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ABSTRACT

When V79 pur 1 cells are maintained in the absence of purines, the
cells stop growing but remain viable for up to 48 h. Within the first 6
h after purine deprivation DNA synthesis is inhibited and thg cells are
arrested in S phase.. The purine deoxyribonucleoside triphosphate (dNTP)
pools decrease in size and the pyrimidine (dNTP) pools expand. Restora-
tion of purine nucleotides into the medium results in normal rates of DNA
synthesis both in vivo and in vitro. Kinetic analyses of DNA synthesis
in samples pulsed for 1 min and chased for 1 h show a delay in maturation
of newly replicated Okazaki-type pieces to full size DNA. DNA fiber
autoradiography reveals a retardation in the rate of replication fork
movement but no apparent inhibition of initiation in active clusters of
replication units. The results indicate that purine deprivation upsets
the intracellular dNTP pool balance and inhibits the elongation of

nascent DNA chains.
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RESUME

Quand les cellules V79 pur 1 sont maintenues dans un milieu sans
purines, elles arrétent de pousser mais restent vivantes. jusqu'a 48 h.
Dans les premiéres 6'h qui suivent la privation des purines la synthése
de 1'ADN est inhibde et les cellules sont arrdtées dans la phase S du
cycle cellulaire. La grandeur des 'pools' des déoxynucleosides triphos-
phates (dNTP) des purines diminue et celle des pyrimidines augmente. Le
taux normal de la synthése d'ADN résulte de la restauration des nucléo-
tides des purines dans le milieu aussi bien in vivo qu'in vitro. Une
analyse kinetique de la synthése de 1'ADN montre un délai dans la matura-
tion des fragments du type Okazaki nouvellement synthétisés en Tlongues
chaines d'ADN. L‘autoradiographie des fibres d'ADN révéle un retardement
du mouvement de la fourche de réplication. Par contre cette méme tech-
nique ne met pas en évidence une inhibition d'initiation dans les groupes
d'unités de replication qui sont actifs. Les résultats indiquent que la
privation des purines renverse la balance des 'pools' des dNTPs cellu-
laires et inhibe 1'eélongation des chaines d'ADN nouvellement synthé-

tisées.
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PREFACE

With the permission of the Department of Microbiology and Immunol-
ogy, and as provided for by the regulations of the Faculty of Graduate
Studies and Research of McGill University (Section 7*), Chapters 2 and 3
of this thesis are presented in the form of manuscripts suitable for
submission to The Journal of Biological Chemistry and Cell, respectively.

Dr. E.A. Baumann, who ié second author in Chapter 2, has contributed
half the data in Table II of that chapter and supervised the experiments
that appear in Figure 5 and Table II.

Dr. R. Hand, a co-author in both Chapters 2 and 3, has supervised
the entire work presented in this thesis.

The work presented in this thesis is organized into four “chapters:

Chapter 1 contains a review of the literature that is relevant to
the work presented in Chapters 2 and 3. |

Chapter 2 contains an analysis of the precursor deoxynucleotide
pools 1in the purine-depleted V79 pur 1 cells. It also contains an
analysis of the effect of purine depletion on the distribution of cells
throughout the cell cycle and on the overall DNA synthesis.

Chapter 3 focuses on DNA replication per se in the mutant cells. It
contains an analysis of the kinetics of DNA synthesis as well as a direct
examination of the changes occurring at the replication fork.

Chapter 4 contains a supplemental discussion of the data presented
in Chapters 2 and 3 as well as a discussion of the technical limitations.

‘Data that were not included in Chapters 2 and 3 are presented in the

Appendix.
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* The full text of Section 7 is cited below:

7. Manuscripts and Authorship

The Candidate has the option, subject to the approval of
the Department, of including as part‘of the thesis the text of
an original paper, or papers, suitable for submission to
learned journals for publication. In this case the thesis must
still conform to all other requirements explained 1in this
document, and additional material (e.g. experimental data,
details of equipment and experimental design) may need to be
provided. In any case abétract, full introduction and conclu-
sion must be included, and where more than one manuscript
appears, connecting texts and common abstract introduction and
conclusions are required. A mere collection of manuscripts is
not acceptable; nor can reprints of published papers be accep-
ted.

While the inclusion of manuscripts coauthored by the
Candidate and others is not prohibited for a test period, the
Candidate is warned to make an explicit statement on who con-
tributed to such work and to what extent, and Supervisors and
others will have to bear witness to the accuracy of such claims
before the Oral Committee. It should also be noted that the task

of the External Examiner is much more difficult in such cases.
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CHAPTER 1

GENERAL INTRGODUCTION




I. DESCRIPTION OF THE MUTANT

V79 pur 1 is a purine auxotrophic mutant of a Chinese hamster lung
cell Tine that was obtained by treatment with bromodeoxyuridine and black
light (Chu et al, 1972). The functional defeét in these cells has been
characterized by Feldman and Taylor (1975), who found that the biochemi-
cal block is at the level of phosphoribosylpyrophosphate amidotransferase
(E.C.2.4.2.14), the first enzyme of the de novo purihe biosynthetic path-
way. A number of other purine auxotrophs has been generated, defective
in various enzymes of the biosynthetic pathway (Holmes et al, 1976; Oates
and Patterson, 1977; Patterson, 1975). Although these mutants are pri-
marily used to confirm genetically and biochemically the functions of the
deficient enzymes in the mammalian purine pathways, they also prove to be
useful tools in the study of nucleic acid synthesis regulation. Purines
eventually give rise to purine nucleotides which are incorporated into
nucleic acids. The effect of lack of purines on RNA synthesis has been
studied by Sriram and Taylor (1977), who found that upon purfne depriva-
tion macromolecular synthesis declines rapidly in these cells and the
purine ribonucleotide pool size decreases 5-fold. On continuous purine
starvation RNA and DNA synthesis resumes to reach approximately 30% of
the normal level between 12 to 24 h. This is accomplished by a rise in
the intracellular ribonucleotide pool level. Utilizing mengovirus, which
gives a productive infection in V79 pur 1 cells even under conditions of
starvation, they showed that ribosomal RNA is preferentially degraded and
provides the nucleotides for RNA synthesis.

The effect of lack of purines on the intracellular deoxyribonucleo-
tide pool levels and on DNA replication per se has never been reported in

the literature. Deoxyribonucleotides are the building blocks of DNA and



havekalso been imp]icated in the regulation of its synthesis. In the
study that follows this somatic mutant of Chinese hamster, in which the
precise biochemical defect is known, has been used to analyse the effect
of the mutation on the size of the intracellular deoxyribonuc]eoside
triphosphate pools as well as on the ability of the mutant cells to

initiate DNA synthesis and‘successfully replicate their DNA.

IT. NUCLEOTIDE POOLS IN ANIMAL CELLS

Control of nucleic acid synthesis by precursor pool concentrations
has been frequently proposed in the literature. In general, a pool of
any particular metabolite or family of metabolites is the total amount of
the compound which is fed by and available to a set of enzymatic path-
ways. A four-factor model has been proposed according to which there are
four basic pathways by which components may enter or leave the pool
(Hauschka, 1973). As shown in Fig. 1, two processes (anabolism and

salvage) supply the pool, and two others (catabolism and utilization)

drain it.
' Endogenous
precursors
anabol{sm
NUCLEOTIDE
€xogenous 1 utilization DNA, RNA, Coenzymes,
precursors L » POOL Other nucleotides

catabolism

Y
COz

FIG. 1. The four-factor model for nucleotide pools; .(from Hauschka, 1973 )
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Many studies have been concerned with the relationship between
nucleotide pool sizes and the cell cycle. Ribonucleotide pools show
little fluctuation in size whether in rapidly proliferating or density
inhibited cell cultures (Colby and Edlin, 1970; Weber and Edlin, 1971}.

Deoxyribonucleotide pools on the other hand, show significant variations

- in size during the cell cycle (Nordenskjold et al, 1970; Adams et al,

1971; Skoog and Nordenskjold, 1971; Weber and Edlin, 1971; Bjursell et
al, 1972). In general, the total deoxyribonucleotide pool in the cells
amounts to about 1% of the ribonucleotide pool and it exists primarily in
the triphosphate form (Gentry et al, 1965a; Cleaver, 1967). Resting cell
populations contain small but definite amounts of all four triphosphates
(Munch-Petersen et al, 1973; Nordenskjold et al, 1970; Tyrsted, 1975;
Walters et al, 1973). When cells in culture are stimulated to synthesize
DNA, the pools increase in size before the onset of DNA synthesis and
attain maximum levels during S-phase. Even though DNA synthesis requires
an equal supply of all four bases, very large differences in pool size
exist during S-phase; dGTP is always the smallest pool and dCTP usually
the Targest, the difference in some cases being up to 100-fold. Among
the four pools the variations in dCTP most closely reflect the rate of
DNA synthesis which has led to the suggestion that the dCTP pool might
serve a regulatory role (Reichard, 1978). These findings were first
established with cultured secondary mouse embryo cells (Nordenskjold et
al, 1970; Skoog and Nordenskjold, 1971) and subsequently extended to many
different cell lines (Soderhall et al, 1973; Bjursell et al, 1972; Skoog
et al, 1973; Skoog et al, 1974; Walters et al, 1973).

Replication of DNA requires the continuous supply of building
blocks, the four deoxynucleoside triphosphates, dATP, dGTP, dCTP and

dTTP, that originate from the reduction of ribonucleotides. In E. coli



5.
(Reichard, 1968) and in mammalian cells (Moore and Hurlbert, 1966;
Reichard, 1968) reduction occurs at the disphaosphate level and is cata-
lysed by the enzyme ribonucleotide reductase (E.C.1.17.4.1) which is
subject to allosteric regulation by the end-products, as shohn'in Fig. 2.
Although it has been postulated (Reichard, 1978) that a product of ribo-
nucleotide reductase, namely, one of the dNTPs, might serve a regulatory
function in DNA replication, no strong evidence for such a relationship

exists as yet.

coe

R ;
T — DNA

coP 3 GGOP > IGTP i

el

! -

ADP — i QAL et JATP

Figure 2 Model for the in vivo regulation
of ribonuclevtide reductase activity. Broken
arrows indicate activations, bars indicate in-

hibitions. ( from Reichard, 1978).

ITI. NUCLEOTIDE METABOLISM

The biosynthesis of the ribonucleotides and deoxyribonucleotides is
a central process for all cells, since the nucleotides are direct precur-
sors of DNA and RNA and many also participate in metabolism as coenzymes.
An important aspect of the biosynthesis of the nucleotides is the pathway
of formation of their bases, the pyrimidines and purines. Nearly all
living organisms, except for some bacteria, appear able to synthesize

these bases from simpler precursors. The biosynthetic pathways leading to

the nucleotides are under strict regulation.



A. Purine Nucleotide Metabolism

Purine nucleotides may be synthesized de novo from amino acids and
other small molecules or formed from preformed bases and ribonucleosides

which may be derived from the diet or found in the environment of cells

(Fig. 3).

Amino acids
formate, COp

PP-ribose~P

|

Ribonucleosides

Purine bases

a) Purine Nucleotide Biosynthesis de novo

In mammalian cells purine biosynthesis de novo serves for amabolic

nucleotide synthesis. The pathway of purine nucleotide biosynthesis de

novo is summarized below (Fig. 4).

Table 1.
PP-Ribose-P
+ Ribosylamine
1 phosphate
glutamine :
5, 10-methylene
Phosphoribosyt ___ Hy-folate Phosphoribosyl
formylglycineamide 3 glycineg.mine
4 glutamine
+ ATP
Phosphoribosyl ATP . Phosphoribosyl
formylglycineamidine 5 aminoimidazole
6 | HCO,
ATP
Phosphoribosyl aspartate Phosphoribosyl
aminoimidazole - aminoimidazole
succinocarboxamide 7 carboxylate
8
10-formyl .
Phosphoribosyl H,-folate Phosphoribosyl
aminoimidazole » formamido-
carboxamide 9 aminoimidazole
- carboxamide
,//ﬂ;
Fi g. 4A Inosinate

(from Henderson

2 | glycine + ATP

and Patterson. 1973)

Ribonucleotides —» Deoxyribonucleotides

-~

The enzymes involved are listed in



ATP

. v
IMP ——am —o AP —a ADP —- 2A0P

XMP ——>GMP —» GD{:—*dGDP—-—) aGTP

Gip

Fi6.43 , Normal routes of purine nucleoside triphosphate formation in animal celis.

(from Hauschka. 1972).

TABLE 1.

EnNzYMES oF PURINE RiBoNvcLEOTIDE BIoSYNTRESIS de Novos

Enzyme Systematic name Trivial name
Commission '
number
1 24214 Ribosylamine-5-phosphate: Phosphoribosy! pyrophosphate
pyrophosphate phospho- amidotransferase
ribosyltransferase
(glutamate-amidating) ,
2 6.3.1.3 Ribosylamine-3-phosphate: Phosphoribosyl glycineamide
glycine ligase (ADP) synthetase
3 2122 5’-Phosphoribosyl-N-formyl- Phosphoribosy! glycineamide
glycineamide: tetrahydro- formyltransferase
folate 5,10-formyltransferase v
4 6.3.5.3 5’-Phosphoribosyl-formyl- Phosphoribosyl formyl-
glycineamide: L-glutamine glycineamidine synthetase
amido-lizase (ADP) ’
5 6.3.3.1 5’-Phosphoribosyl-formyl- Phosphoribosyl aminoimidazole
glycineamidine cyclo-ligase synthetase
(ADP)
6 41121 5’-Phosphoribosyl-5-amino-4- Phosphoribosyl aminoimidazole
imidazolecarboxylate carboxylase
carboxylyase
7 6326 5’-Phosphoribosyl-4-carboxy-5- Phosphoribosyl aminoimidazole
aminoimidazole: L-aspartate succinocarboxamide
ligase (ADP) synthetase
8 4322 Adenylosuccinate AMP-lyase Adenylosuccinate lyase
9 2123 5’-Phosphoribosyl-3-form- Phosphoribosyl aminoimidazole
- amide—-imidazolecarbox- carboxamide formyl-
amide: tetrahydrofolate transferase
10-formyltransferase
10 354.10 IMP 1,2-hydrolase IMP cyclohydrolase
(decyclizing)

¢ Numbers in the first column refer to reactions in the summary diagram (p 5)
(from Henderson and Patterson, 1973).




