser Perchloric acid 

F r a c t i o n procedure procedure -_ .•.. _---
Expt.l 

1 
Expt.2 Expt.l 

1 
Expt.2 

-'. 
fu"lA ll3" l36 o o 

DM 106 120 27 33 

Protein 355 386 500 636 

Cells \olere incubated for 60 minutes at 370 C in Krebs-Ringer 

phosphate buffer as described in "l'faterials and Methods". The 

medium contained 0.02 pC phenylalanine-1-14c (29,500 counts/min.) 

and 5 ~~ glucose. 

The results are expressed as counts/min/mg dry weight of cells. 
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'. 'In or der to' test further· " the purity of the RNA fraction obtained 

by this method,Ehrlich ascites cells ,,,ere incubated with carrier X 

free thym~din~-'2-14c, aspecific and close precursor of DNA (171). 

Table III demonstrates the amount of radioactivity found in RNA, DNA 

and protein fractions. lt is clear that no DNA breakdovm occurs 

during the extraction of the Rl~ by the cold PCA. These results 

.7ere confirmed by estimating the DNA' content of the RL'JA fract ion. 

The results al~o show that about 10~15 per cent of the thymidine-2~14c 

incorporated'into DNA remains in the: protein fraction even after vi-

gorous .stirring during 25 minutes \dch hot TCA. 

3.4 Electrophoretic Separation oi Nucleotides 

One objective '\o7as to measure the radioactivity incorpo-

rated from glucose into adenosine, guanos ine , cytidine and uridine 

nucleotides of RNA. lt was, therefore, necessary to determine the 

nature of the fragments obtained after digestion of the RL~A '\"ith 

cold PCA. For this purpose, high voltage paper electrophoresis of 

the cold acid hydrolyzate ,'7as carried out with 0.1 M s.mmonium forr.lute 17 

buffer (172). The results, illustrated in Fig.5, demonstrate the 

presence of four separate ultraviolet absorb~ng bands migrating 

tovntrds the anode. This indicates that extraction of RNA by PQ.t,. re

sults in the liberation. of nucleotidés,' sincè i:iU:cte.osides or bases 

~'JOuld move tm07ards .the'cathode.:<·The. spots contairiing the nucleotides 

. '\"ere eluted' from the papet' and. idcntified as UMP ,GMP,ANP and Cl-'lP by 

. the methods described in Chapter II. lnfurther experiments, 0.2 N 
... ~ .. 
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TABLE III 

Incorporation of Thymidine-2-l4C into RNA, DNA and Protein Fractions 

Obtained by Perchloric Acid Extraction 

Fraction Expt.l Expt.2 

RNA o o 

DNA 504 682 

Protein 55 82 

The experimental conditions '\Tere as described 

for Table II. The medium contained 0.06 rC 

thymidine-2- l4C. The results are expressed 

in counts/min/mg dry weight of cells. 
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.. ", ' . 

. ,.. 

FIG.S: Separation of the RNANucleot~de~ by High Voltage 

Paper Electrophoresis" 
,.." 
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.~ ... ,".' ,', '1"-

"'. 

a~onium <icetate: buffer·\vas chosen overammonium formate'· becaùse 

the amperage·.was significantly Imver duringthe.se~ar~tl.on. thereby' , ,'," .. " ... ', 

deCr~asing' theheating of thé paper during the' eleètrophoresis'~ ., 

,It was important to adjust the pH of the system very 'caref'ully .to 
" " 

. pH 3.7 since 01P and AMP did not separate at lower values: a~d it 
. ,', 

.. ' 
,-las difficult to separate GHP from UMP at higher values. 

3.5 Time Course of Glucose Metabolism , -

Pr 1 " . " l 14C " . . '.' e ~m~nary experlments on g ucose- U - lncorporat~on 

into the acid-soluble nucleotides, RNA and DNA fractions of Ehrlich 

ascites tumor cells were carried out to determine optimal conditi0'L1s. 

for labelling these various fractions. The incorporation of glucose 

into the various cellular fractions was measured at different time· 

intervals (Fig. 6A). The incorporations in aIl cases increas.ed -d,uring 

the. two hours of incubation. To determine at '-lhatpoint exogenous 
. .... .... .' ilL 

glucose. 'Vlas bcing depleted from the ceUs, glucose::oxid<:.tion. to·· "C0
2 

. i'las measured throughoutthe course of theexperiment ·(V~g. 6B).. After 

. an initial lag the evolutionof 14coz fromglucose.was :,~~y >:·:"pl.d. 

and continued linearly .for 2 hours.· Afterthis·time·,'·.:there \·7as arapid 

faUin the14C02 evolved, "dth asubscq~e'ut 'decr~ase .i;ti18 labelling 

of the m.lcleotidearid ·thenU~leic. à6id.· fractions < .1hiS. rapiddisap-
:", . . ':':. ,', .... 

pearance '~f gl).1~~~èf~bmthe~éd:i1.in1iS· in àg~cèm~Ù·~;:i;thiëpcirts of 

many" other '\vorkér~(3S;>173':'175) tha~glucose. ismetabolizedv~ry· 
rapidly to lact~~ acicland '14ê~2 ~n" tumor cel1s ••..•. In subsequènt ex-' 

periments the cells'Here incubated for less than 2 hours. 
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. 3.6 
. . . 14· 

Effect of Iodoacetate on Gl ucose-1- C J:ietabolism . 

. . '.' . '::. .... . .,.", 

Becaus~ the inc~~poration of' .iabeii~ci. 'glucos~ int~ the 
- . . . 

nuc leic é_cidswas. relatively. 101:. ,~. attempt . ,vas made to find COh~ 

. ditioris' under' which 'the incorpo~ation ofglucbse" :lnto nucleotides 

. and nucleic,ac,i.ds. might ·bei..ricrea~ed.·~Bas.ed oh .. t.he . findingsof 

Ellis. and S~holefield (45). that . iodoacetate .. (IAA) inhibits glycoly:: is 

to a greater'exte~tthannue1eot:ide syr{thesi~, ce Us were incubated' 

. . 14. .... .' . .'~ .. ' '. 
·"ith .glucpse~l- (; 'l:U ·the pres"meC? of v<?..rl.OUS eoncentratl:ons of IAA. 

Aï:. the end of the incubation, the amount 'of radioactive carbon dioxid.:: 

e'lolved "laS estimated, .:!s ,,,el1 as the ext:ent of incorporation of 

.slucose .inta 1actic acid :.andacid-soluble nucleotidcs. 
, , . 

evolved from glucose":l.:. .l-i-C i8 ob~ai-;-;.~d -ca in 1] via the hexose mono-

•. phosphate shunt (38)", the resules p:::esented in Table IV indicate that 

.. -.' .' a:t ;e~y 10'; co~ëentratiori.s . of Iiü (0.005 mH) : there is no inhibition 

of the hexose monophos'phate shu.."1.!: -.;-h.ile· a 5q:z, decrease in glycolysis 
' .. ...... ," 

:~.: .. ' .'. is stil1cib.t~ihed>: ·~·i·m~a~ù~~d.·by-t~e. aEi6~~t"of- ~actate' fOl;med (176). 
.. '~ . 0",. . ••. :-:.', 

RO~·7e.ver, :th6arno.unt,~·():E 'gl~c~se . incorpor·ate~·. in·to.· Xcid-soluble nuéle.o-
. ,'. .,'. ":.' "', ::,' ,. :'~. . : .. ::,:i ~,., .... .... . ~ - .., .' "; ~ '. . .' . . . ' .. 

·ticles· rcmairied.: the···s-aple·.:a::;<iùthe contro.g. 7 ~ 1 .. :·~oles·/mg. dry Vleight 

.' of' cel~sas~o~~a~e;cl:Eo.~~8:~~!Ol~s/mg/~r;.~';f!~~~.~·:~~·~eu,s." 
.: ,.: 
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" . . ".: . ,', -'~ . 
·TABLE IV 

" .. '; . 

. " Effect of :iodoac~t~t~on Glucose-~_14~ 6xida~ion and Incorporation 

into Lactate and· Acid Soluble Nucleotides 
'. '.1 •• 

14 iI1p.moles lactate '!,!I:.pffioles labelled 
Iodoacetate m).lmoles C 02 glucose incorporated 

mN 
produced/mg produced/mg into acid-soluble dry wt. of cells dry wt.of ceUs nucleotides/mg dry 

weight of cells 

0.5 11.4 180 2.5 

0.3 16.0 175 2.5 

0.01 26.7 400 4.8 

0.005 43.5 530 7.1 

0.0 43.5 1080 6.8 

Incubations "Vlere carried out as described in Table II. The medium 
14 contained 5 mH glucose-l- C (1 pC) and further additions as noted. 

The time of incubation was 2 hours. 

" .. ;. 

"',' .. 
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SUMMARY -OF CHAPTERIII 

The work presented" in ihis Chip,ter has -dealt mainly with 

an estimation of tw,o of the procedure~' available for extraction of 

nucleic acid,s from atiimal t'issues~ The',Sch..nidt-Thannhauser procedure 

for e:.:;:traction of RNA "7ith alkaline .. has been widely used. From the 

data given in this ,Chapter and the 'evidence availab10 in the litera-

ture it appears that radioactive contamination from protein degradation 

proclucts results, in very large contamination of both the RNA and DNA 

fractions. 

The other procedure used in this study was to carry out 

acid digestion of the lipid-free resielue under conditions which result 

in RNA hydrolysis to acid-soluble mononucleotides. Under these con-

ditions', essentially a11 the orcinol-reacting material is solubilized 

and re-digestion of the precipit~te obtained after removal of the RN~ 

hydrolyzate, failed to extract further any RNA. The data in Tc,bles II 

.:md III sho\o1s that no release of protein material- and DNA in acid-

soluble form is obtained after digestion of the acid-insoluble residue , '1 
\'/ " rr- ,t-o':'''''-) 

l, ,,-vc-v(\.-'...j' .', 0 : 

• T'-'-~ 
vlith 1. 2 N i~J.C104 i ' 

It is also apparent from 'Table III that complete removal 

.' .'.; . .... . 

emphasized furth~rthat a 9_0perceni: recove:ry:ofD~ is obtained only 

by careful attention to the conditions of extraction. 

The results in Table Dl indicate that ~vhen glycolysis ,.;ras 
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'diminished by iodoacetate no il1crease in the conversion of glucose

u_14
C to acid-soluble nucleotides "7as observed. 

Henderson and Rhoo (177) have shown that in Ehrlich ascites 

tumor cells the formation of PRPP is independent of extracell~lar glucose 

concentrations above 0.55 mN. It must, therefore, be assumed that in 

the present study this system is operating at full capacity, since 5 roB 

glucose is present. 
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CHAPTER' IV 

.: . .... 
,,' . 

, , 

NUCLEOTIDE BIOSYNTHESIS FROM LABELLED, GLUCOSE 

Studies with labelled adenine, orotic acid, formate 

and glycine have demonstrated that glucose markedly stimulates the 

incorporation of aIl four precursors into acid-soluble nucleotides 

and nucleic acids (34, 36, 45). Experiments in this laboratory (38) 

have shmm that gluco'se gives rise to Pentose phosphate in Ehrlich 

ascites tumor cells,via the hexose monophosphate shunt and through 

the transketolase-transaldolase enzyme system. The incorporation 

or radioactivity from labelled glucose into amine acids, such as 

L-serine and glycine of tumor cells has also been demonstrated (178, 

179). From these studies, the following scheme of reactions for 

conversion of glucose to glycine has been proposed. 

pyruvate ----> T.C.A. 

l' 
glucose ~ hexose ph~~phate==rphosphoglycerate --?'phüsphoh>~:..·oxy-

'pentose 

;I~ pyruvate 

01 
pho,phate, l 

glycine ~7s~rine : ~~--------- 'phosphoserine 

' .. ':.' . ,-

It follows that L-serine and glycinel~at 'bi 'fOT."lT1f'n fTom glucose and 
.... ,. 

togetlwr Hith ribose-phosphate maYbe:'uFiliz~d ,'for the synthr..:.~is of 
.. , 

. . . . .. .' 

nucleotides, by the reaction sèquencesdéscriul::d in Chapt~r 1. By 

the rcactions of glycolysis and the ,'citric .a,cid cycle, glucos,e may aiso 
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give rise to aSpartic acid which in turn can be incorporated into the 

pyrimidine bases, as illustrated in Chapter I. 

In the experiments discussed in this Chapter, radio-

active glucose was used as a precursor to assess the significance 

of alternate pahtways in the in vitro labelling of the purine and 

pyrimidine nucleotides of the acid-soluble, RNA and DNA fractions. 

4.1 Incorporation of Glucose-u-14 c into Acid-Soluble Nucleotides 

The specifie radioactivities of the acid-soluble 

nucleotidesafter gl~cose-u-14C incorporation are shown in Table V. 

The corresponding nuc1eoside triphosphates and diphosphates were 

pooled after chromatography·since the amounts of both the guanosine 

and uridine nuc1eotides were quite small. The monophosphates of 

uridine and guanosine were not detected and it vias not possible to 

obtain the specifie activity of the cytidine nucleotides. This 

nuc1eotide is present in sma11 amounts in 1iver (180) antt.under the present 

in vitro conditions on1y the nuc1eotides which are .present in re1a-

tively high quantities will be detected. About 80 per cent of the 

radioactivity recovered in the acid-so1uble nucleotides was contained 

in the adenosine nuc1eotides. The average value obtained for ATP 

was 650 mpmoles per gm of wet weight, the ratio ATP/ADP being about 

5/1. The pool sizes of ATP and ADP were 7 to 10 times 1arger than 

those -of the guanosine or uridine di- and triphosphates. It is there-

fore not surprising, since n~cleoside monophosphates are usually lower 

than the di- and triphophate derivatives, that uridine and guanosine 
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TABLE V 

. 14 
Specifie Activities of Acid-Soluble Nucleotides after Glucosc-U- . C 

'Incorporation into Ehrlich Ascites CeUs 

-:--------~--;-:---:-:::-::::--:--:-:-:-::::--;--:=:::-:~;::::::---;-~::;::-~.-... ~ i ATP + ADP 1 GTP + GDP UTP + ODP , 

. . : .' .' .. .... 

1 specifie activity, counts/min x 10-3/ wno l e 

l .' ~ 
34.0 45.0 36.5 

2 20.7 33.0 35.2 

Th . f' t" . ~ l U l4C' dd d h ' . e spec~ ~c ac ~v~~y CI g ucose- - a e to t e meQ~um 

l'las 4 x 10
5 

counts/rnin/pmole. The cells ~vere incubated for 

90 minutes as described in Table II. Two incubation mi~:tul·CS 

viere pooled before separation of the. nucleotides by chroma

tography as deseribed in "Nate.rials and Methods". 
"".: 

'.; 

'. ': .. 
' ... -:" 

.... . :.': :',~ .. 
..... .. ' . 

:::...... .. .. : ... 
.. , ..,.,. '-

... ', 
'.' '.' 

.. :. '. 
......... : . 

..... \ .. _ . 

.. -: ...... . 

. ..... : 
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monophosphates "7ere not detected. The results presented in Table V . 

8hO\v that the specifie activities of the guanosine nucleotides are 

somewhat higher than those of the uridine or adenosine nucleotides. 

The specifie activity of the adenosine nucleotide was ahlays the 

10l"er. This is probablyexplained by the fact that radioactive 

adenine nucleotides is diluted by a much larger pool of endogenous 

nucleotides than either radioactive guanine or uridine nucleotides. 

4.2 Incorporation of Glucose-u-14 c into RNA and DNA l.~ucleotide8 

Results concerned ,vith the labelling of the nucleotides of 

RNA and DN'..<\ are shoHn in Table VI. It can be seen that in the R1:1A 

the pattern of labelling of AHF, GNP and UMP is similar to that 

found in the acid-soluble nucleotides in Table V. The specifie ac-

tivity of GHP is the highest folloVled by illiP and then ANP. As shm·m 

in Table VI, the specifie aetivity of CMP in RNA is only 166 counts/ 

min/;umole Hhile that of UNP is about 2200 counts/min/pmole. This 

finding Has surprising because UTP is the immediate·precursor of 

CTP. In addition, the results obtainedin these experiments seem 

to indicate that the labelling of each nucleotide in hl~ is a ref-

lection of the specifie activity of the corresponding nucleotide in : 
. '. 

the acid-soluble fraction. The results in Table V also de;nonstrated 

' .. ,' .. 
that the smaller guanosine and uridine nucbotidepoois id·:.ihed·d;:: 

,0,. ", 

..::.': ... ,.' ..... :'.. .. 

thanthelargëradeiiirië' h\iëlE:o,tidepbol/ 
, . ' .. ,' 

Since . th~p~o {~of CTPis the· Tm'les t • ô:É~11,··i6î.t~'~uCieô~ideprecur sm-g 
high~rsl'ecific activity 

ofRc""A" it might be' anticipated that its specifie activity and the~2.fore 



. :., ..... . 

,.' . 

-58-
'. ,': .' .. , ... : .. -::.:., ".: 

... ~. ' 

TABLE VI 

Specifie Activities and Nucleotide Composition of RNA and DNA 

16-
After Incubation of Ehrlich Ascites Cells ~vith Glucose-U- . C 

! ! 
iFraction 1 

RNA 

DNA 

Specific Activity 1: 
Nucleotide: .' :Molar Ratio 

l I d 1 councs/m~n/umo1e l '% T 1 
so ate lExpt.l Expt.2! a ota 

ANP 

GHP 

UMP 

CMP 

dAl:1P 

oGNP 

dTNP 

dCNP 

1830 

2830 

2220 

166 

133 

66 

150 

1L~ 7 

1520 

2160 

2118 

167 

100 

147 

9l 

156 

18.6 

33.5 

17.8 

30.1 

26.6 

22.6 

29.3 

21.3 

The experimental conditions were as described in 

Table V • 

Ge 
AUeT) 

1. 75 

0.78 
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also that of C}lP in RNA Hould be hig'ÇJ.er or about thesame as' that 

of UNP. From the results obtained in the DM nucleotides, it should 

be noted that labelled glucose is incorporated to about the sa.'Tle': 

extent into aIL four deoxyribonucleotides. HOHever, the radioactivity " 

incorporated into DNA was extremely lm.; and did not alloH for very 

accurate measurements. Therefore, no further determinations \',7ere made: 

on the deoxynucleotides of DNA. 

