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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 adénine was
somewhat lower, while the specific activity of the ribose of

cytosine was about ten times lower than the above three.

It has been shown that the specific 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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CHAPTER I

INTRODUCTION

The recognition of the biological significance of

nucleic acids has led many investigators to study the way a

living organism goes about assemBiing 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 hydroxyl group on carbon-2 of deoxyribose and the

presence of thymine (5-methy1 uracil) instead of uracil in DNA.

Kornberg first demonstrated (1) that purine and pyrimidine nucleo-
side triphosphates are substrates for DNA synthesis. Many inves~-
tigators (2) have confirmed this and shown that the abové compounds
are also precursors for the formation of RNA, as illustrated in

schemes 1 and 2.

polymerase
(1) n(dTTP + 4dCTP + dGTP + dATP)

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

polymerase
(2) n(UTP + CTP + GTP + ATP)

Template DNA

RNA -~ (UMP-CMP-GMP-.AMP)n + 4(n) PPi
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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 éonverted to uridine-5'-phosphates (UMP, UDP, UTP) and was in-
corporated into RNA as UMP. The occurrence of the deoxyribonucleosidq:>v ;x:
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), cytidine w%7<.
. 2
diphosphate choline (CDPC), deoxycytidine diphosphate choline (dCDPC), e lbntr rna

. nef el

deoxythymidine diphosphate rhamnose (dTDPR) etc., which are the co- 4“+¢%L“&ﬂ%

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 gnd of RNA
in normal and neoplastic cells and to the regulatory functions of
various nucleotides as positive or negative effectors in nucleotide

biosynthesis.



‘1.1 Purine Biosynthesis de novo

The biosynthesis of purine nucleotide from small molecules
such as glycine, formate aspartic acid, glutamlne and carbon d10x1de has

been elucldated chlefly by the studles of Buchanan Greenberg and thelr

coworkers (9-15). The reaction sequence leadlng to the formatlon of 1no-5-fhs':‘

sinic acid (IMP) is illustrated brlefly in Flg.l.’ In the de novo pathway,~

IMP is built up stepwise on the first carbon of rlbosefs-phosphate.‘ Ih;ssﬁlft\h*

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 phosphorlbosylpyrophosphate (PRPP) by the donatlon 4;“h

of a pyrophosphate group by ATP to carbon one of rlbose 5~ phosphate through

the action of a kinase (17, 18). PRPP is the actxvated form-of rlbosea.:‘ﬁpfr-

phosphate which reacts with free purines and pyrlmldlnes to form nucleotldes e

directly. 1In the present reaction sequence, it‘comblnes w1th glutamlne
to form S5-phosphoribosylamine. The successive addition 0f.glyc1ne (1n‘the

~10 L e
presence of ATP) and of formate (from NS 1,-anhydnoformyltetrahydrofclic.'"

acid) yields formylglycinamide'ribotide."Reaction wiﬁh glutaﬁine produces o

formylglycinamidine ribotide, which is converted by_AlP to am1n01m1dazole:
ribotide., This compound then combines with 002 and with'the amino group-d
of aspartate to form 5-amino-4-imidazole-N-succinocarboxahide'ribotlde;,ffr
The succino-compound is cleaved to fumaric acid and S-amino-4-imidaaole-
carboxamide ribotide. The single carbon atom needed to complete uhe fing

is contrihuted by Nlo-formyltetrahydrofolic acid and the enzyme inosinicase

catalyses the removal of water, closing the ring to fork inosinic acid (IMP).



Glucose —— R_ibose-5-P —= PRPP

glutamine

. CO, Glutamine = Formaie \NH' Glycine -
RE | = S omon

Ribose -5-P

aspartic ac,l_d Glycinamide Ribotide -

S ' ‘ Oél"5-phospho?ibosylamine
HzN_ > Formate N7

N B
- . )
Rtbose -5- phoophaie Rlbose 5 Dth
R phcwo

" 5~amino-4-imidazole :
: carboxamide ribotide o o Inosinic Acid (IMP)

' FiG.l: Summary of. purine nucleotides blosynthe51s by the '

.de novo pathway.



Since the several precursors of purine nucleotides are usually present

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

1.2 Formation of Adenosine-5'-Phosphates and Guanosine-5'-Phosphates

from Inosine-5'-Phosphates

Organisms supplying their purine requirements through de novo
synthesis must convert IMP to AMP and GMP in order to provide nucleic
acid adenine and guanine. The formation of these two compounds was,
t?erefore, considered a part of the de novo 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 AMP. 1In
bone ﬁarrow, GMP is formed by the oxidation of inosinic¢ acid to xanthylic
acid (XMP) and amination to GMP (21). The aminating agent appears to be
NHZ 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, 25) and a reductive de%ﬁination of GMP to IMP has been des-

cribed in E.coli (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.2). The
pathways responsible for the biosynthesis of AMP and GMP, and for the
interconversion of these nucleotides consist of irreversible reactions
and pass through IMP. 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



XMP SAMP
aspartate
=3
GDP
; ) fumarate
™MP eTP
rd
~ATP 2 & ’
ADP¢
hypo-
4

xanthine

GMP @me PRPP . _____ & AMP

guanine adenine
\ll h4
GDP ADP
|
GTP ATP
FIG.2: Formation of adenosine-5'-phosphates and guanosine-5'-

phosphate from inosine-5'-phosphate and from preformed

bases, (======~~ ) inhibition.




nucleotides through feedback inhibitipn by the end products of these
reactions, GTP and ATP. Although most of the eﬁzymes 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 mammalian tissues.

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

Experiments with both normal-and malignant tissues from animals
have shown_that formate and glycine labelled with 140 are incorporated
into nucleic acid purines by the de novo route illustrated in Fig.l (28-
31). Of several tissues which have been studied, liver 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 cells (33) -

incorporate 14C-formate very gnefficiently

into purine nucleotides in vitro, although formate-14c is well incorporatea
into DNA thymine. Formate is used in the formation of the pyrimidine

nucleotides at the level of transformation of .d4UMP into thymidylic acid.

Thomson, Smellie and Davidson (34) and Harrington (35) reported
that addition of glucose to Ehrlich ascites cells greatly enhances the
incorporation of formate—lAC into purine nucleotides of the acid~soluble
and nucleic acid fractioms. However, in bone marrow, there was no effect
of glucose on formate-lac incorporation into purine nucleotides. Henderson
and LePage (36) and Herscovics and Johnstone (37) observed that maximum

incorporation of glycine and formate—14C into the purines of Ehrlich ascites



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
incorporation of glycine-2-14C, uracil-Z-IAC and adenine-8-14c into
the purine and pyrimidine nucleotides of various malignant tissues (38,
39). The requirements fér 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
two nitrogen atoms for nucleic acid édenine and of three atoms of

nitrogen for nucleic acid guanine.

Lajtha and Vane (43) found that the nucleic acid purines of
the bone marrow of rabbits receiving 14C-formate were highly labelled.
In hepatectomized animals, however, the utilization of formate—lQC for

synthesis of DNA purines was much lower in the bone marrow, although
he » 14 .
the rate of " ¢-formate incorporation into DNA thymine was not altered.

These workers concluded that the results seemed to indicate that in vivo

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

provides the tissues that have a low capacity for nucleotide synthesis

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

formed purine. The findings that most tissues can utilize 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-

ways" (40). These pathways have assumed special prominance in studies on



"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 éurine bases with PRPP. to form the corresponding nucleotides.
Kornberg.and coworkers (50, 51) have shown that there afe two

phosphoribosyl transferase énzymes‘(called pyrophosphorylases). one for

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

guanine and hypoxanthine to GMP and IMP, respectively (Fig.2).

The utilization of hést purines by a transplanted mouse tumor
was investigated by Henderson and LePage (52). Tumors of mice which
had been injected‘with adenine-8-14c three hours prior to transplan-
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 transpart of the host purine was probably mediated
by the erythrocytes of the mouse (53). Siegel (54) has measured the
incorporation of injected 14C-adenine into RNA ‘and DNA of sevefal tissues
of young mice. In rapidly metabolizing organs such as intestine, liver
and spleen, the RNA was more highly labelled than in.brain and caréass.
DNA synthesis, an indicator of mitotic activity, was similarly deter-~
mined and found to be high in the intestine and spleen but relatively
low in the carcass, brain and liver. In liver the radicactivity 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

n

tumor (55), human leukemic leucocytes (56) and rabbit and rat bone marrow
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- and spleen (55). The significance 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 purines derived from
other organs and of reutilizing intracellular purine derived from

the degradation of nucleic acids, nucleotides or nucleotide coenzymes.

1.4 de novo Synthesis of Pyrimidine Nucleotide

A. Synthesis of Uridine~5'~phosphate:

A sequence of enzyme reactions has now been discovered in
mammalian and in micfobial systems through which orotic acid is formed
from small molecules and thep transformed to UMP (Fig.3). The rela-
tionship of COZ’ NH3 and aspartic acid to orotic acid was obtained
mainly from in vivo (57, 58) and in vitro (59) isotope experiments.

In rat liver sliées 002 is specifically used as a source of carbon 2

of RNMA pyrimidine and orotic acid (60). Furthermore, it was found that
15N is introduced into orotic acid from ammonia and that tﬁe 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 COZ’ NH3 and ATP in liver and micro-~
organisms. Reichard (64, 65) was able to demonstrate that in mammalian
liver the overall formation of carbamylaspartate frpm C02, NH3 and

aspartate require 2 molecules of ATP and an N-acetylglutamate derivative.

The enzymic conversion of carbamyl aspartate to orotic acid was elucidated
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o] 0]
2ATP + NHy + COp,  ——> NH, - C - O - P — OH
acetylglutamate !
OH
carbamyl-phosphate
aspartic
acid
OH COOH
a \
N H NHZ CH2
J\ H @~ | l
HO -\ COOH O—C\ /CH—COOH
N NH
dihydroorotate
l carbamyl-~aspartate
A
OH OH
H 7
n? PRPP N
/l\\\ l /l\\\ ‘
HO XX COOH HO™ X\ COOH
N N
orotic acid 0 CHZOP
OH OH
orotodine-5'-phosphate
v
OH
N
HOJ\
N
]
O CH, OP
UumP
OH OH

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

animal cells.
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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 diaydroorotic acid and dihydroorotic dehydrogenase removes two hydrogen

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

The formation of orotic acid as described above represents the
actual de novo synthesis of the gyrimidine ring. There remains a series
of transformation by which orotic acid is built up to uridine nucleotides
to serve as building blocks for nuéleic acid synthesis. The work of
Hurlbert and Potter (68) and Weed and Wilson (69) showed extensive in- 9
corporation of orotic acid-6-14c into acid-soluble and RNA uridine nuc-
leotides and implicated uridine phosphates as products of orotic acidj
metabolism., It was the investigation of this problem that led Lieberman
and Kornberg (70) to discover PRPP and the pyrophosphorylase enzyme
reactions mentioned previously. They isolated two enzymes from yeast
(orotidine-5'-phosphate pyrophosphorylase and orotidylic decarboxylase)
and showed that the first enzyﬁe which catalyzes the reaction between
orotic acid.and PRPP to give orotidine-5'-phosphate is specific for orotic
acid; uracil, cytosine, adenine and dihydroorotic acid are not used as
substrates. The other enzyme catalyzes the decarboxylation of orotidine-
5'~-phosphate to UMP. The presence of these enzymes and their specificity

has been demonstrated in different mammalian tissues (71).

B. Synthesis of Cytidine Nucleotide: -

A connection between uridine and cytidine nucleotides was ob-

tained through the finding that injection of isotopic orotic acid into
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‘animals labelled both the RNA uracil and cytosine nucleotides (68, 69).

However, the uridine nucleotides of the acid-soluble fraction were

labelled 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 was found
to occur at the triphosphate level by a reaction dependent upon ammonia
and ATP. UMP, uridine or uracil did not serve as substrates for the
enzyme but UDP was converted to a cytidine derivative at half the reac-
tion rate obtained with UTP. It was 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 comnversion to
CTP. Kammen and Hurlbert (75) obtained evidence for conversion of
orotic-6-14C and uridine—S';phosphate—6-14c to cytidine nucleotide with

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

timal incorporation of these labelled precursors into cytidine nucleotides

was obtained after addition of ATP, GTP and glutamine to the incubation
medium. The experiments did not establish the nature of the acceptor

for the amino group from glutamine but the involvement of UTP was con-

sidered likely.

Recently, Long and Pardee (76) reported that the cytidine tri-
phosphaté synthetase in E.coli is capable of using glutamine or ammonia
as the ;ﬁino donor. The'enzymé has been purified 300 fold and shown to
require UTP as substrate, UDP was converted to cytidine nucleotide at

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

Animal Cells

Orotic acid serves as a precursor of uridine-5-phosphate in
animal and cancer cells (71, 77). However, of all mammalian orgéns
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 py;imidine
nucleotide requirement, do not contain carbamylphosphate synthetase,
although the other enzymes of the orotic pathway are present (80).
Hertzfeld et al, (81l) showed that noc significant amount of carbamyvl-
phosphate is transported by the blood, indicating that the liver cannot
supply this compound to extra-hepatic tissues. Hager and Jones (80)
have, however, in recent experiments demonstrated that 14C-bicarbonate
is inccrporated in vitro into carbon-2 of the uracil of the acid-
soluble fraction of Ehrlich ascites cells. When orotic acid was added
to the incubation medium a depression in the radioactivity of the uraeil
and an increase in the labelling of the carbamylaspartate were observed»
indicating that carbamylphosphate and orotic acid are probably inter- 1”
mediates in the biosynthesis of uridine nucleotides in these cancer
cells. Thé'ébove workers further observed that much lower concentrations
of L-glutamine than ammonia were required to effect maximal incorporation .-
of 14C-bicarbonate into the uracil of the nucleotide fraction of the
Ehrlich tumor cells. Mayfield et al. (82) working with Novikoff hepatome
also found maximal incorporation of 14C-bicarbonate into uracil of RNA

in the presence of L-glutamine. This has led to the supposition that
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zxtra-hepatic tissues probably contain a glutamine-dependent carbamyl-

phosphate synthetase (80). This type of enzyme activity has been found

wf

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

The ability of rapidly growing tissues, such as tumorz, Lo o=
corporate uracil and uridine into the nucleic acids has raised the pos-
sibility that in these cells the salvage pathways are of major signi-
ficance for pyrimidine nucleotide synthesis. Rutman et al. (72) have

. . . ..
hown that in vitro uracil-2-""C is incorporated to a greater eciutent

4]

ingo the liver RNA of rats treated with the carcinogen 2-acetylamino-
Zluorene, than into RMA of normal liver. Heidelberger et al. (85) havs:
. . . cq_o Lh I .
demonstrated a similar precursor role of uracil-2-"'C in rat intestinsl
mucosa and in the Flexmer-Jobling carcinoma. Experiments with uracil,
uridine and uridine-5'-phosphate have indicated that both the nucleoside
and the nucleotide are incorporated to a greater extent into the RNA oi

normal rat liver than is uraciL—Z—lQC (86). Liebman and Heidelbergex

have shown that the nucleotide undergoes dephosphorylationzprio;)to Lis L

entry into the cell.

Work by Fink et al, (88, 89), Rutman et ai. (90) and Canellakis
(92} indicated that uracil-2-146 incubated with rat liver siices was
rapidly catabolized with the formation of F5—andno acids and COz. Sub-~
sequent work on the isolated enzymes showed that uracil was degraded to

gs-alanine, CO. and ammonia via 4,5-dihydrouracil and ﬁg-ureidopropionic

2
acid. Despite the demonstrated reversibility of the enzymatic reactions

resulting in the conversion of uracil to }3 -alanine, it is generally

held that this pathway is used for the degradation of uracil not its



synthesis (93).

In contrast to previous studies, Canellakis (94) demonstrated
X s . . 14 ; v
that rat liver slices, incubated with uracil-2- C at high extracellular
concentrations, incorporated this compound into RNA as effectively as

uridine or orotic acid.

In subsequent study, he showed the presence of a uridine
shosphorylase and uridine kinase in rat liver which together defined a

pathway for the utilization of uracil by mammalian liver (95).

uridine
Uracil + Ribowse~l-phosphate > uridine -+ Pi
phosphorylase
uridine
Uridine + ATP ————> Unip ’
kinase

Paege and Schlenk (95) have isolated uridime phosphorylase from
i.coli and shown that uridine phosphorylase splits uridice but is inactive
rowords cytidine, thymidine or the purine nucleosides (adenosine, gua-
~csine, inosine). At physiological pH, nucleoside formation is the

Lavoured reaction.