Purine biosynthesis de novo is regulated through the activity of the
phosphoribosylpyrophosphate (PP-rib-P) amidotransferase, catalysing the
first step of this pathway. The activity of the amidotransferase is
regulated both by the availability of substrates, PP-rib-P and glutamine
as well as by the concentration of the nucleotide end-products of the
pathway, which exert feedback inhibition on this enzyme (Holmes et al,

1973; Wood and Seegmiller, 1973).

b) Purine Nucleotide Synthesis from Bases and Nucleosides

The requirement of cells for the de novo pathway is conditional due
to the existence of purine salvage enzymes allowing cells to survive and
grow in the presence of exogenous purine bases or nucleosides as their
sole source of purines. These routes are summarized in Fig. 5. The

enzymes are listed in Table 2.

Adenylate Inosinate Guanylate Xanthylate
T J 1 W _l }
Adenosine Inosine Guanosine " | Xanthcsine
]r ]b ]l ]l
Adenine Hypoxanthine Guanine Xanthine

Fig. 5. Purine nucleotide synthesis from bases and nucleosides.
(from Henderson and Patterson, 1973).



TABLE 2

Exzvues or PURINE RIBONUCLEOTIDE SYNTHESIS FROM BasEs axp

RIBONUCLEOSIDES

Enzyme
Commission
" number

Systematic name

Trivial name

24.2.7

2428

AMP:pyrophosphate
phosphoribosyltransferase
IMP:pyrophosphate phospho-

ribosyltransferase

ATP:adenosine 5-phospho-
transferase

Purine-nucleoside:orthophos-
phate ribosyltransferase

Adenine phospho-
ribosyltransferase
Hypoxanthine-
guanine phospho-
ribosyltransferase
Xanthine phospho-
ribosyltransferase
2, +-Dioxypyrimidine
phosphoribosyl-
transferase
Adenosine kinase

Inosine kinase
Guanosine kinase
Purine nucleoside
phosphorylase
Nucleoside phospho- -
transferase

In mammalian tissue, purine nucleotide level is maintained, in addi-

tion to synthesis de novo,

also by salvage synthesis from preformed

purine bases. The latter synthesis is catalysed mainly by hypoxanthine-

guanine phosphoribosyltransferase (HGPRT) and associated with consumption

of PP-rib-P.

c) Interconversion of Purine Nucleotides

The pathways by which purine nucleotides are interconverted are

summarized in Fig. 6.

The enzymes are listed in Table 3.



ATP
A
13
1Y
ADP GTP
A i
'y v
ADENYLATE GDP

5
ADENYLO-/X

SUCCINATE

INOSINATE

“\ \ f

[ | i

I MO XANTHYLATE | /

| AN | /

| \\ \\ ] /

! ~ \ ll /,

} N \ ’

N I/

! AN I s

§ ~ \ | 7

: \\\ ‘,/
DE NOVO PURINE BASES AND
PATHWAY RIBONUCLEOSIDES

Fig. 6. Interconversion of purine nucleotides.
(from Henderson and Patterson, 1973).

TABLE ~ 3

EnzyMmESs OF PURINE R1BONUCLEOTIDE INTERCONVERSION®

Enzyme
Commission .
number Systematic name Trivial name
1 12114 IMP:NAD oxidoreductase IMP dehydrogenase
2 6.34.1 Xanthosine-5'-phosphate:ammonia GMP synthetase
lizase (AMP) .
2 6352 Xanothosine-5"-phosphate:-glutamine =~ GMP synthetase
amido-ligase (AMP)
3 16.6.8 Reduced-NADP:GMP oxidoreductase GMP reductase
(deaminating)
4 6.3.44 IMP:L-aspartate ligase (GDP) Adenylosuccinate
synthetase
5 4322 Adenylosuccinate AMP-Iyase Adenylosuccinate
Iyase
6 3.5.46 AMP aminohydrolase AMP deaminase

¢ Numbers in the first column refer to numbers in the summary diagmm(F'ig .6)
(from Henderson and Patterson, 1973).
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The ability of cells to incorporate free purines is dependent on 1)
purine transport, 2) the availability of PP-rib-P, 3) activity of the
pertinent purine phosphoribosyltransferase, and 4) loss of the purine by
catabolic routes. Hypoxanthine and adenine are the more commonly used

purine precursors because their conversion to nucleotides is generally

more efficient than for other purines (Hauschka, 1973). Hypoxanthine

enters the adenine and guanine pools in equivalent amounts (Brockman et
al, 1970) and its incorporation is very efficient under'conditions in
which the endogenous purine supply is reduced (Hryniuk, 1972). In this
condition, exogenous hypoxanthine satisfies all the purine requirements

of cultured cells (Hakala, 1957).

B. Pyrimidine Nucleotide Metabolism -

Pyrimidine nucleotides, like those of purines, may be synthesized de
novo from amino acids and other small molecules or from preformed pyrimi-

dine bases and their nucleoside derivatives (Fig. 7).

Aspartate, glutamine,
ATP, COp Ribonucleotides—sDeoxyribonucleotides
PP-ribose-P Ribonucleosides

Pyrimidine bases (C->U).

a) Pyrimidine Nucleotide Biosynthesis de novo

The pathway of pyrimidine nucleotide biosynthesis de novo is sum-

marized below (Fig. 8). The enzymes involved are listed in Table 4.



o

ASPARTATE
GLUTAMINE (NHy) z
DE ~—————-—3 CARBAMYL CARBAMYL
CARBON DIOX! 1 PHOSPHATE 2 ASPARTATE
ATP
3
PRPP
OROTIDYLATE OROTATE ——————— DIHYDROOROTATE
5 4 '
6

URIDYLATE————>UDP—>UTP -

co;

GLUTAMINE OR NH,

-»CTP

7

Fig. 8. Pyrimidine nucleotide biosynthesis de novo.
(from Henderson and Patterson, 1973).

TABLE 4

ExnzrMES OF PYRDMIDINE RiBoNUCLEOTIDE BIosyNTHESIS de Novo®

Enzyme Systematic name Trivial name
Commission
number
2.72.5 ATP: carbamate phospho- Carbamyl phosphate synthetase I
transferase
(dephosphorylating)
1 — : — Carbamyl phosphate synthetase II
2722 ATP: carbamate ~ Carbamate kinase
phosphotransferase
-2 2132 Carbamoylphosphate: Aspartate carbamyltransferase
L-aspartate carbamoyl-
transferase
3 3.5.2.3 1-4,5-Dihydro-orotate Dihydroorotase
. amidohydrolase
4 1.3.3.1 14,5-Dihydro-orotate: oxygen Dihydroorotate dehydrogenase
: oxidoreductase
5 24210 Orotidine-5'-phosphate: Orotate phosphoribosyltrans-
pyrophosphate ferase, orotidine-5'-phosphate
phosphoribosyltransferase pyrophosphorylase
6 4.1.1.23 Orotidine-5’-phosphate Orotidine-5’-phosphate
carboxy-lyase decarboxylase
7 6.3.4.2 UTP: ammonia ligase (ADP)  CTP synthetase

¢ Numbers in first column indicate reaction in summary diagram (F{ g . 8)
(from Henderson and Patterson. 1973

12.
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b b) Pyrimidine Nucleotide Synthesis from Bases and Nucleosides
The pathways are summarized in Fig. 9. The enzymes are listed in
Table 5.
§
CTuL - ure ' _ r‘
copP UDP ;
clp UMP<——DE NOVO
: A PATHWAY
CR ———>UR 4
5
I"‘
e »U
2
Fic. 9. Metabolism of uracil, cytosine, and their ribonucleosides. Solid hnes,
enzyme activity in both animal and microbial cells; large-dashed line, enzyme activity in
microbial cells only; small-dashed lines, reaction not known.
(from Henderson and Patterson, 1973).
TABLE . §
ENzvMES OF PYRIMIDINE RIBONGCLEOTIDE SYNTHESIS f
FROM BAses aAND RIBONUCLEOSIDES® :
;
Enzyme Systematic name Trivial name '
Commission i
number
1. 6342 UTP: ammonia ligase (ADP) CTP synthetase )
2. 3.54.1 Cytosine aminohydrolase Cytosine deaminase '
3. 3.545 Cytidine aminohydrolase Cytidine deaminase
4. - — Uracil phosphoribosyltransferase
5. 2423 Uridine: orthophosphate Uridine phosphorylase
ribosyltransferase
6. 27148  ATP: uridine 5-phospho- Uridine-cytidine kinase
transferase
7. 3.135 ’-Ribonucleotide phospho- '-Nucleotidase
hydrolase
- 2421 Purine nucleoside: orthophos-  Purine nucleoside phosphorylase
@ phate ribosyltransferase

* Numbers in ﬁrst column refer to reactions in summary diagram (F i g. 9)
(from Henderson and Patterson, 1973).
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c) Interconversion of Pyrimidine Nucleotides

The pathways by which pyrimidine nucleotides are interconverted

are summarized in Fig. 10.

r
UMP ~—= QP ~—3= UDP === dUTP ~—2-dUMP ——= dTNP ——2= dTOP ——=d[ TP ‘ ‘
dCMI;\
[UTP}—> s (NP ~——t COP == dCOP ——r

Fxo.e,'? Normal routes of pyrimidine nucleoside triphosphate formation in animal cells.
r .

om Hauschka, 1973).

If should be noted that deoxythymidylic acid (dTMP) is not synthe-
sized through the de novo biosynthetic pathway but is formed from deoxy-
uridylic acid (dUMP) by thymidylate synthetase. DNA contains thymine
(5-methyluracil) instead of uracil present in RNA. Thymidylate synthe-
tase catalyses the methylation of the uracil moiety of dUMP in a reaction

m-methy]ene

requiring the participation of a folic acid coenzyme, NS,_N
tetrahydrofolate, as methyl donor. The enzyme is inhibited by 5-fluoro-
deoxyurine (FdUrd) which in its phbsphory]ated form (FdUMP) acts as a
competitive inhibitor of dUMP. In addition to thymidylate synthetase,
FdUrd also inhibits thymidine kinase, the enzyme responsible for the for-

mation of dATTP from thymidine (Henderson and Patterson, 1973).

IV. THE CELL CYCLE

The cell cycle is subdivided on a temporal basis into‘fqur main
phases: G], S (DNA synthesis period), 62, and M (mitosis). The subdi-
vision is based on the observation that cellular DNA is duplicated during
a discrete interval in interphase (Howard and Pelc, 1953). Following
mitosis there is a gap (G]) in the cycle during which no nuclear DNA syn-

thesis takes place. This phase is followed by a period of DNA synthesis (S)
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during which time the DNA content of the interphase nucleus is doubled.
The S phése is followed by another gap (Gz) in the cycle when again no
nuclear DNA synthesis takes place. Finally, the G2 phase fs'terminated
by mitosis.

The S and M periods are defined by DNA replication and cell divi-
sion respectively and progress through the cell cycle is usually
assessed by observing these two readily identifiable processes. No spe-
cific events have been similarily identified that can account for pro-
gress of the cell through the G1 and G2 periods. The G1 period is usu-
ally assumed to contain a succession of events that leads to the initi-
ation of DNA replication, while the G2 period is belfeved to contain a
sequence of steps initiated by the completion of DNA synthesis and lea-
ding to cell division.

The lengths of S, G2’ and M are, in general, found to be-relative-
ly constant, while the length of G] can vary greafly among different
cell types (Defendi and Manson, 1963; Petersen, Anderson and Tobey, 1968;
Prescott, 1976). The crucial control events for the regulation of genome
replication and cell proliferation seem to reside in G]. This is suppor-
ted by the observation that the complete cessation of cell reproduction
in tissues is achieved predominantly by the prolonged arrest of cells in
the G, period. Thus, cells that reproduce extremely slowly (in kidney,
liver, pancreas etc.) or the cells in nonrenewing tissues (neurons, ske-
letal muscle cells) all contain the G] amount of DNA. This has been de-
monstrated with the small lymphocytes of peripheral blood, which ordinari-
1y do not reproduce in vivo, but can be stimulated to reproduce in culture.
Every lymphocyte stimulated to divide goes through an S and a G2 period

prior to mitosis (Prescott and Bender, 1962). The discovehy that regulation
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of the cell cycle occurs primarily by G] arrest has led to the introduc-
tion of the "GO" concept to describe ‘the state of the cell in the arrested

condition (Lajtha, 1963). The G, state is part of G], since it has been

0
localized to that portion of the cell cycle in which the cell contains an
unreplicated genome (Baserga, 1968; Baserga, 1969; Padilla et al., 1974).

In the G, state the cell may be considered to have withdrawn from the cell

0
cycle. This withdrawal is, for most cell types, reversible, and the cell
may reenter the G] period of the cycle and resume proliferation in the
presence of an appropriate stimulus. Such cells exhibit a characteristic
delay (a lag period) before entering the S phase {Gelfant, 1977).
Environmental conditions influence the decision of cells whether to
initiate DNA synthesis and undergo division or cease to proliferate
(Pardee, 1974). Suboptimal growth conditions shift normal cells into
quiescence. Such conditions include high cell density (Robinson and Smith,
1976; Skehan, 1976; Temin, 1971) serum limitations {Martin and Stein, 1976;
Rubin and Steiner, 1975), limitation of some amino acids (Martin and Stein,
1976; Holley and Kiernan, 1974; Paul and Walter, 1975) or of somevother
nutrients, such as phosphate, glucose (Holley and Kiernan, 1974; Kamely and
Rudland, 1976), or lipids and biotin (Hatten et al., 1977} and the presence
of certain drugs (Pardee et al., 1978). The mechanism of density-dependent
inhibition of growth is not yet well understood. Factors that are thought
to be involved include medium depletion (Dulbécco and Elkington, 1973;
Thrash and Cunningham, 1975; Fodge'and Rubin, 1975; Hassel and Engelhardt,
1977), limitation of available growth surface (Dulbecco and Elkington,
1973), direct contact interactions (Skehan, 1976; Skehan and Friedman,
1976), a diffusible inhibitory factor released by the cell (Canagaratna
énd Riley, 1975), and the amount of cell surface area exposed tobthe growth

medium (Robinson and Smith, 1976). Limitation of all the amino acids
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simultaneously (Holley and Kiernan, 1974), or of isoleucine (Tobey, 1973),
histidine plus glutamine (Kamely and Rudland, 1976) or arginine (Popescu
et al., 1975) has been reported to arrest cells in GO’ although arginine
deprivation of CHO cells resulted in an S phase arrest (Weissfeld and
Rouse, 1977).