Alkaline digestion of RNA is known in some instances to 
: ... : .. .-: ..... :' 

give rise to deamination of cytidylic acid (158). The nucleotide 
: ''''.' 

composition of the lli'lA and DNA obtained by the PCA procedure \'7as, 

therefore., checke.d very carefully to determine whether such a reaction 

rnight be responsible for the 10>-7 radioactivity obtaine.d in the cytidi:1c 

nucleotide. Table VI indicates th~:1: the RNA of Ehrlich ascites cells 

contains a high level of CHP and G}!P. It is, therefore, ur.l·ikely thai: '. 

loss of CHP occurre.d Quring the extraction of the RNA by the l'CA pro-

cedures. It can be seen that the RNA and DNA have a nucleotide com-

position which is similar to that obtained by various ether "lÜrkers 

(see Table VII). Furcher attempts to explain the. incorporation of 
": -... : .... 

radioactivity from glucose-U-14 c into CHP Hill be discussed in Chapt.;:i: V. ' 

~" 3 Effect of Actinoffiycin D on Incorporation of 

Acld-SolUble Nucle.otides and RNA 

, , , 
,,' .... 

Cells conta:i!~ enzymes \'lhich catalyzei:h~.incërp~ratiori.' of,·', 

nucleotides into polyribonucleotide chains brth~ir'a:ddi~'i~nl:opre.~ 

existing chains. It lùs be.en deméms'trated that Actinomycin D inhibits 

. ... 
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T..I\BLE VII 

. Nücl20tide Composition of RNA and Dè'iA from Ehrlich Ascites ce;lls 

and Calf Thymus Reported bv Other \iJorkers 

, 
i • 
:Fract~on Tissue 

fu'J . .'·\. Ehrlich 
ascites 13.4 19.9 

" 
.~ 

IS.0 19.3 

Calf thymus 19.2 22.8 

Ehrlich 
ascites 27.7 29.3 

. :~ 

" ~ .. '. 

33.3 28.4 

31. 0 30.2 

29.8 28.2-

20.9 22.1 

. ~ ; . 

GC_ 
AU(T) 

1. 62 

: .. é·4· 

1. :';:3 

O.ï5 

The above data \-las taken from Hadj iolov et al. (18 1) w.: 

Taken from Harel et al. (182) • 

.',' 
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'. DNA~dependent RNAsynthesis (183, 184). Recent studies inceU-free 

'. ,extracts. and Ehrlic):l ascitescel~shave,shown that this compound ir:.~ 

responsible for the terminal addition of nucleotidesonexisting RNA. . . . 

chains (185, 186). Table V:nI shows the· effect of ActinomycinD on 
. .' :. . .... ' 

the incorporation of glucose-u-14 c into acid-soluble nucleotides and 
. . 

RNA. 
14 ... ' .' .' 

The results indicate that glucose-U- C incorporationinto'the 
. . .' 

acid-soluble nucleotides is not affected by ActinomycinD, bu~ ,further',', 

incorporation into RNA is decreased from 319 to 35 counts/min/mg ~ry .. ,', : 

weight of ceUs. Renee, at least 90 per cent of the labelled glucose' ': ... 

is incorporated into RNA as a result of net synthesis. These finding 

are weIl in accord with the results of Sme1lie et al. (31) who noted 

that about 90 per cent of' the radioactivity obtained in RNA of Ehrlich 

ascites tumor cells injected with formate- 14C was found in nuclear RNA. " 

4.4 Distribution of Radioactivity in the RNA Nucleotides and Correspondinl 

Bases 

Since glucose can give rise to pentose'. phospl.1ate and amine . 

acids that are precursors of purines and pyrimidineS itwas of interest 

. 14 
. to de termine the extent of conversion of. glucose-U- C ioto. the ribose' . 

. ' ... :' ..... . 

moiety of the nucleotides of RNA and thÙr.constituent bases.·I~ the 

~xperiments citedinTabl.eIX,tJ:iè'RNAh;drol~zatE;obtainedby the :.'. 
! . 

" ....•... >PCAprociedurewas ':separat~c;1':in '.: tw:o~·.;·' One,:aliquot:,wa~. us~dto .separ~te .. ' 
. '. . . ....:. . .'. '. . . . ..~. '.' .. ~ 

"the nucieoHd~s byeit=c1:r~phoresis·,;th~cithef.: "hydrolyzed 1;0 free' 
.,'.:' .. ':' 

bases, as desciribed.in ~terialSand M~th~ds.InExPt.l, the puiine .' 
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TABLE VIII 

Effect of Actinomvcin D (10 ug) on Incorporation of Radio.uc;:ivity from 

Glucose-U-1
4C into .4-cid-Soluble Nucleotides and RNA 

Additions 

.Ac·;:ino:;lyciü D 
(10 pg) 

1 ____ ....Q~"0-~~mit1/m~ dry weight ceUs 1 
: Ac id - so lub le l' ·-"'------RNA------·-! 
i nucleotides 1, 

J , 

1062 319 

1091 35 

--------------------------------------------------------~ 

The experimental conditions were as described in Table II . 

Cells ~'lere incubated for 15 minutes with actinomycin D 
l', 

th811 5 !lM glucose-U- -'C (1 }le) was added. The mb:ture ,.;as 

then incubated for 60 minutes. 

. .. ,' .. , . 

'- '.:'. \.' 
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and pyrimidine bases or nucleotides Here pooled after their separation 

in orcier to obtain sufficient radioactivity in the bases. It may be 

seen that only 4.6 and 6.7 per cent of the total radioactivity is in-

corporated into the purine and pyrimidine bases, respectively. It is 

interesting to note that although labelling in the bases is 10Ï'l, Ehrlich 

ascites cells can synthesize purine and pyrimidine bases frem glucose. 

The.se result are in agreement \·lith those of Hager et al. (30) and in-

dicate that these tumor cells do have the ability to synthesize the 

pyrimidine nucleotide by the de novo path\vay. In Expt.2, :êadi02ctivity 

incorporated into each nucleotide of 1~'1A and into the constituent base 

11, 
\·;<:s determined. The percentage of radioactivity from glucose-U---'-C 

incorporated into the adenine moiety is 4.9 per cent ",hile that in 

gU<lll.Îne is only l per cent. The specific activity for CHP is again 

seen to be much 10Her than any of the other three nucleotides or REA .• 

T:-,e per cent rG..dioactivity incorporated into the bases of the pyrimiC:ine 

nucleotides is 2.6 and 6.8 per cent for uracil and cytosine, respective1y. 

Lf.5 
14 Ef'fect of L-Glutam;ne on G1ucose-U- C Incorporation luto Acicl-

Sol ub le Nuc 1eot ide sand Rl-;A 

The fact that little radioactivity Has found in the k1ses 

of the nucleotides cotlld be due to a number of factors. The most obvious 

tho.t Ehrlich ascites contain very little free glutamine (L.O, 41). Th:;: 

dependence on glutamine to provide ® nitrogen atoms· for the de n0YE. )( 

sy:lthesis in these tur.1or cclls for bo::h purine and pyrimidin8 bases 

Hns discusscd in Ck~FU!r 1. On addition of glucose a three-fold incrC':<'.se 
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TABLE IX 

Distribution of Radioactivity in the RNA Nucleotides in the Purine and 

Expt. 
No. 

1 

2 

Pyrimidine Bases of the Nucleotides 

Coun t s / min_/_;u_m_o2:_. _________ J Pereen t 

Specifie Activity of 'l' Specifie Aetivity of l'In~orporated 
the Nucleotides the Bases ln Base 

Adeny1ic and 
2,700 

Adenine 
125 4.6 Guany1ic aeid Guanine 

Uridylic and 
1,200 

Uracil 
80 6.7 

Cytidylic acid Cytosine 

Adenylic aeid 13,034 Adenine 634 4.9 

Guanylic aeid 15,353 Guanine 155 1.0 

ùridylie aeid 22,021 Uracil 570 2.6 

Cytidylic acid 1,590 Cytosine 108 ,. Q 
O.U 

~------------------------------------------------------------------"--------

The experimenta1 conditions \,"ere as described in Table V. The 

specifie activity of glucose-u-14c added ta the medium in Expt.l 
5 6 

and 2 '1'7ere 4 x 10 and 1 x 10 counts/min/1ll1101c, respeetiv-::ly. 

SpecifiE activit:v of base 
Specifie activity of nucleotide 

2 
x 10 

. : .. 

. ,: . 
. : ..... :: 

'" ~ .. ; , 
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in the concentration of glutamate i8 obtained in Ehrlich ascites cells· 

(37) and this compound in the·presence of AT~, ammonia and the enzyme, 

glutam1ne synthetase, can give rise·to L-glutamine. Little is known 

about this reaction in Ehrlich ascites tumor cells but low levels of 

glutamine synthetase activity in tumor have beeu reported (187) which 

suggests a decreased ability of.t~or ta convert glutamate ta glutamine. 

ln view of these observations on the metabolism of glutamine 

and the known requirement for glutamine in the synthesis of nucleotides, 

cells were incubated with various concentrations of L-glutamine to 

determine the effect of this compound on the incorporation of labelled 

glucose into nucleotides. As illustrated in Fig. 7 glutamine stimulates 

the incorporation of glucose-u~14c into both the acid-soluble nucleotides 

and RNA fraction. These results are in agreement with those of previous 

investigators who.showed that the combined effect'of glucose and glutamine 

enhances the incorporation of glycine and formate intothe purine nucleo-

tides (36, 37). The optimum· concentration of glutamine iS"l mM. The 

data show that at this concentration, glutamine effected about 70 per cent 

stimulation of the labelling in the acid-soluble nucleotides compared 

with 28 per cent in the RNA. 

. . ·14 . 
4.6. Effect of L-Glutamine on Glucose~U- C Incorporation into Acid-

Soluble and RNA Nucleotides 
,'. : .... "". '.' 
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FIG~ 7: Effect· of .L:'Glutamine. on Glucose-u-14c' 
Inc~rpor.l:I.ti·o~· mto'Acid-So'luble Nucleotide~ 
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',:. ~nci ·:fur,t.her'~ddit·~ons'$;~noi:ëdio.~:a~id7~~lUbr.e,~~cleotides; 

.' .. :',.' 

II· .: ~ . :RNA· ..... >···.~··:·. ': .', ~: .. : 

, . 

....... 

" 

·.i 
i 

} •• 1 
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of both purine. and pyrimidine nucl(;otide.s. The results in Table X 

.. . . 14 
shm·, that L-glutamine stimulates the incorporation of glucose.-U-· C 

into the purÏl'le nucleotides . but ~ot . into . the pyrimidine n~~lêotide·s 

of th-= acid-soluble fraction; the stilllUlation of incorporation into 

adenine nucleotides being 100 per cent and in the guauine nu~le.otide. 

only 10 pel.' cent. The results in Table XI sho~v the incorporation 

of glucose-u-14c into the various nucleotides of Rl~ and the.ir 

constituent bases. In the presence of L-glutamine the·per·cent.raèio-

activity incorporatcd in the adeninc, 5.1 per cent, and guanine; 1.4 

p2r cent has l.'emained the same as in the control, ",hich cO:1t:ained no 

glutamine. This indicates tho.t L-g1utamine effected net s:.rnthesis 

oi ne~(1 adenine and guanine nucleotides from glucose. These results 

indico.te, also, tho.t the interconversion reactions of ANF to C:·!P via 

EU? is probably not of gl.'eat significance in these in vitro cO:1ditions 

since the specifie o.c,:ivity of the adenine nucleotides of the acid-

soluble fraction can be incre.ased to a much greater e:{tent.than. the: 
. " .' 

specifie activity of the guanine nucleotides. This ,d11 be. substantiaced 

further in Chapter V. . ... ," 

.. ; ..... 

4.-7 
. . ...... .. 14 

Effect 0.' Various ConènOtF1ds on G1ucose-U- C Incorporotio:1 :CT!.CO 

Ac:f.d-Sohlble Nucleotidc~; .... .... ... . .... •. . .•... ...•. ...... ....... ... . ... . 

It scemed ofintcrest todetc~mine\.]l;etherany otl18r m::::1C::ütidc:: pre:.-

cunOl: migl1tlimit' the rate of de novosynthesis ofnucleotides in ~hesC:. 

2:E~ .. 2itro conditions. To test this possibility the affect of gl)"::.::'::-:2, 

form2.:te, 
14 L-serine, L-aspo.rt~,te on glucose-U- C incorporat::~:" :':cto 
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TABLE X 

1 L, 
Effect of L-Glutamine on Glucose-U--' C Incorporation Into Acid-Solublt: 

Nucleotides 

The experimental conditions Here those described Expt. 2-

in Table IX • 

..... ," . 
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TABLE XI 

.. Eifcct of L-G1utamine on G1ucose-U-14c Tncorporation in RNA Nuc leotides 

and Bases of These Nucleotides 

.t..dditions 1 
Counts/min/pmo1e IInc;~~~~~~ed 

ISp.ac.of nuc1G!otides 1 Sp.ac. of bases in base 

Nil AHP 13,034 Adenine 634 l:-.9 

GMP 15, 353 Guanine 155 LO 

UHP 22,021 Uracil 570 2.6 

CHP 1,590 Cytosine 108 6.8 

L-G1utamine AMP 27,300 Adenine 1400 5.1 
1 mN 

GHP 17,L:-00 Guanine 240 1 /, . ..,. 

illlP 22,200 Uracil 6l,O 2.9 

CHP 1,500 Cytosine 130 8.3 

The experimental conditions ~-7ere as described in Table X. 

o·-
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acid-soluble nucleotides HUS studied. It is evident from the 

:::esults in Table XII that the addition of these amino acids has 

no effect on the incorporation of labelled glucose into acid-

soluble nucleotides. In the incubation mixture supplemented \Vith 

L-glutamine, some decrease in the labelling of the nucleotides 

is observed after addition of the amino acids to the incub~tion 

mixture. Since gluta.'l1ine increases de nova 'synthesis this small 

decrease in the labelling is probably due ta dilution of the 

radioactive amino acids formed from glucose _u_ l4 C. 

Lf. S Effect of Azaserine on de novo .:md Salvage Patlmays 

T>;.,ro pathHays are kno'\olU by Hhich nucleotides are synthesized 

""" 
in tumor cells. One is ~.2Y2. synthesis and results from the uti-

vvv 
lization of small molecules. The other pathvlay results from the use 

of preformed bases or nucleosidê·S. The data on the distribution of 

rudioactivity in the nucleotides of 'R.!.\!A and corresponding bas2s, 

shO'ived that approximately 90 per cent of the label1.ing ,-las found in 

the ribose moiety of the purine and pyrimidine nucleotides. This 

,7as true even ""hen L-glutamine ,-laS added to the incubation flask to 

supplement the endogenous ",mina group donor. The differencesin 

. labeU:l.1.1g, bet~-lee,\ the ribose al d thèbases"t1:eduep~rtlyt()diI:-

fe:cel1cesin. . therai:eOf~tilizo.tionofthe1l.è~~iY·f~:r.-rrl(:ic:lbcii6;i~t_ivcd 

amiùo éicids and thc~ate of utiÜzatîônbf'PRPP:~ndPa~t:lytodif-" ':'. . .... ,,' ,-, ,,' '.: 

.. ferer,ces betHeen the sizes 6fth~ eIlclog~nbus~o6r's~11icl1 ~~iute.th2 
l-,Cl-lly formed radioactive: molccules. The dependence of Ehrlich 2~itc:s' 
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TABLE XII 

Effect of Glvcine, formate, L-Serine, L-Gh,tamine, and L-Aspartic 

Acid on Glucose-U-14 C IncorEoration lnto Acid-Soluble Nucleotides 

Additions 
1 nu'1 

Counts/min/mg 
dry weight of cells t 

i~------------------~-------------------------+ 

Nil 

Glycine 

Formate 

L-Serine 

L-Glutamine 

L-Glutaminc + 
Glycine + Formate 

L-Clutamine + 
Glycine + Formate + 
L-Aspartate 

991 

999 

871 

946 

1847 

1759 

168:1 

The experimental conditions were as describo:::d 

in Fig. 7. 
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cells upon an exogenous ribose source for nucleotide sYl.1thesis 

has bee11. demonstrated aEd ü,clicates that very small amounts of 

ribose phosphate are present in these cells while high levels of 

·the amino acids, glycine, serine, aspartate have in gener211 be.:':l1 

found in tumor cells (186). It \-las of interest, the:cefo:i:'c. .i~O 

discover whether the 10\\1' radioactivity in the bases reflected lm·! 

de novo synthesis of both purine and pyrimidine nucleoticles and 

t:o determine the amount of ribose utilized by. this path,·my in 

com:rast to the salvage path,·;ays. 