Canecllakis also showed that uridine phosphorylase did not react
with ribose~-5-phosphate nor did rat liver contain any pyrophosphorylase
activity towards uracil. This enzyme catalyzes the formation of uridylic
acid from uracil and PRPP and has been shown in extracts of bacteria
(97). The isolation of the uridine di- and triphosphates was also reported
in this study. Canellakis concluded that the existence of two enzymic

pathways in the rat liver, one anabolic the other catzbolic, may constitute

part of a homeostatic mechanism governing the rate of RNA synthesis.
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Reichard and Skold (98) demonstrated the occurrence of uridine
éﬁosphorylase and uridine kinase in acetone powder extracts of Ehrlich
ascites cells. The extracts also possessed a very feeble uridine-5"'-
phosphate pyrophosphorylase activity capable of condemsing uracil with
PRPP.

Tn a study of alternate pathways for uridine nucleotide synthesis
from uracil, Reichard and Skold (99) showed that there was a considerable
increase in the activity of uridine phosphorylase and especially uridine
kinase in Ehrlich ascites cells and regenerating liver over that found
in either normal rat or mouse 1ive£. In addition, rapid incorporation
of uracil-2-14C into RNA was obtained t; the former two tissues whereas

/i
normal liver catabolized wracil to 14009 extensively. Skold (100) has

‘also found that uridine kinase increases first during liver regeneration.

In addition the specific activity of this enzyme is 10-20 times lowerx
{Lan the phosphorylase enzyme. The author (100) concluded that uridine
kinase was a rate limiting enzyme and that some degree of corralation
axist between the rate of proliferation of rapidly growing tissues, sucn
as regenerating liver and Ehrlich ascites carcinoma cells, and the ef-

ficiency of this alternate pathway.

tn 2 more detailed study on uridine kinase (101) the enzyme has
been purified 400 fold from the Ehrlich ascites cells. The enzyme re-
quires ATP and Mg+T for optimal activity. It can react with cytidine

and with 5 fluorouracil, a pyrimidine analogue which has found extensive

use in cancer chemotherapy. .
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. 1.6 Metabolic Stability of Polynucleotides

The work of Schoenheimer and his coworkers (102) supported
the concept that macromolecules and proteins undergo a continuous
process of synthesis aﬁd degradation. With respect to nucleic acids,
this view 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)
working with bacteria and animal cells demonstrated that there was no

2
3”JE-RNA after numerous periods of cell multipli-

significant loss of
cation. Watts and Harris (106) showed that loss of label from the
nucleic acids depended on the nature of the radioactive precursor used.
Tf cells were labelled with 32P-orthophosphate and then transferred to
medium containing unlabelled orthophosphate, there was no loss of ra-
diocactivity of RNA. However, cells labelled with adenine-l4c and trané-
ferred to medium containing unlabelled adenine showed an appreciablé
loss of radioactivity from the RNA. In studies carried out for 12-hour
periods, these authors found no evidence for renewal of DNA, but for

the RNA there was extensive renewal and this renewal was associated

with reutilisation of breakdown products.

Similarly, Hecht and Potter (107) studied the specific activities
of liver nuclear and cytoplasmic RNA as well as DNA at various times after
injection of orotic acid-6-lAC into rats which had been partially hepa-
teccromized 24 hours earlier. After 64 days, the specific activities of
the RNA's were very low, but the specific activity of DNA was still at a

high level. The results of Kihara, Amano and Sibatani (108) and of Swick,



~19-

"Koch and Handa (109) indicate that in the liver of young animals there

is also considerable renewal of RMA but not of DNA. Scott et al. (110,
111) studied the stability of nucleic acids in tumors. They labelled
Ehrlich ascites tumor cells with orotic acid-6—14C and adenine-8-14c
transplanted the cells into other mice and observed that the labelling

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

Rennet et al. (112) in studying adenine—l4c metabolism in
various tumors found a loss of label from the RNA but a decreased capacity
to degrade the breakdown products of nucleic acid and an increased ability
to 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 growing cells.

The conservation of RNA is associated with some return of the acid-soluble
precursors tc the biosynthetic pathway, whereas the DNA is metabolically
stable as long as the cell is viable. In resting cells or slowly dividing

cells, DNA is conserved and 1s metabolically inert but RNA is extensively

renewed.

1.7 TEnzymes Involved in the gynthesis and Breakdown of RNA

A. Synthesis:

The nucleotide sequences of most of the cellular RNA require
a directed biosynthesis and experiments carried out in many laboratories

have shown that most of the RNA in the cell is probably synthesized with

DNA as a template. Weiss 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 ﬁormation 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
RNA synthesis. Alkaline hydrolysis of the RNA formed in +his reaction
after incubation with @(-32E“phosphate in any one of the nucleoside
triphosphate precursors resulted in the liberation of 2'-3'" pucleoside
monophosphates that were all labelled. This indicated that the in-
corporated nucleotide residues were adjacent to all of the other three
nucleotides. Either native or single stranded DNA (phage ¢ X-174 DNA

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

the 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 with ATP as
substrate. TIts activity is dependent on a polynucleotide which appears
to contain an adenylate sequence. End group analysis of the newly formad
poly A has shown that all of the incorporated adenylate units are in

internucleotide linkages.

An enzyme or enzyme system has been partially purified from
the cytoplasm of rat liver and from E.coli (116, 117, 118), which in-

corporates AMP and CMP from ATP and CTP in the order of 2 CMP residues



" followed by one AMP residue into the terminal position of RNA. Hecht
et al, (119) have shown that the product formed is probably RNA-CCA.
Studies by Canellakis and Herbert (120), Hecht et al. (121), Harbers
and Heidelberger (122) and others (123-126) have shown that enzymes
exist in tissues that not only incorporate CMP and AMP, but also GuMP
and UMP to pre-ekisting RNA chains. Amino acid acceptor WA conte
the terminal nucleotide sequence 5CpCpA but the significance of Kin

terminated by other ntcleotide sequences 1s unknown.

5. DBreakdown:

Ture
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enzymes which arc capable of capolymerizing rivorucloic

acid are kaown. One is the polynucleotide phosphorylase firstc T30looec
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by Grunberg-Manago and Cchoa frem L.coli (127). This enzyme i: buo:ilwved
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Cohen cf o1, (128) obvserved chat rupidly labelled WA formed

R p:“, N
14
infected T.coli after a sulse ol urcceil-""C (defined as messern.or =
(129)) is converted to rivoruclecside-5"~diphosphates, whil. sihe “uls o

ribosomal RNA is lefr inte

[
¥}
(o]
.
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(RMhase I¥) which is an endonuciease igolated from ribosomes 0 B.coil Aﬂ””’ﬂ

vields nucleoside~3'-monophosphaces (13C). When released from the ..5%4-

somes it becomes active and actacks RMA Lo yield nucleoside-3'-phouspnates

via a 2'-3' cyclic phosphate intermediate (131, 132). According te
Laskowski (133) an enzyme that catalyzes the successive removal of mono-
nucleotides from an oligonucleotide in a stepwise manner is classified as

[=3e)

an exonuclease; an endonuclease catalyzes the hydrolysis of phosphodiester

bonds at many points within the chain.



The third enzyae is an exonuclease (RNAase I ) which has
~zen isolated from mouse leukemic cells (134), L.coli (135), Ehrlich
ascires carcincma cells and mouse liver (135). Sekiguchi and Cohen

,

{135) have shown that this enzyme <3 similer to polynucleotide phos-

ryiase in that it can degrede the rapidly labelled RNA in phage

o

n-

.coli but yields ~ibonucleotide-5'-phosphates. The properties

o0f this cnzyme are similar to those of snake venom phosphodicster ,ave
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The work of m invescigators (138-142) has demonst:

-z¢ proportion oI synthesized in the nucleus after a ¢

)

srecur«cr appears to Lo oroken down to acid-zolubl

is (l3:) and Lazavus {136) suggest that the presence of

he nucteus of mommalian tissues indl

he enzvme may be the principal ageat responsible for the breakdown of

_.5 FEnd-Product Inhibition

A living cell consist in large part of a concentrated mixture

hundreds of different enzymes, each of which is a highly effective
catalyst for one or more chemical reactions involving various components

of the cells. The paradox of intense and highly diverse chemical activity



on the one hand and delicately poised biochemical stability (biological
homeostasis) on the other is one of the most fundamental problems of
biology. 1In the normal cell there is obviously control of the tendency
to grow and to divide. The general concept that cancer might be the

result of loss of these controls has been considered by many workers (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
though the end-product bears no simple structural relation to the original
L voaactant. The first demonstratbion of metabolic regulation at the molecular
' level was discovered by Umbarger (144, 145) to operate in the sequence
leading from threonine to L-isoleucine. In these reactions, L—isoleucine,>
the end-product, strongly inhibited the activity of L-threonine deaminase,
wiich catalyzes the first reaction in which L-threonine is converted to
isoleucine.
" & case which has been particularly thoroughly studied is‘that
hibition of aspartate transcarbamylase, the first step in the
pathway of pyrimidiné synthesis (146). The inhibition of aspartate trans-
carbamylase is of considerable interest because of the dissimilarity
setween the structure of CTP, the inhibitor, and that of the substrate,

ate, with which it apparently competes. Gerhart and Pardee (147,

j—
!\
¢ 8]
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nted evidence that the inhibition of aspartate transcarbamylace

by CIP was not due to steric competition at the active site between the

substrate and the inhibitor, but that there must be at least two different,

mubually interacting types of sites., GComparison of the properties of

%ﬁ& this system with those of a number of other "regulatory enzymes'' (149-153)



-24-

.led to the definition of the concept of allosteric interaction (134).
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 which
characterize the biological activity of the protein are altered (e.g.

the Vmax’ the affinity of the substrate or even the specificity.).

Numerous other examples are now available (155) which suggest
+hat metabolic control in animal cells commonly involves regulation of
the affinity of an enzyme for its substrate, particularly when the en-
zyme catalyzes the first reaction of a metabolic sequence. In addition,
such chenges in affinity may alter the selective effectiveness with
which the enzyme competes with other enzymes%hat act on the same meta-
bolite., As a result, the partitioning of that metabolite among wvarious
alternative sequences may be precisely controlled without involving the

production of new metabolites or new enzyme activities.

1.9 OQualitative and Quantitative Differences between Normal and Nco-

plastic Cells

There has been numerous studies of the metabolism of normal



and cancer cells in the hope of finding some biochemical differences

of a qualitative or quantitative nature which may be exploited for
therapeutic purposes, In searches for such differences much attention
has been devoted to the study of the metabolism of nucleotides in vivo
and in vitro of normal and cancer cells. The reason for selecting

sucleotide metabolism stems largely from two considerations:

1) Nucleic acids are essential components of heritable
biological units such as genas and viruses, which are thought to be

a2+ the basis of the transformation of normal cells to cancer cells,

2) Compounds that are cffective anti~cancer agents olten
c-ert their effect on nucleic acid metabolism and are for the most part
structural analogues of the nucleotides that are used for nucleic acid
synthesis.

The results, however, from many studies have not been con-
clusive. To date, no qualizative differences have been found teiween
sormal and cancer cells. Studies with various labelled precursors of

purine and pyrimidine nucleotides have shown that these compounds are

(=

neorporated in the nucleic acids of tumor cells presumably by the

came

e’

athways as the normal cells. The isotopic compounds that have
been used to study nucleotide metabolism in normal and cancer cells

)

:ve been mainly formate labelled with ~ C, glycine, orotic acid, purine

)
13
!

15

e e . . - . 14 15,
bases and pyrimidine bases. and nucleosides labelled with ~ C and N.
This has léd to a great deal of information as to the quantitative dif-

ferences of the various pathways between normal and neoplastic cells.



nucleotides by only one pathway, as shown in Fig.4, these studies give

‘However, since each of these radioactive tracers is incorporated into

2

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

pathways for nucleotide syathesis in the neoplastic cell.

Studies carried out in this laboratory on the metabolism of

glucose in Lhrlich ascites tumor cells have shown that it is extensively

used for nucleotide and nuclelc

acid synthesis (38, 45 ). Since ribose-

synthesis of both purine and pyrimidine

significence of some of these alternate pathways in the Ehrlich ascites

carcinoma cells.,
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AMP
Z BTN
GP adenine
guanine
IMP . PRPP
e
orotic acid
glycine
formate
002
7/ OoMP
Glucose 5, Ribose - P04
Uracil Jd-
\4
Uridine ————————=> UMP
1
s
MP

Compounds that can funciion as precursors of the

nucleotides for nucleic acids.

Pointed arrow indicates that the level of

phosphorylation has not been taken into account.
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CHAPTER II

MATERTALS AND METHODS

2.1 Chemicals

A, Source of Chemicals

All common chemicals were of "Reagent grade' and were used
without further purification. All bases, nucleosides and nucleotides
were obrainad from Sigma Chemical Co., St.Louis, Missouri, U.S.A.
Actinomycin D was a gift from Dr. S.C. Sung, of the Unit of Cell Meta-
bolism, McGill University. Azaserine was obtained from Dr. H.B. Wood,
Jr., of the Cancer Chemotherapy National Service Center, National Insti-

tute of Health, Bethesda, U.S.:.

Snake venom phosphodiesterase was obtained at first from

Calhiochem, Los Angeles, Calif., later from Worthington Biochemical

Corp., Freehold, New Jersey. RiAase was a product of the above company.

. . — 1 14
The radioactive chemicals: glucose-U- 40, glucose=-1-""C,

. & 14 . . 14
gLycineﬂl-l'C, phenylalanine~1- }C, thymidlne-2—14C, adenine-8~""C,
/i
uracil-2- +C, cytosine-2—14c, uridine—2-14C, cytidine—2-14c, vare obtainea
32
(

from the Radiochemical Center, Amersham, England. P)~-orthophosphate

w7as obrained from Charles E. Frosst Co., Montreal.
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Norit activated charcoal, obtained from lisher Sciencific Lid.,

m

s purified by the following procedure (156). The charcoal was suspended



“in pyridine for 2-3 hours apd then washed with N HCl. It was boiled
for 30 minutes in HCljfiltered and washed with distilled water until
all the pyridine was removed and the filtrate was neutral. After
drying the charcoal was ready for use.

C. Preparation of Solutions . .

A1l solutions were made up with digﬁiiled water. Solutions
of organic compounds were stored at -20°c. Solutions containing labelled
compcunds were made up as stock soluiions without addition of carvier.
Tor the experiments, an aliquot of the stoék solution was diluted with a

solution of the corresponding non~radiocactive compound.

2.2 Maintenance of Tumer Cells

The Ehrlich ascites carcinoma was grown in Swiss white mice
1ing 20-25 grams. The tumor was transplanted into the peritonea:
cavity by injection of a suspension of cells usually obtained from the
£

ivst liquid tramsplantation. The first liquid transplantation was

routinely isolated from the subcutaneous solid tumor and stored in dry

(=0

C

@

(157). Tumors grown for 6-8 days in the animals were used for the

experiments.

2.3 Preparation of Tumor Cells

The animals were killed by cervical dislocation and the tumor
celis were removed from the peritoneal cavity with a Pasteur pipette.

N

The ascitic fluid containing the cells wus diluted to 12 ml with Ice cold
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‘isotonic saline and the suspension was centrifuged at 800 x g in an

Tnternational Cliniecal Centrifuge for 20 seconds. This procedure of

saline ’ : . The

cells were then centrifuged at 300 x g for 2 minutes to obtain the

were diluted with five times their

of dncubation medium for the experiments.

Cell-free Txtracts

The tumor cells obtained after washing with cold saline were
suspended in ice-cold tris buffer (0.21), pH 8.0 to give é 30% suspen-~
sion. This cell suspension was sonicated for 90 seconds in 30 second
bursts and kept on ice during sonicaiicd. The ruptured cells were then
centrifuged at 100,000 x g (40,000 rpm) in a Spinco Model L ultracentri-

fuge, Beckman rotor Ti 50, for 60 minutes. The supernatant was removec

carefully taking care to exciude the 1ipid layer floating at the surface.