Evidence has accumulated in favor of a restriction or commitment
point between G0 and S. Presumably, once the biochemical event associated
with this point‘has occurred, a cell is irreversibly committed to initiate
DNA synthesis and undergo cell division. A growth stimulus, such as serum,
can be added to quiescent cells and then removed at various times. After
the restriction point, cells proceed to initiate DNA synthesis in the ab-
sence of the growth stimulus (Rubin and Steiner, 1975; Brooks, 1976; Bolen
and Smith, 1977). Drugs that preferential]y'inhibit the commitment event
can be added at various times after growth stimulation. The restriction
point is defined as the point at which the drug is no longer effective
in preventing cells from entering S. Thus, based upon drug studies with
caffeine, 5-fluorouracil and puromycin, the location of the restriction
point was estimated to be midway through the transition between GO and S
in BHK cells (Pardee and James, 1975), and midway between mitosis and S
in Chinese hamster cells (Epifanova et al., 1975). Although a lot of evi-
dence has been accumulated indicating the significance of the G] period
in the regulation of the cell cycle, G]-less cycles have been observed in
unicellular organisms, in certain cells within multicellular organisms
(both normal and tumorous), and in mammalian cells in culture. Thus, no
G] period is detectable in the slime mold, Physarum (Nygaard et al., 1960),
in Amoeba proteus (Ord, 1968; Ron and Prescott, 1969) or in the micro-
nucleus of two ciliated Protozoa, Tetrahymena (McDonald, 1962) and Euplotes

(Kimball and Prescott, 1962).



A G, period is also absent in very rapidly proliferating cells

.
within multicellular organisms. Thus, the cleavage stages of sea urchin
embryos (Fansler and Loeb, 1969; Hinegardner et al., 1964), Xenopus em-
bryos (Graham and Morgan, 1966), snail embryos (Van den.Biggelaar, 1971),
and mouse embryos (Gamow and Prescott, 1970) lack a G, period. Neoplastic
cells, in general, have cycles with G] periods that are shorter than.their
normal counterparts. Under certain conditions, some lines of Ehrlich
Ascites tumor cells proliferate in the peritoneal cavity of the mouse
without a detectable G] period (Baserga, 1963; Lala and Patt, 1966).
Finally, G1-1ess cycles have been observed in two kinds of mammalian
cells in culture. In Syrian hamster fibroblasts, the stimuIatidn of
arrested cells with serum subsequently leads to at Teast one cell cycle
that lacks a G] period (Blirk, 1970). Robbins and Scharff (1967) have
described the cell cycle for a 1ine of Chinese hamster cells (V¥79) that
completely lacks a G] period. Apparently, the absence of G] in V79 is
observed only in cell cultures that are in Togarithmic phase of growth,
In confluent monclayers a G] period appears, probably because of a slow-
ing down in the rate of cell proliferation. This cell 1line has.potential
usefulness for answering a number of questions about the significance of

the G] period and about the control of the initiation of DNA synthesis.

The temporal structure of S phase

There appear to be multiple levels for the control of DNA replica-
tion once a cell is committed to S phase (Hand, 1978). There is a degree
of control at the level of the chromosome in that certain sections are
likely to be synthesized at defined times in S phase. Thus, DNA sequences
that replicate within the same portion of succeeding S phases (Mueller and

Kajiwara, 1965; Brown and Willi, 1969; Plaut et al., 1966; Amaldi et al.,

18.



19.

1973; German, 1964). Also, the average G + C content is higher in DNA

‘synthesized early in S than in DNA synthesized late (Tobia et al., 1970;

Bostock and Prescott, 1971), and. heterochromatin is a1ways'rep1icated
late in S phase (Lima de Faria and Jaworska, 1968) . Ear]y-rep]icating
DNA, and possibly some event coupled to its synthesis, is extremely im-
portant for passage through the entire S period (Hamlin and Pardee, 1978).

The DNA within a section of a chromosome is divided into multiple
replication units, organized into clusters for the purpose of replication.
If waves of DNA synthesis during the S period are the result of different
numbers of functioning replication units in operation at different times
in S, then the implication is that DNA synthesis initiates at certain
clusters of replication units at precise times during S.

The initiation of S phase, the rate of DNA synthesis, and the pattern
of DNA accumulation through the cell cycle can be measured and compared
using total isotope incorporation from pulse labeling and continuous
Tabeling experiments, percent Tabeled nuclei in autoradiographs of pulse
and continuous]j labeled cells, and DNA fluorescence per cell using the
flow microfluorograph (Van Dilla et al., 1969). Close analysis of the
pattern of DNA synthesis in S reveals that DNA content increases in a sal-
tatory fashion, and that the early portion of S phase is a period of low
net DNA synthesis which may be mistaken for G1 if methods of measurements

other than autoradiography are used (Klevecz, Kemiston and Deaven, 1975).
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V. DNA SYNTHESIS

DNA synthesis is a replication brocess involving the copyihg of the
deoxyribonucleotide sequence of an original template that is not destroyed
in the process. The semiconservative mode of DNA replication in viruses
and bacteria is supported by a wide variety of experiments, and the direct
evidence for semiconservative replication of eukaryote DNA has been sum-

marized by Taylor (1963) and Prescott (1970).

a) Units of Replication

The study of the synthesis of one DNA molecule by the bacterial cell
has provided a model of how a eukaryote may’regu]ate the replication of a
large number of DNA molecules. The demonstration by Cairns (1963) that
the E. coli genome consists of one circular, double-stranded DNA molecule,
apparently replicated by DNA synthesis at one site, focused attention on
the structural arrangement‘of DNA in relation to its replication. Jacob
et al., (1963) introduced the concept of a basic unit of replication,
termed a "replicon", and proposed that the single DNA molecule found in
bacteriophage or bacteria behaved as one replicon. The fundamental proper-
ty of a replicon is that it can itself set up a specific signal system to
regulate its own replication.

Evidence that the DNA in a eukaryotic chromosome is divided into a
number of replication units came from numerous sources. Autoradiographic
studies of metaphase chromosomes from pulse-labeled cells revealed multiple
grain clusters in each chromosome suggesting multiple units of DNA repli-
cation (Taylor, 1963). By means of DNA fiber autoradiography, Cairns (1996)
found such units in mammalian cells to be tandemly arranged on long DNA
fibers. Huberman and Riggs, (1968) confirmed this finding of Cairns and

showed, in addition, that in most replication units DNA synthesis proceeds
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bidirectionally at a rate of DNA replication ranging from 0.5 to 1.2 pm/
min. Thus, the replication unit is a stretch of chromosomal DNA repli-
cated by two adjacent growing points which share a common origin and move
in opposite directions from that orfgin (Huberman and Riggs, 1968). These
findings have been confirmed in a number of different eukaryotic species,
that is, mammals, avian, amphibian and plants (Lark et al., 1971; Hand and
‘Tamm, 1973; McFarlane and Callan, 1973; Callan, 1974; Van't Hof, 1975).

The size of the replication units has been shown to vary in length
between 4 um (Taylor and Hozier, 1976) and 400 pym (Yurov, 1977) With most
values lying between 15 and 100 um (reviews by Edenberg and Huberman, 1975;
Sheinin et al., 1978; Hand, 1978). In general, the size of replication
units varies in different cell types with different growth conditions. This
was first observed by Callan (1972) and Blumenthal et al., (1974), who
found that cells with faster rates of DNA synthesfs has smaller replication

units.

b) Initiation of DNA Replication

Although no simple direct technique exists for measuring the number
of origins of DNA replication in mammalian cells they have been estimated
to be between 50,000 and 100,000 (Hand and Tamm, 1974; Tamm et al., 1978;
Cohen et al., 1978). It appears that not all potential initiation sites
are operating during S phase. The evidence comes from numerous studies.
The distance between activated initiation sites in DNA of somatic cells
of mature Triturus are in the range of 100-350 pm or greater (Callan,

1972; 1974), while in the embryos in the neurula stage initiation sites are
about 40 pm apart. Similarly, in rapidly replicating cleavage nuclei of
Drosophila melanogaster initiation sites are closer together than in the

slowly replicating nuclei in somatic cell cultures (Blumenthal et al., 1973).
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In early embryonic cells the S phase may be very short and the closely
situated initiation sites are necessary to accomplish the rapid dupli-
cation of the whole chromosome complement. In Chinese hamster cells
intervals between initiation sites decrease when cells blocked at the
G]/S interface by treatment with 5-fluorodeoxyuridine are released into
the S phase (Taylor and Hozier, 1976; Taylor, 1977). In these studies,
the shortest replication unit length was observed after the longest
duration of the block. A similar reduction in the size of active repli-
cation units following a reversal of a fluorodeoxyuridine block was also
observed by Ockey and Saffhill (1976). In SV40-transformed Chinese
hamsters (Martin and Oppenheim, 1977) and BALB/c3T3 (Oppenheim and Martin,
1978) cells initiation intervals are smaller than in untransformed cells.
And in polyoma-infected cells there is an increase in the frequency of
initiation of cellular DNA synthesis (Cheevers et al., 1972), also con-
sistent with the idea that not all initiation sités for DNA replication
are utilized under normal growth conditions in cell cultures.

The physical nature of replication origins in mammalian cell DNA has
not been established. Regions of inverted complementary (palindromic)
sequences, which are widely distributed in DNA (Davidson et al., 1973;
Wilson and Thomas, 1974; Schmidt and Deininger, 1975; Cech and Hearst, 1975),
may represent potential initiation sites for DNA replication (Bollum, 1975;
Edenberg and Huberman, 1975). Palindromic sequences have been demonstrated
near the origin of replication of SV40 DNA (Subramanian et al., 1977; Hsu

and Jelinek, 1977) and Adenovirus DNA (Sussenbach and Kuijk, 1978).

c) Clustering of Replication Units

A common observation in DNA fiber autoradiography experiments has

been the coordinated initiation of DNA synthesis on groups of adjacent
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replication units - clusters (Huberman and Riggs, 1968; Hori and Lark,
1973; Blumenthal et al., 1973; Hand and Tamm, 1974; Hand, 1975).

Hand (1975a; 1975b; 1977) has shown by means of statistical analysis
that clusters of replication units initiate replication in synchrony more
frequently than expected on the basis of chance, and they have similar
rate of replication for movement. They also tend to be similar in size
(McFarlane and Callan, 1973). Clusters of active rep]ication units along
DNA molecules have also been observed in numerous other studies using a
variety of techniques such as fluorescent dyes (Latt, 1973; Willard and
Latt, 1976), X-irradiation (Painter and Young, 1975; 1976), UV-irradia-
tion (Povirk, 1977) and density-labeling (Kowalski and Cheevers, 1976;
Planck and Mueller, 1977).

d) Discontinuous DNA Synthesis -

The DNA polymerases which have been purified from both prokaryotic
and eukaryotic cells are capable of elongation DNA in vitro only in the
5' to 3' direction. At each replication fork, one daughter strand must
be synthesized with overall polarity 3' to 5'. The discovery by Okazaki
(Okazaki et al., 1968) of small primary replication intermediates,
(Okazaki pieces) in E. coli provided a mechanism by which elongation of
both nascent strands could proceed in the 5' to 3' direction in prokary-
otes. The existence of these pieces has since been confirmed by others
(reviews by Kornberg, 1974; Gefter, 1975) and more recent evidence
suggests that a similar process exists in eukaryotes (review by Edenberg
and Huberman, 1975; Sheinin et al., 1978; Hand, 1978). In mammalian cells
the existence of Okazaki pieces was definitely demonstrated by Huberman
and Horwitz (1973) although other investigators before them had reported

the presence of such rapidly synthesized, short strands (Schandl and
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Taylor, 1969; Painter and Schaefer, 1969; Kidwell and Mueller, 1969;
Nuzzo et al., 1970; Sato et al., 1970; Hyodo et al., 1970).

The DNAs of papovaviruses are replicated in the nuclei of their
permissive host cells, and with the exception of a viral protein required
for the initiation of replication (Tegtmeyer, 1972; Francke and Eckhart,
1973; Chou et al., 1974), all the steps in viral DNA synthesis are carried
out by enzymes of the host cell. Papovaviruses, therefore, are a useful
probe for studying mammalian DNA replication. The size measurements made
on Okazaki pieces indicate that in polyoma, SV40 and mammalian cells,
these pieces are approximately 50 - 150 nucleotides long (Fareed and
Salzman, 1972; Magnusson et al., 1973; Francke and Hunter, 1974; Hunter
and Francke, 1974) sedimenting on alkaline sucrose gradients with a value
of about 4S. The corresponding pieces in prokaryotes are approximately .
1000 nucleotides long sedimenting with a va]ue.of 10S (reviews -by Edenberg
and Huberman, 1975; Sheinin, 1978; Hand, 1978).

The synthesis of Okazaki pieces is believed to be initiated by the
synthesis of a ribonucleotide primer since no known DNA polymerase is able
to initiate DNA synthesis directly on a DNA template (Weissbach, 1977).
The evidénce for such priming comes from experiments involving nearest
neighbor frequency analysis which indicate the presence of RNA-DNA junc-
tions in molecules newly synthesized in vitro (Magnusson et al., 1973;
Pigiet et al., 1974; Hunter and Francke, 1974; Tseng and Goulian, 1975;
Wagar and Huberman, 1975). Other experiments on the molecules synthesized
in vitro indicate the presence of 7 - 10 ribonucleotides terminated in a
triphosphate at the 5' end of the DNA (Reichard et al., 1974; Kaufman et
al., 1977; Tseng and Goulian, 1977). However, there is yet no evidence to
indicate the involvement of ribonucleotides in the synthesis of DNA in vivo

analogous to that for prokaryotes (Brutlag et al., 1971; Sugino et é]w 1972;
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Ogawa et al., 1977; Miyamoto and Denhardt, 1977).