Azaserine (O-diozoClcety1-L-serine) is an a:!timE:to.oo1ite 

i:'hich inhibits de nova sYl.1thesis of purines and pyrimidin8s by 

acting as an analogue of glutamine (188). It \-las found to inhibit 

tb.e incol"poration of 14C-labelled glycine and formate into ~)Uril1es 

(139, 190) and the incorporation of radioactive CO
2 

into c;:u:bon-2 

of thé uracil in Ehrlich asci'Les cells (80). Pre1iminary e:=p,"rirùents 

H2re conducted to determine the effect of azaserL-,e on de. ::.:2Y':':~ a1',d 

sc.1vage path,·:ays in the se i:r:,~,:it:nl conditions. Th2. data in TabL::. XIII 

indica·t:e th3.t adenine-8-
l4c and u:racil-2-1L~C incorporation inco 2.cid 

soluble: ,lUc1eotides or nuc1eic ",cid is noc affected by azaserir,c Hhile 

S~ .. ,ES::'Z!2. synthesis of purine, 
14· 

ê.S mcasured by glycine-2- C incor~)craticTl 

i';.-,to nuc1eic acid, is inhibited by 85 per ceat. 

4.9 ~ _ .... 14 Effect of Azasérine on G!.uco:·· .. :··u- C IncorporatIon into 'r;'~ /1 
ù.!. '.::~ 

The data in Table XIV shows the effect of azascrir~.·2. on 

. 14 1 SLICOSC.-U.- C incorpon:tion into ?27A nuc 8otidcs. In the p:r2sence 0'::: 
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TABLE XIII 

Thc 
ILL 14 IL . 

Effaces of Azaserine on Glycine-1- -C. Adenine-8- C and Uracil-2- -C 

Incorporation Into Acid-So1uble NucleOtides and RNA 

Counts/min/mg dry weight of cells ï 
1 A d d i t i o n s 

Acid-so1uble nucleotide RH .. to. r 
1 
1 

14 
Adenine- C 6,320 520 ! 

Itf 

1 
Adenine- C + 
1\zas13rine 6,269 528 1 

1 

14 
2,430 793 

1 

Uracil- C 

01 14e + 1 UraCl -
1 

Azaserine 2,381 755 1 

14 
339 1 Glycine- e 1 

1 0 14 1 G_yclne- e + 1 

... ~:..zaserine 61 ! 

The experimental conditions ,-;ere as described in Table II. 

The incubation mediu.'11 contained 0.3 mH .:lclenine-8-
14

e (0.5 ;'-lC), 
14 l" 

l!racil-2- e (0 • .:3 !le), glycine-l- '+c (2.5 !le) and 1.5 !lg Azaserine 

<:s noted.· 
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TABLE XIV, 

1.':, 
Effect of Azaserine on Glucose-U-' 'c; Incorporation Into RNA in the 

Additions 

Nil 

Azaserine 

Glutamine 

Glutamine + 
Azaserine 

Presence and AbsencE: or L-Glutarnine 

Specific Activity,counts/min/umole 

UJ:1P ŒfP 1 GHP i 
1 1 

3490 290 3480 2120 

3660 330 3540 2300 

4430 450 4170 4800 

3730 380 3100 2010 

'--------------------,-----------_ .. _-

The experimental conditions Here 2.S described in Table V.' The 

ir..cubation medium contained l mN glutamine and 1. 5 ug Azas~rinC! 

as noted. 

. ..... 

..... . ' . 
. :-' . 

. ,' ..... 
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au.serine the spccifie: activ.ities· of a11 four nucleotides of R:':A 

are the same as that of .the control. The results also demonstrate 

that the increase in the specifie activities of the nucleotides 00-

tained by the addition of L-glutamine is inhibited by the presence 

of azaserine. It 1s interesting 1:0 note that in these experiments 

L 1 · ~ d· ...... TT 14 C . . . . -g utam~ne ,",as :coun co st~mUl3.;:2. glucose-..;- ~ncorporatlon l.nto 

pyrimidine nucleotides, Hhich decreased after the addition of azaserite. 

È-ssuming that azaserine inhibits in thesG. in vitro conditions the 

_de n0:L.'?,. path'\'lays of bath purine ar:à pyriluidine nucleotides, it n!~y br;;. 

concluded that almost aIl of radioactive ribose-phosphate clerived 

14 from glucosc:-U- C is incorporated into the various nucleotides of 

l\::·;A by utilization of the sa1vC:.;;e patlwlays. 

into lzNA Nucleotides 6f Ehrli.ch Cells Incubated hl. Asr. i:i.c Fhlid 

Since it HQS desired to relate the observed uti1üs.tion of 

glucose. for nucleotide syl1.thc:.sis by the v:.l.rious pa'ch"lays to possible·· 

physio10gical signific':l:~LCC: it ,vas important to determine the eff·:;ct 

of Jj··glutamine ai."Ld azascrine où the incorporation of glucosé! in E:1rlich 

c(;!lls incubated in their. asd.tic fluid. 

'In e.ar1ier studies. Src.E:.llic cl: aL . (31; :32)found --'r' '.' . 
. babilitY·. of Ellr1ich as6ites· c~l1stbi11~();p:Clr~t~·fô'i~~t:e:-14c int~ • 

. .... . " . . ';: 

pudne nu~ lêotide.si~~' vi'i:ro \./;o,~i:.~igeiydûc tq :'the ab·';E:D.Ç~of giue os~ .. 
in the incubation m;;:dium.· T11C:Y conc 1 udcdt'hat '·:irivi·,16tbcse . tl!::lor cc: li s 

p:cobably receivc a continuous supply' of ·glucosc· toprovide c:l1e ribos",·· 

:','. 

"'. " 
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'phosph.'ltc: for de novo synthesis. Th.:.: results in Table 1.'V indicate 

14 
thé:.t the amount of glucose-U- C incorporated into the nucleotides 

of R:~A by the de novo patlways, in the absence of added L-glutaminc, 

is as previously ShO,offi very small. 
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TABLE YN 

. .. 14 
Eff·:'Oct of Azaserine and L-Glutamine on Glucose-U- C Incorporation 

Into RNA Nucleotides of Ehrlich Cells Incubated in Ascitic Fluid. 

Specific Activity, counts/min/umole 
Additions 

1 

L'lYIP CMP GMP ANP 

Nil 4190 320 3330 2740 

... ~zaserj.ne 3670 350 3400 2030 

L-Glutamine 5170 810 4640 4850 

L-Gl11tamine + 
Azaserine 4870 440 2540 3340 

--' 

The ez:perimental cOP..ditions viere as described in Table XN. 

, : .. 
"" ... '":'.' .. 



.... ,.' 

, ;'.:'!,';'" 

.:.'.'[':-
. ':.' 

C", 
" 

1 
! 
1 

. .'. ". 

S~RY OE' C~PTER IV 

, 14' 
Glucose-U- C is,readily incorporated into adenine, guanine" 

and uridine nucleotides of the'acid-soluble fracti0Il;. Radioactivity was 

also incorporated into the purine and pyrimidine nucleotides of RNA and 

DNA. The specifie radioactivity of CMP of RNA was about 10 t~es lower 

than the specifie activity of the other 3 nucleotides of RNA. In addition 

the radioactivity incorporated into DNA nucleotides waslow. 

. 14 
The incorporation of glucose-U- C, into RNA is inhibited 90 

per cent by the addition of Aetinomycin D to the incubation medium. 

The radioactiyity incorporated into the various nuc1eotides 

of RNA is found mainly in the 'ribose moiety of the purine and pyrimidine 

nuc1eotides. 

The addition of L-glutamine, at a concentration of 1 mM doubles 

h " "f ·1 U 14C· " h d" l"d f h t e Lncorporat10n 0 g ucose- - Lnto t e a en1ne nue eot1 es 0 t e 

acid-soluble and RNA fractions and increases 'the ,labelling in the guanine 

nucleotides by about 10 per cent. In sorne cases; glutamine also stimulates 

14 the incorporation of glucose-U- Cinto pyrimidine nueleotides of RNA. 

Addition of azaserine, an inhibitor of de novo synthesis of 

purine and pyrimidine nuc1eotides did not affect the radioactivity in-

14 'corporated into the purine and pyrimidine nucleotides from C-glucose. 

However, in the incubation mixture incubated with L-glutamine, azaserine 

inhibited theincreased labelling obtained bythe addition of L-g1utamine. 
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These studies'indicate, that in the absence of exogenous 

L-glutamine, almost aIl of the labellcd ribose-phosphate obtained from 

glucose-u-14 C is converted to thé! purine and pyrimidine nucleotides in 

Ehrlich ascites cell in vitro by utilization of preformed bases. 
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CHAPTER V 

INCORPOR..I\TIOl'l OF VARIOUS LJ\BELLED PRECURSORS mTO ACID-SOUJELE A:\D 

RNA NUCLEOTIDES 

The results described have shown that when labelled 

glucose is incubated \o7ith Ehrlich ascites cells in vitro it gives 

rise to radioactive ribose phosphate, an intermediate of the· 

purine and pyrimidine nucleotides vlhich are incorporated il:to R..\1li. 

The experiments demonstrated that the specific activity of ribose 

in CHP of RNA Has one tenth that of GHP, AN? or UNP. Attempts to 

determine ",hether cytidine nucleotides Here poorly labelled in the 

.:cid-soluble fraction ~'lcre unsuccessful, since the level of cyticiine 

nucleotides \-las abvays too 10\0] to be determined. Hm"ever, the 

I:laUner in which radioactive ribose phosphate is incorporated into 

the. CHP of ffi'lA could be dcpendE.nt on one or se-veral of .the i:ollo\'lÎ<:.g 

fuctors. 

1. The radio3.ctive cytidine: riucleotides formed iù ·the 

cytoplasm may mii slmo,1lY,.\o,1ith the pool of cytidine nucle.otides at 

the site of RNA synthesis in the. nucleus, e. g. there may be s'::i?",·C3.ti:'! 

,:l11d specifie nucleotide pools in the cytoplasm and tbe nuc}.(;US or 

the;ce may be enzyme bound l!uclcotides and :Eree nucleotides (191). 

2. Under ti1ese in yitro conditions radioactive Cl'P m:;.y 

not be used as c::tensivcly for Pl'1A synthesis as arc the otL.::r thrce 

nuclcoside triphosphates. 
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3. The resu1ts presented in the previous chapter in-

dicate that 1abe1ling in the AMP, GMP and UMP of RNA is a ref-

lection of the specific activity of the corresponding nucleotides 

in' the .acid-soluble fraction. Thus, if the rate of formation of 

radioactive cytidine nucleoti!ies was mtich lower or if it was' di-

luted to a.greater. extent than the above three nucleotides, the ' 

specific activity of this nucleotidewouldbe 10wer. in the a~id~ 

soluble fraction and. therefore .in RNA •. 

. Toinvestigatetliese variouspossibiùües,.pu·ÜCh .' 
- .... : :: .. ': 

ascites cells were incuba~ed~ith variouslabÙ1ed precur~~~sari.d 
,", '. .,'.. . 

the 1abelling pattern of thedÜferènt~ucl~~t.id~s. of RNA. was: studied • 
. :,;" :', 

5.1 Distribution of 
32 

P After Hydrolysis of LabelledRNA 

In order. totest. the' .possibilitythat in these experi- .... . 

ments on 
. ' ... ~.. . .......... . 

the.uptake of' . C from labelled glucose, theremight be·. 

a limit~d incorporation of radioactive cyt~dine nucleetides int() 

RNA, experimentswere carried out te. determiriethe· dist:dbution of.' 
. . .' . 

, . . .' . . 

.. radioactivi~yinRNA. :nucleotid~safterlabel1ingthe cellsY1~th. ", ::' .. 

32 . ." " ' ... ' 
p""orthophosphate: 

.. .: .32 ': .................. : "; 
It hasbeenshowri that after .P. J.Ilcorporatl.on . 

the specific a~tivities' ofuridin~;,cytidine andg~a11:0sin~:nucleo.,.. 
,', . 

tides in the acid7s01uble fraction~f E~c~lia~e sîinÙar (181;192)~Since 

freenucleotides in the cellhave a. ~hosPha~e gro~p o~ 'the 5 1
-

. . .. 
," . .' 

positi.on of the .. ribose, the label1ing in the 5' -monon:~cleotidesof 

RNA. by 32 p will reflect the amount of eachri.ucleoti.deprè~~r~~ri~·~ 

corporated into RNA. 
32 .' •..... ' ... 

After incubation of cellswith'P-orthophosphate 
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the RNA vlas isolated by the phenol extraction procedure and then 

hydrolyzed by snake venOlll phosphodiesterase ta nucleoside-S'-

monophosphates, as described in Materials'and Nethods. The data 

in Table XVI demonstrate that the specifie activities of CL'IP and 

. . . . 
illlP are quite s imilar. The results, therefore, rule out the pos-

sibility that cytidine nucleotides are not available at the site 

of P,,'J..I\. synthesis or that a limited amount of cytosine nucleotides 

caused the lm·] specific activityof cytidylic acid 'in: RN..I\. aftc::c 

lt... 
lo.bellingwi'th glucose:-U- - ·C. "Tt ,is', fl1teresting to note that in 

Expt.l,the specifie ~ct:LVit:y of. GMPis4, 300 cou;;;'ts/min/umole 

and only' one third that .of the oth~r three nucleotides of Ri';A. 

Similar results havebeen,.obtained in. a previous study (181). 

Ho\,]cver, , in Expt.2 the specific activity of GMP is 11,810 counts/ 

miti/umole and is of the sameorder of magnitude as the specifie 

activity of Al'fP, UHP and CNP. 

5.2 14 
Effect of Pu'rinc 3ndpyrimidine Bases on Glucosc-U- C ïncorDora::ion 

Into Acid-Sohwle .:::nd PJ\~A Nucleotides 

,The results 6btained above indicate that the distribution, 

lLe 
of raàioactivity fro1'[1, Slucosc-U- 'C into aIL four nucleotides of ~:\A 

rcflects the specifie activity of the sc nucleotides in the acid-

soluble' fraction. In Chapter IV, it >-las dem0nstrated that Cssci.Ü,ially 
- 1 J . 

0.11 the radio;lctive ribose,-phosphatc formed fromglucosé:·.'U-.!.'+C ',7as 
. . .'. . .~: . . '. .. .... . . 

. ~Lilcorporatedinto purine ;lnd pyrimidine :nuclcotides· by utilization cif 
, , 

prèformed bases.', ,Thus, the SPC~ifiC ac i:ivi~y of eacl~ nue leo Cide ~.~ 
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T.l\.BLE XVI 

Distribution of -Ortho.l?!,lOsphate Into RN1\. Nucleotides 

.---------~----_.~-.c:__----_=_-...,._---

SpecHic Activity counts/min/pmo1e 
Nucleotide 

Expt. 1 Expt. 2 

S'-Ai-IP 12,090 18,280 

S'-GHP 4,330 11,810 

5' -ill"lP 12,080 15,230 

14,250 12,500 

Cel1s Here incubatC!d in KceDs-Ringer solution containir'6 

6.7 rr01.1:ris..Èuf:éer, 3.3 n"Ù.'l phosphate bufier pH 7.4 and 
- LI 32! . 2.) )-lC P J or"i:l:.opl10S?hat2.. Incubations ylere C2,rri(;d 

out at 37°C for 5:0 mil1u·i:es as descr1.bed in "HatC!rü:.ls anù 

}icthods Il. 
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the .s.cid-soluble i::oction r.rJst be directly proportional to the; 

rate of reaction of its constituent base Hith rz.dioactive ribose 

phosphate via the pyrophosphorylase or phosphorylase reactions 

as sno,'m in schernes 1 aud 2 and to the rate of breakdm'm or uti-

lÎ2:ation of the ne",ly formed radioactive nucleotide. 

(1) Base + PRPP -----'7 B-R-P 

(2) I}ase + Ribose-l-PO ----> B-R ---7 B-R-P . 4 P 

In the experimants reported belo\'1, the effect of various 

b '1 TT 14C . .. h ·d 1 bl d oses on g ucose-~- lncorporatlon lnto t e aCl -so u e an 

R:\:"'"'- fractions Has studied to detcrmine the relative utilization 

of these bases for nucleotide and 1\J.'l~ synthesis. It is interestin3 

to note (Table XVII), thû.t the addition of adenine, guanine ar.cl 

uracil in separate incubation mixtures increases only the specifie 

activity of the correspondin:;üucleotides in the acid-soluble 

i:caction. The specifie activity of ad.:::nine nucleotides increc.;;c:d 

from 34 to 152 countsÎrnin/rQ1.m:ole, guanine nucleotides from L:,5 ta 

131 cm.n·,ts/min/rnumole, uracil nucleot::'des frorn 36 to 196 co,-,-,,::::;/ 

min/murnole, respectiveIy. The é~ddition of the bases also ir.creose:cl 

the ~)ool sizes of the corr.::sponding r.ucleotides, obout 1.5 to 2 fold. 1'1 

Cyl:osinc e:œrted no cffecl:. on the amount of ur'idine nucle:.otide:s in-

dicating that it is l'lot dcamiJ:atcd but the extent of its incorpon:-

tioninto cytosincriuclcotidcs caulel not be detcrrnincd, Thcs~ :::'C:-

sults, as inciicated pre·v·ioDsIy, dCIT'.Œl.strate that undcr th2sG ::.1~ ... / i l.:l~ 0 --------
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TABLE À'\lII 

E ~ r. f Pu . d P . . d . - 1 U 14 u.:cct O' _ r~ne an yr~m~ J.ilC !:Jases on G l:COSC- - C Incorporation 

Into Acid-Soluble:: Nucleotides 

------------------~------------.----_. Specifie Aetivity, counts/min/mpmole 
Additions 

UTP + UDP GTP + GDP ATP + ADP 

Nil 36.0 45.0 34.0 

27.5 41.0 152.2 ---
32.0 131.1 35.6 ---

Uracil 196 .0 56.0 37.0 

Cytosine 34.1 50.5 39.2 

Th", cxpcrimental conditions Hcrc as deseribed in Table V. The 

inc'..lbation medium containcd 0.3 n01 of the various basc:s as not::.:d. 
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TABLE l..'VIII 

l'f E:r:f",ct of Purine and Pvrimidine Bases on Glucose-U- - C Incorpo:cated I"to 

RNA Nucleotide 

Specifie • counts/min/,umo le Activity, 
A d cl i t i 0 n 

t UHP CHP ANP Gi-iIJ 

Nil 2169 166 1700 2465 

F_deninc 2085 155 5073 2740 

Guanine 2555 242 2249 6531 

Urne il 13355 1398 2005 2100 

Cytosine 1920 207 2130 2280 

The cxperimental conditions "\-lere as Jescribed in Tab1," XVII, 
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-The data in Table XVIII demonstrate .that the 1abe11ing 

pattern of the RNA nuc1eotides fo11ows very c1ose1y that observed 

in t~e corresponding nuc1eotides of the acid-so1ub1e fraction. In 

the presence of adenine and guanine the specific actïvity of AMP 

increase4 from 1700 to 5073 counts/min/umo1e and that of GMP from 

2465 to 0531 counts/min/umo1e, respective1y. It shou1d be noted 

that in th~ presence of uraci1 the specific activity of both pyrimidine 

nuc1eotides of RNA are increased, UMP from 2169 to 13,355 counts/min/ 

umo1e, and CMP from 166 to 1398 counts/min/umo1e. In the presence of· 

cytosine no increase~ incorporation of glucose-U-14C into CMP or UMP 

was observed. These resu1ts indicate that the incorporation of 1abel1ed 

glucose into the CMP of RNA in contrast to the other three nuc1eotides, 

is obtained by the conversion of uridine nuc1eotides to cytidine nuc1eo-

tides. The experfments a1so show that RNA synthesis in vitro is not 

affected by increases in the size of individua1,nuc1eotide pools, but 

the increased activity of these nuc1eotides in RNA is due ~o increased 

specific activity of the nuc1eotides in the acid-so1ub1e fraction. 