2.5 Incubation Methods

Tncubation of ceall suspensions was carried out in calcium-freec
Krebs-Ringer solution containing 145 my NaCl, 5.8 mM KC1, 5.8 mM KH,PO
and 1.5 i }IgSO4 usually in a total volume of 3 ml. The pH was maintained

at 7.4 by phosphate buffer (10 mM). All incubations were carried out at




37°¢ in 25 ml Erlenmeyer flasks containing center wells. When glucose
was added to the reaction mixture 0.2 ml 20% KOH or Hyamine hydroxide
was added to the center well to trap the carbon dioxide evolved during
the oxidation of glucose. After Incubation, the flasks were rapidly

pur in crushed ice to sctop the reaction.

Tor the incubscicn of cell-free extracts the reaction medium

JRTSAFEN L

contained tris buffer pH 8.0, 60 mif phosphoglyceric zcid 17.8 =di AT?

5.7 mdi, Mg Cl,, dn o totul velume of 0.3 ml.

.6 Measurements o Ramadiozobivioy

Radivactivivy was determined using a series 2000 T-olaxd

Compuny Liguid sclnvil.ation counter. Portion: 20=0C000)

0f the rucleotide sclurions were counted in plastic ocr glass v I.ls con-

taining 10 ml volumes of a scincillaZion mixiure conslsting ol I.9

2,5-dishenloazole {¥2C), 50 mg 1,4 bis-2-(4 methyl-5-phen toamanslyl)-

2 2 e == ]

@Y, and 5 gy naphtélene in 1 iigre l:i:l Uy voll)

toluene:dioxane:ethanol.

in some experiments radioactive spolts cut out from chromatograms
were placed in counting vials containing 15 ml of scintillation fluid

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

/.7 Determination of the Radiocactivity Incorporated into the Acid-soluble,

RNA . DNA and Protein Tractions

The following separation procedures were employed.
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The incubation mixture was coaled and the cells plus media
+ransferred to centrifuge tubes containing 7 ml ice-cold Krebs-Ringer
solution. The mixture was centrifuged at 800 x g for 2 minutes. The
supernatant was discarded and the last drops removed with a Pasteur
pipette. Ssubsequently 3 ml 2.5% ice cold perchloric acid (PCA) was
added to precipitate the acid-insoluble components and to extract the
scid-soluble compounds. After standing with occasional stirring for
approximately 30 minutes, in a bath of crushed ice the mixture was
centrifuged for three minutes at 800 x g. The supernatant was kepr
for analysis of the acid-soluble nucleotides as described in the sec-

cion "Separation of the Nucleotides of the Acid-soluble Fraction”.

The PCA precipitate was washed with 5 ml cold 5% trichloro-
acecic acid (TCA). After centrifugation the lipids wexe extracted
from the residue by washing twice each with 5 ml 95% ethanol, gthanol-
chloroform (3:1 by vol.), ethanol-ether (1:1 by vol.) as described by
Wotchison et al. (158). The jpitial extraction with ethanol was carried
our in the cold in order to prevent loss of nucleic acid material Erom

the acid-wet residue (158).

The lipid-free residue was then washed once with 3 ml ether
or with 3 ml 2% cold PCA. Residues washed with ether were allowed to
srand ar room temperature for about one hour to evaporate the ether.
The air dried powder was suspended in 1.0 ml 0.3 N KOH and the RNA cx-
rracted according to the method of Schmidt and Thannhauser (159). When

rhe precipitate was washed with PCA the RNA was 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%c. After centrifugation in the cold at

3,000 rpm for 5 minutes the supernatant, containing the RNA fraction,
was decanted. The precipitate was suspended in 1.5 ml cold PCA for

30 minutés, centrifuged and the supernatant pooled with the first

acid extracts. This solution was heutralized with KOH and the KClGh
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 KClO4. 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 RNA‘was washed
twice with 5 ml cold 5% TCA to remove residual RNA. The DNA was then
removed from this precipitate by hydrolysis at 90°¢ fof 20~25 minutes
with 1.5 ml 5% TCA. The mixture was centrifuged and :he 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 mi 5% TCA and suspended in 0.2 ml Hyamine hydroxide for estimation of

radioactivity.
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2.8 1Isolation of RNA by the Phenol Method

When (32P)-orthophosphate was added to the medium the RNA
was extracted from the Ehrlich ascites cells with hot freshly distilled
phenol according to the technique of Scherrer and Darnell (161). The
tumor cells obtained after washing with cold saline were suspended in
6 ml 0.01 M acetate buffer containing sodium dodecyl sulfate, final
concentration 0.25 per cent,and polyvinyl sulfate, final concentration
0.05 par cent. An equal volume of hot (600) acetate~saturaied phenol
was t.2n mixed with this solution and shaken vigorously for 10 minutes
in a 60°C water bath. At the end of the extraction the temperature
of the solution was reduced to 4-5°¢ by rapid chilling in a -20°C ice
bath. The emulsion was broken by centrifugation at 20,000 x g (13,000
r.p.m,).in the rotor 870 of an International B-20 centrifuge for 5 mi-
nutes. The aqueous phase containing the RNA was removed and the ex-
tracgion repeated once more for 5 minutes with hot phenol. Afier
cenirifugation as described above the aqueous phase was removed. The
RNA was precipitated from‘the aqueous layer by the addition of 2 volumes of
cold ethanol overnight at.-looC. After centrifugation, in a PR-2
Tncernational centrifuge, the RNA was washed twice with cold ethanol and
dissolved in distilled water. This solution was made acid and the
precipitated RNA washed once more with ethanol. It was then dissolved

in 0.7 ml of distilled water.

2.9 Separation of the Nucleotides of the scid-Soluble Fraction

To separate the nucleotides of the acid-soluble 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 te absorb the
nugleotides. 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 Qas discarded and the
charcoal was 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 37°C for at least 1 hour. The mixture was decanted into
a tube and centﬁifuged.- 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 disfilled water. An aliquot of this solution
was removed for estimation of radioactivitf. Further separation of

the nucleotides was carried out by two dimensional paper chromatography.

2.11 Separation of Nucleotides from Nucleosides and Bases

14 ' 14
When labelled bases (uracil- ¢, adenine-lac, cytosine-  C)

were used as precursors, the incubation mixture was precipitated with

28]

ml cold 5% TCA. The acid soluble fraction was extracted 6 times with
3 ml portions of ether to remove TCA and the ffee bases and huc1¢osides

were separated from the nucleotides by extracting the mixture 5 to 6
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times with n-butanol saturated with water (45). This procedure
removes free bases and nucleosides but leaves the nucieotides in

the aqueous phase.

2,12 HydrOlysis of RWA and Nuclectides to the Bases

Hydrolysis of the nucleotides in the acid soluble fraction
and of RNA was carried out as described by Marshak and Vogel (162 ).
The nucleotides and RNA fractiom were dissolved in 0.1 ml 70% PCA
and the tubes placed in a boiling water bath for onk hour with
occasional stirring. After cooling the mixture was.ﬁilutcd co 1.6 ml
with distilled water, centrifuged, and decanted into'tubes containing
activated charcoal. The charccal was spun down, washed once witin
water and the bases eluted as descyibed previously., The eluate was
taken to dryness, the residue dissolved in 0.1 ml water and spotted
on paper. The individual purine and pyrimidine bases were then

separated by descending paper chromatography.

2.13 Hydrolysis of Nucleic Acids to Mononucleotides

A. Hydrolysis of DNA to Deoxynucleotide:

In order to hydrolyze DNA into individual deoxynucleotides,
the precipitates obtained after removal of the acid soluble fraction

4 ' =

* and RNA was dissolved with 1 ml 0.0l ¥ NH, OH (final pH, 7.0)XgCl,
(final concentration 0.01 }) and DNAase (about 0.1 mg) were added and

the solution incubated at 37°9Cc for about 6 hours. The pH was adjusted

toc 8.5 with 1 N NHAOH, snake venon Phosphodiesterase was addad (about
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2 unité/mg DNA) and the soiuﬁioﬁ_kept'at"37qc for another five hours.

At the end of the incub;;idn;-tﬁéléolﬁtion was made acid and kept in
ice for about 30 minutes to precipitaté proteins and undigested DNA.
This solution was centrifuged and the superngténﬁ'takeﬁ to dryness.
The residue was 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 RMA to 5'-mononucleotides:

The RNA obtained by the phenol extraction was hydrolyzed to
5'-mononucleotide by snzke venon phosphodiesterase. The RNA precipi-
tated in the cold by ethanol was dissolved in 0.7 ml H20, 0.3 ml
magnesium (final concentration 0.0l M) was added. fhe solution was
brought to pH 8.8 by addition of 2 ml Tris-acetate buffer (final con-
centration 0.05 M. The phosphodiesterase enzyme was then added
{0.3 mg) and the mixture incubated at 37°C. The pH of the solution
was meintained at pH 8.8 and after 15 hours, another 0.2 mg of enzyme
was added. After a total incubation time of 24 hours, the digestion
mixture was put in ice and the solution made acid.to precipitate
undigested RNA and enzyme protein. After centrifugation, the super-
,  natant was taken to drynéss, the residue dis§olved in 0,2 ml water

and the Sf—mononuc1eotides separated by paper electrophoresis.

2.14 Solvents for Paper Chromatography

~

" A. Separation of Acid~soluble Nucleotides:

Two dJdincnsional descending paper chromatography was carried



puf Lo separate the individual nucleotides of the acid-soluble

fracrion. The sample (100 ul) was spotted on a 18 x 24" sheet

-

of Whatman No. 3 MM paper. The paper was placed in a tank con-

A

taining isobutyric acid, concentrated NH, CH, water (57:4:30, by
vol.), (163) foxr about 20 hours. The paper was then allowed to

dry and placed in a second clhromatography tank containing isopro-

panol and HCl-water 130:33:37 by vol. (.164) for 24 hours.

B. Separation of Free Bases:
One dimensional descending paper chromatography of the
free purine and pyrimidine bases was performed in isopropanol~
HCl-water (130:33:37 by vol.) for 24 hours using Whatman No., 3 M

Daper,

2.15 Paper Zlectrcphoresis

High voltage paper electrophoresis was employed to separace
rhe RNA and DWA nucleotides. The Luffer chosen was ammonium acetate,
0.2 3 and pH 3.7. A paper strip, 25 cm wide cut from a 18 x 24
sheet of Whatman No. 3 MM, was sozked in the buffer solution and
blotted between two pieces oF chromatography papef and then placed
on an aluminium plate that was cooled by circulating tap water. hal
aliquot (50 pl) of the RNA or DNA sémples was streaked on a line about
8 em From one end of the paper with a 10 pl micropipette. The paper
was then éovered with a plastic sheet and compressed by & glass plate.

the ends of the paper strip were allowed to dip into the troughs




contdining the buffer solution. The power supply wés:adjusted to .
provide a constant voltage of 3,000.volts and an initial current =
density of 30-40 mA. The buffer solution was changed after every

second run.

2.16 Determination of Specific Activityv of the Nucleotides Eluted

from the Chromatograms

After separation of the nucleotides of the acid-soluble
fraction and of the nucleic acids the chromatography paper were
allowed to dry in air at room temwperature, The nucleotides were
located on the paper with the aid of a mineralight uifraviolet lamp
and marked with a pencil. The area corresponding to each nucleotide
wras then cut out and stapled on both sides to strips oi chromatography
paper. These papers were placed in 25 ém troughs and the nuclcotides
were eluted from the paper by descending chromatography with distilled
water or 0.05 N HCL. This method of elution gave very consistznt
results and recovered about 85-90% of the nuclecotide material spotted
on a disk of Whatmen No. 3 MM paper. 3 to 4 ml of the eluates were
coliected, the solutions taken to dryness and the residues dissolved
in 2 small amount of distilled water. To allow for ultravioclet ab-
sorbing substances in the paper, a blank equal inrarea to the spots
was cut out from each chromatography papér‘aﬁd eluted as described
zbove. |

Aliquots of the above elutions were removed for counting the

radioactivity. In order to estimate the concentration of each nucisortidg,
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'the:remaiﬁder of thé soiutions was transferred to qﬁartz cuvette

and the absorbance measured in 2 Beckmaﬁ DU spectrophotometer at

260 mu. The blank was used to adjust the instrument to zero absorbance
the molar extinction coefficient reported in Pabst catalogue No. OR-10

was used to estimate the concentracion,

The identity of each nucleotide was determined by comparing
the Rf values obtained after chromatography with maps prepared with
known compounds. The purity of each nucleotide was determined by
comparing the 250/260 and 280/260 ratio of the nucleotides isolated

with those compounds chromatographed under the same conditions.
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CHAPTER III

EVALUATION OF EXPERIMENTAL TECHNIQUES

The procedure of Schmidt and Thannhauser (159) has been
used by many workers for the extraction of nucleic acids from animal
tissues. The advantage of the method is its convenience for handling
small amounts of material and the relative simplicity in isolating
RNA a2nd DNA from the same sample. Several authors (165-167) however,
have indicated that the nucleic zcid fractions obtained by this

procedure are not pure and

& contaminated by protein. Since

clucose is incorporated into proteins as well as nucleic acids (38)
it was necessarv to insure thac radiocactive purity was obtained in
+h

he nucleic acid fracrions isolated afrer incubation of Ehrlich ascites

=

cells with labelled glucose.

3.1 Extraction of Nuclecic acids from Ehrlich Ascites Cells

The experiment reported in Table I was caxried out to test
whether extraction with 1.2 N cold PCA as described in Chepter II was
adequate for removing RNA and DNA from Ehrlich ascites cells. 1In
these experiments, the Schmidt-Thannhauser method was used as a re-~
ference becazuse satisfactory recovery of RNA and DNA can generally
be obtained by using alkaline digestion (186). The amount of RIA and
DA obtained by the PCA method is very similar to that obtained by the
Schmidt-Thannhauser procedure. In both procedures, RNA was estimated

by the orcinol reaction (168) and DNA by the diphenylamine method (169).
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Comparison of Schmidt-Thaﬁnhauééf'and-the'Perchlofié Acid Procedure

for Extraction of Nucleic Acids from Ehrlich Ascites Cells

} Nucleic Schmidt~Thannhausexr Perchloric acid
% acid method method

E

RNA 0.5 . . 87.0

% DNA 37.0 : 38.4

The lipid-free residue was suspended in cold PCA or
0.3 N KOH and the RNA and DNA extracted as described

in "Materials and Methods'.

The results are the mean data obtained from two experiments

and refer to pg nucleic/mg dry weight of cells.” '




o ‘ - 3,2 Incorporation of Phenylalanine-l—%éc

In order to test for rédioéctive contaminatidﬁ £rom .
procein in the RNA and DNA fractioné;,Ehrlich asciﬁgs cells were
incubated with carriex free phenylalanine-l-l4c. This radioac;ive
smino acid cannot label the nucleic acids but is a precursoerf
protein Table II shows the amount of radioactivity found
in the RNA, DNA and protein fractions obtained by the.Schmidt;
Thannheuser procedure and the PCA extraction method. It is seen
that by alkaline digestion of the acid insoluble residue, about 20 .ger cent
of the radioactivity incorporated from phenylalanine—l-l4C was £found
in the RWA fractiomn. NoO ra&ioactivity was found in the RNA fraction
obtained by the cold PCA extraction method. The DNA fraction obtained
after PCA extraction contained fewer counts (6-7 per cent) than the
DWA from the Schmidt-Thannhauéer method which contained‘about 18 fo
20 per cent of the total counts. During the course of these experi-
ments, it was observed that the extent of radioactive contamination
of the DNA fraction after extraction of RNA by the cold PCA, is‘de—.
pendent to some extent Lo the amount of stirring of tbé suspensioﬁ

) during extraction with hot TCA.. Vigoréué stirring,>howéver,’is_

ngqﬁired to recover 55790;per“¢ent pf'the DNA. .

3.3 _Incorporation of‘Thvmidine~2~1'C_

The results obtained thus far indicated that protein did

not contaminate the nucleic acid fractions obtained by cold PCA extraction.
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TABLE IT

Tncorporation of Phenvlalanine—l-léc into RNA, DNA and Protein

Fractions Obtained by Various Procedures

i Schmidt-Thannhauser Perchloric acid

. Fraction procedure procedure |
: Expt.l xpt.2 Expt.l Expt.2

f ' l
boRA 113 136 0 0

, DA 106 120 27 33

| Protein 355 386 500 636

cells were incubated for 60 minutes at 37°C in Krebs-Ringer

phosphate buffer as described in 'Materials and Methods", The

medium contained 0.02 uC phenylalanine-l—lAC (29,500 counts/min.)

and 5 mM glucose.