There is controversy over whether replication proceeds in a totally
discontinuous (i.e., both strands synthesized discontinuously through the
formation of Okazaki pieces) or in a semidiscontinudus (i.e., only one
strand synthesized discontinuously) fashion. Both prokaryotic and eukary-
otic experiments have yielded contradictory results. The evidence for
totally discontinuous synthesis of both nascent strands comes from experi-
ments in which more than 50% of the radioactive precursor incorporated
into DNA in very short pulses is incorporated into Okazaki pieces (Okazaki
et al., 1968; Fareed and Salzman, 1972; Huberman and Horwitz, 1973;
Gautschi and Clarkson, 1975; Kurosawa and QOkazaki, 1975; Tseng and Goulian,
1975). Additional evidence supporting the discontinuous model of synthesis
comes from hybridization experiments in which a significant proportion
of the viral Okazaki pieces purified from virus-infected cells-is capable
of selfannealing (Magnusson, 1973; Fareed et al., 1973; Pigiet et al,
1973). The evidence for the semidiscontinuous model of synthesis, on the
other hand, comes from experiments in which the results are contrary to
the above. Thus, some investigators have fouhd that a maximum of 50% of
pulse-labeled DNA can be detected as Okazaki pieces (Qasba, 1974; Francke
and Hunter, 1974; Hershey and Taylor, 1974), while others have found that
only a small portion of purified viral Okazaki pieces are capable of self-
annealing (Francke and Hunter, 1974; Francke and Vogt, 1975). There are
drawbacks to all of these methods of investigation used (Francke and Vogt,
1975; reviews by Edenberg and Huberman, 1975; Hand, 1978) and although the
controversy on this point still exists the most recent evidence supports
the semidiscontinuous model. Thus, hydridization of Okazaki pieces from
replicating papovavirus DNA to restriction enzyme fragments of the viral

chromosome from either side of the replication origin shows that approxi-
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mately 75% hybridize to restriction fragments of the strand whose overall
direction of elongation is 3' to 5' (Perlman and Huberman, 1977; Hunter

et al., 1977).

e) In vitro DNA Synthesis

The study of DNA synthesis in cell-free systems offers possibilities
for certain biochemical and genetié studies which, in intact cells, are
made impossibie by the inaccessibility of the replication machinery to
manipulation. With prokaryotes, one approach to cell-free synthesis has
been to permeabilize the cell membrane by treatment with organic solvents
or non-jonic detergents, or by plasmolysis. Thus, in vitro replication
systems have been successfully used with prokaryotic cells and phages to
elucidate specific functions of enzymes and other gene products involved
in DNA replication, (reviews by Gefter, 1975; Wickner, 1978). ~In eukary-
otes, various in vitro systems have been described using permeabilized
cells (Burgoyne, 1972; Hunter and Francke, 1974; Seki et al., 1975; Berger
and Johnson, 1976; Gautschi et al., 1977), isolated nuclei (Lynch et al.,
1972; Winnacker et al., 1972; Hershey et al., 1973; Kroken et al., 1975;
Tseng and Goulian, 1975), or lysates containing sheared chromatin (Brown
and Stubblefield, 1974; Thompson and Mueller, 1975; Brewer, 1975). In
most of these, DNA synthesis is semiconservative.

| In vitro DNA-synthesizing systems offer the advantage of presenting
no significant barrier to exogenous nucleotides or other mo]ecu]esv(such
as enzymes and drugs) while retaining varying degrees of the nuclear DNA
replication structure. One disadvantage of any in vitro system is that
it involves a drastic disruption of cellular structure; therefore, useful
information can be obtained from an in vitro system only to the extent

that it can be shown to mimic normal in vivo DNA replication. Another
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disadvantage of in vitro systems so far developed is that the rate of DNA
synthesis is lower than the in vivo rate initially and decreases to zero
during incubation over a period of time which varies with the system,
(Gautschi et al., 1977; Fraser and Huberman, 1977). Despite these disad-
vantages, in vitro systems cdn potentially be used to identify and charac-

terize eukaryotic proteins involved in DNA replication.

f) Enzymesinvolved in DNA Replication

Among all the enzymes known to be involved in DNA replication the
best studied are the DNA polymerases, Several different forms of both
cytoplasmic and nuclear DNA polymerases have been extracted from higher
eukaryotic cells. In mammalian cells three different DNA polymerases can
be distinguished, classified as DNA polymerase a, B or ¥ according to
their molecular weight, their sensitivity to sulfhydryl inhibitors, and
their reactions with DNA template and a variety of primer molecules
(Weissbach, 1977). The a and B polymerase activities are associated with
the nucleus (Herrick et al., 1976; Lynch et al, 1975; Foster and Gurney,
1976),wh11e the vy DNA polymerase is closely related to, or identical with
the mitochondrial DNA polymerase (Bolden et al., 1977). The a-polyme-
rase is incapbale of using synthetic or natural RNA strands as template
(Bollum, 1975; Sedwick et al., 1972), but it can elongate synthetic and
| natural RNA primers (Spadari and Weissbach, 1975; Keller, 1972; Chang and
Bollum, 1972). Unlike the a-polymerase, B-polymerase is capable of using
a synthetic RNA-DNA template-primer combination, but it cannot use natural
RNA as a primer although it can, inefficiently, extend a synthetic RNA
primer (Bollum, 1975; Spandari and Weissbach, 1975). The <v-polymerase
constitutes only about 1% of the total cellular DNA polymerase activity,

and like the g-polymerase can use only a synthetic RNA primer (Spandari



28.

and Weissbach, 1975).

Investigations with synchronizéd tissue culture cells have shown a
positive correlation between the rate of DNA synthesis and the activity
of the a-polymerase (Spandari and Weissbach, 1974). The rise in

a -polymerase activity in growing cells or during the S phase of the cell
cycle has been generally assumed to indicate that this polymerase is the
“replicative” one in DNA synthesis, but this association may have other
causes (Weissbach, 1977). |

In addition to DNA polymerases, the specific activities of §evera1
proteins putatively involved in mammalian DNA replication increase during
late G1—ear1y S. Thus, it is possible that reqgulation of DNA replication
in mammalian cells might be accomplished, at least in part, by the pro-
grammed synthesis of particular replicative proteins. Apart from the DNA
polymerases, these proteins are: Thymidine kinase (Brent, Butler and
Crathorn, 1965; Kit et al., 1966); thymidylate kinase and deoxycytidylate
kinase (Kit and Jorgensen, 1976); ribonucleotide reductase (Larssen and
Reichard, 1967); several DNA binding proteins (Salas and Green, 1971);

and unwinding proteins (Champoux and Dulbecco, 1972).
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VI. HISTONE SYNTHESIS AND THE S PHASE

Histone synthesis takes place on small polysomes in the cytoplasm
from which completed histone molecules are rapidly transported into the
nucleus (Pederson and Robbins, 1970).

The synthesis of histones occurs predominantly during the S period
and is apparently tightly coupled to DNA synthesis: in cultures of syn-
chfonized cells pulse-labeled histone mRNA appears on polysomes at the
beginning of the S phase, increases to a maximum just before the peak of
DNA synthesis and then declines (Borun et al., 1967). Also, compounds
that inhibit DNA synthesis, such as hydroxyurea and high Tevels of thy-
midine, block histone production (Spalding et al., 1966). As a result of
hydroxyurea and cytosine arabinoside treatment hfstone mRNA disappears
from the polyribosomes (Gallwitz, 1975; Borun et al., 1975). The loss of
histone mRNA during hydroxyurea inhibition of DNA synthesis can be pre-
vented with cycloheximide, implying the synthesis of some kind of regula-
tory protein induced by the shutdown of DNA synthesis (Gallwitz, 1975).

The absence of detectable mRNA for histones in the cytoplasm of G]
cells indicates that transcription of histone genes is activated near the
G]-S border. 1In Hela cells blocked by high thymidine, mRNA's fof histone
synthesis are produced immediately upon release of the block (Breindl and
Gallwitz, 1973). Synthesis of histone mRNA continues through S and Gz.
During mitosis or as the cells enter G] all histone mRNA is destroyed
(Al11red et al., 1976).

Although histone synthesis occurs predominantly during DNA synthesis
there have been instances in which the two processes have been uncoupled.
A Tow rate of histone synthesis appears to occur in G]- or edarly S-arrested
mammalian cells (Appels and Ringertz, 1974; Gurley et al., 1972; Stellwagen
and Cole, 1969; Raydt et al., 1977) and in SV40 infected cells in which
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host DNA synthesis is inhibited (Liberti ef al., 1976).

It has been suggested that histones may be involved in some way with
DNA chain elongation in eukaryotic protein (Weintraub, 1972; Woese, 1973).
The reduced rate of DNA synthesis would then be a consequence Qf the avai-
lability of only the parental, and no newly synthesized histones. Récent
work has shown that histones become associated with nascent DNA within
nucleosomal subunits. (Elgin and Weintraub, 1975; Kornberg, 1977). Newly
replicated DNA, however, is covered with both old and new histones, and
newly made histones are distributed at random in the genome (Jackson,

Granner and Chalkley, 1975; 1976).
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VII. OVERALL SUMMARY

Q:; _ Eukaryotic DNA replication is an elaborately regulated process in-
volving not only the actual machinery of deoxyribonucleotide synthesis
but also the formation of DNA-associated proteins, RNA oligonucleotides
and other cellular components. Enzymatic studies have provided evidence
for nucleases, polymerases, ligating enzymes, and other proteins which
could fulfill these various functions.

The chromosomal DNA in eukaryotes is subdivided for the purpose of
replication into multiple discrete units. These linear units are of
varying size and contain each a centrally placed initiation point where
replication starts and proceeds outward at two fork-1ike growing points.
When forks from adjacent units meet, the newly synthesized DNA chains
fuse, producing long strands of chromosomal DNA. The average rate of re-
plication fork movement is T pm/min. Within the replication unit DNA is
synthesized discontinuously through the formation of Okazaki pieces on
the strand whose overall polarity is 3' to 5'. These short intermediates
are synthesized on RNA primers and are subsequently joined to form pro-
geny DNA strands through a series of steps involving the removal of the
RNA primer, gap-filling by a DNA polymerase believed to be different from
that involved in the synthesis of the short DNA chains and finally ligation.

Chromosomal DNA synthesis is temporally and spatially regulated.
There are at least three levels of regulation in eukaryotes: entry of
cells into the S phase, initiation of subéhromosoma] sections and initia-
tion of replication units.

Control of nucleic acid synthesis by precursor nucleotide pool con-
centration has been frequently proposed in the literature. DNA synthesis,

of course, depends on the availability of building blocks, but there is no

evidence suggesting that the general supply of deoxynucleotides regulates
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DNA synthesis. Studies on synchronized cell populations have revealed
increased activity during S phase of numerous enzymes involved in the for-
mation of nucleotide precursors for DNA synthesis. Such studies have also
shown that the levels of the dNTP pools are generally very low during G]
and increase steadily during S, generally reaching a peak after DNA syn-
thesis has peaked. The finding that the dCTP pool most closely follows
the course of DNA synthesis has led to the suggestion that this pool

might serve a regulatory function, but no specific role has been assigned
so far.

Although many advances have been made toward understanding the en-
tire process of DNA synthesis in eukaryotic ceT]s, many steps still need
to be elucidated. The biosynthesis of the ribonucleotides and deoxyribo-
nucleotides is a central process for all cells since they are precursors
to nucleic acids. An important aspect of the biosynthesis of the nucleo-
tides is the pathway of formation of their bases, the pyrimidines and
purines. In the study that follows we present an analysis of the effect
of lack of purines on the size of the intracellular dNTP pools, and on
DNA synthesis, in an attempt to elucidate the relationship between the
purine precursors of the dNTPs and DNA synthesis. Such a relationship
has not been studied before at the purine precursor Tevel. Previous stu-
dies have analysed the relationship between the dNTP pools and DNA synthe-
sis through interference at the level of the reduction of ribonuclebtides
to deoxyribonucleotides. Such interference was brought about invariably
by the use of drugs that are known to have a multitude of nonspecifié
effects in addition to the specific biochemical effect attributed to them.
Our system has the advantage of dealing with a characterized biochemical
defect in the mutant cell 1ine, V79 pur 1, and is thus free of any pharma-

cologic agents that might cause nonspecific metabolic alterations and



thereby alter the experimental results.

The work focuses primarily on

the effect of purine deprivation on 1) the size of the intracellular

dNTP pools; 2) the ability of the cells to progress through the cell

cycle; and 3) on ongoing DNA synthesis.

33.
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CHAPTER 2

EFFECT OF PURINE DEPRIVATION ON DNA SYNTHESIS
AND DEOXYRIBONUCLEOSIDE TRIPHOSPHATE POOLS OF
A MAMMALIAN PURINE AUXOTROPHIC MUTANT CELL LINE*

*This chapter has been submitted for publication to The Journal of
Biological Chemistry (Maria Zannis-Hadjopoulos, Ernst A. Baumann,

and Roger Hand).
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ABSTRACT ‘
When the V79 pur 1 cell line, a purine auxotrophic mutant of Chinese
hamster lung fibroblasts, is maintained in the absence of purines, the cells
stop growing but remain viable for up to 48 h. Within the first 6 h after
purine deprivation, there is a rapid decrease in the incorporation of 3H-
thymidine into acid-precipitable material as well as a decrease in the
fraction of cells incorporating thymidine. This inhibition is due to arrest
of cells in the DNA synthesis phase of the growth cycle, as shown by flow
microfluorographic analysis of the cellular DNA content. Analysis of the
intracellular deoxyribonucleoside triphosphate (dNTP) content shows an
expansion of the pyrimidine dNTP pools and a decrease in size of the purine
dNTP pools. The largest pool variations are exhibited by dCTP,~which increa-
ses to twice the contfo] level, and by dATP which decreases to 34% of the
control level within 6 h after purine dep1etibn. Studies of in vitro DNA
synthesis show that the purine-depleted cells maintain an intact replication

3H-dTTP incorporation in the presence of

apparatus as evidenced by normal
exogenously supplied triphosphate precursors. Qur results indicate that the
inhibition of DNA synthesis caused by the block to purine synthesis in

this mutant may be bypassed by restoring the ch]eotide pools, and suggest
that the size of these nucleotide pools may be a critical factor in DNA

synthesis.
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V79 pur 1 is a purine auxotrophic mutant of the Chinese hamster lung
cell line, V79, that has been iso]gted through treatment with 5-bromo-
deoxyuridine and black light (5). | Feldman and Tay1or (7), in charac-
terizing the defect, found that these cells were deficient in phospho-
ribosylpyrophosphate amidotransferase (E.C.2.4.2.14), the first enzyme in
the de novo purine biosynthetic pathway. They also found that, when
grown in the absence of exogenous burines, the cells show a rapid and
sharp decline in the incorporation of labeled precursors into nucleic
acids that decreaées within 6 h to less than 10% of the level of cells
grown in the presence of purines. Overall protein synthesis is affected
to a lesser extent and the decline is more gradual (31).

The relétionship between deoxyribonucleoside triphosphate (dNTP)
pool sizes and DNA synthesis has been exténsive]y investigated (3,15,16,
18,30,33,34). Generally, dNTP pools increase in size just befpre initia-
tion of DNA synthesfs and attain maximal levels during the S phase
(9,18,28,34). Interference with the dNTP pools through treatment with
drugs results in marked changes in the rates of DNA synthesis. Hydroxy-
urea causes a severe reduction in DNA synthesis through inhibition of
ribonucleotide reductase (E.C.1.17.4.1; ribonucleoside diphosphate reduc-
tase), the enzyme responsible for converting ribonuclectides to deoxy-
ribonucleotides (36). This inhibition of DNA synthesis is paralleled by
a depletion of the intracellular purine dNTP pools, dGTP and dATP
(20,27,29), or of dATP only (34), with the exception of mouse L929 cells,
where‘the size of the dNTP pools remains unchanged (1). Treatment of
cells with high concentrations of thymidine, on the other hand, causes a
specific depletion of the dCTP pool and a parallel inhibition of DNA
synthesis which can be reversed upon restoration of normal dCTP pool
levels (3). This finding led to the suggestion that dCTP pool may serve

a regulatory function in DNA synthesis.
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There are drawbacks to all studies in which pharmacologic agents are
used to inhibit cellular metabo]isﬁ, the most obvious of which is that
the agents may have effects in addition to the specific biochemical
inhibition usually attributed to them (6). Hydroxyurea, for example,
causes cytopathic effects'in cells that cannot be linked solely to the
inhibition of ribonucteotide reductase (19,25,32).