5.3 A Comparison of the Incorporation of Uracil-2-14C and Cytosine

iJ4c into Acid-So1uble Nucleotides 

The data from the previous experiments showed that cytosine 

is not utilized for nucleic acid synthesis. Cannellakis (94) demonstra

ted that uracil-2-14C is not extensively used by rat' liver on1y be-

cause it is rapidly oxidized to carbon dioxide. It was of 
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interest, therefore, to test "ivhether the failure of cytosine to 

IL,. 
stimulate :;lucose-U- ·c incorporation into CMP Has due ta the 

inability of Ehrlich ascites colIs to convert cytosine to nucleo-

tides, to rapid breakdO\offi or perhaps to the inability of cytosine 

to enter the cclI. Experiments Here performed to compare the in-

o f d 0 ~f . 0 f 01 ? l4C d 0 corporat~on 0 ~I'erent concen~rat~ons o. urae~ -_- an cytos~ne-

2_14 C of equal specifie activity. After incubation of the cells 

Hien the radioactive precursor, the cells were "lashed t~vice .vith 

cold Krebs-RLlger solution and the intracellular bases and nuclco-

sicles separated from the acid-soluble nuc1eoticles by chromato:;rapllyo 

In order to determine the extent of breakdm·m of uracil-2-
l4c aIld 

cytosine-2-
14c, the c·arbon dioxide Has co11ected at the end of the 

Ülcubation. The results of these. experimcnts are given in Table ~CIL 

l ~ 14 'd - 0 l 01 1LfC 0 l~C île amount 0.1: COZ prou.uce· rrom elt1er urac~ - or cytoSl.ne-

~vas not more than 0.02 per cent of the initial amount of suostr~Lte 

acld-2cl and Has therefore Dot tabulated. It is clear from these re-

sults th",t cytosine (:nters the ce.lls but that it cannat be ';:urther 

utilized by the tumor cell. 

and Ci-IP of Ri'::\, 

Evidence has been off..::rcd that in lJ1élâlITwliantissues thé': 
" , 

é'.lÜnO sroup of cytosine n1.!c1c:otides is derived from L-sluta:Ein8 (75). 

Eurlbcrt ~.s....2.L~. (193) have s20\-:n th:c'.t the incorporation of orotie 

e"cid-6-
14

C ir~to c-:r of '~'7o\ikoff ascites he:patoraa is increase.d by the, 
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TABLE XIX 

A CO:;lparison of the Incorporation of Uracil_?_l
L

f C and cytosine;-:2-14 c 

Into Acid-So1ub1e Nucleotides 

lLe 
. C-substrate 

m'.lmo1es 

-- '1 2 14C urac~ - -

12, 000 

6,000 

3,000 

1,500 

750 

75 

14 
Cytosinc-2- C 

12,000 

6,000 

3,000 

1,500 

750 

75 

1L-
m,u:no le 'c base 
& nuclcoside 
present in co11s 

252 

UL. 

57 

29 

13 

0.9 

264 

132 

66 

33 

17 

1.6 

14 
mp.mo1e C 
incorpor ate:c!. 

into nuc1cotidcs 

10.8 

10.8 

10.2 

7.0 

6.2 

0.8 

ni1 

If 

Il 

If 

Il 

If 

The cxpcrimc:nta1 conàitic'l1s ~·18rc: as described in T1.:.blc II. 

Th", incubation medium contain:~d 0.5 ,1..1C of r2dioactiyc 

s1..1bstrate and 5 Ir'1:1 31u,?OSC:, 
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adtlii:ion of I.··glut2.minc. In the c::perimcnts in Chapter Dl ,c.ddition 

.- - l' . t Il' , d' t' 1 U 14 C ,. d .. 0:;: L-g Ul:aTlllnC '0 cc; s lI1CclD.:ltC. \on'n g uC'ose-- Cl not se2T!l to 

increâse the conversion of uridinc nucleotides to 'cytidine nucleotides. 

It is possible, hOïvever, that higher concentrations of exogenous J.-

glutaminc are required to stimulate the cytidine ~ynthetase en:e:y;:üe 

re2ction. Tc test this possibility, cells 'iVere incubated ,dth ur2.cil-

1 " 2--"'C and 3 m}! L-glutamine. 'l.~!e :::csults, Table x,'{, indicate that the: 

ratio of the specific activities of Cl,œ/UdP of lli\!A is similar in the 

pr2S'::l1cC! or absence of added L-glutamine. If more radio.:lctivc Ui.-id:i.",", 

ni.1cleotides I-lere cOlwertcd 'i:o cytidine nuclcotides, the rat":'o '·Joule. 

i::cr",ase. It is interesting to compare the results obtain",cl in thèSe: 

experiments "lith thoseof Hurlbert ct2..!.. (193). In their e::peri~lel:ts, 

';:he ratio of specifie activity of c;:,œ/UHP ,vas increased in the: pres'-'~-:.ce 

of 2 n01 L-glutê.lnine from 0.028 ta 0.090. The latter v;:;.luG is cloSQ 

'::0 'che ratio obtaine.d i71 th<:: e:-:periments sho,m in Table XX. T::us) 

i:: lU2.y be tha-t suffic.:i8nt ]~-[.).u·L:.2lnin2 is present or formc.d frc,m c::·:o-

gc:.no1.!S glu<':u!:ie [or maXlual conversio71 of UTP to CTP in th85',::o ,·,~:pi.:;:::i·::,(:·,-,ts. 
'l, 

2:.) T:corporation of Diffe.rei1"L: Concentrations of Ur.:1cil-::~-J.-·-C Inca li:::» 
.?:nCl C;.,.p of R.~A 

In the experiments of Section 5.2 it Has shmm ·th",t th," 

s9ccific activities of AI'lP, Gl'lP and Ul'lP of fu"lt\ are a n,flec::ion of 

;:11::: rates at ",hich the i:,clividual bo.scs l'eact Hith labellc;d .ribo!:ie-

phosp~ate ta form acid-soluble nucl~otid8s. 

· .. C ..•... .'!LL .' . . . 
Ü:e lo.DC!lling .of cytidin.:: nuclcOi:iciës from glucose-U,:, 'C is dG;:-Î\;-c.d 

?::.s:..~~siY_~~7 fl'o;:n ~11eGOn'~(!l:sio'nofuiidine nuc1eo::ides ta c:itidi~1e 1 i 

n~cleoUd~s but th", specific e.ctivity instead of being co:np:.'.r~'.;)"l(': c~0 
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TABLE XX 

EFfcct ofL-G1utaminc 011. Uracil-2-
1L

,C Incorporation Into UJvlP and C!,jp 

, 
, i 

, ..... . 

L-G1utaminc, 
:mIvI ' 

0' 

3.0 

of RNA 

, ' , 

< .-Sb3é' 
5485 

,'318 

431' 

Ratio of specifie 
activity 

CHP 
UHP 

, 0.062 

0.070 

i 
1 
1 

The expcrimcntal conditions wcre as dcscribed in Tablc XIX. 

The inc~bationm.cdi~'ncontaincdO~5nu'1 uracil-2.;.14C (0.5 .uC)~ 
5 m}i glucose and further addition as notcd. 
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uridylic aé:id, as ùould De e.xpe.cted since the pool of cytidir;.e 

nl.lcle:otides is smalland radioactive UTP is the immc:.diate pre-

curso:c, is less than one tenth·that of UHP. 

Hm·,ever, a 10\·' specifie activity CTl' pool ,:muld 

D b . d;f h - . f 14C f d' .. . 
c: G ta1ne ~ t 0. rate 0:;: converS1on 0 rom ra' loactlve UT.i? 

is 10,·;' Ce. g. high Kr:l), and the a!!lount of cytidine nucle:otides formed 

. iD t1;.0 ;:;oluble fraction du·ring the incubation constitute only a 

small fraction of the total pool of cytidine nucleotides. Thc~ ob-

16. 

s·..:.rved spocific activity of cytidine nucleotidc:. from glucosc-U-_·C 

could also represen·i: inhibitiŒ1 of CTP syn.thetase by the procluct. 

Siü:ilar inhibitions are knm711 il: many enzyme reactions (155;,- li 

!'_c::::o1:"ding to the latLer hypothG.sis, once the pool of cytidi"c: 

n~cleotides reaches a certain si2e it would inhibit furtl1er con-

V2ysion of U7P to CT? Totc::st t;üs possibility, cells 1-7c:rL i:1-

ct~ated 1-7ith v~rious concentrations of uracil-2-
l4

C. From ~~2 data 

ia TL:ble: x..X.I, it is SG2i.1 that. thé ;;'~:nOll1Yt 
14 

of C-uracil conveyted 

·.ri88S in parallel fashion in m:::: c.nd C;'lJ? and reachcs a. maxil"-'..::!T1. valu(: 

14 
~'.ftc.r the: addition of 1. 5 ,DE1:oles of c.:-:ogcnous uracil-'2- C. It 

shou1d be noted tb.;'1t after th" ilJdition of 0.075 umoles o:ë~·,lbstr2.~e:, 

tLe: ratio of the :-;pecific Clctivity of C,\œ/Ul-"lP is O.02ï. At~r-.(' 

l1:i..:;l1t:!r concEmt:cc.tions, ·this r:.'..l:io is approximQtely 0.060. T:1C i:1-

th5 highcr concentra.tions 

su:;ge:st that. t1;e convc.rs::'o!.l of l.:ridü,(: nucleotides to cytidi::e :,·..:c:18-
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Tù. B lE }G'{I 

, 11. 
I-:-:.comoration of Diffcrenî: Concentra';:ions 0): Uracil-2---"C Into Ul'œ 

and GiP of RNA 

Ll'IF Sp.Ac. è~lP Sp.Ac. R[:l:io of 
Uracil 

% 14C Illumolcs /0 IL, C mumoles 
specifie écctivity 

i.6. 
i'ucorp~/ i~corp. / 

c:-::) 
2--'C incorp. incorp. 

G:·Œ 
:.1::;0125 u:uo1c l.uno1<=. 

12 .08 46 .009 3.2 0.059 

6 .18 49 .019 3.3 0.CS7 

J .33 47 .. 033 3.0 0.063 

loS .60 ~, 7 .053 2.9 0.C61 

O. ï5 1. 03 39 .035 2.6 0.OS6 

0.075 2 .. 34 8.7 0.111 0.24 0.027 

i:,CllDo:i:ion mediulu contained 0.5 uC Uracil-2-
14

C. 
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otül<..'s is a rcfl:.::ction of the lC:.\\' or mass action, in, the SC:lS8 

'c:"n~,t morc cytic1ine nucleotid", '?:'l-C fOrl:lcd c.s the conccntratiO}'l of 

uridin,;;: nucleotides is incrCéèse:d. Table x.. .. U also depicts the pc:r 

CC1L: of radioactivity incorpm:ated from ,thl:: different conCC:,Cl-a-

, .. ~ .. 1:'-
'C:Lons o:c urac:Ll-1- C to '~jJ,iP arld C~'[P of fu'0.~. it is interest~n6 

to noce that the amOUl1t of radioc.ctivity incorporated into C~P 

is Hcver n~ore than 10 per ce,,;: tho.t in UNP. These results s'\.~~;gcst 

=h"",t uridine I,"..:!cleotid~s are: poorly converted to cytidin.:: nue 1e-

c..:iclcs in the acid-so1uble fr::ctioù and chat after con\"crsi,o:~ th:. 

;:001 of cytosine nuclcotidcs befo:ce entering l;';":A. 

In order to test further the: hypothesis that radic-

~:c;tivd cytosine 1I:01c.cu1cs ver.:: diluu,d by a relatively 10..r:;3 pool 

(),:::c:"ü,,\'bc:.11<,:d cycidi:èC; nucle:oticlc!:i, ccl1s ilcre incubatcd ,,',:;'th 

~r~cil-2-14C for diff~r~~~ t~~~s. It would be:. cxpcctcd thc:~ wi~h 

i::Cl-",c:sing time:. th," G~)C:cific .:lcti"'vii:y cf the:. cytidü:c nucle:c,:::'.d.:: 

Ehrlich 2!scit.cs cells 'Hi::h the lo.bcllcd substr-atc for 30, éO, 90, 

d",:. c8lls Here inCu0atcd fc.r 30 ::üi.:utes or 1S0 minutes, th~ .!.·,~tio 0,: 

tb.c specifie ucti'lit}". C~·ff}/ù1.f2 rc.:~ta.ined csscntially th~ sG.r;.~~ .. : This 
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TABLE }L'CIl 

l" iipecific Activitics of UMP and Cl>jp Aftcr Incorporation of Ur<).cil-2- -,. C 

at Differant Times 

1 Specifie Activity. R~tio of 
T i m e 1 counts/m:i.n/i..unole .jSpccific Aet;i.vity . 

j-----
?:1inutcs 1 UHP 1 CHP 

1 ~~ , . 1 

30 6320 390 0.061 

60 8340 503 0.060 

90 11%0 760 0.063 

120 9000 790 0.086 

180 11125 900 0.080 

The experimental conditio:J.t; "lc:.re: as dcscribcd in 

Table XL'C. The! incubation medium containcd 2 I!U.V[ 

l" uracil-2- .,.c (2 }lC). 
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5.6 IDcornoration ofVari~us L~bellèd Precursors ;nto CHF and ml? 

of RNl\. 

In vieH of the results obtained thus far it ,-las of in-

tercst to examine the relative incorporation of various labelled 

pr.::cursors into the pyrimidine nucleotides of fu'iA. The data in 

Table X-XIII provide a compm:-ison for the incorporation of radio-

active cytidine, uridine, uracil and cytosine. The results indicate 

that uridine-2-
14

C is incorpo:.:ate::d to a greater extent than uraci1-

14 2- Cinto UHP 2nd Ci'lP. The rcsulting ratios of specific [;ctivitie:s 

,Jf CNP/mœ are O.06L:- and O. 062 :i."espe~tively. Appro:dil:ately the S2'",;:: 

ratio is obtained ",he::n glucose-u-14 c is u<:ied as the precursor. 

1,6. 
Cytosine:: as Has shoHn previously is not utilized, but cytidine-2--- 'c 

lab.::ls both pyrimidine nucL.:otides of RNA, the ratio CMP/Ul-1l? obta:'n2.d 

is L,,39. This efficient utilÎ2i.ltion of cytidine by Ehrlicl, 2.r,citc::s 

cl,:lls is in agre::e::ment ,dth the ::e::su1ts or Re::ichard ct al. (99) \,;':10 

hnve ShO\~1 that extracts or these:: tumor cells conve::rt cytiè.ini..! to 

cytidiue:: nucleotidê:s. The incorporation or radioactive cyticline into 

:t!.l'''Î:., and DNA has been dûmonstra~ced a1so in rat tissues (195). The 

resuli:s obtained in 'Table }GIII are consistent \'7ith the vi"", tÎ1é:t 

uracil, ür:;.C:inc, cyticline and riboscphosph3:tc are 'convC:'L"tcd to ul"::/L:è, 

:t~1.d .cytidine nucle.oficles by i11C reactibn sC!quences shol;,rn bQlo~·7, :Ct: 

is SCCil from this sch",mc that cytidine is d2é1minatcd to uridLic ~::r 

cyticlinc dearnin.:!'sc ,vhich ~~s sl'.Q1.,rn in pn;',;ious studies (196, 197) it; 

spc::cific for thenuclco.:::Ldc. Tl:cse and the previous c:xperü,,-cnts 

dC!i110nstratc further:.:bat Ellr1ich :.l2citcs cclis have the ability to 
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Til,BLE XXIII 

CŒDP2xison of th~ Specifie Activiti~s of CMP and L:HP of R;:;;A Ait,::,;:. 