* The results are expressed as counts/min/mg dry weight of cells.
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‘In order to test £urthér-t “the purity of the RNA fraction obtained

by thls method' Ehrllch ascltes cells were incubated with carrier
free thymldlne—°-140, a spec1f1c and close precursor of DNA (171).
Table ITI demonstrates the amount of radioactivity found in RNA, DNA
and protein fractions. It is clear that no DNA breakdown occurs
during Lhe extraction of the RNA by the cold PCA. These results

were conflrmed by estimating the DNA content of the RNA fraction.

The vesults also show that about 10-15 per cemt of the thymidine-zéléc

incorporated into DNA remains in the protein fraction even after vi-
gorous -stirring during 25 minutes with hot TCA.

3.4 TWliectrophoretic Separation of Nucleotides

One objective was to measure the radioactivity incorpo-
rated from glucose into adenosine, guanosine, cytidine and uridine
nucleotides of RNA; It was, thérefore, neceésary to determine the
nature of the fragments obtained after digestilon of the RNA with
coid PCA. Tor this purpose, high voltage paper eleétrophoresis of
+he cold acid hydrolyzate was carried out with 0.1 M ammonium formate
buffer (172). The resulté, illustrated in Fig.S5, demonstrate the
presence of four separate ultraviolét absorbing bands migrating
towards the anode, This indlcates that ehtractlon of RVA by PCA re-
sults in the llberatlon of nucleotldes smnce nuc1Q031des or bases

would move towards the cathodco- The spots contalning the nUClGOLlLES

'vere eluted from the paper and 1dan1f1ed as UMP GMP AMP and CMP by

tbt methods descrlbed in Chapter II. In further experiments, 0.2 i

LA

17
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TABLE IIT

Obtained by Perchloric Acid Extraction

Fraction Expt.1 Expt.2
RNA 0 0
DNA 504 682

Protein 55 82

The experimental conditions were as described
for Table II. The medium contained 0.06 uC
thymidine~2~140. The results are expressed

in counts/min/mg dry weight of cells.

C into RNA, DNA and Protein Fractions




. FIG.5: e Separation of the'RNA'Nueieét@des by High Voltage.

7‘i-i$*f Paper Electrophoresis"‘ffhﬂﬁf .

‘ l7cr"n'

.":?foiffThe nucleotides were separated by electrophoresis for 2 5 hrs
' ;7 ffif”eat 3, 000 V as described in "Materials and Methods 4

"ﬁfi%f; These separations were carried out in 0.2 M ammonium acetate '
'_';hﬂifjﬂ;f(the pH of the buffer is indzcated in each frame) ~Uy Gy A, c
ERRS refer co uridylic guanylic adenylic cytidylic acids




"ammonlom scetate buffer was . cﬁoeeo-over“amﬁoo;om.formate-oecaose.5
Lhe amperage was - 51gn1£1cantly IOWer durlng the" seoaretlon thefeb&
decreaslno the heatlno'of thé paper during the electrophoreses._;o
‘IE Wes 1mportant to adjust the pH of the system very carefully to
pH 3.7 since CMP and AMP did not separate at lower Yaluee;epdilt.;

was difficult to separate GMP from UMP at higher values.

3.3 Time Course of Glucose Metabolism

vPreliminary experiments on glucose—{]—14C ineorporaEioﬂ.
into the acid-soluble nucleotides, RNA and DNA fractions of Ehrlich
ascites tumor cells were carried out.to determine optlmel COndlthﬂS'
for labelling these various fractions. The incorporation of glucose
into the various cellular fractions was measured at differeﬁt time-
intervals (Fig.6A). The incorporaéions in all_cases ihcreaeed-&urino
the two hours of incubation. To determine at what'PoiﬁE.exoGenous
glucose was being depleted from the cells, wlucose oxldetlon to- 1-A(202~
‘was measured throughout the course of the ekperiment (Fl 6B) \fter'

.an-initial 1ag the evolution of414002 from glucose was very rapld

and c0nt1nued llnearly for 2 hours., After thls tlme there was a raplo

14

Lall in the CO evolved w1th a suos;quent decxease in the labelllnt

of the nucleotlde and the nuclelc ac1d freotlons.' Thls rauld dlsap-

peﬁrance of vlucoee from the medlum 15 1n aoroement v1th reports o£
"fmuny other workers (38 173 175) that ¢1ucose 1s metabollaed very
rapidly to lactlc ac1d and 1400 in tumoL'cells.' In subsequent ex-~

periments the cells were incubated for less than 2 hours.
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3.6 Effect of Todoacétatre on Glucose—l—léc'MeEeBéiiehg:ff

Because the 1ncorporat10p of labelled Ochos° 1nto the
;_nuclelc ¢c1ds was relatlvely low an ateempt was made to Llnd con-l

"dlrlons under whlch the 1ncorporat10q of glucose 1nto nucleotldes

R and nucleic, a01ds mlcht be 1ncreased.* BaSEd on. the findlngs of

ELllS and Scholeflela (LS) that ;odoacetate (IAA) inhibits °1jcolyrls
o e‘greater ehtent than nucleoclde synthe51s ce11s uere incubated
"_w1;htglucose—lj14c 1n.the DIES:BCC of vurlous concentratlons of TAA.
At the end of thejiuéubation;’th “DO’ﬂt of radivactive carbon dioxids
ez.7 ved was estimated as well 2s the extent ef incorporation of
ucose 1nto 1ac£ic ac1d and acwd-SOTUble nucleotldes. Since CMO2
;.EVoIved from ¢1ucose~1* “C iz obtaincd malnlf via the hexose mono-~

osppate snunt (38) LEe resuliis pre ted in Table IV indicate that

”at'very low concentratlons ‘of Tai (0.005 mm)~there is no inhibition

”*:f'pf the hexose mononhosphate shunt whilae a 50% decrease in glycolysis

‘:Sulll obtalned as mcasu* d bj uhe_amount of lactate formed (176).



- Effect of Iodoacétété"éhiGlﬁéése-l—léc”bkidation and Incorporation

into Lactate and Acid Soluble Nucleotides

mamal
mumoles 6140 - wmpmoles lactate SAmetes labelled
Iodoacetate roduced /mz roduced/m glucose incorporated
mv P g P g into acid-soluble

dry wt.of cells dry wt.of eells t " 1eotides/mg dry |

weight of cells

retm o e e ]

{ 0.5 1.4 180 2.5
| 0.3 1640 175 2.5 |
| 0.01 - - 26.7 400 4.8
1 0.005 43.5 530 7.1
0.0 43.5 1080 6.8
'l . - i
|

Incubations were carried out as desecribed in Table II. The medium

contained 5 mM glucose-l-14c 1 pC) and further additicns as noted.

The time of incubation was 2 hours.




SUMMARY -613 CHAPTER I

The work presehted in thls Chapter has‘dealt malnly with
an QSleathn of two of the procedures avallable for extractlon of
nuclelc ac1ds from anlmal'tlssucs.f The Schmldt -Thannhauser procedure
for extractlon of RNA w1th aIkallne has.been widely used. From the
data given in this,Chapter and the evidence avallablc in the litexa-
ture it appears that radioactive centamination from protein degradation
products results_in very large contamination af both the RNA and DNA
fractions.

The other procedure used in this study was to carry out
acid digestion of the lipid-free residue under conditions which result
in RNA. hydrolysis to acid~soluble mononucleetides. Under these con~
ditions, essentially all the oreinol-reacting material is solubilized
and re-digestion of the precipitete obtained after removal of the RNA
hydrolyzate, failed to extract further any R¥A. The data in Tables II

and ITI shows that no release of protein.material'and DNA in acid~

.
n

soluble form is obtained after'higestion of_the acid-insoiuble residue .
. . SO o Lauﬁkyf

e AT pel
“/rvwvm4 oL 0-45)

with 1.2 N .hClO\*

It is also apparent from Tgble III that complete reﬂoval

.;hYOL D\A by extractlon w1th PCA at 90 C 1s not obtalned These rcsults'
”ffcdnrlrm the observatlon made by Hutchlson eL al (158). “It should be
“ffdemph351zed further that a 90 per cent recovery of D\A 1s obtalned only

i'by careful attentlon to the condltlons of e\tractlon.

The results in Table IV indicate that when glycolysis was
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diminished by iodoacetate no increase in the conversion of gluccse-

U-lAC to acid~soluble nucleotides ﬁas observed.

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

rumor cells the formation of FREP is independent of extracellular glucose

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

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

alucose is present.
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CHAPTER "IV

NUCLEOTIDE BIOSYNTHESIS FROM IABELLED. GLUCCSE

Studieé with laﬁellea adeniﬁé; orotic acid, formate
and giycine have demonstrated that glucose markedly stimulates the
incorporation of all four precursors into acid-soluble nucleotides
and nucleic acids (34, 36, 45). Experimengs in ghis laboratory (38)
have shown that glucose gives rise to pentose phosphate in Ehrlich’
ascites tumor cells.via the hexose monophosphate shunt and through
the transketolase-transaldolase enzyme system. The incorporation
of radiocactivity from labelled glucose into amino écids, 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 =———3> T.C.A.
N

zlucose > hexose phosphatef:;;phosphoglycerate

s phospheohydroxy=
e pyruvate
o o
" pentose phosphates - . .7 l
W
glycined—s serlna é—_——mﬂ——-—- ‘phospheserine
It follows that L-serine nd rrlyc:.ne may bc formod from glucose and
together with rlbose phosphate may bc ULlllZed for'Lhe'synthcsis of - .-
nuclcotldes by the reactlon sequ;nces deSCILULd in ChapLe1 I.. By
the recactions of glycolysis and &l ACl;rlQ acid cycle, clucoDe may 2150
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give riseto 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-
ective 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 fractionms.

.

4.1 Incérporation of Glucose-U-14C into Acid-Soluble Nucleotides

The specific radioactivities of the acid-soluble
nucleotides after glucose-UﬁlAC incorporation are shown in Table V.
The corrgsponding nucleoside triphosphates and diphosphates were
pooled after chromatography -since the amounts of both the guanosine
and uridine nucleotides were quite small. The monophosphates of
uridine and guaﬁosine were not detected and it was not possible to

obtain the specific activity of the cytidine hucleotides., This

nucleotide is present in small amounts in liver (180) and.under the present

in vitro conditions only the nucleotides which are present in rela~

tively high quantities will be detected. About 80 per cent of the
radioactivity recovered in the acid-soluble nucleotides was contained
in the adenosine nucleotides. 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 larger than
those of the guan081ne or urldlne di- and triphosphates. It is there-
fore not surpr151ng, 31ncé nuc1e031de monophosphates are usually lower

than the di~ and trlphophate derivatlves that uridine and guanosine
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“ 7 TABLE 'V

: e . %,
Specific Activities of Acid-Soluble Nucleotides after Glucose=U- C° "l

Tncorporation into Ehrlich Ascites Cells -

ATP2 + ADP g GTE -+ GDP ; UTP + UDP

Expi. Noe.

specific activity, counts/min x 1073/umole

R —

1 34.0 45.0 36.5

3%}
o
[
~J
a2
o
o
(O]
w
[SN]

The specific activity of glucose-U-14C added to the medium
was 4 x 105 counts/min/pmole. The cells were incubated for
90 minutes as described in Table II. Two incubation mixtures
were pooled before separation of the nucleotides by chroma=

togxaphy as described in '"Materials and Methods'. -
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";lthe acid-soluble fraction. The results 1n Table V also de:

’thaL hhu smaller guanosine and urldwne nuclﬂotldenpools re

‘hl her spe01£1c achvmty than th
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‘show that the specific activities of the guanosine nucleotides are

somewhat higher than those of the uridine or adenosine nucleotides.

The specific activity of the adenosine nucleotide was always the
1ower. This is probably explained by the fact that radioactive
adenine nucleotides is diluted by a much larger pool of endogenous

nucleotides than either radioactive guanine or uridine nucleotides.

L,? Tncorporation of Glucose—U—l4C into RNA and DNA Nucleotides

Results concerned with the labelling of the nucleotides of
RNA and DNA are shown in Table VI. Tt can be seen that in the RHA
the pattern of labelling of AMP, GMP and UMP is similar to that
found in the acid-soluble nucleotides in Table V. The specific ac-
tivity of GMP is the highest followed by UMP and then AMP. As showm
jn Table VI, the specific activity of CMP in RNA is only 166 counts/
min/pmole while that of UMP is about 2200 counts/min/pmole. This

finding was surprising because UTP is the immediate precursor of

~ CTP. In additionm, the results obtained in these’ experlments seem

to indicate that the labelling of each nucleotlde in RNA is a reF-

lection of the specific activity of the correspondlnc pucleotlde in '’

l’SInce the poolvof CTP 1s Lbu lowest of all fou'_nucleotlde p:ecuxso g

fof RAA it mlght be untlclpatpd thht 1Ls spec1f1c actxv1ty and theref

nonatratcd

monophosphates were not detected. The results presented in Table‘V'Hil




TABLE VI

Specific Activities and Nucleotide Composition of RNA and DHA

B A
After Tncubation of Ehrlich Ascites Cells with Glucose—U—lﬁc

AJ

f :
i Nucleotide;

gFraction | igiiiﬁiiiﬁiiiZizy ﬁolar Ratioli ~99- ;
§ Isolated [Tapt. 1 l Fxpt.? % Total ! AU i
‘ i
PRNA 0 AMP 1830 1520 18.6 1.75
§ * aMp 2830 2160 33.5 |
@ tMP 2220 2118 17.8 ?
§ cMP 166 167 30.1 |
%DNA GAMP 133 100 26.6 - 0.78 |
% demp 66 147 22.6 |
% dTMR 150 91 29.3 |
| aCHP 147 156 21.3 ’

The experimental conditions were as described in
Table V.
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also that of CMP in RNA would be higher or about'ﬁhg'sé'

& as’that -

of UMP. From the results obtained in the DNA nucleotidgs, it shduld. .

be noted that labelled glucose is incorporated to about_théisameﬂﬂ'f'”"

extent into all four deoxyribonucleotides. However, the radioactivity ./ v

incorporated into DNA was extremely low and did not allow for very

accurate measurements. Therefore, no further determinations were made’ 7

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 RNA and DNA obtained by the PCA procedure was,

therefore, checked very carefully to determine whether such a reaction

might be responsible for the low radiocactivity obtained in the cytiding'u
nucleotide. Table VI indicates that the RNA of Ehflich ascites cells
contains a high level of CMP and GMP. It is, therefore, unlikely that
loss of CMP occurred during the extraction of the RNA by the PCA pro-
cedures. It can be seen that the RNA and DNA have a nuclectide com-
position which is similar to that obtained by warious other workers

(see Table VII). Turcher attempts to explain the incorporation of

radioactivity from glucose—U—léc into CMP will be discussed in Chaptef’V.

14
4.3 Effect of Actinomvein D on Incorporation of Glucose-U- 4

Acid~Soluble Nucleotides and RNA

Cells contain enzymes which catalyze the incorporation of ‘i

nucleotides into polyribonuclectide chains or ‘their addition to pre- '

existing chains. It has been demonstrated that Aétinthcin D inhibits



@ : ~€0~

" Nucleotide Composiiion of XN4 and D¥A from Ehrlich Ascites Cells <0

znd Calf Thymus Reported bv Other Workers

¢
'

_Molar proportioms (% total) - i GG __.°

A l u(T) [ G C 5 AU

| . .
Fraction Tissue

PUIUERPIRIR JHF FUR R,

ROA Ehrlich S
ascites 13.4 19.9 33.3 28.4 1.62 -

noow 18.0 19.3 31.0 30.2 TG
Calf thymus 19.2 22,8 29.8 28.2 1. 58

DA Ehrlich B
ascites 27.7 29.3 20.9 22.1 0.75 .

The above data was taken from Hadjiolov et al. (181).. -

“ Taken from Harel et al. (182).




';faf{m01ety of the nucleotldes of RNA and their constituent bases._ In the.ﬂ’”i

ffPCA procedure“was separated: n two.