In the present study, we have takén advantage of the knowledge of
the precise biochemical defect in the V79 pur 1 cell Tine to study the
effect -of purine deprivation on the cellular dNTP levels and DNA synthe-
sis. Our results indicate that it causes a reduction of pufine dNTP
pools associated with an expansion of pyrimidiné dNTP pools and a marked
inhibition of ongoing DNA synthesis. Restoration of adequate pool size
either in vivo or in vitro in a lysed cell system causes a rapid resump-

-~

tion of precursor incorporation.into DNA.

- EXPERIMENTAL PROCEDURES

Cells - The cell Tines V79 pur 1 and V79 were kindly supplied to us by
Dr. M.W. Taylor, University of Indiana. ‘The V79 pur 1 cells were main-
tained in Ham's F10 medium (8) supplemented with 5% fetal calf serum
(FCS), 0.25 yg/m] amphotericin B, 50 pg/ml gentamicin, and 60 pg/mi
tylocine. The parent line, V79, was maintained in Minimal Essentié]
Medium (MEM) supplemented with 5% FCS and antibiotics. Cells were grown
in 75 cm? tissue culture flasks (Falcon) at 37° C and transferred 1:4
when confluent. They were checked periodically for mycoplasma contamina-
tion by whole cell autoradiography and by electron microécopy, as de-

scribed by Schneider (24), and found to be negative.
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Experimental Conditions - For experiments, unsynchronized cells in log-

arithmic growth were used. They were transferred on the preceding day to
plastic petri dishes at a density of 2 x 10° cells/dish and maintained
overnight in F10 medium. To deplete the cells of purines and produce
restrictive growth conditions, the medium was replaced with MEM supple-
mented with 5% dialyzed FCS. Control cells received the same medium to
which hypoxanthine (30 pM) was added. As additional controls in some
experiments, cells received F10 supplemented with 5% FCS as the replace-
ment medium. Cell counts were performed on triplicate samples using a
hemocytometer. Two independent counts per plate were performed and the
variation in counting was less than 10%. At the same time, viability was

determined by trypan blue exclusion.

Incorporation of‘3H—thymidine - Cells were prelabled overnight with 14c.

thymidine (0.005 pCi/ml; 40-60 mCi/mmol). On the day of the experiment,
the radioactive medium was removed, the cells were washed with prewarmed
phosphate buffered saline (PBS) and were subsequently incubated in the
appropriate medium. At the desired time points, the cells were pulse-
labeled with 3H-thymid1ne (10'6 M; 40-60 Ci/mmol) for 15 min>at'37° C.
The cells were then washed twice with ice-cold PBS and lysed with 0.4N
NaOH. To the lysates was added an equal volume of 1.5N HC1 containing 6%
sodium pyrophosphate and they were kept on ice for 10-15 minutes. Acid
precipitable material was collected on glass fiber filters (Whatman
GF/A), washed with cold 0.1 N HC1 containing 0.5% sodium pyrophosphate,
dried by washing with ethanol and acetone and counted in a Beckman
LS-8000 scintillation counter. Incorporation of 3H—thymidine is ex-
pressed either as 3H:14¢ ratio or as percent incorporation of the control

cells.
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Whole Cell Autoradiography - Cells grown on sterile 22 mm coverslips were

pulse-labeled for 15 min with 3H-th;midine at the desired time points, as
described above. Incorporation was stopped by washing with ice-cold PBS.
The cells were subsequently fixed} in ethanol: acetic acid (3:1) and
dehydrated by successive washes in 70% and 95% ethanol. The coverslips
were then air-dried, mounted on glass slides and coated with NTB-2 emul-
sion (Eastman Kodak Co.). After exposure for 10 days to 1 month, they
were developed, stained with Giemsa, and examined in a light microscope

for determination of the labeling index.

Cytofluorographic Analysis of DNA Content - The distribution of cellular

DNA content was analysed by flow microfluorography (FMF) as described by
Krishan (11). Cells were stained with cold propidium fodide solution
(0.05 mg/ml in 0.1% sodium citrate) for 10 min in the dark. ~‘CeH fluo-
rescence was measured within 48 h as described by Nishimoto et al (17).
The distribution of cells in the various phases of the cell cycle
was obtained from the fluorescence profiles (2). Assuming a symmetrical
distribution of cells about the G; (channel 25) and Gp* M (channel 50)
peaks, the fraction of cells in G; and Go +M was estimated for each time |
point by measuring the areas lying to the left of the Q, peak and right
of the Gp + M peaks and multiplying by 2. The fraction of cells in S was
then determined by subtracting the sum of the above two from the total
area. All areas were measured with a microprocessor based p1animetér,
which is a magnetostrictive tablet with a resolution of 0.1 mm absolute,
and the algorithm was measured using integer arithmetics and trapezoidal

“integrations.
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Analysis of Deoxyribonucleotide Pools - Cellular deoxyribonucleoside

triphosphate pools were extracted using ice-cold 60% methanol according
to Skoog (26). Enzymatic analysis of the pools was performed using E.
coli DNA polymerase 1 and the synthetic templates poly [d(1-C)] and poly
[d(A-T)], as described previously (12,26). The results are expressed as

picomoles per 106 cells.

In Vitro DNA Synthesis - The lysed cell system of Reinhard et al. (23)

was used. Cells were partially lysed with 0.01% Brij-58 and subsequently
incubated at 37° C in a reaction mixture containing 34-dTTP, an ATP
generating system, and an adequate supply of all four ribo- and deoxy-
ribonucleoside triphosphates. The samples were analyzed either for
3H-dTTP incorporation into acid precipitable material or for labeling

index of the nuclei using the procedures described above.

RESULTS

Cell Growth - The effect of purine deprivation dn growth of the V79 Pur 1
cell line is shown in Fig. 1. During a period of 48 h, the cells in the
purine-deprived medium fail to double, although some cell division does
occur, conceivably of the cells that had completed S at the time of the
shift to depieted medium. In the same time interval, the cells growing
in the medium supplemented with hypoxanthine divide with a doubling time
of 30 h, while those maintained in F10 medium divide with a doubling time
of 24 h. During this period of time, 96-99% of the control and depleted
cells remain viable, as determined by trypan blue exclusion. Wild type
V79 cells have a doubling time of 22 h in MEM with or without a purine

supplement.
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DNA Synthesis - We next examined the effect of purine deprivation in the

V79 pur 1 cell line on 3H-thymidine incorporation into acid insoluble mate-
rial. The results are shown in Fig. 2a. After 4 h in purine-deprived me-
dium, incorporation drops to 4% of the value in control cells with access
to purines, and remains at that level for at least 7 h. Addition of hypo-
xanthine to cultures that have been deprived of purines for 4 h, when inco-
rporation is at its lowest point, results in an increase in incorporation
which reaches 80% of the control level within 1 h. A similar rapid resto-
ration of DNA synthesis is obtained upon addition of hypoxanthine to cells
deprived of purines for 5, 6 or 7 h (Table 1, Appendix). Prolongation of
purine deprivation up to 23 h results in an increase in inéroporation which
reaches about 24% of the control rate. Further incubation in the absence of
purines past 23 h results in a new decline in incorporation (6% of the con-
trol), which stays at that level until cells die after 48 h (Table 2, Ap-
pendix). The increase in incorporation of thymidine at 23 h has also been
reported by Sriram and Taylor (31), who showed that it is a result of re-
pletion of the intracellular purine pools from breakdown of ribosomal RNA.
Exposure of the cells to FdUrd 30 min before tﬁe pulse results in
mbre 3H incorporation than in its absence. This difference can probably be
attributed to a dilution of the specific radioactivity in depleted cells
not exposed to FdUrd, since in these cells, an expansion of the dTTP pool
is observed (150% of the control level; see dTTP pool results). Addition
of FdUrd, which inhibits the enzyme thymidylate synthetase, counteracts
this effect by depleting the endogenous dTTP pool. Incorporation studies
using the wild type cell line, V79, revealed a pattern similar to that of

the mutant grown in MEM supplemented with hypoxanthine (Table 3, Appendix).
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The fraction of cells engaged in DNA synthesis, as determined by
whole cell autoradiography (Fig. 2b), shows a very similar time course of
decline as thymidine incorporation into acid-precipitable material.
Relative values for the fraction of labeled cells are higher than those
for thymidine incorporation, and addition of hypoxanthine after 4 h of
purine-deprivation results in a return to control levels within 1 h.
Again, higher values are obtained in the presence of FdUrd. These
findings show that DNA synthesis is rapidly inhibited and restored upon
removal and addition of purines, and suggest that purine deprivation
induces a block to S phase, although a G; block cannot be completely

excluded.

Cell Cycle Distribution - To differentiate more reliably between Gy and S
phase block, flow mfcrofluorography was used. Purine—depleged and con-
trol cells were treated with propidium iodide and the DNA content of
individual cells measured by fluorescence. The results are shown in Fig.
3, in which cells with a G;-DNA content are distributed in a peak about
channel 25, and those with a Go content about channel 50.

In the sample taken at time zero (Fig. 3a), when the cells were in
the rich F10 medium, the majority of cells are distributed in S phase.
It has previously been reported that several Chinese hamster cells lines,
including two sublines of the V79 line, lack a measurable Gj or Go phase
or both (14,21). Under optimum growth conditions, such as in F10 medium,

V79 pur 1 cells appear to have short G and G phases.
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There is an increase in the proportion of cells with a G; DNA con?
tent when the cultures are switchgd from the rich F10 medium to MEM
containing 5% dialysed FCS (Fig. 3b-k). The redistribution is similar in
cells maintained in the presence and absence of supplemental hypoxan-
thine. This effect therefore, can be attributed to the difference in the
medium and the adjustment of cells to less than optimal growth conditions
in MEM. |

Thus, during the first 6 h of the experiment, the distribution
profiles of the cellular DNA contént are essentially the same in the
purine-deprived and in the control cells (Fig. 3b-3g), a]though during
the same period of time DNA synthesis has been markedly inhibitgd in the
purine-depleted cells. At 20 h, however, a difference can be seen. In
the deprived cells (Fig. 3i) the majority of the cells are distributed
between channels 20 and 35, that is between Gj and S, mainfy the early
part of S, as suggested by the skewness of the distribution. The control
cells (Fig. 3h) afe distributed more broadly between channels 20 and 60
with the majority of cells in S. Addition of hypoxanthine to cells
deprived of purines for 4 h does not significantly alter the DNA distri-
bution profiles (Fig. 3j and 3k) although it rapidly restores DNA synthe-
sis (see previous section).

In Table I, a comparison is made between'the percentage of cells in
S, as determined by autoradiography (Figure 2) and by microfluorography

(Figure 3).The estimate of cells in S based on the FMF data is a minimum
one since it does not include those cells in early and late S whose DNA
content is almost identical to that of cells in G; and Gp (10,11). The
percentage of radiocactively labeled cells décreases steadily in the

purine deprived cultures over a period of 6 h, while the percentage of
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cells with a DNA content characteristic of the S phase does not show a
significant changef A decrease in'S phase ce]]s,.as measured by FMF,
occurs after 20 h in the deprived medium.

The Tack of alteration in the cell cycle distribution in the face of
inhibition of DNA synthesis in the first 6 h of purine deprivation indi-
cates that the deprived cells are arrested in S phase. By 20 h, an
enrichment of the Gj population is observed, apparently caused byhcells
that had already completed S at the time of purine withdrawal from the
medium -and proceeded normally through G2 and_M. This 1is also evident
from the growth curve of the mutant in the absence of purines (see Fig.

1) where a slight increase in the number of cells is found at 20 h.

dNTP Pools - Since the mutation in this cell 1line stops the de novo
synthesis of purines, one of the primary effects of exogenous purine
deprivation should be a change in the intracellular dNTP pools following
removal of purines from the growth medium. We therefore measured the
size of the dNTP pools using the E. coli DNA polymerase assay (12,26).
The results are shown in Fig. 4.

Both the dGTP and dATP pools decrease in size, reaching 60% and 34%
of the control levels, respectively, following 6 h of purine deprivation.
In contrast, the pyrimidine dNTP pools expand during the same period in
the deprived medium, with the dCTP pool increasing to twice the control
level within 2 h of purine starvation and then decreasing slightly by 6
h, although still remaining above normal levels. The dTTP pool increase
is not as marked and its size fluctuates less throughout the course of
the experiment, but it also remains above normal levels in the purine-

deprived medium. Prolongation of purine deprivation up to 20 h causes a
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reversal of these trends and brings all the values closer to control
levels probably as.a result of breakdown in ribosomal RNA (31). Addition
of 30 uM hypoxanthine to the depleted medium after 4 h also}restores pool
sizes toward the normal.

The expansion of the pyrimidine dNTP pools observed above is simi]ér
to that seen when the purine dNTP pools are depleted through treatment
with hydroxyurea (27,29) and can probably be attributed to altered allo-
steric regulation of the ribonucleotide reductase activity caused by a
relatively low concentration of dATP, which acts as a feedback inhibitor
on the enzyme, according to the model described by Reichard (22).

It should be noted that under all experimental conditions (dep]eted
and control), the dCTP pool is the largest and dGTP the smallest, with
»the dGTP pool measuring less than 5% 6f the dCTP pool, while the dATP and
dTTP levels are intermediate. This finding is consistent with previously
reported results with a variety of cell lines (4,9,15,18,28-30,34).

Analyses of dNTP pools were also done on the wild-type cell Tine,
V79, and the values obtained are similar to those of the mutant grbwn in

the purine supplemented medium (Table 4, Anpendix).

In Vitro DNA Synthesis - In order to determine whether the inhibition of

DNA synthesis observed in vivo under the purine-deprived conditions 1is a
direct result of the decrease in the purine pools, a subcellular DNA
synthesizing system was used 1in which all four deoxyribonucleoside
triphosphates were supplied. The cells were deprived of purines in vivo
for 6 h and were then partially lysed with Brij-58 and incubated in the
reaction mixture containing all four dNTPs. The rate of SH-dTTP incor-

poration into acid insoluble material 1is shown in Fig. 5. Within 5
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minutes of incubation in vitro, the cells previously deprived of purines
incorporate 34-dTTP at a rate of about 70% of the control, which by 60
minutes increases to.about 80% of the control. The corresponding in vivo
value is 5-10% as measured by 3H-thymidine incorporation into acid-
insoluble material.