.Incubation ,,!ith Various T.abe lIed Preeursors 

,---------------------, 
1.6. 

'c 
Substrate 

, 'd' ? 14 Cy;:l lne-_- C 

-1 'd' ? 14 :":Cl lne-_- C 

:-....... 

Dl' ac il-2 - V~ C 

" . ? 14C cycoslne-_-

14 
Glucose.-U- C 

! Specifie Aetivity 
1 coun'cs/min/pmolc 1 r Ul,1P-----r--c1•1P--'j 

2,300 10,100 

15,550 1,000 

5,040 310 

0 0 

2,169 166 

Ratio of Specifie 
Activity 

CHI'. 
UHP 

4.39 

0.064 

0.062 

0.076 

Th,:; c.::-:perirr,cnt:ü conditions l'!ere as d2scribed in Table XIX. 

1 L' 
Th, valuC!s for glucosc'':'U--'- 'c \,~:re taken from Table À'VIII. 



use various bases and nuclcosides, but not cytosine, for th~ for-

mation of the nuclcotides of RNA .• In addition, the reactions 

shm-m beloVl suggest thaï: the snh-age path\\Tay for the formation of 

pyrimidine nucleotides is not just a mechanism for the rar.dom 

sup.ply of nucleotides but probably a Vlell organized series of cvents es-

sential for the supply and control of precursors involved in nucleic 

acid synthesis. 

!?IG. 8: 

DRACE 

Lt 
URIDINE 

j~ ~ 
1> 

VDP 
~l L: 

CYTOSINE 

~~1..~_ 
-ûT 

<:~=~~-~~~~~~~-CYTIDIlm 
/l~ 

~~ 
CfF 

i ~l ~ h, 
C~)p 

-n 
i!i' 

C'îP 

The interrelation:.:;1:li~j:" of the various py-..:-imiè.in·.;! 

derivativc:s in El:rli.ch ascites cells. 

! , 



5.7 The Efrect of Pyrimi~i:"C; Î'h.:clcosidcs on Uridine-2-
l4 c 

Incorporation lnto Acid-Solubl~ Nucleotides 

The. regulation of metabolic patht'lays-is often efEected 

through feedback inhibition by the end-product (155). End-product 

inhibition of pyrimidine biosynthesis de novQ.. is exe:ëted by CTP 

upon aspJ.rtate tré!nscarbamylase, the enz)rme. that catalyzes the. 

füst step in this path"lay ~146). It has become apparent in reccnt 

y~:::t:CS -Chat the enzyni8s of th.:; salvage pJ.th\·]ays for the utili~2.tion 

.of py-rimidine ·nucleoside.s ar0. suscep·tïole to end-product inhibitio7'.., 

T~ activities of deoxythy:niclii.1e kin;;se, deoxyuridine kin.s..3c and Iv 

deo::ycytidinekinase a:ce. aIl undcr the: control of dcoxythyrrddine 

triphosphate (dTTl') and de.oxycytidine triphosphate (dCTP), r8S-

pc:ctively (198) (Fig. 9.). Pyrimidine deoxyribonucleoti'dcv 

~:>y,l.t~,esis by the other pathï-7ays can 2.1so be inhibitcd by the e:nd-

products of thcsc reactions (199-202). 

The present study has be.en concerned ~"ith the iT,2t",boll.::;:" 

of pyrimidine ribonucle:otidès dG:cived mainly by the salvag8 Pé,i:h·:ays. 

'l'heSG path'/lays appeê,r to operate at a minimal level in m.:m'l1:alü'n 

c . .::lls that are r.o"t: proliferating r.:.1pic1ly, but increase to sig,·,ii'icê,;·,= 

activity in rapidly grooing tiSS-L~~S such as rcgenc.rating liV2r 2-:ld 

. tur.lOr cells (99). Th.:: fincling of Ar:dcrsO!l and B:cockman (203) thc.t 

. D'il' :md. CTl? inhibit the cO~1Vcr·sioll of uridine to uridine Dl.:;;: lCDc:ic;cs 

in G:::t~-;, .. ct~fiomtiss1.lcc.dt1.lre ceUs ël.lzzest tho.t uridine 
".. ..' .... 

i8 susceptible to· fe8ci':,aci~il1l"1.ibition. 
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". '. ' , 

·dG novo 
synthc;sis 

1 . 
IJ 

L~"-'',.CIL ~=--'> URIDINE ~{}_.-) mlP ~,~> UDP .. -.----~ UTP 

~ 

FIG" 9: 

m:A 

DEOXTùRID mE 
v 

dUDP 
v/ 

CTP 

1 

J 

DNA DEGXYCYTIDINE 

Feedback inhibition for contro11ing pyrimidine nucl<::oti\lc 

synl:hesis derived hy the sa1vagc pathway. 

indicate site of inhibition. 

Hatched arrm'lS 

Tl!", finding in the prcvious experiments that on1y small [~2::0tElts 

of Ciraci1-2-
14

C are incorporateù inco c:'rcidine nucleotides, coupled ';·;;;.::.h 

tl:é: inability of Eh:dichascitcs' cens to utili:<;é; cytosine, s·cgscstc.d 

. . . . . 

s:!.biHty ~,T<lS studied by p:ccincüb:1.tir:gthe Ehrlich ascites cc:lls:f:cr {S 

\lithcytidinc, urüIine orcytosin~ arabinosidc. 
. .. '.",' . 

frol:'!. th~ l!~~d:ttml ··w.nd ~,!;~~h;cl' \.?itl1 
:' .. ,',' . . . 

Krebs-Eil1ger· solution,to 1'8,',;0'1(: 

",:::::::2ce11u1ar nucleoside:, and incubatcd in fresh medium cŒl.taülin~; 
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l.lridine-2-
14

C for 30 minut8s. The resul ts obtained arc sho~m in 

The values 0;1 the: Lo:ft in the right hand C01Ul1l1~ s110,,7 

h d f · d . ? 14· ~ . .. . cl t e p8r cent ecrease o' url. 3..ne-_- v J.ncorporatJ.on J.nto acJ.--

soluble nue lcotides compcred to thé con trol, pre-incubated "iithOl.!t 

nucleoside. Uridine effcctecl <clDout 60 per cent decrease,and cJTiclinc 

~u ::nd 90 per cent at concentrations or 0.5 and I M'l. Since the 

celis \·,c:re pre-incubated \·Jith unlabeIlcd nucieoside, these results 

:'lè!.S: rC!present to som", extent dilution 0::: the labellcd substrCcte hy 

incr2.ccllular accumulatiŒ1 of uridine froZ) both uridina :lTId cytidinc. 

Ho,·,e:ver, since uridine ls a clos2,: prGcursor of uridi"le l1uclcotid2s 

;:1''-1'-1 cytidine the inhioitory eEfcc:': of the latter on the CŒ1v,,;.rsion 

of uridine-2-
l4

C ·to acid-solubl~,: nucleotides may be obtail,ecl by 

(:or:l~)~:rison "7ith th", valUéS obtaincd f:co:n the cells pre-incubac2d 

COhUEl of Table XXIV demonstrate t:'!at 60 and 75 per C(':11t inhibiticc, 

- . -' • ? 14 C . O· 1 • ,,' •• 
0;':: ·U·'clL..ll1ê-_- . converSlonto nü,::.:.eotJ.c.es loS oD.:aJ.l1"'(1 Dy 

of 0.5 and l nh'l cytiàinc, Tho.t ·t1,::.s inhibition is obtained :;;:08 

i::.·::r&.ccllu1:lr acc'cU11UIal:ion of CTP is su~gested from th<" resu2..:s il-

lustrat:ed in Table XXVI. It \1as found that the cytidine that ,·]0.5 

l:al~(!:l L,to the celis \-las conve:êtecl mainly to lts triphosphat", dé'!ri-

v,,;:..tivc:. It H:lS not possibl", to cletact intracc11uIar CDP, Cl·;P or 

cytid :l:i.:e. 

Cytc .. 
. " - _ .• c 

Ke."sSE:"t " .. i:t· ·.?.1:.:..., . (2~ . .:::) ha:'vê' dsmc)l:.s·t::-;:"'::L:~r." 

that the: e:ffective!1ess oféhis-clrug b. inhibiting celi grm'It:'! is 
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TADLE XXIV 

-:E - f P • • cl • 'T l . cl U . d . ? 14 l .r::;"-l:cct 0 _ yr~m~ J.nc l\UC e.OSl. 0".:S on Tl. J.nc-_- C ncorpo:C8.t ion 

Into Acid-So1ub1e nuc:!.eotidcs 

"-'~T--' cl' ? 14C . 
counts/min/mg 

'10 dccrC:é..se of url J.ne-_- -r 

subsi.:ratc è.Jdcd dry Hcight of ce1ls 
ifa:." pr8incubation 

uridine 
incorporatio'1 

1 -

Nil 1,777 0 

Ul'icline (0.5 rr01) 717 59.7 

Il (LO !T'11) -')? IJ_ 59.0 

Cyticline (0.5 m~1) 304 83. a 

" (1. 0 llÙ·1) 185 89.6 

Cy::osine Arabino!iide 
(1. a :m.i·I) 1;.625 

Th;.:; exp2;:irr~èntal cO:ldi'cions ll~r(.; as dC!,<~cribcd in Table: XI}:, 

C.::::!.ls 'O.::rc incubat.-.::d Hich 0.5 rriH urüline-2-14C (0.5 uC) at: 

3jOC for 30 minutes. 

(0 ) 

(0) 

(60) 

(75) 
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dependent on the extent of conversion of cytosine arabinoside to 

its phosphorylated derivatives~ '. It seemedinterestingto determine 

whether this compoUndwoùldinhibit. the" conversion. of uridine,:,,2- l4c 

to the nucleotides. The data in Table XXIV shows that the radio- . 

activity incorporated into acid-soluble nucleotidesfrom uridine-

2_l4C is unaffected by the presence of cytosine arabinoside, although 

it must have been converted to the nucleotides since in experiments not 

reported in this thesis the incorporation of uridine-2- l4C into DNA was 

inhibited by the addition of this compound. 

The effect of uridine and cytidine nucleotides on uridine 

kinase was studied by incubating uridine-2- l4C with a cell-free extract 

of Ehrlich ascites cells in the presence of the above compounds. After 

the incubation, the amount of radioactivity which appeared in UMP, UDP 

and UTP was determined as described in Table XXV. In comparing the 

radioactivity incorporated into the various nucleotides of uridine 

it was found that 30 per cent of the uridine added was phosphorylated 

during 15 minutes of incubation. 70 per cent of the radioactivity 

incorporated into the nucleotides was in the form of UTP. This is in 

accord with previous findings that uridine kinase is the rate limiting 

reaction in the conversion of uracil to uridine nucleoside triphospha-

tes (98, 100). Preliminary experiments were carried out to determine 

the concentration of uridine needed to saturate the uridine kinase .. 

reaction and the amount of ATP required formaxim~ phosphorylation 

of uridine-2- l4
C. These optimal conditions were use4. in 't:he experiments .'. 

. - .,', " 

described below. The results. (Table .XXV)demonstrateinac~ord, with 
,'," .... . .. 

the previous experiments. that.CTP is .. a.ve,rVp·otent 'inhibitor ~f~rÙ.ine ' 
; . 

. ~. '" 

',',' . 

', .. 
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-'F- ~." "d' .. 1" T"d' 2 14CPh T. l' , L.,::~ect 01: ~vrlIn~ lue J'm.::_eot:~aes on url lne- - osp!:wry atlon J.:-' 

Uridil-,', i 

A d d i t i 0 n PhosphoryLl;:ed 
rnJ."I I~ of control 

lül 100 

UTP 0.3 83 

UT? 3.0 11 

UDF 0.3 77 

CTP 0.3 44 

C'i'P 3.0 7 

CDF 0.3 55 

and Hethods". 'L'~1C: reé:ction mi:-:ture containèd 0.2S l::.:,l1.e 
, " 14 . 0 

U,,::r.d111e-Z- C (0.25 ,'lC),' Sa!'.lplCos HE:re incubz.t",d a'c J7 C fGl" 

15 minutes ",nd de:pro::einized 'L'ith hL:D.t. 14C-labc:ll~d G!: .. ' > 

UDP .:md UT? \-1er", isolated by descencling ch:comato;sr"::'~1y 10. 

the isobutyric so1.ven't. Systel~l and a,:saye:c1. for. r<o'.diocc.::t:ivity·' 

as clescr ibC!d iE "i'la L:2r iah: D.11d :·ie thods " • 

:,.' 
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;çinasc. At a concentr,1tion of 0.3 r.li:! 66 per cent inhibition of 

ur icliœ plIos phorylat ion \las~btD.iri~d byCTP and l7pcr cene by U'';::P • 

. '.'.. ' 

At high concentrations of CTP ,:md UTP (3 mI.'f),89 and 93 per C0.nt 

i!'.hibition ,;vas obtained. UDP and CDP also decreasedthe phospho-

rylation of uridine. HOHGVer, it is probable that UDP and CD? 

. icere conve.rted ta the triphosphate der iva·t ives and as such inhibitcd 

uridine kinase. It ';'7as therefore judged not useful to determine t;1e 

.:::fEcCL:: of the pyrimidine nuelcosicle monopL-.Jsphates sine", thcy ';lOuld 

0.150 be converted rapid1y ta thcir respective triphosphates. 

~, E ~ ~ f C . d . . .. l . f '1 . " IL,,, l :1.0 :'J::t:eet a yel Hie on t:.'(~ ncorporatlon o·' ,H8nlnc-o- '., .n1:o 

AT?" RNA and D:~A 

The results in the a';ove experime:nts indicate that cytidin(; 

nucleotidcs i:1hibit the net synthe.sis of pyrimidine nuclcotides :!:ra::i 

ur ici ine. Cannell2.lds (9 L" 95) sugzest8d that the prlosC:!1CE: of active. 

Ul"iJ:ëne phosphorylase and uridine: kinase in rapidly gro' .. lÏng e.:iSS1.1:.':S 

mi:::;hc be. indicative. 0':': an hOTI:costatic mechanism for the rc:sulatio:l of 

,n.:.c1eie acid synthesis in :.mimal cel1s. To c:-:amine the effcc:: of 

aclan~"Q_,S_14C ""'COI-')~~--cyt icline nue leot ides on Rl\~;j~ élnd D~,:tJ.. synthcs is, Co .l..l.~ç. __ l 1: .... 1 ............ 

tioD. \ç'~'..S uscd. The :ce.sults in TJ.ble XXVI demonstratc that t:î'~ ",Clc1itiol"i." 

of 0.1 m:::·( cyticline incl'casGd th", cytidinc I-:ucleotide pool to· 116:;.1./,-,,:,01.0/ 

mg dry v.'cighi: of cc 11s. At t:his conc~ntratio'1cytidLlc has ;10 cf '::.:.:c: 
. , . . 

adc;~i.nê-tr:J4Cin~orpo:::-aticI;irlëOl{TP'Or;Ri);A. :Cri côntrast, ti1ein-

... .. " :. . ... 
.'\"t: "; C:J:t idi:"l.C C'Oll.C'(!l1 t'i" at ions greCltùr. th~n 0 .. 1 :'rÙ}1 . th~re . 't·jas a, 'proZ::'-c~.s i-16' 
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iJ.,crco.S:è :Ln the concentrations of th:.:! cytidine lluclcotidc.:s :i.;, the! 

iL 
<?cid·-solublc traction, but no fU'l::th~r increase of adcnil1.c-8--·C 
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T.!),BLE x-;vr 

Cytidine 
1 Nucleotides 

e ", "c' ,- sin-Il' r'/m'~ _\.. ~"~- .l 0;' dry weight of cclls ' 
Addition' 

I\:il 

C>]·~i.: id i!1e (0.1) 

il (0 • .5 ) 

!i (1. 0) 

! ' p_umoles/mg 
jdry "lt. of cel1s 

N.D" 

116 

190 

304 

-----. 
'AT? RNA 

2, ".65 526 

2,555 595 

2,L:.71 5!+6 

2;082 505 

\'Iere élS desc:::iLJc::d in Table XLX. 

i:nC:'1::2::tion meè.ium containcd 
. -. li,1. 

O. 3 r..~,l adenl.ne-b- C (0.5 pC), 5 

The 

.;:L~C.CSê: ê.."i1d furthE:r additions as 11.oted in a total VOllffilC of 6 rnl. 

_,. D. nat detçcted on ,:he chrcr:lo:l:o;}:raphy paper. 

' 1 O-f 

91 

92 

BI 
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SU1-1i>1.L>,.RY OF CI-1:':..PTER V 

'02 
The distribution of radioactivity from .J P in IU-:lc 

nuclE:otides ",as dctE:rmi:,,:.d and it was demonstratcd that aIl four 

l1i.1cleotides Here li.;,be1led to appro::imately the same cztent. 

Radioactivity incorporated into the various nuclcotiè':3 

0": th,,, acid-so1ub1e fraction and in R:'iA Vlas increased by the: Q.(j-

C:ition of adenine, guanül.E:, or urc.ci1, but not cytosine. This L:ogethc-.r 

- , 1 ' .r: - 1 f - ,) 14C ,. d '1l'C.! tne .cal_ure 0' , cytosJ..ue-_- to pa lncorporate (evcn at l'ligh 

concentrations) in the con:",sponding nuclcotides indicau.::d that 

:2hr1ic~1 ascites cells Ci.lnnot utilize thi5 base although it p2.nU:ratc3, 

as weIl as ur:.:.cil, intothe cclI. 

T' • ~ \'.",-','11 'U'!.·;4cJ..'l __ 'J_
14C dCIT!!,on,'"tl·;-:te :1C expe:.:~~lT:1Cn·Ls .l..,_ _'" "- -' ~~ that l:hc. 