_Tthe nucleotxdes by electrophoresls
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'._DNA-dependent.RNA'Synthesis (183, 184) ' Recentustudies in cell~-free
..,Jextracts and Ehrllch asc1tes cells have shown that thlS compound in=
lwhhlblts RNA polymerase but not the pyrophosphorylase enzymes that erej

respon51ble for the term1na1 addltlon of nucleotldes on ex1st1ng RNA

chains (185, 186). Table VIII shows the effect of Act1nomyc1n D.oe:;gt:iff
the.incorporation of glucose-U-lac into ac1d7solub1E_nuqleqtl@e§ ?;éL;L:”
RNA. The results indicate thet glucose~U-lac incofpo?etioh;ihtoithet-
acid-soluble nucleotides is not affected by Actinomycin'D, bﬁttfurtherfff?g
incorporation into RNA is decreased from 319 to 35 couhts/min/mg'ory;;:;f,{
weight of cells. Hence, at least 90 per cent of the lahelied giﬁeose G
is incorporated into RNA as a result of net synthesis. Thesevfinéing'J”
are well in aceord with the results of Smellie et al. (31) ﬁhé note&:

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 Distributjion of Radioactivity in the RNA Nucleotides and Correspondin;

.
.

Bases

Since glucose can give rise to pentose phosphate and amlno

acids that are precursors of purinesand pyrlmldinesit was of 1nterest fa:H

'_to determine the extent of conversion of. glucose-U-léc into the rzbosem'

5f[exper1ments c1ted 1n Table:IX the RNA hydrolyzate obtalned by the

One allquot was used to separate'ff

Athe other'h' fhydrolyzed to free

'oitfﬁbases, as descrlbed 1n Materlals and Methods.1 In Expt 1 the purlne‘:”;.
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TABLE  VIII

Effect of Actinomycin D (10 ug) on Incorporation of Radioactivity from

Glucose-U-lAC into Acid-Soluble Nucleotides and RNA

Counts/min/mg dry weight cells

%Additions Acid—so%uble

: nucleotides

|
¥il 1062 319

‘Actinomycin D

i (10 pg) 1091 35

SRR The experimental conditions were as described in Table IL.
Cells were incubated for 15 minutes with actinomycin D

/)
then 5 mif glucose~U-1“C (1 uC) was added. The mixture was

"~ then incubated for 60 minutes.
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énd pyrimidiqe bases or nucleotides were pooled after their separation
in order to obtain sufficient radioactivity in the bases. It may be
seen that only 4.6 and 6.7 per cent of the total radicactivity is in-
corporated into the purine and pyrimidine bases, respectively. It is
interesting to note that although labelling in the bases is low, Ehrlich
ascites cells can synthesize purine and pyrimidine bases from slucose.
These result are in agreement with those of Hager et al. (80) and in~
dicate that these tﬁmor cells do have the ability to synthesize the
pyrimidine nucleotide by the de novo pathway. In Expt.2, radiocactivity
incorporated into each nucleotide of RNA and into the constituent base
was determined. The percentage of radioactivity from glucose—U-léc
incorporated into the adenine moiety is 4.9 per cent while that in
guanine is only 1 per cent. The specific activity for CMP is again

seen to be much lower than any of the othér three nucleotides of RUA.
The per cent radiocactivity incorporated into the bases of the pyrimidine

nucleotides is 2.6 and 6.8 per cent for uracil and cytosine, respecitively.

. 1 . - .
4.5 Tffect of L-Glutamine on Glucose-~U- 40 Incorporation Into Acid-

Soluble Nucleotides and RWA

The fact that little radicactivity was found in the bases
of the nucleotides could be dua to a number of factors, The most obvious
that Ebrlich ascites contain very little free glutamine (40, 41). The
dependence on glutamine to provide {he)nitrogen atoms for the de novo
syathesis in these tumor cclls for bo:th purine and pyrimidine bases

was discussed in Chepter 1. On addition of glucose a three-fold incresse



Y

TABLE IX

Distribution of Radioactivity in the RNA Nucleotides in the Purine and

Pyrimidine Bases of the Nucleotides

g ot Counts/min/pmole Percent

: wgp : Specific Activity of | Specific Activity of Incorporated

PR | the Nucleotides the Bases in Base !
I

: i a =~ A. i i

: 1 Adenyl%c n@ 2 700 den%ne 125 &6

: Guanylic acid : Guanine

E Uridylic and Uracil : -

: 1 . ;

f Cytidylic acid ,200 Cytosine 80 6.7

L2 Adenylic acid 13,034 Adenine 634 4.9 :

1 13

i Guanylic acid 15,353 Guanine 155 1.0 :

§ Uridylic acid 22,021  Uracil 570 2.6 }

{ Cytidylic scid 1,590  Cytosine 108 6.8 :

The experimental conditions were as described in Table V. The
o s - 14 , i
specific activity of glucose-U~" C added to the medium in Txpt.l

[ ~
and 2 were & x 10”7 and 1 x 10° counts/min/pmole, respectively.

Specific activity of Base 2
= 2 = x 10

Specific activity of nucleotide




if,°f glucose~U~14G into‘the:.ci

‘in the concentration of glutamate is obtained in Ehrlich ascites cells. -

(37) and this compound in thé:presence of ATP, ammonia and the enzyme,
glutamine synthetase, can give rise to L-glutamine. Little is known
aboﬁt this reaction in Ehrlich ascites tumor cells but low levels of
glutamine synthetase activity in tumor have been reported (187) which

suggests a decreased ability of. tumor to convert glutamate te glutamine.

In view of tﬁese observations on the metabolism of glutamine
and the known requirement fdr 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 labelle&
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 into the purine nucleo-
tides (36, 37). The optimum concentration of glutamine is™1 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.

4,6. Effect of L-Glutamine on Glucose~U§1AC'Incorporation into Aéid-

.Soluble and RNA Nucleotides

Since as shown above’L~g1utam1ue increased the 1ncorporation1; C

nd'RNA fraction it Was decided

'to investlgate'whether,thls amino acid - stimulated de novo 'synthesis:_f‘:



Counis/mln xlds_'per mg dry weight of cells

FIG.7: :Effect of L-Glutamine on G1ucose-U-14C

'Incorporation into Acid-Soluble Nucleotides ‘

"~ _and BNA

n
o
Vo

o
L)




of both purine and pyrimidine nuclcotides. The results in Table X

e}
_i_\

~ show that L-OIuLamlne stimulates the 1ncorporatlon of oluco<e b—~'C
1nto the purlne nﬁcleolees but.noL 1nto the pyrlmldlné’nuc7 otidéé
of the acid-solublé‘fractlon; ,Lhe sﬁlmulatlon éf 1ncor§§r;;i$% ﬂguol
adenine nucleotldes belng 100 per cent and ln the cruan:me nLc1aoL1ae
only 10 per cent. The resulLs in Table \L 'show the_incorporét1§n‘
of glucose—U-lac 1nto the various nucleotldes éf RuA anaﬂtnulr‘-
constituent bases. In the presence of L~glutamine the per-ce t‘£aéiqéﬂ-
activity incorporated in the adenine, 5.1 pér'cent, aﬁ& guanine;”i;4 ‘
per cent has remained the same as in the control, which contained no
glutamine. This indicates that L-glutamine effected net synthesisf
of new adenine and guanine nucleotides from glucose. These :esults:
indicate, also, that the interconversion reactions of AMP to GiP via
TP is probably not of great significance in these in v1Lro co'qi ions
gince the spec1£1c accivity of the adenine nucleotldes of ¢ Te'aéid-
soluble fraction can be 1ﬂc13ased to a much greater \xtent thahAlhb 

specific activity of the guanine hucleotides. ThlS ‘111 ba’ suLs‘ antiated -

further in Chapter v. ..

) ‘ . v ‘ 145‘. ____‘_ IR
L.7  Ef leCL O Var:ous COWUOFQdS on Glucoo -U C Tncorporztion in&o -

L Acid~ Soluole Nucleotidcu__':} -

'It segmud OL in ras t Lo dctermmne vhe;her any oc er'ngcleo‘
cursor. might limit thé'tat o£ de- novo synthe51s OL nucl eotid es in these

in vitro coénditions. To test this p0551b111Ly the eff of gl

. v 14 . . .
- formate, L-serine, L-aspartate on glucose~U~-" € incorporatiin =ntoc



TABLE X

14 : ‘ o
Effect of L~Glutamine on Glucosc-U~"C Tncorporation Into Acid-Solublie

Nucleotides

Specific Activity i
counts/min x 1073 /umole i

Glutamine added

ATP + ADP | GTP + GDP | ULP + UDP | -
Lowdl 56 145 169
b1 107 159 171 |

The experimental conditions were those described Expt. 2

in Table IX.




TABLE XTI

s : 14 ' .
s~ Effect of L-Glutamine on Glucose-U~" 'C Tncorporation in RNA Nucleotides-

and Bases of These Nucleotides

: Counts/min/umole Percenc

+ Addditions Incorporated

: Sp.ac.of nucleotidesl Sp.ac. of bases in base :

PoNil AMP 13,034 Adenine 634 .9

i GMP 15, 353 Guanine 155 1.0

P 22,021 Uracil 570 2.6 ¥

. QP 1,590 Cytosine 108 . 6.8

! ;

; L-Glutamine AMP 27,300 Adenine 1400 5.1 1

1 |

N GMP 17,400 Guanine 240 1.4
UMP 22,200 Uracil - 640 2.9 |

cMP 1,500 Cytosine 130 8.3

The experimental conditions were as described in Table X.




-70~

. acid-soluble nucleotides was studied. It is evident from the

results 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 with
L-glutamine, some decrease in the labelling of the nucleotides

is observed after addition of the amino acids to the incubuation
mixture. Since glutamine increases de novo synthesis this small
decrease in the labelling is probably due to dilution of the

. . . . 1
radiocactive amino acids formed from glucose -U- 4C.

4.8 TLffeet of Azaserine on de novo and Salvage Pathways

Two pathways are known by which nucleotides are synthesized
‘ i~
in tumor cells. One is de novo synthesis and results from the uti-
1ization of small molecules. The other pathway results frow the use
of preformed bases or nucleosides. The data on the distribution of

radioactivity in the nucleotides of RWA and corresponding basag,

shoved that approximately 90 per cent of the labelling was found in

the ribose moiety of the purine and pyrimidine nucleotides. This

was true cven when L-glutamine was added to the incubation flask to

-

upp Tement the endogenous amino group donor. The dlffercﬂccs din

‘*llgbelllnﬂ betwben the rlbose 1 d the. bases are due partly to dl;

Slute the L

7£erences beLwcc1 Lhe SLdeS of Lhe endo"cnous‘pools wblch d

newly formed radioactive molcculcs. lhe dependence of Ehr_-ch agcites



TABLE XII

Effect of Glyecine, TFormate, L-Serine, L~Glutzmine, and L-Acpariic

Acid on Glucose-U-lqc Tncorporation Into Acid~Soluble Nucleotides

Additions Counts/min/mg
1 mM { dry weight of cells

Nil 991

i Glycine 599
Formate 871
L~Serine Q946
L~-Glutamine 1847
L-Glutamine -+
Glycine + Formate 1759
L-Glutamine -+
Glycine + Formate ~+
L-Aspartate 1681

The experimental condibions were as described

in Tig. 7.




e¢lls upon an excgenous ribose source for nucleotide cynt .i;
has been demonstrated and indicatés that very small aﬁounts of
ribose phosphate are present in these cells while high levels of
the amino acids, glycine, serine, aspartate have in general been
found in tumor cells (186). It was of interest, therzfore, *o

discover whether the low radiodctivity in the bases reflected low

de novo synthesis of both purine and pyrimidine nucleotides and

to determine the amount of ribose utilized by.this pathway in

contrast to the salvage pathways.

Azaserine (O-diozoacetyl-L-serine) is an antimetcbolite
which inhibits de novo synthesis of purines and pyrimidines by
acting as an analogue of glutamine (188). It was found to

. . 1 . . .
the incorporation of C-labelled glycine and formate into purines

(189, 190) and the incorporation of radiocactive CO, into carbon-2

of the uracil in Ehrlich asciites cells (80). Preliminary euperiments

were conducted to determine the effect of azaserine on de mov) and

sclvage pathways in these in »:itro conditioans. The data in Table EIIX
. . . . 14 . 4. . ..
indicate that adenine-8-""C and uracil-2-" C incorporaition into acid
soluble uucleotides or nucleic acid is noc affected by azaserine whil

. . . 4 .
de novo synthesis of purine, as measured by glycine-2-""C incorpora

Lo

into nucleic acid, is inhibitad by 85 per cent.

II

e . - e L& . .
4.9 TRifect of Azaserine cn Glucorso-U=~" C Incorporation into RLA

[aeRy.Y

The data in Teble XIV shows the effect of azaserina on

Lomiite

_ 14 . . . ;
zlucose~U~" C incorporation into R¥A nucleotides. In the presence oL
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TABLE XIII

. - , 14 \ 1 . 14 -
The Effects of Azaserine on Glvecine~l~" "C.. Adenine-8- 40 and Urac11—2~L C

Tncorporation Into Acid-~Soluble Nucleotides and RNA

) ] Counts/min/mg dry weight of cells
aAdditions | Acid~soluble nucleotide i RiA
Adenine-14C 6,320 520

i ¢
Adenine—lPC +
Azasaerine 6,269 528
/
Uracil-l+C 2,430 793
Uracil-l4C +
Azaserine . 2,381 755
% Glycine—l4c - 339
? Glycine—léc +
| Azaserine - ' 61

The experimental conditions were as described in Table II.

. 14
The incubation medium contained 0.3 mM adenine-8-"'C (0.5 uC),
14 - ‘

. . S N .
vracil-2-""C (0.5 uC), glycine~-i-"C (2.5 uC) and 1.5 ug Azaserine

2s noted, -




Effect of Azaserine on Glucose-(-

"C_Incorporation Into RNA in the

Presence and Absence of L-Glutsmine

Specific Activity,counts/min/umole

i Additions ,

P UiMP | cMP ; GMP | AMP

§

i Nil 3490 290 3480 2120

i

' Azaserine 3660 330 3540 2300

. Glutamine 4430 450 4170 4800
é Glutamine -+ ;
i Azaserine 3780 380 3100 2010 i

The experimental conditions were as described in Table V..

ircubation medium contained 1 mM glutamine and 1.5 ug Azascrine

as noted.

The



azéseriﬂe the speéifié aéti&gtiég;of‘éliifgur nuci¢oﬁiaés-;ﬁfRHA:
are the same as that of t;AICOﬂuvo' Thé ré;ults alco demonstrate
that the increase in the specific activities of the nucleotides ob-
ined by the addition of L-glutamine is inhibited by the preéeﬁce
of azaserine. It 1s interesting o note that in these experiments

. - - 4 4 . . .
L-glutamine was found to stimulzta glucose-U~" C incorporation into

ryrimidine nuclectides, which decreased after the addition of

ja]

zaserine.

.

_ssuning that azaserine inhibits in these in vitro conditions the

de nove pathways of both purine and pyrimidine nucleotides, it may be
concluded that almost all of radicactive ribose-phosphate derived

c e ..

from glucesa~-U-~" C is incorporated into the various nucleotides of

R¥A by utilization of the salvaze pathways.

;- N X . . - . .14 ,
4.10 Effe of Azascrine and L-Clutamine on Glucose-U-" ¢ Incorpeoratics

into LFA Nucleotides of Ehrlich Cells Tncubated in Ascic-iec Pluid

Since it was desired to relate ithe observed utilization of
zlucose for nucleotide synthesis by the various pathways to possible:. :';
 physiological significance it was important to determine the effcct;
of L-glutamine uud azs serine on the incorporation of glucose in EJ 14;ﬁ 

calls incubated in their_ascitic Fluid,

1

(31 42) foupd

ne nucl o id es, Ju ritro Vf

in the inéubation‘madium.-‘

-

srobably recelve a continuous sunnlg of c1ucosc to )rovide the ribose-
s S Rl
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' “phosphate for de_novo synthesis. The results in Table XV indicate
%, o .
thzt the amount of glucose-U-" C incorporated into the nucleotides

' \\;" of RNA by the de novo pathways, in the sbsence of added L~glutamine,

is as previously shown very small.
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" TADLE XV

o o : . N ) .
Lffeet of Azaserine and L-Glutamine on Glucose-U—1+C Incorporation

Tnfo BNA NWucleotides of Ehrlich Cells Incubated in Ascitic Fluid.