The slight inhibition in 3H-dTTP incorporation seen in the cells
that were deprived'of purines before lysis for in vitro synthesis is not
due to fewer cells capable of DNA syntheéis. Table II indicates that
almost 70% of the cells that had been deprived of purines in vivo synthe-
size DNA in vitro, whéther incubation with radioactive Tlabel is in the
first or the second half of the one hour reaction. The correspbnding
control figure is 58%. The slightly higher fraction of labeled nuclei in
cells thaf had been deprived of purines is consistent with fhe interpre-
tation that these cells are arrested in the S phase. The percentagé'of
cells synthesizing ‘DNA in vivo following 6 h of purine deprivation is

33%. MWe detect no abnormality in depleted cells when the pools are sup-

plied exogenously to an in vitro system. Therefore, purine depletion in

the mutant has Tittle or no effect on the DNA replication enzymes.

DISCUSSION

Our results show that purine deprivation of the purine agxotrophic
mutant cells, V79 pur 1, causes an inhibition of ongoing DNA synthesis
and disrupts traverse of the cell cycle by preventing normal compietion
of the S phase. Purine deprivation also causes an upset in the balance
of the deoxyribonucleoside triphosphate pools, with a decrease of the
purine dNTP pools and an expansion of the pyrimidine dNTP pools. Supply

of all four dNTPs in equal amounts in vitro leads to resumption of normal

precursor incorporation into DNA.
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Arrest of cells in the S phase during the first 6 h of purine depri-
vation is evident by autoradiography, which shows a steady deérease in
the number of cells actively engageé in DNA synthesis, while at the same
time flow microflurographic analysis reveals that during this period the
proportion of cells with a DNA content characteristic of S remains
constant. An alternate explanation might be that the increase in the
endogenous dTTP pool under purine-deprived conditions may inhibit phos-
phorylation of 3H-thym1d1ne through feedback inhibition of thymidine
kinase. This explanation is less likely since FdUrd treatment - which
should block any increase in the dITP pool - does not prevent the de-
crease in labeled nuclei in the purine-deprived cells. Additional
evidence against an inhibition of thymidine kinase as the sole explana-
tion for the decrease in 3H-thymidine incorporation in purine-deprived
cells comes from DNA fiber autoradiography experiments, in which normal
labeling of DNA fibers is observed énd from density labeling~ experiments
which show that residual DNA synthesis is semiconservativel. Also, the
accumulation of cells in Gy after 20 h of purine depletion suggests that
cells in Gy were‘able to continue cycling up to the G1/S 1nterfacé, but
were unable to synthesize DNA.

Evidence in support of an S phase block also comes from the observa-
tion that when the inhibited cells are proVided with hypoxanthine, DNA
synthesis resumes at a normal rate within one hour, and the results of in
vitro experiments in which 70% of the nuclei from depleted cé]ls become
labeled within 30 minutes of incubation in the presence of all four
deoxyribonucleoside triphosphates. Finally the observed sizes of all
four dNTP pools also argue in favor of an S phase arrest, since they are
well above those reported for Gi populations from a variety of mammalian
cell Tines, such as human lymphocytes (16,33), secondary mouse embryo

cells (18) and Chinese hamster cells (34).
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The alterations in the size of the deoxyribonucleoside triphosphate
pools in the purine-deprived V79 pur 1 cells are consistent with the
genetic defect of these cells. However, the purine dNTP pools, though
appreciably decreased over the 6 h period of the experiment, remain
always at a measurable size. The 1ntrace11u1ar purine ribonucleoside
triphosphate (rNTP) pools also remain at a measurabie Tlevel and show a
5-fold decrease after 12 h of purine deprivation (31). Considering that
the shutdown of the de novo purine biosynthetic pathway is complete by
2 h in the absence of exogenous purines (6), we conclude that the purines
giving rise to the purine nucleotide pools measured after longer periods
of depletion come from the salvage pathways operating in the cells, which
utilize preformed purine bases. Salvage synthesis, in addition to de
novo synthesis, plays an important role in mammalian cells for mainte-
nance of purine nucleotide levels (13,35), and is catalysed mainly by
hypoxanthine-guanine phosphoribosyl transferase (HGPRT), which functions
normally in the V79 pur 1 cells.

Although the absolute values of the four dNTP pools in V79 pur 1
cells are altered by purine deprivation, the relationship between them
remains unchanged, with the dGTP poo](always less than five percent of
the dCTP pool, and the dTTP and dATP pools being always of intermediate
size. Previous work with hydroxyurea-treated mammalian cells has shown a
correlation between the decrease in size of the dGTP pool and inhibition
of DNA synthesis (29). In our study, although a reduction in the size of
the dGTP pool is observed, it is not as marked as that exhibited by the
dATP pool, which we have found to correlate best with the inhibition of
DNA synthesis in our cells. Maximum inhibition of DNA synthesis is

observed at 6 h post-purine depletion, when the size of the dATP pool is
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at a minimum, both values amounting to approximately 30% of the control,
while the dGTP pool size fluctuates less and decreases only to 60% of the
control. These results are in accordance with those reported for
hydroxyurea-treated Chinese hamster cells (34). Although these findings
point to a possible positive correlation between the size of the dATP
pool and DNA synthesis, the evidence is not conclusive since variation is
observed to a greater or lesser extent in all four dNTP pools under
conditions of purine starvation. Our in vitro studies suggest that the
size of dNTP pools 1is critical for DNA synthesis of V79 pur 1 cells,
since preincubation of the cells in vivo in purine-deprived medium does
not reduce 3H-TTP incorporation into DNA in a system, in which all four
dNTPs are present. Thus it is possible that a normal rate of DNA synthe-
sis depends on the presence of all four dNTPs in balanced amounts.
Finally, a]thodgh no major discrepancies were noted Qbetween our
results and those obtained in systems using hydroxyurea, our system has
the definite advantage of dealing with a defined biochemical alteration
in a mutant cell line and is, therefore, free of any unknown actions of a

pharmacologic agent that might also interfere with and alter the experi-

mental results.
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Footnotes

1 page 7.53; see data presented in Chapter 3.
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TABLE I

S phase cells in V79 pur 1 following purine depletion

S phase cells

Autoradiography?2 Flow microfluorography
Time i v Control _ Depleted Control Depleted
h %
0 71 - 55 -
2 o 57 48 53 N 58
4 | 54 25 48 50
4, repleted 1 hC 58 57 NAD 44
4, repleted 2 hC ' 63 57 50 52
6 63 33 50 45

20 74 12 55 36

a Cells were treated with FdUrd (10-6M) for 30 min before the radioactive
pulse in order to deplete the endogenous dTTP pool and thereby prevent a
dilution of the radioactivity.

b Not available.

C Cells dep]eted'of purines for 4 h and then supplemented with hypoxan- -
thine (repleted).
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TABLE 1I

Effect of purine deprivation on the fraction of

V79 pur 1 cells synthesizing DNA in vitro

Cells deprived of purines for 6 h in vivo were partially lysed with
Brij-58 and pulse-Tabeled with 3H-dTTP (107> M; 20 pCi/ml) at 37° C for
various time intervals. The Tlabeling index was determined after the

nuclei were spread on glass slides and subjected to autoradiography.

Labeled nuclei

Labeling time in vitro Control Deé]eted
min %
0 - 30 - 58 69
30 - 602 58 69

aFrom 0 ~ 30 min the samples were incubated in the presence of unlabeled

dTTP (10-5 M).



- FIG. 1. Effect of different culture media on the growth
of V79 pur 1 cells. After growth overnight in F10 + 5%

FCS, the cells were divided into 3 replicate sets which

received F10 + 5% FCS ( A ), MEM + 5% dialysed FCS + 30 PM‘

hypoxanthine ( o ), or MEM 5% dialysed FCS ( e ). At
the time points indicated, cells were counted and tested

for viability by trypan blue exclusion.
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FIG. 2. Effect of purine deprivation on 3

H-thymidine in-
corporation into acid insoluble material (a), and on the

fraction of cells synthesizing DNA (b). Cells were seeded

into petri dishes in F10 + 5% FCS. After growth overnight,

half the dishes received medium without purines and the
other half received medium supplemented with 30 MM hypo-
xanthine (control). At the time points indicated, samples
were pulsed with 3H-thymidine (1 pci ml) for 15 min. FdUrd
(10'6 M) was added to an additional set of dishes 30 min-
before the radioactive pulse. The data are expressed as
percent incorporation of the corresponding control cells
maintained in hypoxanthine-supplemented medium. ( * ),
V79 pur 1 in purine-depleted MEM with FdUrd; ( © ) , V79
pur 1 in purine-depleted MEM without FdUrd; {( A ) , V79
‘pur 1 deprived of purines for 4 h and then supplemented
with 30 uM hyﬁoxanthine (arrow). CPM incorporated into acid-

6

precipitable material were normalized to CPM/10" cells.

o
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FIG. 3. Effect of purine deprivation on cell cycle
distribution of V79 pur 1 cells. After growth overnight
in F10 + 5% ‘FCS, half the dishes received purine-
deprived medium and the other half received medium supp-
lemented with 30 M hypoxanthine. At the time points
indicated the cells were stained with propidium iodide
and prepared for FMF analysis. Channel 25 corresponds
to a DNA content characteristic of Gy - C indicates pu-
rine supplehented cells (control), D indicates purine'

deprived cells and re indicates purine repleted cells.
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FIG. 4. Effect of purine deprivation on deoxyribonucleo-

side triphosphate (dNTP) pools in V79 pur 1 cells. Follow--

ing overnight growth in complete (F10) medium the cultures
were shifted to purine-deprived or purine-supplemented me-~
dium and the dGTP (a), dATP (b), dTTP (c), and dCTP (d)
pools were determined at time points Setween 0 and 20 h.
Please note differences in scales. ( ® ), purine-deprived
cells; ( o ), cells supplemented with 30 pM hypoxanthine_
(controls); ( A ), ce]fs deprived of purines for 4 h and
thenvsupplemented with hypoxanthine (repleted). The

arrow indicates time of hypoxanthine addition.
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FIG. 5. In vitro DNA synthesis in purine-deprived V79

14

pur 1 cells. C-pre]abe]ed cells were deprived of pu-

rines in vivo for 6 h and subsequently lysed with Brij-58

and incubated in a reaction mixture for in vitro DNA syn-

-5

thesis containing 3H—dTTP (10 M; 20 pCi/ml). At the

time points indicated, duplicate samples were removed and

3

the amount of “H-dTTP incorporated into acid-insoluble

-

material was determined. The results are expressed as

3 14

H: C ratios. ( e ), purine-deprived cultures; ( o ),

cultures supplemented with 30 puM hypoxanthine (controls).

O
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In the preceding paper we presented evidence that when purines are
withdrawn from an exponentially growing culture of V79 pur 1 ;e]]s, cell
growth is arrested and ongoing DNA synthesis is inhibited. While the
uptake of 3H-thymidine incorporation into acid precipitable material ra-
pidly decreases to 20% of the initial value, the fraction of cells in-
corporating thymidine in autoradiographic preparations decreases to a
lesser extent (50% of the initial fraction). Further, fluoromicrofluo-
rographic analysis shows that the cells are arrested in early S phase.
Purine deprivation also causes an upset in the balance of the deoxyribo-
nucleoside triphosphate pools, with a decrease of the purine dNTP pools
and an increase of the pyrimidine dNTP pools. Supply of all four.dNTPs
in equal amounts in vitro leads to resumption of normal DNA synthesis.

Various reports in the literature have shown that depletion of the

purine dNTP pools by use of drugs, such as hydroxyurea, inhibits the DNA

chain elongation process and causes the accumulation of Okazaki fragments

that cannot be incorporated into mature DNA strands. In Tight of the
similar findings in our system presented in the preceding chapter an
attempt was made to further characterize the lesion in DNA synthesis in
the mutant cells and the results are presented in the following chapter,
which is organized in the form of a manuscript suitable for publication.
In our analysis we use equilibrium and velocity centrifugations to
characterize the newly synthesized DNA under conditions of purine depri-
vation. We also use DNA fiber autoradiography for a direct examination

of replicating chromosomes in the purine deprived cells.
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CHAPTER 3

INHIBITION OF DNA CHAIN ELONGATION IN A
PURINE AUXOTROPHIC MUTANT OF CHINESE HAMSTER*

*This chapter has been submitted for publication to Cell (Maria

Zannis-Hadjopoulos and Roger Hand).
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Summary

DNA synthesis has been examined in a purine auxotrbphic_mutant cell line
of Chinese hamster (V79 pur 1) under conditions of purine deprivation.
Six h after the removal of purines from the growth medium, there is a
decrease in semiconservative DNA replication. During the same period,
histone synthesis is also inhibited but not to the same extent. Alkaline
velocity centrifugation and agarose dgel electrophoresis of the DNA
synthesized during a 1 min pulse under conditions of purine deprivation
shows that approximately 50% of the newly replicated DNA is the size of
Okazaki pieces. These are not incorporated into bulk DNA during a 1 h
chase. If the purine supply is restored to the growth medium, these
short DNA pieces are joined to full size DNA within 1 h. DNA-fiber auto-
radiography reveals a retardation in the rate of DNA replication fork
movement but no apparent inhibition of initiation of synthesis on repli-
cation units within clusters actively engaged in replication. Our
results indicate that purine deprivation specifically inhibits elongation

of nascent DNA chains.
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Introduction

DNA synthesis is an elaborately rebu]ated process whose many steps are
not completely understood yet. One of the basic requirementé for DNA
replication is the continuous supply of the four deoxyribonucleoside
triphosphates (dNTPs) that serve as building blocks. These are also
thought to play a regulatory role in the replication process (Reichard,
1978). Numerous studies have shown that treatment of cells with hydroxy-
urea, which depletes the intracellular purine dNTP pools (Walters, Tobey
and Ratliff, 1973; Skoog and Bjursell, 1974), inhibits the DNA chain
elongation process and causes the accumulation of Okazaki fragments that
cannot be incorporated into mature DNA strands (Magnusson et al., 1973;
Magnusson‘1973a, b; Walters, Tobey and Hildebrand, 1976a). We have in
our hands a purine auxotrophic mutant cell 1line of Chinese hamster,
designated as V79 pur 1, which is deficient in phosph&riboéy]pyrophos-
phate amidotransferase (E.C.2.4.2.14), the first enzyme of the de novo
purine biosynthetic pathway (Feldman and Taylor, 1975). In another study
we have shown that when V79 pur 1 ceTls are deprived of purines, the size
of the purine dNTP pools decreases while that of the pyrimidine dNTP
pools increases. The pools that are affected the most are dATP, which
decreases 3-fold, and dCTP, which increases 2-fold following purine with-
drawal from the growth medium. At the same time DNA synthesis is marked-
ly reduced and the cells become arrested in the S phase (Zannis-Hadjo-
poulos, Baumann and Hand, manuscript submitted).