:-_·;.:~lcotides obtain2d f::-0111 u;:idillG nucléotides.. The radioacti"';Jity i11-

1 !!. 
co:;:porr,ted :trom urc.cil--2-- 'c ü1t:O CNP is about 10 p2r cent tLz.~ of 

:'::·1:2. The.sc results suggc:st tha.t the r.e.dio2.ctive uridine nuclc.::.or:id'':;3 
1 

E:r2. pOOl' 1y conver ted to cytidiIlC: rr::.c lé.!ot id8S~dhich <lrc. t 11811 cl i lut,-,d 

':;)' a contL1uOUS supply of mll.::tb,,"ll(,!d cytidinc nucl~otid8s • 

. Tho' incorporr:.tio°j,"}' stlldic.s ':'i.ls·Q d.cD1onstrate th,:!.t cytidi:!~) 



-109-

the 
.' . . F 

conversion of uridinc-2- 'C to ics nuc1eotidcs. The expcrin~c:"J"i.:s 

':'.'i1:11 ce11-frec extracts of Ell1:-1ich ascit~s ce1Is demonstratc th",',:; c'r::' 

inhibits the uridine kinQse enzyme. This reaction Vlas also i:Ùi'Ditc.C: 

ta some c::tent by the same concentration of UTP. 

The addition of cytidine to Ehrlich ascites cells inc:cc::sc;cl 

tb.é . . f d . ~ I4C . A b b '0 lncorporatlon 0" a e~:lI:'(!-o- lnto DN·, Y a out '+ per cent. 

':.,;. ,r"., 

. ' ... 
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CHAPTER VI 

DISCUSSION 

Glucose is metabolized through the Embden-Meyerhof 

glycolytic sequence to pyruvate and lactate. These compounds can 

be metabolized fur'ther through the ·citric acid cycle. From a series 

of reactionswhich branch from glycolysis and the oitric acid cycle, 

glycine, L-serine, L-aspartic acid, L-glutamine and ribose phosphate 

may be formed and utilized for the synthesis of purine and pyrimidine 

nucleotides. It has been suggested that neoplastic tissues are charac-

terized' by a permanent imbalance between those enzymes which uti-

lize essential metabolites in the growth process and the enzymes 

which convert the metabolites to pathways not involved in growth (20.5). 

schmitz et.al.(205, 20.6) working with rats bearing the Flexner-

Jobling carcinoma found higher labelling in the nucleic acids and 

14 nucleotides from glucose-l- C in the tumor than in normal rat tissues. Kit 

et al.<17~, 179) demonstrated that labelled glucose was converted to 

L-serine. glycine, L-aspartic acid and L-glutamic acid by Ehrlich 

14 ascites cells. In the present work the incorporation of C from 

uniformly labelled glucose into purine and pyrimidine nucleotides of 

nucleic acids was examined to obtain information concerning the path-

ways involved in nucleotide synthesis and to make an estimate of the 

overall rate of nucleic acid synthesis. 
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6.1 Utilization of Glucose for Nucleotide Synthesis in Ehrlich 

Ascites Cells 

The results presented in Chapter IV show that when 

14 
Ehrlich ascites cells are incubated in vitro with glucose-U- C 

the purine and pyrimidine nucleotides are labelled mainly in the 

ribose moiety. Previous studies in tumors indicate that the low 

rate of de novo synthesis of nucleotides in vitro is largely due 

to the absence of L-glutamine and glucose to supply the amide and 

ribose phosphate, respectively (34,36',8.0). lt was shown that 

glucose increases the amount of glutamic acid available for the 

formation of L-glutamine in Ehrlich ascites cells (37). Herscovics 

and Johnstone (37) demonstrated that in some experiments the in-

. f l4C f . . 1· d h corporat1on 0 - ormate 1nto pur1ne nuc eot1 es in t e presence 

of glucose was not increased by the addition of L-glutamine. They 

concluded that in the presence of glucose the increased formation 

of glutamate may lead to sufficient synthesis of L-glutamine to 

stimulate de novo synthesis of purine nucleotides in Ehrlich ascites 

cells. 

The present data are in accord with the concept that 

glucose and glutamine control de novo synthesis of nucleotides in 

Ehrlich ascites cells since of the numerous precursors required for 

nucleotide synthesis only L-glutamine has a stimulatory effect on 

the incorporation of glucose-u-14C into the nucleotides. The present 

data indicate, however, that the presence of glucose alone is not 

sufficient to satisfy aIl the requirements for de novo synthesis of 

.1: 
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nucleotides in the Ehrlich ascites cells. It was shown that the 
. 14 

addition of 1 mM L-glutamine doubles the incorporation of C from 

glucose-u-14c into adeninenucleotides, increases by 10 per cent 

the label in guanine nucleotides and in some cases, stimulates the 

incorporation of glucose-U-14Cinto the pyrimidine nucleotides of 

RNA. The variable effect of L-glutamine on-the incorporation of 

14 C from labelled glucose ioto pyrimidine nucleotides may be depen-

dent on the following factors. Different cell preparations probably 

differ with respect to their intracellular concentrations of L-

glutamine and also to the synthesizing capacity of L-glutamine from 

exogenous glucose which may vary depending on the 

tumor. Although the above would be expected to ef-

fect the purine nucleotides in the same manner, it may be that the 

pyrimidines are more sensitive to these variations. In addition, . 

concentrations of other factors necessary for de nova synthesis of 

pyrimidines may be low in certain cell preparations. The results, 

however, are in agreement with those of Rager and Jones (80 ) and 

Mayfield et al. (82) and indicate that L-glutamine can provide 

the nitrogen for de novo synthesis of pyrimidine nucleotides. 

The data in Table XIV show that, in the absence of L-

14 glutamine, radioactive ribose phosphate derived from glucose-U- C 

is incorporated into the various nucleotides of RNA mainly by uti-

lization of preformed bases. Azaserine, a known inhibitor of de nova 

synthesis of nucleotides, did not affect the radioactivity incorpo

rated from labe11ed glucose into the ribose moiety of the purine 
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and pyrimidine nucleotides of RNA. The amount of radioactivity 

incorporated into the purine and pyrimidine nucleotides byde nova 

pathways, about 10 per cent, is too close to the standard error 

and will not be detected in these experiments. 

The possibility that in vivo the Ehrlich tumor cells 

might be supplied by the ascitic fluid with L~glutamine or some 

other precursors necessary for de nova synthesis was also inves-

tigated. The results, Table XV, demonstrated that addition of the 

ascitic fluid has no significant effect on the amount of glucose

U_14C incorporated into the nucleotides by the de nova pathways. 

Moreover, de novo synthesis of purine and pyrimidine nucleotides 

was again seen to be dependent on L-glutamine. These results favor 

the view that Ehrlich ascites tumor cells, due to their limited 

capacity to synthesize L-glutamine, may be dependent to a large If 

extent on the availability of preformed bases to supply them with 

sufficient nucleotides for nucleic acid synthesis. Of course, no 

evidence was provided in this study to indicate that de nova synthe-

sis. of nucl~vtides in vitro parallels that in vivo. In addition, 

it is possible that in vivo glutamine syni:hetase enzyme shows greater 

activity or is provided in greater amounts when necessary. 

6.2 Labelling of the RNA Nucleotides 

The results obtained indicate that in the presence of 

pattern of .1abelll.nS.of the RNAnticleotides 



ç 

-114-

is a direct reflection of the specific. activity of the various 

nucleotides in the acid-soluble fraction. It is·interestingto 

. note that the specifie radioactivities of adenine. guanine and 

uracil nucleotides are of the same order of magnitude despite the 

fact that radioactive ribose phosphate incorporated into adenosine 

nucleotides must be diluted by an intracellular pool of endogenous 

nuc1eotides whi6h is 7-10 ttmes 1arger than uridine or guanosine 

nucleotides •. These observations ·suggest that during incubation, 

~ee radioactive ribose phosphate comes into isotopie equi1ibrium 

with the various nucleotide precursors of RNA. There are two pos-

sible mechanisms by whic~ radioactive ribo~e phosphate canbe in-

corporated into the nuc1eotides under these in vitro conditions. 

One invo1ves the reaction of free bases with labelled ribose phos-

phate by the reactions of the salvage pathways described in Chapter 

I. The other involves the interconversion of the ribose moiety of 

endogenous nucleotides with labelled ribose phosphate derived from 

14 glucose-U- C. Although there are probably small amounts of bases in cells 

attempts to measure: the intracellular concentrations of bases in 

Ehrlich ascites ce1ls have not been successfu1 since thelevel of 

bases is extremely low. In addition, no exogenous bases canbe 

obtained from the host in vitro and it seems therefore unlikely that 

the radioactive ribose phosphate is incorporated into the nucleotides, 

to any significant extent, by utilization. offree. bases, 

.. . 

Support f"~theconcept that the endogenous nucleotides 
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. exchange their ribose moiety with free radioactive ribose phosphate 

is derived from the following; Creaser et al. (207) have shawn that 

32 glucose has no effect on the incorp~ration of P-orthophosphate into 

acid-soluble nucleotides of Ehrlich ascites cells, indicating that 

the radioactivity was not incorporated by de nove synthesisof nucleo-

tides. They showed also that after 45 minutes of incubation the 

specifie activities of the endogenous nucleotides are in isotopie 

32 equilibrium with the P present in the celle The above workers 

concluded from this. that the phosphates are probably removed from 

the endogenous nucleotides and then rephosphorylated with the 32p in 

the medium. Recent studies (208) have shown the presence of 5 1-nucleo-

tidase enzymes for the dephosphorylation of the four nucleoside mono-

phosphates, AMP, GMP, UMP and CMP. A consequence of this is that 

nucleosides are intermediates in these reactions. Paterson (209) 

has shown that the ribosyl group of a purine or pyrimidine nucleoside 

can be transferred to another purine and pyrimidine base. The transfer 

is apparently carried out by two separate nucleoside phosphorylases 

with free ribose-l-phosphate as a probable intermediate (209). The 

ability of Ehrlich ascites,cells to metabolise purine and pyrimidine 

nucleosides to free bases and ribose-l-phosphate has been demonstrated 

14 (210). Thus radioactive ribose phosphate derived from glucose-U- C 

maybeutilized by the various bases that can be formed from the 

coupled action ofnucleotidase and phosphorylase enzymes present in 

Ehrlich ascitescells1as shownbelow., 



-116-

,base-ribose-P04 

nucleotidase J r kinase 

base ribose 

phosphorylase J r 

----_ ... 

base-ribose-P04 ~ bas~ + radioactive ribose-P0
4 

pyrophosphorylase 

If the equilibrium of the above reactions favors 

nucleotide formation, there will be little free bases or nucleo-

sides at any one time, but a constant non-expandable pool will 

be present. In addition, the rate of these reactions during the 

incubation will determine the specifie activity of the variousnucle-

otide pools derived from labeUed ribose phosphate and not the size 

of the endogenous pools of nucleotides. 

The results concerned with the specifie activity of 

CMP in RNA after labelling the cells with glucose-u-14C (Table VI) 

were difficult to understand in terms of the existing concepts of 

the relationship between uridine and cytidine nucleotides. Based 

on the results from the 32p labelling experiments (Table XVI ) which 
~ 

l''(vB' 

showed that radioactive cytidine is not limiting or.poorly incorporated 

into RNA, the low specifie activity of CMP in RNA appeared to be a 

direct reflection of the metabolism of cytidine nucleotides in the 

acid-soluble fraction. Theresults obtained for the other nucleotide 
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precursors of RNA indicated that the radioactive ribose phosphate 

was incorporated into nucleotides by exchanging with the ribose 

moiety of endogenous nucleotides. lt seemed reasonableto assume 

that under these iu'vitro conditions the conversion of UTP to CTP 

was insignificant and that only a small exchange of radioactive . 

ribose-phosphate with the ribose moiety of this nucleotide was.ob-

tained. The experiments concerned with the utilization of the free 

bases showed that cytidine phosphorylase is absent in Ehrlich ascites 

cells and expla:ined the apparent non exchange ab il it y of the ribose of 

this nucleotide with the free radioactive ribose phosphate derived 

14 from glucose-U- C. These experiments showed that the radioactivity 

in the ribosè moiety of CMP in RNA was obtained by the conversion 

of uridine to cytidine nucleotides in the acid~soluble fraction. 

The experiments in which uracil-2- l4C.was used to label 

the pyrimidine nucleotides of RNA suggested that the low specifie 

activity in CMP is probably due to the following factors; poor con-

version of radioactivity from uridine nucleotides in the acid-soluble 

fraction and dilution of the radioactive cytidine nucleotides by a 

continuous supply of unlabelled cytidine nucleotides. Bucher and 

Swaffield (211) and Hadjiôlov et al. (212) have fôund that after 'lab.elling 

in vivo with orotic acid-6-l4C the ratio of the radioactivity of CTP 

to UTP in the acid-soluble fraction of rat liver was low and remained 

unchanged throughout a time course experiment. These results are in 

. close agreementwith. the data of the preserit work. 

i 
.i· 

:-
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l'wo possibilitles may be cited to exp la in the contlnuous 

dilution of radioactive cytosine nucleotide. It has been shown that 

conditions that stop cell growth result in rapid turnover of RNA, and 

lead to a supply of nucleotides which are reutilized for RNA renewal 

(213). Since Ehrlich ascites cells cannot divide in vitro (39), studies 

of isotope incorporation into nucleic acids in vitro probably reflect 

primarily the process of turnover of the nucleic acids. The results 

discussed ab ove indicate that the pools of adenine, guanine a~d uracil 

nucleotides also turnover by exchanging both their phosphate and ribose 

moieties with pentose and phosphate in the medium. It follows that the 

ribose of the ~ucleotides formed by the degradation of RNA during the 

incubation will, except for cytidine, exchange with free radioactive 

ribose phospha~e and the specific activity of the adenosine, guanosine, 

and uridine nu~leotides will probably remained unchanged. Since cytidine 

cannot exchange its ribose moiety with radioactive ribose phosphate 

unlabelled cytidine nucleotides, dertved from RNA, will provide a 

continuous supply to dilute the radioactive cytidine nucleotides derived 

from the uridine nucleotides. If the radioactive precursor is uracil, 

the non-radioactive uridine molecules, obtained from RNA breakdown, may 

be simply diluted out because the amount of nucleotides obtained from 

the radioactive base is probably much greater than that obtained from 

the breakdown of RNA. In addition, the same exchange as with the ribose 

probably aiso takes place between the radioactive base and the uniabelled 

uracil. 

FinaÜy, ânothêrpossib:tlityfordiluting th~ radioactivity 
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.. of the cytidine nucleotides comes from the studies of Har~l et al. 

(182) who have shown that the terminal nucleotide sequence of soluble 

RNA,pCpCpA, undergoesrapid breakdown. Althoughthis RNA amounts to 

only a few per cent of the total RNA, it could also contribute to 

the dilution of the labelled cytidine. 

It must be assumed also from these experiments that the 

nucleotides released from RNAbreakdown are mostly unlabelled, since 

the ratio of cytidylic acid/uridylic acid was not significantly changed 

aver a period of 3 hours. If only the labelled RNA was degraded, the 

specifie activity of the cytidine nucleotides would increase with time 

and the ratio of cytidylic acid/uridylic acid should be altered. 

6.3 A Regulatory Role for Çytidine Nucleotides 

The inability of the cells to utilize cytosine for nuc~ \> 

leotide synthesis and the apparent low conversion of uridine nucle-

otides to cytidine nucleotides suggested that the phenomena concerned 

may represent a feedback control relationship of cytidine nucleotides 

on the rate limiting uridine kinase enzyme. This concept prompted a 

study 'designed toexplore the effe,ct of cytidine nucleotides on the' 
" : ',' ,"' ',', ,-.,': , "''- :':' '14' " 

conversion of uridinè-2- 'C: toits: corresponding,nucleotides in inta~t 
.. . .,. . 

, cells and cell~fr~~ extracts~Theinco~por~t:i.oIistudi~{withuricline;'; 

2-14Cdemonstrated tha~ the âddit~onof' cytidiri~t:o the i~tact, ,cells ' 

increasesthe concentraÙoD:of CTl? inihe cell ancl'inhib1tsthe for~ " 
'. . , ',' ',' .". ". . 

mation of isotopicuridine Ilt:icleotides60 ànd 75' perc"en.t~ The,ex-

":.,: 



-120-

periment with the cell-free extracts sh()'(Yedthattheformationof 

uridine phosphates from uridine could indeed be inhibited by CTP. 

This reaction was also decreased by UTP, but to a much lesser ex-

tent. Although the inhibition of uridine kinase by CTP has been 

demonstrated (203), it has not been previously shown that an in-

crease in the end pr?duct, CTP, in the intact cell results in a 

decrease of the conversion of uridine to the nucleotides. 

It is also possible to speculate that the apparent inability of 

Ehrlich ascites cells to synthesize pyrimidine nucleotides by the 

de novo pathway, observed in these and in previous experiments (214), 

may be due to strong inhibition by intracellular CTP on aspartate 

transcarbamylase. It is possible that the de nove synthesis of 

nucleotides is increased significantly only during conditions of 

rapid removal of CTP for DNA and RNA synthesis. 

The present experiments also demonstrate that the ad-

dition of cytidine to Ehrlich ascites cells increased the incorpo

ration of adenine-8- l4C into DNA, by about 40 per cent. Pertinent 

to this finding is the demonstration that addition of high con-

centrations of thymidine in the culture medium of mammaiian celis 

inhibit cell growth (215). This inhibition can be relieved if 

deoxycytidine is added to the culture medium containing thymidine 

(215). It was shown in subsequent studies (216) that thymidine 

triphosphate (dTTP) inhibits the conversion of cytidine nucieotide 

to the deoxycytidine der ivat ive , as shown in Fig. 10. Thus, the 

effect of thymidine on celi growth is obtained because of deprivation. 