Specific Activity, counts/min/umole

L e | : :

E dditions [ wip I odp | e RS
%

i _ - -

- wil 4190 320 3330 2740
!

. Azaserine 3670 350 3400 2030
. L-Glutemine 5170 810 4640 4850
% L-Glutamine +

| szaserine 4870 440 2540 3340

The experimental conditions were as described in Table XIV.
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SUMMARY OF CHAPTER IV

G1ucbse-U-14C is readily 1ncorporated into adenine, guan1ne,1e

and urldlne nucleotldes of the acld-soluble fractlon. Radloact1v1ty was

.‘also 1ncorporated 1nto the pur1ne and pyr1m1d1ne nucleotldes of RNA and
. DnA. The speclflc radloactrv1ty of CMP of RNA was about 10 times lower

~ than the spec1f1c actrv1ty of the other 3 nucleotldes of RNA In addltlon

the radloactxv1ty 1ncorporateu into DNA nucleotides'was;low;.'

The incorpofation of giucose*U-lAC into RNA is’ 1nh1b1ted 90

per cent by the additlon of Actlnomycln D to the 1ncubatlon medlum.

The radiocactivity incorporated into the various nucleotides
of RNMA is found mainly in the'ribose moiety of the purine and pyrimidine

nucleotides.

The addition of L-glﬁtamine, at a concentration of 1 mM doubles
the incorporation of glucose-U-14C‘into the adenine nucleotides of the
acid-soluble and RNA fractions and increases the .labelling in the guaniﬁe

nucleotides by about 10 per cent. In some cases, glutamine also stimulates

the incorporation of glucoée-U-lhc into pyrimidine nucleotides of RNA.

Addition of azaserine, an inhibitor of de novo synthesis of -

purine and pyrimidine nucleotides did not affect the radiocactivity in-

'corporated into the purine and pyrimidine nucleotides from 14C-glucose.

However, in the incubation mixture incubated with L-glutamine, azaserine

inhibited'the'inereased,labelling obtained‘by'the‘eddition‘of L-glutamine.



- . ‘ - These stﬁdies'ihdicate; that in the absence of exogenous
L~glutamine, almost all of the labelled ribose-phosphate obtained from

1 . ) : . RN AT
glucose-U-~ 4C is converted to the purine and pyrimidine nucleotides in

Ehrlich ascites cell in vitro by tiilization of preformed bases.
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CHAPTER V

TNCORPORATION OF VARIOUS IABELLED PRECURSORS INTO ACIﬁ-SOL*BLE:AND :fAF

RNA NUCLEOTIDES

The results described have shown that when labelled
glucose is incubated with Ehrlich ascites cells in vitro it givés
rise to radioactive ribose phosphate, an intermediate of the-
purine and pyrimidine nucleotides which are incorpofated‘into RNAf.
The experiments demonstrated that the specific activity of fibose
in CMP of RA was one tenth that of GMP, AMP or UMP. Attempts to
determine whether cytidine nucleotides were poorly labelled in the
scid~soluble fraction were unsuccessful, since the level of cytiéiné';
nucleotides was always too low to be determined. - However, the
manner in which radioactive ribosé phosphate is incorp§ratédvinto
the CMP of RWA could be dependantbon one or several of.fhe following

factoxs.

1. The ra&ioaétive'cytiding riucleotides formad’in?the;<j
'cytopigsm méy miX}ﬁléwlj?wiﬁh the pbol of éytidiﬂé nué1¢§“i§es_aﬁ
the site of'RNA‘synthesié in the.nﬁcléus,.e.g. thgré may be'éepgrata
and specific nucledtide pools iﬁ the cftoflasm aﬁd.the nuclcus or

there may be enzyme bound nuclcotides and free nucleotides (191).

2. Under these in vitro conditions radioactive CLF may

not bz used as extensively for RNA synthesis as are the other three

nucleoside triphosphates.
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3. The results presented in the previous chapter in-

d1cate that labelling 1n the AMP, GMP and UMP of RMA is a ref-

}1ect1on of the speciflc actrv1ty of the correspondlng nucleotides

in. the acld-soluble fractlon. Thus 1f the rate of formatlon of

lradloactrve cytldlne nucleotldes was much 1ower or 1f it was ‘di-

luted to a. greater extent than the above three nucleotldes the C

'speciflc actlvrty of th1s nucleotlde would be 1ower 1n the acld- '

' soluble"fraction and,therefore‘;n.RNAf

To 1nvest1gate these varlous POSSlbllltleS hr11ch

asc1tes cells were 1ncubated w1th varlous labelled precursors andu-w

, the 1abe111ng pattern of the dlfferent nucleotldes of RNA.was stud1ed.~_.f

Vments ‘on the uptake of 14 from 1abe11ed glucose there mlght benw
=-radloactrv1ty An RNA nucleotldes after labelllng the cells Wlth

_ tldes 1n the ac1d-solub1e fractlon of B c011 are 51ml1ar (181 192)

_.5.11 Distribution of 32? After Hydrolysis of Lahelled'RNA::T

“In order to test the pos31b111ty that in’ these experr-ffJ' R

"a lrmlted 1ncorporat10n of radloactrve cytldlne nucleotldes 1ntoff. '

RNA experlments were carrled out to determlne the dlstrlbutlon of:ﬁ

32P-orthophosphate.. It has been shown that after 32P 1ncorporat10ng_‘

»fthe speclflc actrvltles of urldlne cyt1d1ne and guan051ne nucleo e

free- nucleotldes in the cell have a. phosphate group on the 5‘
p051tlon of the r1bose the labelllng in the 5'-mononucleot1des of
RNA by 32 P w1ll reflect the amount of each nucleotlde precursor 1n- ;fff'

corporated into RNA After 1ncubatlon of cells w1th 32P-orthophosphate




-reflects the specific activity of these nucleotides in the

the RNA was isolated by the phenol cxtractlon ploccdule “and then
hydrolyzed by snake venom phosphodiesterasé to nuclcoside-Sf—
monophosphates, as described in Materials and Methods. .The data

in Table XVI demonstrate that the”spécific'activities of C4P and
UMP are quite similarf The césulﬁsﬁ'tﬁéréfdré"rule cut the”bbs; ’
sibility thac cytldlne nucleotldcs are not avallable at the 51Le‘

of RNA synthe51s or thac a 11m1ced amount of cyt031ne nuclcoLWdcs

cccused Lhe low spec1£1c achv1ty of cytldyllc ac1d in RNA ciccr”

1aoc111ug w1th rrlucos‘_-b--" C._dit:ié.lﬂterestlnc to note that in
?xpt.l,-the specific actiVity'offGMP is &, 300 counts/mln/umole

RKA.

2nd only one third that of the other i three nucleotides of RI

Similar.reéults,havecBeen“obtained'in,a previous study (181).

owever, in Expf.z thc'specific activity of'GMP is 11,810 counts/

mln/umolc and is of ‘the same order of magnitude as the specific

activity of AMP, UMP and _CMP.

(3R

e o mmnt .. L. ’ 14
5.2 TRffect of Purince and Pyrimidine Bases on Glucosc-U-~ € Incornoratl

Into Acid-~Soluble and RI¥A Nucleotides

7:Ihé'results'obtained-aboVé_indicate’that,the d15t*|buticn

KOl

2 - : 14, .o .
of radiodetivity from glucose-U-"'C into 11 four nucleotldcs of RNA

"J

cid-

: solublé’fraétion. ‘In Chapter IV it was demonstrated tLat “esgenpially

-1
\

all ploy radvoch1Vc rch°=—pno«0the £01mcd flom gTucosc U TC was

1rza

‘Laco*p01uted 1nto parwnc qnd d'rlmcdlnc nuclcotldes by ut:L1 v"flcﬁ'OE_”‘

préformed bases.ﬂ<Thus, the specific act1v1ty of ‘cach nucleotide in



TABLE XVI

Distribution of P ~Orthophosphate Into RNA Nucleotides

Specific Activity counts/min/mmole :

Nucleotide ! - -
| Expt. 1 | Expt. 2 i
!
51 =a3P 12,090 15,280 |
5% -GMP 4,330 11,810 |
5 -UMP \ 12,030 15,230 |
{
|
5'-crp 14,250 12,500 tf
|
l

Cells were incubated in Keebs-Ringer solution containin

1N

3,3 mM phosphate buffer pH 7.4 and

6.7 m¥ _Tris buffer,
“ ¢ 32 . -
25 uC l_ ?_] orthophosphate. Incubations were carricd
o, . . . . .
out at 37°C for 90 minutes as described in "Matcrials and

Methods'.



the zcid-soluble fractiom must be directly proportionzl to the
its constituent base with radioactive ribose
phosphate via the pyrophosphorylase or phosphorylase reactiocns
as shown in schemes 1 and 2 and to the rate of breakdown or uti-

lization of the newly formed radioactive nucleotide.

- (1) Base + PRPP —> B-R-P

(2) Dase + Ribose~1-P0, —> B-R > B-R~P

A

In the experiments reported below, the effect of various

: L4 . . .
bases on glucose-U-~ ZrC incorporation into the acid-soluble and

R¥A fractions was studied to determine the relative utilization

of these bases for nucleotide and RNA synthesis. It is interestin
to note (Table XVII), that the addition of adenine, guanine and
vracil in separate incubation mixtures increases only the specific

activity of the corresponding nucleotides in the acid~soluble

fraction., The specific activit

L

of adenine nucleotides increascd

com 34 to 152 counts/min/mumole, guanine nucleotides from 45 to

H

131 counts/min/mumole, uracil nucleotides from 36 to 196 ccounts

UNCS/

min/munole, respectively, The addition of the bases also increascd

tha nool sizes of the corresponding pucleotides, about 1.5 to 2 fold.

> &

Cytosine exerted no effect on the amount of uridine nucleotides in-

dicating that it is not deaminated but the extent of its incorpor

':fthq cho cyt051nu nucl;otidcé could not be dytcrancd, These re-

previously dcmoqstr te that under these
- A X

"conditioas ‘there is no. interconversion between AMP? and GHT,




TABLE XVIT

- . . e g - 14
Effcct of Purine and Pyrimidine Bases on Glucose-U~""C Incorporaition

Into Acid=Soluble Nucleotides

Additions

o Specific Activity, counts/min/mumole

| i UTP + UDP | GIP 4 CDP | ATP + ADP
% Wil 36.0 45,0 34.0
§ Adenine 27,5 41,0 152.2
é Guanine 32.0 131.1 35.6
E Uracil 196.0 56.0 37.0
| Cytosine .1 50.5 9.2

The experimental conditions were as described in Table V.

incubation medium contained 0.3 mM of the various bases as notcd.

The
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 TABIE  XVIII

o o as ; 14 -
fect of Purine and Pyrimidine BDases on (lucose~y-""C Incorpozated Into

RNA Nucleotide

Addition

Specific

) T A .
Activity, counts/min/umole

% L e AMP { o
Nil 2169 166 1700 2465 %
Adenine 2085 155 5073 2740 é
Guanine 2555 242 2249 5531 %
Uracil 13355 1398 2005 2100 i
Cytosine 1920 207 2130 2230 :

The experimental conditions were

as described in Tabla XVI

-r
L
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.The data in Table XVIII demonstrate that thellabelling
pattern of the RNA nucleotides follows very closely that observed
in tbe corresponding nucleotides of the acid-soluble fraction. In
the presence of adenine and guanine the specific activity of AMP
increased from 1700 to 5073 counts/min/umole and that of GMP from
2465 to 6531 counts/min/umole, respectively, It shoﬁld be noted
that in the, presence of uracil the sﬁécific activity of both pyrimidine
nucleotides of RNA are increaséd, UMP from 2169 to 13,355 counts/min/
umole, and CMP from 166 to 1398 counts/min/umole. In the presence of’
cytosine no increaseé incorporation of glucose-U-lAC into CMP or UMP
was observed., These résults indicate that the incorporation of labelled
glucose into the CMP of RNA ig contrast to the other three nucleotides,
is obtained by the conversion of uridine nucleotides to cytidine nucleo-
tides. The experiments also show that RNA synthesis in vitro 1s not
affected by incre;ses in the size of individual nucleotide pools, but
the increased activity of these nucleotides in ﬁNA is due to increased

specific activity of the nucleotides in the acid-soluble fraction.

5.3 A Comparison of the Incorporation of Uracil-2-140 and Cytosine-

T
2-“40 into Acid-Soluble Nucleotides

The data from the previous experiments showed that cytosine

" is not utilized for nucleic acid synthesis. Cannellakis (94) demonstra-

ted thatvuracil-2-14c is not extensively used by rat liver only be-

cause it is rapidly oxidized to carbon dioxide. It was of




interest, therefore, to tesi whether the failure of cytosine to
. J 1L . . i
cimulate zlucose~U~" "C incorporation into CMP was due to the
inability of Ehrlich ascites cells to convert cytosine to nucleo-
tides, to rapid breakdown or perhaps to the inability of cytosine
to enter the cell. Experiments were performed to compare the in-
14 ]
corporation of dlIfcrcnt concentrations of uracil~2~" C and cytosine-
I -

2-"7¢ of aqual specific activity. After incubation of the cells
with the radioactive precursor, the cells were washed twice with
cold Krebs-Ringer solution and the intracellular bases and nuclco-
gides separated from the acid-soluble nuclectides by chromatography.
- . . . 14
In order to determine the extenlt of breakdown of uracil~2-" C and

. 14 _ e -
cvtogine~2-""C, the carbon dioxide was collected at ithe end of the
incubation. The results of these experiments are given in Table XIH,
" - L& , - . .. L4 . 14
The amount of CO, produced from either uracil-" 'C or cytesine-" C
was not more than 0,02 per cent of the initial amount of substrate
addad and was therefore not tabulated. It 1s clear from these re-

sulis that ecytosine cnters the ¢ that it cannot be Iurthor

re

1is bu

[

utilized by the tumor cell.

- " . . 14 . . ..
5.4 BLffect of L-Clukamine on Uracil-2-""C Incorporation into UMP
and P of RNA
Evidence has been offcred that in mammalian tissucs the
amino group ¢f cytosine nuc 1 tides is derived from L~glutamine (75).

T

rurlbert et al. (193) have shovm that the incorporation of orotic

. % . . : L. ‘ .
acid-6-""C into CiP of Movikoff ascites Hepaktoma is increcased by tha
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TABLE XIX

. . . 14 ' . .
A Comparison of the Incorporation of Uracil-2-""¢ and Cytosinc-2-

14

C

Into Acid~Soluble Nucleotides

14
mumole C
incorporatcd

14
mumole ~ C base
& nucieoside

14
"C-substrate

mumoles present in cells into nucleotides E

, ;
E Uraci1-2—14C %
‘ 12,000 252 10.8 é
6,000 114 10.8 §

3,000 57 10.2 :

1,500 29 7.0 é

750 13 6.2 }

75 0.9 0.8 ;
Cytosinc—2~140 %
12,000 264 nil |
6,000 132 " |

3,000 66 o ]

1,500 33 " ?

750 17 " f

75 1.6 " |

The experimental conditicns were as- deseribed in Table II.
" The incubation medium contdinad 0.5 uC of radiocactive - -

. _substrate. and 5 mi.glucosc,



addition of Leglutamine. ' In the experiments im Chapter IV, addition

of L-glutamine to cells incubated with glucoserFIAC did.ﬁot'séam to
increase the conversion of uridine nucleotides to cytidine nuclebtides.
It is possible, however, that higher concentrations of'exogenoué L-
glutamine are required to SLlnulﬂ“L the cytidiné éynﬁﬁéfgse cmz}ﬂc_
reaction. To test this possibility, cells were incubated with uracil-~

14
G and 3 m L- ~glutamine.

e results, Table XX, indicate that tl

ratio of the specific activities of CHMP/UriP of RNA is similar in the

prasence or absence of added L-~glutamine. If more radioactive uridine
nucleotides were converted to cytidine nuclecotides, the ratlo woulc

interesting to compare the results obtained in thasc

those of Hurlbert et al, (193). In their exper

p
r
£
1
6]

pecific activity of CMP/UMP was increased in the presence
of 2 mM L~glutamine from 0.028 to 0.090. The latter value is close

zo the ratio obtained in the experiments shown in Table ¥X. Thus,

it mey be that sufficient L-glutamine is present or formed from o~

genous glucouse for maxwimal conversion of UTP to CTP in thes:

-corporation of DRifferent Concentrations of Uracil-72-
and (P of RNA

In the experiments of Section 5.2 it was shown that the

snecific activities of AMP, GMP and UMP of RNA are a refleciion of

rates at which the individual bases react with labelled ribose~

phosphate ©

tne labe

28
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TABLE XX

ffect of TL~Glutamine on Uracil~2-1 C Incorporation Into UMP and CMP

 of RNA

:i L-Glutamin¢

- Speeific activity, Ratio of specific i
| counts/min/umole . activity '
.ceunts/min/umote L o i

o HP GHR P |

e 0,062 SR ;
00070 - b

The experimental conditions were as described in Table XIX.
SR R T 14 0 oy
The incubation medium containéd 0.5 mM urdcil-2+""C (0.5 uC), - .