Knowing the biochemical defect in the V79 pur 1 cell line, and in
light of our previous finding concerning the alterations in the dNTP
pools 1in this mutant, we have undertaken a study to characterize the

precise step in DNA replication that is affected when the supply of
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purines is restricted. In this paper we present evidence that purine
deprivation in these mutants de]ays%the maturation of newly synthesized
Okazaki pieces to full size DNA and also inhibits the rate of DNA repli-

cation fork movement.

Experimental Procedures

Cells and Experimental Conditions

The Chinese hamster line, V79 pur 1, was used. This cell line is auxo-
trophic for purines and has a mutation in the gene for phosphoribosyl
pyrophosphate amido transferase (E.C.2.4.2.14; Feldman and Taylor, 1975).
It was maintained in our laboratory in Hamm“s F10 medium supplemented
with 5% fetal calf serum, amphotericin B (0.25 pg/ml), gentamicin (50

pg/ml) and tylocine (60 pg/ml). The details of the experimental condi-
tions have been previously described (Zannis-Hadjopoulos et al., manu-
script submitted). In brief, the day before the experiment the cells
were transferred to plastic petri dishes at a density of 2 X 105>cells
per 60 mm dish and allowed to attach and grow overnight in F10 medium
supp]ehented with 5% FCS. In experimental cultures, the cells were
depleted of purines and placed under restrictive growth conditions by
replacement of the growth medium with minimal essential medium (MEM)
supplemented with 5% dialysed FCS. Control cultures received the same

medium that had been supplemented with 30 MM hypoxanthine.

Density Labeling and Extraction of DNA

Cell cultures that had been deprived of purines for 2 h were incubated in
medium containing 5'-fluorodeoxyuridine (FdUrd; 2 x 10-0 M), bromodeoxy-

uridine (BrdUrd; 107 M) and 3H-thymidine (10-7 M; 10 pCi/ml) for a
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period of 8 h in the dark. Parallel control cultures were identically
treated. At the end of the incubation period each of the cultures was
mixed with an equal number of cellsithat had been labelled for 16 h with
14C—thymidine and the DNA was extracted as described by Britten et al.
(1974). The extracted DNA was dissolved in TNE (0.05 M Tris, pH 8.0,
0.15 M NaCl, 0.05 M EDTA) and sheared to a size of 8-9 x 106 daltons by

passing it four times through a 25-gauge needle.

Isopycnic Centrifugation in Neutral CsCl Gradients

An aliquot of about 3 ug of the extracted DNA was brought to a final
volume of 5 ml in a solution containing TNE and CsC1 (density 1.72 g/ml).
Centrifugation was at 33,000 rpm for 60 h at 18°C in an S40.2 rotor in an
L2-658 Beckman ultracentrifuge. Fractions of 0.2 ml were collected from
the bottom by displacement using a constant volume fractionator (M.R.A.
Corporation, Boston,‘Mass.). The refractive index of every -fifth frac-
tion was recorded and the radioactivity in each fraction was measured by

liquid scintillation counting.

Extraction and Ana]ys1s of Histones

Cells were labelled with l4c- -lysine (3.2 x 10‘4 M; 0.5 pC1/m1) for 48 h
in Ham's F10 medium. The radioactive medium was rep]aced by purine-
deprived medium containing one tenth the normal concentration of lysine.
After 4 h, half the cultures received purine-deprived medium containing
3H-1ysine (3.7 x 10-4 M; 25uCi/m1) while the other half received the same
medium containing in addition hypoxanthine (30 FM) to serve as control.
After a labeling period of 2 h, acid-soluble proteins were extracted as
previously described (Winocour and Robbins, 1970) and the extracts were
subjected to electrophoresis on 10% polyacrymide gels (Hand and Kasupski,

1978).
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Velocity Sedimentation in Alkaline Sucrose Gradients

Samples containing approximately 10% cells were slowly pipetted into 0.3
ml of 0.2 M NaOH - 0.001 M EDTA, layered over a gradient of 5 - 20%
sucrose in 0.9 M NaCl, 0.3 M NaOH, and 0.001 M EDTA resting on a cushion
of 70% sucrose (Sheinin, 1976). Cell lysis and DNA denaturation were
allowed to proceed at 4°C for 8-12 h. The gradients were then centri-
fuged for 16 h at 26,000 rpm at 4°C in an SW 50.1 rotor in an L2-65 B
Beckman ultracentrifuge. Fractions of 0.2 ml each were collected from
the bottom and counted for radioactivity. 3H-1abeled #X174 DNA (form II;

from Dr. D. Denhardt, McGill University) was used as a marker.

Agarose Gel Electrophoresis

Horizontal slab agarose gels were used as described by McDonell, Simon
and Studier (1977). .The gels were prepared and run in a neutral electro-
phoresis buffer (0.04 Tris, pH 7.8; 0.005 M sodium acetate, 0.001 M
EDTA). Samples containing approximately 105 cells were lysed in 0.5 M
NaCl, 0.015 M sodium citrate, 1% sarcosyl for 30 min at room temperature
and the lysates were lyophilized and then dissolved in a small vo]ume of
the electrophoresis buffer. They were then heated to 100°C for 5 min and
transferred into the sample wells of a 0.7% agarose gel using a micro-
pipet. Bromophenol blue (BPB) was placed in a separate well to allow
monitoring of the run. Electrophoresis was carried out at 12 mAmps until
the BPB marker had migrated to a distance of approximately 5 can (3.5 -
4h). The gels were then treated with 10% TCA for 30 min and sliced into
1 mm sections. The slices were placed into scintillation vials and auto-
claved for 2 min to dissolve the agarose. They were subsequently ana-
lysed for radioactivity by scintillation counting in Aquasol (New England

Nuclear).
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DNA Fiber Autoradiography

The method of Hand and Tamm (1973)iwas used. In brief, at times after
exposure to purine-deprived or purine-supplemented medium, thé cells were
subjected to sequential 30 min pulses with 3H-thymidine, first at high
specific activity (5 x 106 M; 50 Ci/mmol) and then at Tow specific
activity (5.5 x 10~ M; 5 Ci/mmol). The cells were exposed to FdUrd (2 x
10-6 M) from 30 min before the pulse to its completion. At the end of
the radioactive pulses, a drop of cell suspension (about 2-3 x 103 cells)
was lysed gently on a subbed glass microscope slide with a drop of a
lysis buffer (PBS) containing sodium dodecyl sulfate (1%) and EDTA (0.01
M). The DNA fibers released from the cells were spread over the surface
of the slide with a glass rod, air-dried, fixed, and processed for auto-
radiography. Exposure time was 4 - 6 months. All autoradiograms were
examined using a light microscope equipped with a frosted-gtass screen.
The autoradiographic figures were projected on the screen and traced on

clear acetate.

Results

DNA synthesis, as measured by 3H—thymidine incorporation into acid-insol-
uble material is reduced to less than 10% of controls when V79 pur 1
cells are deprived of purines for up to 8 h (Feldman and Taylor, 1975;

Zannis-Hadjopoulos et al., manuscript submitted).

Semiconservative Replication

Equilibrium density centrifugation in neutral CsCl gradientS was used to
investigate the type of DNA synthesis performed by the mutant cells in
the purine-deprived medium. A replicative type of synthesis would be

expected to result in double helices with a buoyant density higher than
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normal due to the incorporation of BrdUrd into the nascent strands.
Repair synthesis would not cause a shift since BrdUrd would be incorpora-
ted into regions too short to alter the density of the repaired stretches
of DNA. Fig. 1 shows that there is no difference in the gradient pro-
files of the DNA extracted from cells which were either purine-deprived
or purine-supplemented (control) for 10 h. DNA synthesized 1in the
presence of BrdUrd and 3H-thymidine banded at a density of 1.75_g/m1,
characteristic of the hybrid product of semiconsefvative replication
(Flamm, Bond and Burr, 1966) whereas the normal unsubstituted marker DNA
banded at a density of 1.70 g/ml. The bulk of fhe 3H-1abel is associated
with the high-density fractions rather than with DNA of normal density.
This result indicates that the residual DNA synthesized in the mutant
cells deprived of purines is made in semiconservative fashion character-
istic of the S phase. It also indicates that there is Tittle or no

repair replication and no breakdown of preexisting DNA strands.

Histone Synthesis

The relationship of histone synthesis to DNA synthesis and the cell cycle

has been extensively investigated in a variety of cell systems (reviewed

by El1gin and Weintraub, 1975; Prescott, 1976). It has been observed in

many mammalian cells that the synthesis of histones is generally tightly
coupled to that of DNA (Edenberg and Huberman, 1975; Elgin and Weintraub,
1975) but a few cases of uncoupling of the two processes have been
reported, such as in Gi- or early S-arrested cells (Gurley and Hardin,
1968; Gurley, Walters and Tobey, 1972; Prescott, 1976; Raydt et al. 1977)
and in SV40-infected cells in which host DNA synthesis 1is inhibited

(Liberti, Fischer-Fantuzzi and Vesco, 1976). It seemed of interest to
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analyse the effect of purine deprivation on the synthesis of histones in
the V79 pur 1 mutants, at a time when DNA synthesis is inhibited and the
cells are arrested ih the S phase.

Acid-soluble nuclear proteins were extracted from purine-depleted
and purine-supplemented cells that had been Tlabeled with 14c-1ysine
before depletion and 3H-1ysine 4-6 h after depletion. The extracts were
analysed by electrophoresis on 10% polyacrylamide gels. The electro-
phoresis phofi]es are shown in Fig. 2. Two major lysine rich peaks that
contain the five classes of histones (Winocour and Robbins, 1970) were
resolved on the gels. The amount of 3H-1ysine incorporated into the
histone peaks of cells deprived of purines (Fig. 2a) is about 50-60% of
that incorporated into the control cells (Fig. 2b) as determined by the
ratios of 3H:l4c incorporated into those peaks. Overall DNA synthesis
during the same time. interval was estimated from the ratio of 34:14¢ in
acid-insoluble material from cells labeled for 16 h with 14C-thymidine
before being exposed to purine-deprived medium for 6 h and then labeled
with 3H-thymidine for 15 min. The resu]tS of these experiments and the
histone synthesis experiments are compared in Table 1. The inhibition of
DNA synthesis is more marked than that of histones, indicating an uncoup-
ling of the two processes in the purine-deprived cells. This result
conforms with our previous finding that pufine deprivation causes an
immediate arrest of the cells in the S phase (Zannis-Hadjopoulos et al.,
manuscript submitted) and is in agreement with the results obtained by
other investigators, where relatively high rates of histone synthesis
were detected in the absence of DNA synthesis in.cells that were arrested

early in the S phase (Gurley and Hardin, 1968; Gurley et al., 1972).
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Characterization of the newly-synthesized DNA

Once we established that DNA synthesis was replicative in the absence of
purines, we designed pulse-chase experiments to determine the size of
nascent DNA strands under purine-depleted conditions. V79 pur 1 cells
whose bulk DNA had been prelabeled with l4C-thymidine were incubated in
purine-deprived or purine-supplemented medium for 6 h. At this time
approximately 50% of the cells have entered S, as determined by flow
microfluorography, but only about 30% of the cells are actively engaged
in DNA synthesis, as determined by autoradiography (Zannis-Hadjopoulos et
al., manuscript submitted). 3H-thymidine (2 x 10-6 M; 50 Ci/mmole) was
added to control and depleted cells for 1 min to pulse-label the nascent
DNA. The cells were then processed immediately for analysis on alkaline
sucrose gradients and on agarose gels, or incubated for an additional
hour in the appropriate medium containing non-radicactive thymidine in
excess (2 x 1072 M).

Typical gradient patterns are shown in Fig. 3. The distribution of
radioactivity is the same in the purine-deprived and purine-supplemented
cells after 1 min of pulse-labeling with 3H-thymidine (Fig. 3a and c).
In both, approximately 50% of the 3H-labeled DNA is recovered as small
molecular weight material that sediments at 4 to 5 S near the top of the
gradients, while the remainder cosediments with full-sized 14C-pre1abe1ed
DNA (2> 46S). In the pulse-chase experiments, however, a chase period
of one hour was not enough to allow conversion of the low molecular
weight molecules into bulk-size DNA in the purine depleted cells (Fig.
3b) whereas in control cells, all the DNA was incorporated into full-
sized molecules within this time (Fig. 3d). Although apparently some low

molecular weight material was chased into longer strands in one hour in
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the purine-deprived cells, 50% of the radioactivity recovered as 4-5s
material after the 1 min pulse remained as such after a 1 h chase.

If thé cells wére.deprived of purines for 6 h and were subsequently
exposed to medium supplemented with hypoxanthine, the ability to chase
the Yow molecular weight DNA into bulk-size was regained within 1 h (Fig.
3e and f). This ability was also present after 23 h of purine-depriva-
tion (Fig.1l Appendix) when repletion of the purine ribonucleotide (Sriram
and Taylor, 1977) and deoxyribonucleotide pools (Zannis-Hadjopoulos et
al, manuscript submitted) occurs due to breakdown in ribosomal RNA
(Sriram and Taylor, 1977). These results suggest that in the absence of
purines there is a retardation in the conversion of small Okazaki-type
pieces of newly replicated DNA to large molecular weight DNA. |

Identical results in depleted cells were obtained when the samples
were subjected to electrophoresis on agarose ge]s,_as shown™in Fig. 4.
After 1 min of pulse-labeling with 3H-thymidine, two major size classes
of DNA are resolved on the gels, one comigrating with the bulk-size
14C-pre1abe1ed DNA and the other migrating as a peak around 9.5 X 10°
daltons, ahead of the X174 marker (Fig. 4a and c). This peak can be
chased into bulk-size DNA within 1 h in purine-supplemented cells (Fig.
4d). In purine-deprived cells after 1 h chase there is still a prominent
peak of small molecular weight material but there is also a broader
distribution of intermediate size material of 1-5.5 x 10° daltons (Fig.
4b). This material might represent replication intermediates similar
to those observed in other systems (Tseng and Goulian, 1975), detectable
only in the purine-deprived cells after 1 h of chase because of retarda-

tion in the formation of mature DNA strands. It is unlikely that they
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represent breakdown material of larger DNA as indicated by the distribu-
tion profile of the 14C—pre1abe]ed;bu1k—size DNA, which migrates as a

homogenous peak.