"',' 
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of deoxycytidine triphosphate in the cell and DNA synthesis stops 

(216). Reichard et al. (217, 218) showed that the conversion of 

cytidine diphosphate to deoxycytidine diphosphate was also inhibited 

by deoxyguanosine triphosphate (dGTP), deoxyadenosine triphosphate 

(dATP) but not by deoxycytidine triphosphate (dCTP). It has been 

suggested that this control over the reduction of CDP may be part 

of a regulatory mechanism for the synthesis of DNA (219). 

,de nove 
synthesis 

! CTP 

Uracil--:. Uridine C~p) UMP --~} lP ) UTP ~ 

J; dTTP! RNA 

FIc;. 10: 

dTMP E(-- dUMP .;<-- dUDP .t. ~ ... 
'dCMP dTDP dATP 

dGTP J. ~ 
dTTP dCTP oé-(-- dCDP.. Il 

~ / dTTP 

DNA 

CTp/ 

l 
. CDP 

Pyrimidine'nucleotide synthesis. Hatched arrows 

indicate reactions inhibited in cell··free systems by compounds 

shown. Pointed arrow denotes that the significance of this 

reaction is unknown. in Ehrlich ascites cells. 

It could be reasonned further that when intracellular cytidine 

nucleotides are sharply increased, the cell is unable to exert suf

ficient control over the amount of deoxycytidine nucleotides formed 

from the reduction of CDP. Since dCTP has not effect on this reaction 
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• and the amount of thymidine phosphates formed from cytidine nucleo-

tides mightnot be sufficient(220) to prevent the accumulation of 

... d~~Xycyddin~ ~ucleoti<ies •. The data in Table XXVI showed that in 

the presence of higher intracellular concentrations of cytidine 

nucleotides the conversion of adenine-8-14C into DNA is significantly 

increased. Two possibilities may be offered for this observation. 

One is that cytidine nucleotides or its deoXyderivatives increase 

14 
the conversion of adenine-8- C to deoXyadenosine nucleotides. This 

would increase the specific activity of the deoXyadenosine nucleotide 

pool and more radioactive molecules would be incorporated into DNA. 

The other possibility is that the exogenously derived deoXycytidine 

14 nucleotides increased the synthesis of DNA from adenine-8- C. This 

would be in accord with the concept that DNA synthesis may be related 

to the control of the intracellular pools of deoxynucleotides. 

: " ~ 
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CIAIMS TO ORIGINAL RESEARCH 

1. A method was,descx:ibed which,prevented,radioactive contamination 

of RNA and DNA fractions, isolated from Ehrlich ascites cells 

after their incubation with labelled glucose. 

2. 
14 . 

At various time tntervals following the addition of glucose-U- C 

to Ehrlich ascites cells in vitro, the radioactivity incorporated 

into acid-soluble nucleotides, RNA and DNA was determined. 

3. After 90 minutes of inêubation with glucose-u.14c in vitro, the 

acid-soluble compounds were subjected to two dimensional chroma-

tography and were shown to contain the adenosine, guanosine and 

uridin~ di- and triphosphates. The specifie activities of these 

compounds were determined. 

4. The RNA and DNA were separated from each other and hydrolyzed 

to giva the mononucleotides, and the specifie activity of each 

nucleotide was determined. 

5. In the acid-soluble fraction, the specifie activity of guanosine 

nucleotides was somewhat higher than uridine and adenosine 

nucleotides. 

6. In the RNA, the specifie activity of GMP was the highest fol~owed 

by UMPand,AMP. 'fu'aontrast,' thespeCific:(ac~ivity~fOO.>~as> 

7 • 
.. ,,::.-. 

8. 

-:.: . ',. : .,' ".:":.: 

about ten timeslower thari the above three ~ucieotides. 

In the DNA the specifie activity of aIl four deoxyr ibonucleot ides 

was approximately the same. 
The radioactivity of the' acid-soluble and RNA riucleotides was 

shown tobe located primarily in the ribose moiety. 

"';',: 

l 
1. 
: 

" .:,' r ' 
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In the presence of L-glutamine, the radioactivity incorporated 

14 from glucose-U~ Cinto purine nucleotides of RNA was increased 

in the adenine, guanine and ribose moieties. In some cases, L-

glutamine also stimulated the incorporation of labelled glucose 

into the pyrimidine nucleotides of RNA. 

Additi.on of a.zaserine, an inhibitor of de nova synthesis of 

purine and pyrimidine nucleotides affected only the increased 

14 incorporation of glucose-U- C obtained after the addition of 

L-glutamine. This indicated that in the absence of exogenous 

L-glutamine almost aIl the radioactive ribose phosphate obtained from 

14 glucose-U- C was converted to the purine and pyrimi~ine nucle-

otides in Ehrlich ascites cells in vitroby utilization of 

preformed bases. 

Il. In order to determine whether cytidine nucleotides were limiting 

in these in vitro experiments, the distribution of 32p in RNA 

12. 

13. 

nucleotides was determined. The resultsdemonstrated that aIl 

four nucleotides were labelled to approximate1y the same extent. 

The additi.on of adenine, guanine, uraci1, but not cytosine, in-

14 creased the incorporation of glucose-U- Cinto acid-soluble 

and RNA nuc1eotides. . This together with the inability of cytosine-

2_
14

C to be'incorporated into'aCid-soluble'nucleotide indicated 

that Ehrlich ascites have no salvage pathway for the conversion 

'Qf this base to its nucleotide. 

Studies with uracil-2-14C demonstrated that the specifie activity 

of CMP in RNA is never more than 8 per cent that of UMP, its pre-

'. 
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cursor. 14 Even incubating uracil-2- C for long periods did 

not increase the specific activity of CMP of RNA. It is' POS- :? .' (Ocr ;' 
J'~ {I-~' 

tulated that the radioactive cytosine nucleotide.s derived from J n V .' . 
. ~r 0-' 1 •.... 

uracil nucleotides is diluted by a continuous supply of un- 'i _ J' i,,'f 

J ~ ".-.~J' t; 
labelled cytosine nucleotides. 

14. The experiments also demonstrated that incubation of Ehrlich 

ascites.cellawith cytidine 15 minutes before addition of 

uridine-2-l4C resulted in 60 and 75 per cent inhibition of 

the conversion of labelled uridine to its nucleotides. In 

cell-free extracts CTP was found to inhibit the uridine kinase 

enzyme. This reaction was also inhibited to some extent by 

UTP. 

15. Incorporation studies also demonstrated that the addition 

,J' l:." 
;V .-Ir"l 

\ 

of cytipine to the incubation medium containing the Ehrlich ascites 

cells increased the incorporation of adenine-8- l4C into 

DNA by 42 per cent. At present it is not possible to deter-

mine whether this ia due to an enhancement of the rate of DNA 

synthesis. 

. .:.. . 



G-.' .. 

-126-

BIBLIOGRAPHY 

1. Kornberg, A., 1961, in "Enzymatic Synthesis of DNA" (Ciba 

lectures in Microbial Biochemistry), John Wi1ey and 

Sons, Inc., New York. 

2. Sme11ie, R.M.S., 1963, in "Progress in Nuc1eic Acid Researeh" 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

(J.N. Davidson &W.E. Cohn, eds.), Vol.1, p.27, Academie 

Press, New York. 

Schmitz, H., Hurlbert, R.B., Potter, V.R., J. Biol. Chem., 

1Q2., 41 (1954). 

Hurlbert, R.B., Schmitz, H., Brumm, A.F., Pot ter , V.R.~ J •. Biol. 

Chem., 209, 23 (1954). 

Hurlbert, R.B., Potter, V.R., J. Biol. Chem., 209, 1 (1954). 

Potter, R.L., Schlessinger, S., J. Am. Chem. Soc., 12, 6714 (1955). 

Potter, R.L., Schlessinger, S., Buettner-Janusch, V., Thompson, L., 

J. Biol. Chem., 226, 381 (1957). 

Hutchison, D.W., 1964, in "Nucleotides and Coenzymes" (Methuen 

and Co. Ltd., eds.), John Wiley & Sons Inc., New York. 

Levenberg, B., Buchanan, J.M., J. Am. Chem. Soc., 78 .. 504 (1956). 

Goldhwait, D.A., J. Biol. Chem., ~, 1051 (1956). 

Goldhwait, D.A., Peabody, R.A., Greenberg, G.R., J. Am. Chem. ,.: 

12., 5258 (1954). 

Levenberg, B., Buchanan, J.M., J. Biol. Chem., 224, 1019 (1957). 

Lukens, L.N., Buchanan, J.M., J. Am. Chem. Soc., 12, 1511 (1957). 

Miller, R.W., Lukens, L.N., Buchanan, J.M., J. Am. Chem. Soc., 

12, 1513 (1957). 

Flaks, J.G., Erwin, M.J., Buchanan, J.M., J. Bio1..Ch~m., 229, 

603 (1957). 



, 

1.6 ... , 

-127-

Sable, R.Z~, 1966, in "Advances in Enzymo1ogy" (Nord, F. F. ed.) 

Vo1.28, p. 391, Interscience Pub1ishers, New York. 

17. Kornberg, A., Lieberman, I., Simms, E..S., J. Biol. Chem., 215, 

389 (1955). 
" 

18. Remy, C.N., Remy, W.L., Buchanan, J.M., J. Biol. Chem., ~, 

885 (1955). 

20. La~erkvist, U., Acta Chem. Scand., l, 1028 (1955). 

21. Abrams, R., Bentley, M., J. Am. Chem. Soc., ]2,4179 (1955). 

22~ Lieberman, I., J. Biol. Chem., ~, 327 (1956). 

23. Moyed, R.S., Magasanik, B., J. Biol. Chem., 226, 351 (1957). 

24. Lee, Y.P., 1960, in Il The Enz yme Il (P.D. Boyer, R.R. Lardy&K., 

Myrback, eds.), Vo1.4, p. 279, Academic Press, New York. 

25. Set1ow, B., Burger, R., Lowenstein, Y.M., J. Biol. Chem., ,ill., 

1244 (1966). 

26. Mager, J., Magasanik, B., J. Biol. Chem., 235, 1474 (1960). 

27. Guarino, A.J., Yuregir, G., Biochim. Biophys. Acta, ~, 157 (1959). 

28. Sky-Peck, R.R., Kofman, S" Taylor III.,·S.G., Winz1er, R.J., 

Cancer Res., ~, 125 (1960). 
. .' ~ 

29. Wells, W;, Winzler, R.J., Cancer Res., li, 1086 (1959). 

30~ Le Page , G.A., Reide1berger, C., J. Biol. Chem., ~, 593 (1951). 

31. Sme1lie, R.M.S., Thomson, R.Y., Davidson,. J.N., Biochim. Biophys~' 

Acta, ~, 59 (1958). 

32. Thomson, R. Y" Sme11ü~. R.M~ S. , Davidson;' J.N. ,Bi~chim., Bio~h.YS. 
Acta, ~;308 (1958) •. 

33. Lowy, ',B.A., Ramot, B., London, I.M., J. Biol. .Chem. ,2.35, 2920 (1960). 

34~ .Thomson,R. Y" Smellie, R.M. S" Davidson, J.N., Biochim. Biophys~ 

Acta, 45, 87(1960). 

35. Rarrington, H., J. Biol. Che., ill, 1190 (1958) •. 



#r!A .... 
~-

-128-

'36. Henderson, J.F., LePage, G~A., J. Biol. Chem.,~, 2364(1959). 

37. Herscovics, A.A. ,Johnstonè, R.M.; Biochim.· Biophys. Acta, . 

21, 365 (1964). . . 

38. Uppin, B.I., Scho1efie1d, P.G., Cano J. Biochem., 43, 209 (1965)~ 

.39. Prives, C., Ph.D. Thesis, McGill University, 1965. 

40. Roberts, E., Tanaka, K.K., Tanaka, T., Simonsen, D.G., Cancer 

Res., li, 970 (1956) • 

. 41. Kvamme, E., Svenneby, G., Cancer Res., ~, 92 (1961). 

42. Sa1zman, N.P., Eag1e, H., Sebring, E.D., J. Biol. Chem., 230, 

1001 (1958). 

43. Lajtha, L.G., Vane, J.R., Nature, 182, 191 (1958). 

44. Bennett, E.L., Biochim. Biophys. Acta, Il, 487 (1953). 

A5. Ellis, D.B., Scho1efie1d, P.G., Cano J. Biochem. Physio., 40, 

343 (1962) • 

. 46. Williams, A.M., Le Page , G.A., Cancer Res.,1§., 548 (1958). 

47. We1ch, A.D., 1956, in "Enzyme: Units of Bio1ogica1 Structure and 

48. 

49. 

Function" (O.H., Gaeb1er, ed.), p.558, Academic Press Inc., N.Y. 

Balis, M.E., Brown, G.B., J. Biol. Chem., 202, 647 (1953). 

Kornberg, A., 1957, in "The Chemica1 Basis of Heredity" (W.D. . , 
McElroy and B~ Glass, eds.), p. 579, John Hopkins Press, 

Baltimore. 

50. . Kornberg.A.,Lieber~an:,I., Siimns, E.S., :1. Biol. Chem., 215, 

. 52. 

. 5]. 

~~tnberg,A., Liebe~an,· 1. ,Siimns, E~S~ ~ J.Ani., ~h~m •. Soc. ;i6:~" " 
2027(1954). 

. 7 . . . 
Hendèrson, J.F., LePage, G.A.,Cancer Res.,:9, 67 (1959) • 

Hendersoll, J.F., LePage; G.A., J. Biol. Chem., 234, 3219(1959) •. 

Siegel, B. V., Experentia 14,248(1958) •. 



~ -129-

:0," 

o· 

55. 

56. 

57~ .. ' 

58. 

59. 

60. 

6l. 

62. 

63. 

64. 

65. 

'66. 

61. 

68. 

69. 

70. 

. 71. 
0,,_ 

, 72. 

Murray, A.W., Biochem. J., 100, 664(1966). 

Davidson, J.D.,tHnter, J.S., Cancer Rès.,·24, 261 (1964). 

..,. Henrich,M •. R.,Wilson, D.W. ;.J. Biol. Chem., .!§i. 447.'0 (1950) •. 
'., ,. .. " ' . ,..... . .. ' ... ' ; ..... , .... . .... 

,'. . ,.' ... ' .. ' 
":.' ,,"", .... :: ..... 

Reichard, P., J. Biol. Chem~, lli,391Ù.9S2) •...... 

Reichard, P., LagerkVist, U., Acta Chem. Scand., 2, 1207 (1953). 

Cohen,_ P.P., Griso1ia, S" J. Biol. Chem., 174, 389 (1948). 

Griso1ia, S" Cohen, P.P., J. Biol. Chem., 198, 561 (1952). 

Jones, M.E., Spector, L., Lipmann, F., J. Am. Chem. Soc., ll, 
819 (1955). 

Reichard, P., Acta Chem. Scand., ~, 795 (1954). 

Reichard, P., Acta Chem. Scand., ~, 1102 (1954). 

Lieberman, l., Kornberg, A., J. Biol. Chem., ~, 911 (1954). 

Reynolds, E.S., Lieberman, l., Kornberg, A., J. Bacterio1. ~, 

250 (1955). 

Hur1bert, R.B., Potter, V.R., J. Biol. Chem., 195, 257 (1952). 

Weed, L.L., Wilson, D.W., J. Biol. Chem., ~, 435 (1950). 

Lieberman, l., Kornberg, A., Sirnms, E.S., J. Biol. Chem., ~, 

403 (1955)~· 

Hurlb e:d:, R.B. ,Reichard, .P.,Acta Chel1l:~ sc~nd~;,2;,<2.5};(l955) •. <.: .•. 
.. '... ".' .',".. ". -, . :. '", . "'. -.:'::., ..... , ::::: ,'; :"', :. .";. .~. 

. ··Rutman, . R_J., . Cantar9w, A.,Paschkis,IÇ~E.:;C~~ce:r.:Re::;~< .. 14, .... :: ... 
. .. : .... '. ", '.::'.:: : .... / .... :"> . 

119 (1954).0 :. ",: ., ..... : ", 

.... : .. 

Li~b;;rmari, I~ ;J/ AID. Chèm. Soc;; ll, . _ .... : 

74~ . Lieberman, 1. ,.J.Biol. Chem., ll,g,,765 (1956). : 

75. Kammen, H.D. ,Hurlbert, R.B., J. Biol.· Chem., 235, 443.(1960) • 

76. . Long, C.W~, Pardee, A~B. ;J. Biol. Chêm.,·ill~ 4715 .. (l967)~ .. 
·.0 

," . 

77. Skold, O., Biochim. Biophys. Acta., 44, 1(J.960)~ 



78. 

7'9. 

80~ 

81. 

83. 

84 .. 

85. 

86. 

87. 

88. 

89. 

90. 

92.> 

93.-

94.-

(1) ... -< .•.• '. " r. 

. -
95. 

96., 

-130-

Jones, M.E., Anderson, A.D., Anderson, C., Rodes, S" 

Arch. Biochem. Biophys., 2i, 499 (1961). 

Cohen, P. P" Brown, Jr., G.W., 1960 in "Comparative Biochemistry" 

(M. F10rkin & R.S. Mas on , eds.),Vo1.2, p~ 161, 

Academie Press, New York. 

Rager, S.E., Jones, M.E., J. Biol. Chem., 240, 4556 (1965) 

Rerzfe1d, A., Rager, S.E., Jones, M.E., Arch. Biochem. 