5 mM glucose and further addition as noted.




-92-

'iii lic atid, as xould be e\ngctud since the pool of cyL1d1
nu;lcotldes is, small and rudlo&clee UTP is the 1mmed1ate pre-
cursor, is less thﬂn one: Lcnth thaL of UMP. -
However, a low specific activity CTP pool would

. i - . 14 . .
be obtained if the rate of conversioa of C from radiocactive UT?
is low f{e.g. high Xm) and the amount of cytidine nuclcotides formed
.in tiie soluble fraction during the incubation constitute only a
small fraction of the total pool of cytidine nucleot:ides. The ob-

: s o - . e . o 14
sarved specific activity oL cytidine nucleotide from glucosc-U~"'C
could also represent inhikition of CIP synthetase by the product.
gimilar inhibitions are knovm in many enzyme reactions (155;. #

& H

stecording to the latter hypothesis, once the pool of cytidine

nivcleotides reaches a cercain size it would inhibit further con-

version of UTP to CTP. To test tils possibility, cells were in-

14

cubhated witch various concentrations of vracil-2-""C. Trom i

3 . e ; 14 .
in Table XXI, it is seen That Lhe amount of C~uracil converted

riges in parallel fashion in UNMP and CMP and reaches a maximum value

- - . 14
afrer the addition of 1.5 umoles of exogenous uracil-2-""C.. It

should be noted that after the addition of 0.075 umoles of

-l.e valio of the specific activity of cMp/uMp is 0.027. Ar che
e ) — et e s . - e
higher concentraticons, this ratlo 1s approximately 0.000. The in-

higher concentrations of substrate

@)

Csrease in the CMP/UMP ratio ot th

suzocst that the conversion of vridinc nucleotides to cytidine nu




&
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TABIE XXI

l/.

Tnoornoration of Diffarcni Concentrations of Uracil-2- "¢ Into UMP

and CMP of RNA

N T
' dincorp. incorp. /:1ncorpa incorp. / |
% umole | umole’ 1
12 .08 46 . 009 3.2 0.059
5 .18 49 . 019 3.3 0,057
3 .33 47 .033 3.0 0.6563
1.5 .60 47 .053 2.9 0.G61
0.75 1.03 39 . 0385 2.6 0.055
0.075 2.34 8.7 0.111 0.24 0.027

The evperimental conditions were os described in Table XIX. Th

. . . . . . 14
incubacion medium contained 0.5 uC Uracil-2~"C



ctides is a reflection of the law of mass dCLlO», in. the scnse

that more cytidine nucleotide are fo

uridine nucleotides 1s

1-1.
(7

ra

[¢/]

0

D
«

Table XXI also depicts the pex

cenr of radioactivity inccypoxr ated from the differeant concencras

14

ions of uracil-2-" C Lo UMP and CHP.

of RNA. It is interesting

o note that the amount of rad diozctivity incorporated Into cuip

ig pover more than 10 per cent that
~hat uridine nucleotidos are poorly

c-ides in the acid-soluble froction

1abelled cytosine compounds mix with

}—2

ascol of cytosine nucleotides bafore

in WMP. These results suggest
converted to eytidine nucle-
and that after corwversion the

a relatively large endoienous

entering KJA.

ouid imercase and approzch that of

datn in Table XKlL shows the results

soceifie activity cf the cytidine nucleotida

Tt would be cupected that with

the wvridine nucleotides. - Tha

Thrlich ascites cells with rhe labelled substrate for 30, &0, ¢0

120 rnd 180 minutes. The resules indicate that reyordless oi wheo

chio cells were incubatczd fox 30 minutes or 150 minutes, the retfio
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TABLE XXII
. . 14
3pecific Activities of UMP and COMP After Incorporation of Urzcil-2-""C

at Different Times

| | Specific Activity . Ratio of

[ T i m e ! counts/min/imole ISpecific Activity

: Minutes ][ UMP 3 CMP % |
§ 30 6320 | 390 ‘ 0,061

% 60 8340 503 0.060

E 90 11940 760 0.063
120 9000 790 0.086

i 180 11125 900 0.080

The experimental coanditions were as described in
Table XTIX. The incubation medivm contained 2 mM

A
uracil—Z—l*C (2 uC).
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5.5 ‘Incornoration bffVariouéllhbcllud Precursors Tnto OMP and BRE

-of RNA
Tn view of the results obtained thus far it was of in-
terest to ex tamine the 1glaL1vc incorporation of various labelled

pracursors into the pvrlmldlne nucleotides cf RNA. The data in

Table XXIIT provide a comparison for the imcorporation of radio-

active cytidine, uridine, uracil and cytosine. The results indicate

. 4 . . .
-hat uridine-2~"C is incorpovated te a greater extent than uracil-

/)
C into UMP and CiP. The voesultin

e

5f OMP/UMP are 0.064 and 0.052 respectively., Approxis

. . R TR
ratio is obtained when glucose-U~-" 'C is used as the precursor.

s

Cytosine as was shown previously is not utilized, but cytidine-2-
labels both pyrimidine nuclcotides of RNA, the ratio CMP/UMP obtaine
is 4.39. This efficient utilizarion of cytidine by Ehrlich ascites

cells is in agreement with the results of Reichard et _al., (99) who

have shown that extracts of these tumor cells copverL cytidina to

cytidine nucleotides. The incor orutlon of rgdlochIve C]LLL int

BIA and DiA has bcen dLﬂunSLT&““d albo in raL tlsuLco (195}. The
rcculus Obtal?;d ln:T ablie X»LIl arE‘consi LCHL wth the Vl ey LN”“
uracil, ur:xzdin

and cytidineg nucleotides by *he'reactibn‘scquences showmn below, It

yiidine is dzaminated to uridine b

o

is geen from‘this[schcme that

o

R

eviidine deamln“sc whlch as shown in previous studies (196, 197)

pood ic for Lhe nuclecside.  These and the previous experiments

o

Ry

demonstrate further that Lhrlich as iLcu cells have the ability to

ratios of specific zcitivitics

wtely the same

f.“

¢, cytidine and ribose phosphate are converted to uridi



TABLE X{III

Comparison of the Specific Activities of CMP and UMP of RNA After

Tnecubation with Verious Labelled Precursors

i ¥ P = e ot =
! | Spceific Activity Ratio o %P°01“lc
i 14 {  counts/min/umole Activity

! ¢ i — LMD

| Substrate | P | P ®

{ ! L

; 3 14‘ o] 1 - faY

i Cytidine-2-" 'C 2,300 10,100 4039

Ut s 14 -

i Uridine-2~"'C 15,550 1,000 0.064

| Uracil-2-"¢ 5,040 310 0.062

| cytosine-2-Mc . 0 0 -

14 6

{ Glucose-U-""C 2,169 166 0.076

;

!

The experimental conditionms were as described in Table XTH.

- . L -
The values for glucose*U-~" C ware taken from Table XVITIIL.

P




usc various bases and nucleosides, but not cytosine, for the for-
mation of the nucleotides of RNi. In addition, the reacticns

shovn below suggest that the salvage pathway'for the formation of
pyrimidine nucleotides is not just a mechanism for the random
supply of nucleotides but probably a well organized series‘of cvents es-
sential for the supply and controel of precursors involved in nuclzic

acid synthesis.

URACIL CYTOSINE
}* v deuninase
Y
URIDINE e
i

a
i
i
[

?

;

I

;
Y,
0
£ e
}T’ <

rIC. 8: of the various pyrimiding

‘ascites’cells,” .00+



5.7 The Effect of Pvrlmmdmnﬂ Nuclcosides on Uridine-Z—l

Tncorporation Into Acid-Soluble Nucleot:ides

The regulation of metabolic pathways-is often efilected
through feedback inhibition by the ehd-éroduct (155), End~product
iphibition of pyrimidine biosynthesis de novo is exerted by CIP
upon aspartate transcarbamylase, the eﬁzyme that catalyzes ﬁhe
first step in this pathway (146)."It has become apparent in.fecent
vears that the enzymes of the salvage pathways for the utiligation
of pyrimidine‘nucleosides are susceptible to end-product inhibiticn.
The act IVltlQb of deoxythymidine kinntse, deoxyuridine kinese and ro
deouyeytidine klnase sare all vnder the control of deoxythymidine

triphosphate (dITP) and deoxycytidine triphosphate (dCTP), res-~

peetively (198) (Fig. 9. ). Pyrimidine deoxyribonucleotileh

NCp

syathesis by the othex nathways can also be inhibited by the end-

products of these reactions {199-202).

The present study has been concerned with the metebol

u

of pyrimidine ribonucleotides d e¢rived mainly by the salvage

& b 2y J o

o)
]
14}
[
re
o
v
|
bed
5
o3
v
473
@

+

sear to operate at a minimal level in mommalian

cells that are not proliferating rapidly, but inerease to signidficanc

activity in rapidly growing tissues such as regencrating livar and

. tumor ceils (99). The finding of Andersen and Brockman (203) t©h
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¥eedback inhibition for conitrolling pyrimidine nucleotile
synthesis derived by the salvage pathway. Hatched arxows

indicate site of inhibitdion.
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- The finding in the previous xperiments that only small amounts

of uracil-2-""C are‘incorporatbd into C}C idine nucleotides,

"

’2
T
l—.

nab illLy of En*l Lﬂ‘&SCitéSiC Lls o Ltilize cytosine,

that the Dnt W o£ vrlvvd¢nu syn 1 1s m;ﬂht b" vér sensitive oL

her corccwt*aLlons Oh_lﬂLLSCul 1ar5cyt dile ruclyo idas.

n

ibility was sLLdlcd bv p~LLanbu_1P“ Lh»iphr71cr asci;es calls Zoxr 15
cs,v’“n cvtidlrc Llldﬂnﬁ'01 CyLOSlﬁu ar binoside; The cells were:

vemovad from the wvdluﬂ und whul ad vluh chda~h1P~er boluLlohg_to'rumovaf

ctracellular nucleoside5 and incubatad‘in ‘Tesh medlhm containing




3 e

14

tridine-2~""¢ for 30 minutes., The results obtained are shown in

Teble XXIV. The values on the left in the right: hand columm show =

the per cent decrease of uridine-2-""C incorporation into acid-

zoluble nucleotides compaeraed to the control, pre-incubated without
nucleoside. TUridine effected about 60 per cent decrease,and cytidine
83 and 90 per cent at concentrations of 0.5 and 1 mi. Since the
celis were pre-incubated with unlabellcd nucleoside, these resuits
must vrepresent to some extent dilution of the labelled substrate by
intracellular accumulation of uridine from both uridine and cytidine.

However, since uridine is a closer precursor of uridine nucleo

ides

cytidine the inhibitory effect of the latter on tha coavexrsion

- 14 . . T
of uridine-2-""C to acid-soluble nuclectides may be obtained by

moarison with the values obtained from the cells pre-incubated

with uridine. These values shown (in brackets) in the right hand
column of Table MXIV demonstrate that 60 and 75 per cent inhibition

= /
of uridine-2- C conversion to nucicotides is obitained by the adddclon

of 0.5 and 1 mM cytidine., That this inhibition is obtained ZIrom
intracaellulor accumulation of CTP is suggested from the rasulce
1usﬁrate& in Table XKQI. Tt was found that the cytidine that was
takon into the cells was converted meinly to its triphosphate deri-

vitivae. It was not possible to detect intracellular CDP, CiP o

ﬂ)

R R
CYCLULnG,

o~ ten
SR )

Cyte. - . .czide, zn analog of_g/ 1d1ﬂc

3 anvanb‘qance; agenc (204).
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TADLE XXIV

e I . . ‘1 4 .
Effecct of Pvrimidine Nuclecosidas on Uridine-2-""C Incorporation
Into Acid-Soluble Nucleotides

P 14 ' . % decreczse of
i Uridine-2-~ C + counts/min/mz i ¢ T
: e . . uridine
! subsitrate «dded drv weight of cells . s
. . . incorporation
for preincubation
':
PNl 1,777 0 -
! Uridine (0.5 mM) 717 59.7 ¢y
;
i ‘
} H (1.0 m) 732 592.0 ¢y
{ j
[ Cytidine (0.5 md) 304 8§3.0 (60) |
i B s
% o (1.0 my) 185 89.6 (755 |
| : o !
| Cyinsine Arabinoside
E, (1-:0 :'"ﬂ.i‘ﬁ’.) 1,625 - hd i
i ;

The experimental conditvions were as described in Table XIX.

. . . - s 14
Calls werc incubated with 0.5 m uridine-2-"C (0.5 nC) at
e .
37°C for 30 minutes.
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dependent on thefeﬁtent of‘eoﬁvetsioo“of.cytosine arabinosidebto

its phosphorylated deffeatfves;”'lt Seeﬁedhinterestinghto determine
whether this compound would Inhlbit the conversion of ur1d1ne-2-1éc‘.
to the nucleotides. The data in Table XXIV shows that the radio-."? s
activity incorporated into acid-soluble nucleotldes from uridine~’

2-140 is unaffected by the presence of cytosioe 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-2-14c 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 ohosphorylated
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 urldlne needed to saturate the urldlne klnase

reaction and the amount of ATP required for maxlmum phosphorylatlonlfghswf'

of urldlne-Z-l4 C. These optxmal condltlons were used 1n the experlmentsijrffe“

described below. The results (Table XXV) demonstrate 1n'accord w1th

the previous experiments, that CTP 1s a”very potentflnhlbltorzof urldine. .




TABLE XXV

e . . g 14
Pyrimidine Nucleotides on Uridine-2-""¢C Phosphorvlation in

Cell-Free Eutracts

! Triding i
Adddition I Phosphorylated E
i m ] % of control

§ Nil 100 :
g UTP 0.3 83 ;
| UT? 3.0 11

upr 0.3 77

cTP 0.3 44,

The experimental condicions were as described in "Mosoriols

and Hethods". The reaction mixture contained 0.25

L
. . 1 - -
Uridine-2-""C (0.25 uC).  Sampies were incubated at

15 minutes and deproceinized with heat,

UDF and UTP were isolated by descending cha
the isobutyric solvent system and assayed for radioactivity

as described in MMacerials aad Methods™. i
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kinase. At a concenLraLJon of O 3 hLIOG per cent 1nn1b1;xon of

uridin:

18]

phiosphorylation ﬁaé*bﬁfﬁiﬁéd;ﬁy“” P end 17 per cent By St
At high concentrations of CTP and U P (3 nuO 89 and 93 per eeit:m
inhibition was obtained, UDP and CDP also decreased the phosuno—

rylation of uridine. However, it is probable thee uDP and cor

"were converted to the triphozphate derivativesand as such inhibited

uridine kinase. It was therefore judged not useful to determine the

affect of the pyrimidine nuclcoside monophusphates since they would

also be comverted rapidly to their respective triphosphates.

e - e : . . 14
5.5 Effect of Cytidine ‘on Lie Incorporation of Adenine-83-" "¢ Tnto

i

The results in the above experiments indicate that cytidine

nucleotides inhibit the net synthesis of pyrimidine nucleotidas from

uridine. Cannellakis (54, 95) suggested that the presence of active
uridine phosphorylase and uvridine kinase in rapidly growing tissuss

nizhit be indicative of an homcostatic mechanism for the regulaticon of

Ledin

nucleic acid synthesis in animal ceils. To examine the effcci of

. ; . A \ 4
cytidine nucleotides on RiA and D synthesis, acdenine~3-" C
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cytidine nucleotide pool to
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et

e
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"o adenine~8-7C dncorporation Ldng

U corporation of “dcnlﬂ&~u“‘

incorpora-~.

on was used. The results in Table XWI dcmoqseraLe chaL the aad ;Llo“-‘
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 SUIDMARY OF CHAPTER -V
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nucleotides was determined and it was demonstrated that all four

nucleotides were labelled to approximately the same extent.
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the conversion of uridine-2-""C to ics nucleotides. The experiments
wich call-free extracts of Ehrlich ascitcos cells demonstrate that CIP
inhibits the uridine kinase enzyme, This reaction was also inhibited

to some citent by the same concentration of UTP.

The addition of cytidine to Ehrlich ascites cells incrcaose

. . L4
the incorporation of adenine-8-"'C into DWA, by about 40 per cent.

d
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CHAPTER VI

DISCUSSION

Glucose is metabolized through the Embden-Meyefhof
glycolytic sequence to pyruvate and lactate. These compounds can
be metabolized‘further through the .citriec acid cycle. From a series
of reactions which branch from glycolysis and the ditric acid cycle,
glycine, L-serine, L-aspartic acid, L-glutamine and ribose phosphaﬁe
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 imbalancg 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 (205).
schmitz et.al, (205, 206) working with rats bearing the Flexner-
Jobling carcinoma found higher labelling in the nucleic acids and
nucleotides from glucose-l-lAC in the tumor than in normal rat tissues. Kit
et al. (178, 179) demonstrated that labelled glucose was converted to
L-serine, glycine, L-aspartic acid and L-glutamic acid by Ehrlich
ascites cells. In the present work the incorporation of 140 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
Ehrlich ascites cells are incubated in vitro with glucose-U-lac
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 y~glutamine and glucose to supply the amide and
ribose phosphate, respectively (34, 36,80). It was shown that
glucose increases the amount of glutamic acid available for the
formution of L~glutamine in Ehrlich ascites cells (37). Herscovics
and Johnstone (37) demonstrated that in some experiments the in-
corporation of 14C-formate into purine nucleotides in the 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 all the requirements for de novo synthesis of
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nucleotides in the Ehrlich ascites cells. It was shown that the
addition of 1 mM L-glutamine doubles the incorporation of 14C,from
glucose-U-14C into adenine nucleotides, increases by 10 per cent
the label in guanine nucleotides and in some cases, stimulates the
incorporation of glucose-U-14C_into the pyrimidine nucleo#ides of
RNA. The variable effect of L~glutamine on- the incorporation of
140 from labelled glucose into 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 éf-
fect the purine nucleotides in the same manner, it may be that the
pPyrimidines are more sensitive to these variations. In additiom,’
concentrations of other factors necessary for de novo synthesis of
pyrimidines may be low in certain cell preparatioms. The results,
however, are in agreement with those of Hager 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 IL-
glutamine, radioactive ribose phosphate derived from glucose-U-14C
is incorporated into the various nucleotides of RNA mainly by uti-
lization of preformed bases, Azaserine, a known inhibitor of de novo

synthesis of nucleotides, did not affect the radioactivity incorpo-

rated from labelled glucose into the ribose moiety of the pu:ine.Jf S
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and pyrimidine nucleotides of RNA. The amount of radioactivity
incorporated into the purine and pyrimidine nucleotides by de novo
pathways, about 10 per cent, is too close to the standard error

and will not be detected in these experiments.

The possibility that in wivo the Ehrlich tumor cells
might be supplied by the ascitic £luid with L~glutamine or some
other precursors necessary for de novo 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-léc Incorporated into the nucleotides by the de novo pathways.
Moreover, de novo synthesis of purine and pyrimidine nucleotides
was again seen to be dependent on L-glutamine. These restlts favor
the view that Ehrlich ascites tumor cells, due to their limited
cafacity to synthesize L-glutamine, may be dependent to a large L
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 novo synthe~
sis. of nuclectides in vitro parallels that in vivo. in addition,
it is possible that in vivo glutamine synthetase enzyme shows greater

activity or is provided in greater amounts when necessary.

6.2 Labelling of the RNA Nucleotides

The results obtalned 1ndicate that 1n the pfesence oF

iradloactive glucose the pattern of labelling of the RNA nucleotzdes‘fkv'r“
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is a direct reflection of the specific. actrvity of the various
nucleotides in the acid-soluble fraction. It is interestlng to -
"note that the specific radioactivitieS‘of adenine guanine and
uracil nucleotides are of the same order of magnitude desplte the”
fact that radicactive ribose phosphate ihcorporated into adenoslne
. nucleotides mhst be Ailuted by an intracellular pool of endogenots"ju
nucleotides which is 7-10 times 1aréer than uridiae or guanosine
nucleotides. -These observations suggest that during incubation,
free radioactive ribose phosphate comes.into isotopic equilibrium
with the various nucleotide precursors of.RNA. There are two pos=
sible mechanisms by which radioactive ribose phosphate eaﬁ'be in-

corporated into the nucleotides under these in vitro conditions.

One involves 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 1abe11ed rlbose phosphate derlved from

glucose-U-l4C. Although there are probably small amounts of bases in cells L:F

attempts to measure : the intracellular concentrations of bases in
Ehrlich escites cells have not been successful aince the level of
bases is extremely low. In addition no exogenous bases can. be '
obtained from the host in vitro and it seems therefore unlikely that
the radioactive ribose phosphate is incorporated into the nucleotldes

to any significant extent, by utillzatlon of free bases

!uw.- L

Supportwfer thefeeﬁeeﬁtfthat“the endogenous nucleotides
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. exchange their ribﬁse moiety with free radioactive ribose phosphate

is derived from the following; Creaser et_al. (207) have shown that
élucose has no effect on the incorporation of 3ZP-orthophosphate into
acid-soluble nuéleotides of Ehrlich ascites cells, indicating that

the radioactivity was not incorporated by de novo synthesis of nucleo-
tides. They showed also that after 45 minutes of incubation the
specific activities of the endogenous nucleotides are in isotopic
equilibrium with the 32? present in the cell. The above workers
concluded from this, that the phosphates are probably removed from

the endogenous nucleotides and thgn rephosphorylated with the 32P in
the medium. Recent studies (208) have shown the presence of 5'=nucleo~
tidase Eﬁzymes for the dephosphorylation of the four nucleoside mono-
phosphates, AMP, GMP, UMP and éMP. A consequence of this is that
nucleosides are intermediates in these reactioms. 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

.‘nug}eosides to free bases and ribose-l-phosphate has been demonstrated
' '(210);f‘Thus radioactive ribose phosphate derived from glucose-U-lQC
méfvbefﬁﬁiiiﬁed'by the various bases that can be formed from the
éo@pléd”actioﬁ'of:ﬁuéiébtidasefand phosphorylasé enzymes present in

Ehrlich,ascites~cells,gs sﬁoﬂn;beldw.'
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_base-ribose-PO4

nucleotidase kinase -

base - ribose

phosphorylase

. base-ribose-PO4 L&~ Dbase + radioactive ribose-PO4

pyrophosphorylase

[}

If the equilibrium of the above reactions favors
nucleotide formation, there will be litfle 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 specific activitylof the variousnuclé-
otide pools derived from labelled ribose phosphate and not the size

of the endogenous pools of nucleotides.

The results concerned with the specific 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 (Ta?le XVI ) which
showed that radiocactive cytidine is not limiting of?;oorly incorporated

into RNA, the low specific activity of CMP in RNA appeared to be a

direct reflection of the metabolism of cytidine nucleotides in the

»'écidésoluble fraction. The results obtained fbr:the:oéhér 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. It seemed reasonable to assume

that under these im 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 nﬁcleotide was_ob-~
tained. The experiments concerned with the utilization of the free
bases showed that cytidine phosphorylase is absent in Ehrlich ascites
. cells and explained the apparent non exchangeability of'the ribose of
this nucleotide with the free radioactive ribose phosphate derived
from glucose-U-14C. These experiments showed that the radioactivity
in the ribose 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-2-14c,was used to label
the pyrimidine nucleotides of RNA suggested that the low specific
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 radioéetive cytidine nucleotides by a
“ continuous supply of unlabelled cytidine nucleotides. Bucher and el sy

Swaffield (211) and Hadjiolov et al.(212) have found that after 'labelling

in vivo with orotic acid-6-14c the ratio of the radioactivity of CIF
to UTP in the acid-soluble fraction of rat liver was low and remained
unchanged throughout a time course experiment. These results are in

Aclqgevagreemént:withithe data of ;he ﬁre§eﬁt'wqu.
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Two possibilities may be cited to explain the continuous
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 iﬁto nucleic acids in vitro probably reflect
primarily the érocess of turnover of the nucleic acids. The results
discussed above indicate that the pools of adenine, guanine égd uracil
nucleotides also turnover by exchanging both their“phosphate and ribose
moieties with pentose and phosphate in the medium. Tt foliows that the
ribose of the pucleotides formed by the degradation of RNA during the

incubation will, except for cytidine, exchange with free radioactive

‘ribose phosphate and the specific activity of the adenosine, guanosine,

and uridine nu#leotides will probably remained unchanged. Since cytidine
cannot e#changé its ribose moiety with radioactive ribose phosphate
unlabelled cytidine nucleotides, derived from RNA, will provide a
continuous supply to dilute the radioactive cytildine 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. 1In addition, ﬁhe same exchange as with the ribose

probably also takes place between the radioactive base and the unlabelled

uracil,

*;3d5>j-F1¢a11y; éﬁothérfp0331b111£Y[f6f~dilﬁtiqg;hc radioactivityi;lbﬁﬁfffi'
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of the cytidine nucleotides comes from the studies of Harel et al.
(182) who have shown that the terminal nucleotide sequence of soluble
RNA,pCpCpA, undergoes rapid breakdown. Although- this 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 agssumed also from these experiments that the
nucleotides released from RNA breakdown are mostly unlabelled,lsince
the ratio of cytidylic acid/uridylic acid was not significantly changed
over a period of 3 hours. If only the labelled RNA was degraded, the
specific activity of the cytidine nueleotides would increase with time

and the ratio of cytidylic acid/uridylic acid should be altered.

- study designed to explore th

‘ 'h‘cells and cell-free extracts.u

6.3 A Regulatory Role for Cytidine Nucleotides

The inability of the cells to utilize cytosine for nue~ >
leotide synthesis and the apparent low conversion of uridine nucle-
otides to cytidine nucleotides suggested that the phenomena concernedo
may represent a feedbaek control relationship of cytidine nucleotides‘
on the rate limiting uridine kinase enzyme. This concept prompted a

ffect of cytidine nucleotides on the:

a-conversion °f ur1d1ne-2~. -C tovits corresponding nucleotides in intact “:}n“‘ B

'Thecincorporation studies w1th uridine-'.:

t,'2 140 demonstrated that the addition of cytidine to the intact cells
“increases the concentration of CTP in the ce11 and inhibits the for-i;f?w':"'W

‘., mation of isotopic uridine nucieotines 60 and 75 per cent._ The ex-.‘fq
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periment with the cell-free extracts éhcwad'fﬁgtithe'formaﬁion'of
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 product, 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 novo 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 Ehrlicﬁ ascites cells increased the incorpo-
ration of adenine-8-14c into DMA, by about 40 per cent. Pertinent
to tﬂis finding is the demonstration that addition of high con-
centrations of thymidine in the culture medium of mammalian cells
inhibit cell growth (215). This inhibition can be relieved if
deoxycytidine is added to the culture medium containing ;hymidine
(215). It was shown in subsequent studies (216) that thymidine
triphosphate (4TTP) inhibits the conversion of cytidine nucleotide

to the deoxycytidine derivative, as shown in Fig. 10. Thus, the

effect of thymidine on cell growth is obtained because of deprivatipn_
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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 novo
synthesis

t CTPp

Uracil ——3 Uridine —f—3p UMP ———>» UDP ~———> UTP

CTP
i dTTP l RNA
dTMP & dUMP &——— dUDP CTP/
.
dTDP ~ TacMp dATP
dGTP
dTTP dCTP ¢———— dCDP #&—t—' CDP

\ / dTTP
DNA

FIG, 10: 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



'« and the anount'of thymidine'phosphates formed frOm cytidine nucleo-
,”;tides might not be sufficient (220) to prevent the accumulation of
'ﬁfdeoxycytidine nucleotides. 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
the conversion of adenine-8-14c to deoxyadenosine nucleotides. This
would increase the specific activity of the deoxyadenosine nucleotide
pool and more radiocactive molecules would be incorporated into DNA.
The other possibility is that the exogenously derived deoxycytidine
nucleotides increased the synthesis of DNA from adenine-B- 4C. 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

‘A method was. described which prevented radioactive contamination

of RNA and DNA fractions, isolated from Ehrlich ascites cells

after their incubation with labelled glucose. ~ : ) i'flf
;

At various time intervals following the addition of glucose-U-14CA
to Ehrlich ascites cells in vitro, the radioactivity incorporated

into acid-soluble nucleotides, RNA and DNA was determined. i .

After 90 minutes of incubation with glucose-U-lac in vitro, the

acid=-soluble compounds were subjected to two dimensional chroma- v A

.
i
\
¢
i
i
l

tography and were shown to contain the adenosine, guanosine and '
uridine di~ and triphosphates. The specific activities of these

compounds were determined.

The RNA and DNA were separated from eech other and hydrolyzed

to give the mononucleotides, and the specific activity of each
nucleotide was determined.

In the acid-solubie fraction, the specific activity of guanosine

nucleotides was somewhat higher than uridine and adenosine

nucleotides.
In the RNA the specific actxvity of GMP was the highest follow d\;ﬁ
by UMP and AMP In contrast the specific activity of.CMP wa

_about ten times lower than the above ‘three nucleotides.geﬂ_ff:;ff¢#~,e*"

IheIn the DNA the specific actrvity of all four deoxyribonucleotides1**“"”H
'un‘was approx1mate1y the same.
. The radioactivmty of the acid-soluble and RNA nucleotides was

'-shown to ‘be. located primarily in the ribose moiety.
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- . . 9. In the presence of L-glutamine, the radioactivity incorporated.
from glucose-U-14C into 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.

10. Addition of azaserine, an inhibitor of de‘novo synthesis of
purine and pyrimidine nucleotides affected only the increased
incorporation of glucose-U-14C obtained after the addition of
L-glutamine. Thié indicated that in the absence of exogenous
L-glutamine almost all the radioactive ribose phosphate obtained from
glucose-U-lAC was converted to the‘purine and pyrimidine nucle=-
otides in Ehrlich ascites cella in vitro by utilization of

preformed bases.

11, In order to determine whether cytidine nucleotides were limiting
in these in vitro experiments, the distribution of 32P in RNA
nucleotides was determined. The results demonstrated that all

four nucleotides were labelled to approximately the same extent.

- 12, The addition of adenine, guanine, uracil, but not cytosine, in-
creased the incorporation of glucose-U~14C into acid~soluble
and RNA nucleotides.a This together with the inability of cytosine~
:;a_ B 2- 4C to be incorporated into acid-soluble nucleotide indicated
e that Ehrlich ascites have no salvage pathway for the conversion

"T*ef this base to its nucleotide.

C 13, Studies with uracil-2-1ac demonstrated that the specific activity

’of_CMP in RNA is never more than 8 per cent that of UMP, its pre-
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15.
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cursor. Even incubating uracil-2-14c for long periods did

not increase the specific activity of CMP of RMA. It is pos- : n;y
tulated that the radioactive cytosine nucleotides derived from ﬂ:&}fhy.;j:
uracil nucleotides is diluted by a continuous supply of un= .‘f ™ %
labelled cytosine qucleotides. : o _ ﬁ::; ,ij

The experiments also demonstrated that incubation of Ehrlich
ascites cellswith cytidine 15 minutes before addition of
uridine-2-14C resulted in 60 and 75 per cent inhibition of
the conversion of labelled uridine to its nucleotides. 1In _
cell free extracts CTP was found to inhibit the uridine kinase

enzyme. This reaction was also inhibited to some extent by o

UTP.

Incorporation studies also demoqs;rated that the addition

of cytidine to the incubation medium containing the Ehrlich ascités
cells increased the incorporation of adenine-8-14c into

DNA by 42 per cent. At present it is not possible to deter=

mine whether this is due to an enhancemént of the rate of DNA

synthesis.,
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