Biophys., 107, 544 (1964). 

Mayfie1d, E.D., Lyman, K., Bresnick, E., Cancer Res., 27, 

476 (1967). 

Levenberg, B., J. Biol. Chem., 237, 2590 (1962). 

Pierard, A., Wiame, J.M., Biochem. Biophys. Res. Connu., 

11., 76 (1964). 

Reidelberger, C., Liebman, K.C., Rarbers, E., Bhargava, P.~., 
/ 

Cancer Res., 11, 399 (1957). 

Cane11akis, E.S., Federation Proc., 14, 324 (1955). 

Liebman, K.C., Heide1berger~ C., J. Biol. Chem., 216, 

823 (1955). 

Fink, K., Mc Gaughey, C., Federation Proe., 13, 207 (1954). 

Fink, R.M., MeGaughey, C., Cline, R.:E., Fink., J. Biol. 

Chem., 218, 1 (1956). 

Rutman, R.J., Cantarow, A., Par ehkis, K.E., J. Biol. Chem., 

2l0, 321 (1954). 

Canellakis, E.S., J. Biol. Chem., li, 315 (1956). 
. .' . 

Re ieharcÎ, P., 1959, in "Advanees in Enzymo1ogy" (Nord, F.F. ed.) 

Vol. 21, p. 263, Interseienee Pub1isher, Ine., New York. 

Canellakis, E.S., J. Biol. Chem., m, '329 (1957). 

Canellakis, E.S., J. Biol. Chem., m,701 (1957)~ ,. .... 

Paêge,L.M.,S~h1enk, F.;Arch. Biochem.Biophys.~ g, 488 (1954) • 

,', 



97. 

-131-

Crawford, 1., Kornberg, A., Simms, E.S., J. Biol. Chem., 

~, 1093 (1957). 

98. Reichard, P., Sko1d, O., Acta Chem. Scand., 11, 17 (1957). 

99. Reichard, P., Sko1d, O., Biochim. Biophys. Acta, ~, 376 (1958). 

100. Sko1d, O" Biochim. Biophys. Acta, 44, 1 (1960). 

101. Sko1d, O" Jo Bio1.Chem., ~, 3273 (1960). 

102. Schoenheimer, R., 1942, in "The Dynamic State of Body Constituents", 

Harvard University Press, Cambridge, Massachusetts. 

103. Hershey, A.D., J. Gen. Phys., 38, 145 (1954). 

104. Siminovitch, L., Graham, A.F., Cano J. Microbiol., ~, 585 (1956). 

105. Siminovitch, L., Graham, A.F., J. Histochem. Cytochem., ~, 

508 (1956). 

106. Watts, J.W. , Harris, H., Biochem. J., 72, 147 (1959). 

.107. Hecht, L.F., Potter, V.R., Cancer Res., ~, 988 (1956). 

108. Kihara, H.K. , Amano, M. , Sibatani, A. , Biochim. Biophys. Acta, 

n, 489 (1956) • 

109. Swick, R.W., Koch, A.L., Handa, D.T., Arch. Biochem. Biophys., 

&1, 226 (1956). 

110. Scott, J.F., Taft, E.B., Biochem. Biophys. Acta, ~, 45 (1958). 

111. Scott, J.F., Taft, E.B., Letourneau, N.M., Biochim. Biophys. Acta, 

g, 62 (1962). '. 
112. Bennett, L.L., Skipper, H.E., Simpson, L., whee1er, G.P., 

Wi1cox, W,S" Cancer Res., ~, 62 (1960). 

113. Weiss, S.B., Gladstone, L., J. Am. Chem. Soc., 81, 4118 (1959). 

114. Edmonds, M., Abrams, R., J. Biol. Chem., m, 1142 (960).' 

115. Edmonds, M., Abrams, R., Feder at ion Proc., 19, 317 (196 0). 

116. Littauer; V.Z" 1961;.~in "Symposium on Protein. Synthesis", 

Vol. 143, Academie Press, Inc., New York • 

., 



(1) ',' ... 

117. 

118.. 

'120. 

-132-

Herbert, E., Cane11akis, E.S., Biochim. Biophys. Acta, 47, 

85(1961). 

Cane11akis, E.S., Herbert, E., Proc. Natl. Acad. Sei. U.S" 

i§., 170 (1960)~ 

Hecht, L.J., Stephenson,.M.L., Zamecnik, P.C" Proc. Nat1. 

Acad. Sei., ~, 505 (1959). 

Cane11akis, E.S., Herbert, E., Biochim. Biophys. Acta~ 47, 

78 (1961). 

121. Hecht, L.I., Zamecnik, P.C" Stephenson, M.L •. , Scott, J.F., 

J. Biol. Chem., ~, 954 (1958). 

122,. Harbers, E., Heide1berger, C" Biochim. Biophys. Acta, l2., 
381 (1959). 

123. Preiss, Y" Dieckmann, M., Berg, P" J. Biol. Chem., 236, 

1748 (1961). 

124. Furth, J.J., Hurwitz, J., Krieg, R., Alexander, M., J. Biol. Chem., 

236, 3317 (1961). 

125. Burdon, R.H., Sme11ie, R.M.S., Biochim. Biophys. Acta, 21, 
153 (1961) • 

. 12'6-. Burdon, R.H., Sme11ie, R.M.S., Biochim. Biophys. Acta, 47, 

93 (1961). 

"127. Manago-Grunberg, M., Ochoa, S" J. Am. Chem. Soc., ]2, 3165 (1955). 

'128. Cohen, S.S" . Harnes, H.D., Lichtenstein, J., J. Biol. Chem., 

129 .•. 

130. 

131;; 

132. 

~, 1448 (1961). 

Gros, F., Gi1be:t:t,W.;<Hiatt;H~Il~, Attardi,G., Spahr, P~F., 

'. Watson, J~D~, . Gold Spriug HarborSymp. Quant. Biol., 

. ·~~1l1 (1961). 

Spahr, P.F., J. Biol. . Chem., 239 . 
--' 3716 (1964)~ 

. E1son, D., TaI, M. ,Hioch:im. Biophys. Acta, 36, 281 (1959). 

Spahr, P.F., Ho llingworth , B.R., J. Biol. Chem. , 236, 823 (1961). 



133. 

13q.. 

135. 

136. 

.137. 

138. 

'.139. 

14'0. 

1l~'1. 

142. 

~ 143. 

'144. 

'145. 

146. 

147. 

. 148. 

149. 

150. 

151. e .;.~~ 

-133-

Laskowski, Sr., M., Ann. N.Y. Acad. Sei., [h, 776 (1959) 

Anderson, E.P., Heppe1, L.A., Biochim. Biophys. Acta, 43, 

79 (1960) • 

. Sekig~chi:>M., Cohen, S.S., J. Biol. Chem., ~, 349 (1963). 

Lazarus, H.M., Sporn; M." Proc.Natl. <.Acad. Sei., U.S., 

57; 1386 (1967). 

Tissieres,·A., Watson, J.D.,Proc.Natl. Acad. Sei., U,S" 

. 48, 1061 (1962) ~ 

Harris, H., Proc~ Roy. So~~, (London), Ser.B., 158, 79 (1963). 
" ,,' . ,'." . ',: . 

Warner, • J.R~ ,S~erio, R., Birnboim, H.C., Girard, M., 

.. Darnell, .J.E. ,'J. Mol. Biol.; 2., 349 .. (1966). 

soerio, R~, ~i~nboim, H~C., DarnelÎ, J~E. ~ J. Mol. Biol. ~ 
19,362. (1966). :', '", 

Roberts, w.K., Newman, J~F.~ J.Mol. B·io1., ~,63 (1966). 

Shearer, R.W., McCarthy, B.J., Biochemistry, i, 283 (1967). 

Bennet, Jr., L.L., Skipper, H.E."Stock,·C.c., Rhoads, C.P., 

Cancer Res., Ji, 485 (1955). 
•. 

Umbarger, H.E., Science·, ]dl, 848 (1956). 

Leavitt, R.F., Umbarger, R.E., J. Biol. Chem., 12&., 2486 (1961). 

Yates, R.A., Pardee, H.B., J. Biol. Chem., ~, 757 (1956) •. 

Gerhart, J.C.; Pardee, A.B.,J. Biol. Chem., lli, 891 (1962)" 

Gerhart, J.C.,Schachman, H.K., Biochemistry,!!;., 1054 (1965) • 

.Stadtman, E.R.;Cohen, \G.N.;LeBras, G., Rohichon-Szu1majaster, H., 

J. Biol. Chem. ,236, 2033 (1961). 

Changeux, J. P., Co1d Spring Harbor Symp. ·Quant. Biol., 26,. 

313 (1961). 

Changeux, J •. P., J. Mol.· Biol., !!;., 220 (1962). 



~.," 
~ 

152. 

153. 

154. 

'155. 

-134-

Changeux, J.P., Co1d Spring Harbor Symp. QU~Lt. Biol., 

28, 497 (1963). 

Martin, R.G., J. Biol. Chem., 237, 257 (1962). 

Monod, J., Changeux, J., Jacob, F., J. Mol. Biol., §., 303 (1963). 

Stadtman, E.R., (1966) in "Advances ,in Enzymo1ogy'" (F.F. Nord, ;' 

ed.), Vo1.28, p. 41, Interscience Pub1ishers, Inc., 

New York. 

156. Ellis, D.B., Ph.D. Thesis, McGill University (1961). 

157. Gillespie, E~, Ph.D.Thesis, McGill University (19'66). 

158. Hutchison, W.C" Downie, E.D., Munro, H.N., Biochim. Biophys. 

159. 

160. 

161. 

Acta, a, 561 (1962) •. 

Schmidt, G., Thannhauser, S.J., J. Biol. Chem., l2l, 83 (i945)~ 

Ogur, M., Rosen, G., Arch. Biochem. Biophys., 25, 262 (1950). 

Scherrer, K., Darne11, J.E., Biochem. Biophys. Res. Comm., 

Z, 486 (1962). 

162. Marshak, A., Voge1, H.G., J. Biol. Chem., ~, 597 (1951). 

163. Pabst Catalogue No. OR-10. 

164. Wyatt, G.R., Biochem. J., 48, 584 (1951). 

165. LesUe, I., 1955, in llThe Nucleic Acids" (E. Chargaff and 

, 166. 

,167. 

168. 

169. 

. 
J.N. Davidson, eds.), Vo1.2, p. 3, Academie Press Inc~, 

New York. 

Hutchison, W.C., Munro, H.N., Analyst, 86, 768 (1961). 

Sme 11 ie , R.M.S., Biochem. J., 60, 177 (1955). 

Dische, Z., 1955, in "The Nuc1eic Acids" (E. Chargaff and 

J.N. Davidson, eds.), Vol.I, p. 300, Academie Press Inc., 

New York. 

Dische, Z., 1955, in "The Nuc1eic Acids" (E. Chargaff and J.N. 

Davidson, eds.), Vol.l, p. 287, Academie Press Inc., 

New York. 



<) 

171. 

:172-. 

173. 

174. 

'1"75. 

176. 

'177. 

178-. 

179. 

180. 

181-. 

'l82 .• 

183,. 

184-. 

J.85,. 

18&. 

187 .• 

1138.. 

-135-

Bollum, F.J., Potter, V.R., J. Biol. Chem., 233. 478 (1958). 

S~ith, J.D., 1955 in "The Nucleic Acids" (Chargaff, E. and 

Davidson, J.N., eds.), Vol.1, p. 267, Academie Press Inc., 

New York. 

Bloch - Frankenthal, L., Weinhouse, S., Cancer Res., 17, 1082 

(1957). 

Racker, E., Ann. N.Y. Acad.Sci., 63, 1017 (1956). 

Wenner, C.E., Weinhouse, S., J. Biol. Chem., 222, 399 (1956). 

Barker, S.B., Summerson, W.H., J. Biol. Chem., 138. 535 (1941). 

Henderson, J.F., Khoo, M.K.Y., J. Biol. Chem., 240, 2349 (1965). 

Kit, S., Cancer Res., li, 715 (1955). 

Kit, S., Graham, O.L., Cancer Res., 1i, 117 (1956). 

Bucher, N.L.R., Swaffield, M.N., Biochim. Biophys. Acta, 

129, 445 (1966). 

Hadjiolov, A.A., Venkov, P.V., Dolapchiev, L.B., Biochim. 

Biophys. Acta, 108, 220 (1965). 

Hare1, S., Harel, L., Lacour, F., Boer, A., Imbenotte, J., 

J. Mol. Biol., 1,645 (1963). 

Rei~h, E.R.M., Franklin, R.M., Shatkin, A.J., Tatum, E.L., 

Science, 134, 556 (1961). 

Goldberg, I.H., Rabinowitz, M., Reich, E.R.M., Proc. Nat1. 

Acad. Sei., 48, 2094 (1962). 

Landin, R.M., Moule, Y., Biochim. Biophys. Acta, ~, 249 (1966). 

Ba~erga, R., Cotensen, R.D., Peterson, R.D., Layck, J.P., 

Proc. Natl. Acad. Sei., li, 745 (1965). 

Wu, C., Bauer, J.M., Cancer Res., ~, 848 (1960). 

Hartman, S.C., Levenburg, B., Buchanan, J.M., J. Biol. Chem., 

~, 1057 (1956). 



• 189. 

190 .• 

191. 

192. 

193. 

'194,. 

'195 .• 

196 .. 

197 .. 

198 .• 

201 .• 

, 202. 

2.03. 

-136-

Bennett, L.L., Schabel, F.M., Skipper, H.E., Arch. Biochem. 

Biophys., 2i, 423 (1956). 

Tomisek, A.J., Kelly, H.J., Skipper, R.E., Arch. Biochem. 

Biophys., 2i, 437 (1956). 

Bucher, N.L.R., Swaffield, M.N., Exptl. Mo1ecu1arPathology, 

.2., 443 (1966). 

Ed1in, G., Neuhard, J., J. Mol. Biol., 24, 225 (1967). 

Kammen, H.O., Hur1bert, R.B., Cancer Res., ~, 654 (1959). 

Reichard, P., Biochem. Biophys. Acta, lI, 434 (1958). 

Rose, I.A., Schweigert, B.S., J. Biol. Chem., ~, 635 (1953). 

Roberts, D.W.A., J. Biol. Chem., ~, 259 (1956). 

Wang" T.P., Sable, H.Z., Lampen, J.O., J. Biol. Chem., 1&i, 
17 (1950). 

Sugino, Y., Ann. Report, Inst. Virus Res., ~, 1 (1966). 

Okazaki, R., Kornberg, A., J. Biol. Chem., ~, 269 (1964). 

Ives, D .. H., Morse', P.A., Jr •• Potter, ,V.R.,J. BioL" Chem~" 

~, 1467(1963)~ 

Bresnick, E., Thompson, U.B •• , J. Biol. Chem., ~, 3967 (1965). 

Sonada, S., Kozai, Y." Kobayashi, S., Sugino, Y., 1966, in 

"Seminar on Metabolic Control", .Japim-USA Co-operative 

Science Program,by D.E.Atkinson and O. Hayashi 

(organizers) • 

Anderson, E. P., Brockman, R.W·., Biochim. Biophys. Acta, 2.1" 
380 (1964). 

204·. Kesse1,D., Hall, T.C., Wodinsky, I., Science, ill,1240 (1967) • 

. 205. Schmitz, R., Pot ter, V. R., Hur 1 bert, R. B., Cancer ORe s., li, 

206 .. 

58 (1954). 

Schmitz, H., Potter, V.R., Hurlbert, R.B., White, D.M., 

Cancer Res., li, 66 (1954). 



. 207. 

208. 

209. 

210. 

-l37-

Creaser, E.R., deLeon, R.P., Scholefield, P.G., Cancer Res., 

l2., 705 (1959). 

Fritzson, P., European, J. Biochem., 1, 12 (1967). 

Paterson, A.R.P~, Cano J. Biochem., 43, ~57 (1965). 

Gotto, A.M., Meikle, A.W., Touster, O., Biochim. Biophys. Acta,. 

. 80, 552 (1964). 

211. Bucher, N.L.R~~. Swaffi~ld,. M.N., Biochim. Biophys. Acta, lQ.ê., .... 
551 (1965) • 

212. Radjiolov,A.A., Venkov, P.V., Dolapchiev, L.B., Genchev, D.D., 

· Biochim~Biophys.Acta,lli, III (1967). 

213. Fei:nendegen, L.E., Bond,V.P., Painter, R.B., Exp. Cell Re~., 

22,' 381 (1961).' 

'214. scholefield,p.G~'-càn. J~;Biochem., 43, 977 (1965). 
. . 

. 2150. Morris, N.R., Fischer;G~A~·,Bioch~. BiC:>phys. Acta, 68, 84 (1963) • 

.'~ 21~> 
· " . ~ " .. 

Morris~ N.R., 'Reichard,' p.,Fischer~ G~A., Biochim. Biophys. Acta, 

· 68,93' (1963). 

217-. Reichél.rd,P., CanellakiS, Z.N., Canlülakis, E.S., Biochem • 

. Biophys •. Acta,' 41, 558 (1960)0 
· :'. . . . . . . 

218. Reichard, P.,Canellakis, Z.N., Canellakis, E.S., J. Biol. Chem., 

n§.., 2514(1961) •. ' ..... . 

219. . Davidson, J.N~, 1962~ in "The Molecular Basis of Neoplasia",. 
. . 

p •. 420~ University of Texas Press, Austin, Texas. 

220. Crane, M., Itzhaki, S. ,Biochim. Biophys. Acta, 95, 8 (1965). 

221. Tsuboi, K.K., Arch~ Bi~chem •. Biophys. §1, 445 (1959). 