Rate of DNA Replication Fork Movement

As a result of the above findings, which suggest a defect in the process
of elongation, we decided to Took directly at the effect of purine deple-
tion on the rate of DNA replication fork movement in V79 pur 1 cells by
means Qf DNA fiber autoradiography. The rate was determined by measuring
the length of the high-grain-density tracks of DNA generated during the
high-specific activity pulse of 3H-thymidine on units that initiated
vsynthesis before the pulse, and then dividing by the duration of the
pulse (Hand and Tamm 1973). ‘Track Tlengths from control and depleted
cells are approximately normally distributed at all time points. The
mean . track length values obtained as well as the calculated rates are
shown in Table 2. The rates in purine-supplemented cells are similar to
those previously found for Chinese hamster cells (Sheinin, Humbert and
Pearlman, 1978; Edenberg and Huberman, 1975; Yurov and Liapunova, 1977).
Within 4 h in purine-depleted medium, the rate of fork}movement declines
to 58% of the control rate and by 6 h reaches 36% of the corresponding
rate found in the purine-supplemented cells. In cells Adeprived of
purines for 4 h and then switched to purine-supplemented medijum for 2 h,
the rate rises again to 92% of the corresponding control. Representative
autoradiograms of 6 h purine-deprived and purine-supplemented cultures
are shown in Fig. 5, in which the difference in the track lengths between
the two is clearly visible. The above results indicate that purine
deprivation has a direct inhibitory effect on the rate of DNA rep]icatioh

fork movement.
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Interval Between Initiation Sites

If initiation were inhibited in addition to fork movemeﬁt, we might
expect to see other alterations in the patterns of fiber autoradiograms
in the depleted cells. Among these could be an increase in the interval
between initiation sites caused by a block to initiation at some sites
that would be used in the normal coukse of replication in non-depleted
cells.

The interval between active sites was determined by measuring the
center-to-center (intertrack) distances between adjacent replication
units. The method of selection of autoradiograms for the scoring of
intervals was as described in Hand and Tamm (1974). In brief the auto-
radiograms are collected from areas of the slide where the DNA is well
spread, and two units are considered to be on the same fiber if they are
aligned and within the same microséopic field at a magnification of 280.
With this method, neighboring units that Tie far apart are overlooked
because of the difficulty in recognizing their alignment and, as a conse-
quence, the results tend to be biased toward smaller intervals, as it has
also been pointed out previously (Huberman and Riggs, 1968; Callan, 1973;
Hand and Tamm, 1974; Martin and Oppenheim, 1977). The mean intertrack
distances are shown in Table 3. They are expressed as geometric means
rather than arithmetic means because the distributions of such distances
are not Gaussian but rather skewed toward larger values, as it has also
been observed previously by other investigators (Blumenthal, Kriegstein
and Hogness, 1973; Hand and Tamm, 1974; Hand, 1977; Hand and German,
1977; Martin and Oppenheim, 1977). The geometric mean is preferred
because of its "weighting" characteristics in the statistical sense,

whereby it gives smaller observations relatively more importance than
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does the arithmetic mean (Martin and Oppenheim, 1977; Oppenheim and
Martin, 1978). It can be seen thatéintertrack distaﬁces become progres-
sively smaller with increasing time in the purine—depri?ed medium. The
intertrack distances observed in the control cells are within the range
previously reported for Chinese hamster cells (Huberman and Riggs, 1968;
Yurov and Liapunova, 1977). Cumulative frequency distributions of inter-
track distances are presented in Fig. 6. At aT] time-points considered,
the purine-deprived cells have the highest frequencies of short inter-
track distances, as indicated by the initial steep slopes in their cumu-
lative frequency curves. The median values are 76-88 pm. The cumulative
frequency curves of the purine-supplemented cells indicate a much broader
distribution of intertrack distances with median values of 108-112 pm.
Thus, purine-deprivation is not associated with an increase in initiation
intervals. This suggests that initiation on active clusters of replica-

tion units is not inhibited by purine depletion.

Relative Frequency of Initiation

As an additional test of whether initiation is inhibited by purine deple-
tion, we measured the frequency of initiations by scoring the fraction of
replication units that had initiated before the high-specific activity
pulse (prepulse units) and comparing it to the fraction of units that
initiated during the high-specific activity pulse (postpulse units), as
described by Hand (1975b). A decrease in the frequency of initiations
would result in a decrease in the fraction of postpulse initiation units
relative to controls (purine-supplemented cells).. Scoring was done biind
on coded slides; the results are shown in Table 4. Purine-deprived cells

show the same proportion of postpulse units as the purine-supplemented
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cells at all time points examined. We conclude, therefore, that purine-
deprivation does not inhibit initiation of replication units on active

clusters.

Discussion

Our results show that under conditions of purine deprivation, DNA synthe-
sis in V79 pur 1 cells is inhibited. Residual synthesis is replicative
in nature, a characteristig of S phase synthesis, and histone synthésis
is reduced to a lesser extent than overall DNA synthesis. Depleted cells
lose the ability to convert small, newly replicated DNA strands (Okazaki
pieces) to mature-size chromosomal DNA. This is associated with a marked
reduction in the rate of DNA replication fork movement. Purine depriva-
tion has no apparent effect on the frequency of initiation of new DNA
synthesis. All inhibitory effects observed under conditions of purine
deprivation are reversible; restoration of purines into the medium
results in resumption of normal DNA synthesis.

These results show that purine deprivation inhibits semiconservative
DNA synthesis by directly inhibiting the rate of DNA chain elongation, as
measured by replication fork progression and maturation to full size DNA.
A block in maturation has been demonstrated hy other investigators in
systems in which a state of purine depletion was induced through treat-
ment with hydroxyurea (Magnusson et al., 1973; Magnussbn 1973 a, b;
Walters et al., 1976 a,b). Purine-deprived V79 pur 1 cells are arrested
in S, as we have shown (Zannis-Hadjopoulos et al, manuscript submitted)
and this is also true for hydroxyurea-treated cells (Walters et al, 1976
b). Although dATP availability may be a major rate limiting faétor for
DNA synthesis (Zannis-Hadjopoulos et al., manuscript submitted), we feel
that a balance between all four deoxyribonucleoside triphosphate pools

must exist in the cells for normal DNA synthesis to occur.
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The possibility that the small-size DNA persisting under purine-
deprived conditions is a breakdown product of pre-existing DNA strands
can be excluded for 2 reasons: a) 'In alkaline sucrose gradients as well
as in agarose gels, the 14C-pre1abeled DNA marker is recovered always as
one peak at a position characteristic of bulk DNA, and b) the small DNA
could be chased into bulk DNA immediately upon repletion of the deprived
medium with purines. We cannot exclude the possibility that these small
DNA fragments may not represent true Okazaki pieces, but may be instead
the result of an excision repair process arising by misincorporation of
uracil .into DNA and subsequent removal, similar to that operating in
bacteria (Tye and Lehman, 1977) and mammalian systems (Sekiguchi et al.,
1976; Brynolf, Eliasson and Reichard, 1978; Grafstrom, Tseng and Goulian,
1978). Misincorporation of uracil into DNA is more frequently observed
when dUTP levels are elevated (Tye and Lehman, 1977). In xﬁammalian
cells, dUTP is synthesized by phosphorylation of dUMP that is formed by
deamination of dCMP (Maley and Maley, 1959). Although, normally duTP
would be converted rapidly back to dUMP (Bertani, Haggmark and Reichard,
1963) and then to dTTP, this reaction may be inhibited to some extent in
purine-deprived V79 pur 1 cells because of the increased size of the dCTP
and dTTP pools.

Against the Tikelihood of repair synthesis during purine deprivation
are the following observations: a) in the absence of purineé all of the
3H—thymidine is incorporated along with BrduUrd into molecules of hybrid
density, and b) during a half-hour pulse-labeling period 3H-radioactivity
is incorporated into discrete stretches of DNA measurable by DNA fiber
autoradiography rather than into small areas dispersed randomly through-
out the DNA. However, the possfbi]ity remainé that some of the small DNA
molecules seen in depleted cells arise from excision of replicating

stetches into which uracil was misincorporated.



197.

The overall rate of DNA synthesis is determined by two factors, the
rate of replication fork movement and the frequency of initiation of
replication units. Our results indicate that replication fork movement
is inhibited by purine depletion, but we cannot provide evidence that
initiation is blocked. However, fiber autoradiography permits examina-
tion only of those clusters of rep1ication units active at the time of
the radioactive pulse. Since depleted cells are arrested in S phase
(Zannis-Hadjopoulos et al., manuscript submitted), initiation must be
inhibited at some point, probably on whole clusters of replication
units. We are unable to detect this by fiber autoradiography.

We also observed a decrease in the interval between initiation sites
in the purine-depleted cells in comparison to their nondepleted counter-
parts. The correlation of reduced rate of replication fork movement and
smaller intertrack distance has also been observed by.other investigators
(Taylor and Hozier, 1976; Ockey and Saffhill, 1976; Kurek and Taylor,
1977; Taylor, 1977). A decrease in the intertrack distance may reflect
an increase in the number of active initiation sités operating along the
DNA fiber (Taylor and Hozier, 1976; Martin and Oppenheim, 1977; Oppenheim

and Martin, 1978). Our results, however, show that the frequency of
| initiations in the purine-deprived cells does not differ from that in the
purine-supplemented cells, despite the fact that intertrack distances are
significantly smaller in the former5 We have no clear explanation for
the reduced intervals in depleted cells. The longer intervals in the
control cells cannot be accounted for by fusion of strands from adjacent
units that completed synthesis before the end of the pulse, since the
rate of fork movement is slow enough to permit operation of almost all

replication units for longer than the 30 min pulse of high specific
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activity. It is possible, however, that some fusion does take place in
units replicating at a slightly faster rate than the average. A correla-
tion between size of replication units (and therefore initiation inter-
vals) and the rate of replication fork movement has been observed (Ockey
and Saffhill, 1976). It is possible that in clusters of small replica-
tion units, the replication forks are retarded by constraints imposed by
the relatively close proximity of the stretches of the DNA molecule
undergoing replication. If this is so, then one explanation for our
findings is that initiation on clusters of large replication units is
selectively inhibited by purine depletion and residual synthesis on the
clusters of small units has a slower rate of fork movement. Even if this
is correct, there must be an additional direct effect of purine depletion
on synthesis to account for the marked inhibition in elongation and the
accumulation of small DNA molecules. Thus, an adequate supply of purines
seem to be required for polymerization, gap-filling .and ligation in

mammalian DNA synthesis.
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Table 1 - Histone and DNA Synthesis in Purine-deprived and Purine-Supple-

mented (control) V79 pur 1 Cells?

Histone Synthesis _ DNA Synthesis

Peak 1P Peak 2D

Radioactivity Depleted Control Depleted Control Depleted Control

34 (cpm) 3,912 6,370 10,880 22,419 6,785 33,087
14¢ (cpm) 2,204 2,267 5,398 5,497 1,340 1,466
3. 14cc 1.7 (60) 2.8 2.0 (48) 4.1 5.1 (23) 22.6

dCells were either deprived or supplemented with purines for 6 h.

bpeak 1 represents fractions 65~75 and peak 2 represents fractions 76-85
from the gels in Figure 2.

cThe 3H:14C ratio was calculated for histones from- incorporation of
radioactive lysine into the histone peaks of the polyacrylamide gel, and
for DNA from incorporation of radioactive thymidine into acid-insoluble
material. For DNA synthesis, the values after 6 h of purine depletion
are shown. An identical degree of inhibition was observed after 4 h of
depletion. Values 1in parenthesis show the percent of histone or DNA

synthesis in purine-deprived cells compared to controls.
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Table 2 - Replication Fork Movement in Purine-Deprived and Purine-Supple-

mented V79 pur 1 Cells

Time Medium | Track Length Rate % of No. of tracks
(h) X+ s.D. (Pm) (ym/min) control measured
0 39.2t 2.87 1.3 - 198
4  Controld 37.2 ¢ 3.71 1.2 - 200
Depleted C 22.2% 172 0.7b 58 T 202
Depleted/repleted 32.4 % 3,67 1.1 92 200
for 2 h '
6 Control 42.8* 3.78 1.4 - 200
Depleted 15.1 ¥ 1.33 0.5P 36 200

a4 Medium supplemented with 30 M hypoxanthine

b values that are significantly different from the controls (P < 0.001).
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Table 3 - Replication Unit Lengths for Purine-Deprived and Purine-Supple-

mented V79 Pur 1 Cells.

Time Medium Geaometric Mean No. of Intertrack

Intertrack distance Distances

(h) ' (pm) Measured
0 110.3 * 1.65 100
4 _ Controld 111.9 *+ 1.64 102
Depleted 91.2 + 1l.64b 107
Depleted/repleted 97.2 * 1.68 T 113
for 2 h _
6 Control 110.4 + 1.81 130
Depleted 76.9  1.69¢C 100

a8 Medium supplemented with 30 JM hypoxanthine.
b value significantly different from the control (P < 0.01).

C Value significantly different from the control (P-( 0.001).
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Table 4 - Frequency of Initiation in Purine-Deprived and Purine-Supple-

mented V79 Pur 1 Cells.

Time Medium Initiation Units No. of

(h) ~ Postpulse (proportion) units scored

0 Controld 0.52 326
Depleted 0.50 430

4 Control 0.52 ~ 349
Depleted 0.51 334
Depleted/repleted for 2h 0.52 349

6 Control 0.52 373
Depleted 0.53 341

@ Medium supplemented with 30 PM hypoxanthine.



Figure 1. CsC1 isopycnic centrifugation of DNA synthé~
sized by purine-deprived (a) and purine-supplemented (b)
V79 pur 1 cells. Cells previously deprived of purines
for 2 h were incubated in medium depleted of purines con-

6 M), BrdUrd (1072 M), and 3

‘taining FdURd (2 x 10~ H-thy-
midine (10'7 M) and from which purines were omitted for
an additional 8 h. Parallel purine-supplemented (con-
trol) cells were identically treated. After the label-
ing period, the cultures were mixed with cells prela-

beled with 1%

C-thymidine, the DNA was extracted, and an
equal number of 3H—counts were loaded onto the gradients
and centrifuged to equilibrium. (e ), 3H-thymidine/

BrdUrd-labeled DNA; (o), ]4C-1abe1ed DNA; (A), buo-

yant density (g/ml).
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Figure 2. Effect of purine deprivation on histone synthe-

14

sis in V79 pur 1 cells. Cells were prelabeled with C-

6

Tysine (3.2 x 107° M; 0.5 uCi/ml1) for 48 h. The radioac-

tivity was removed and the cells were incubated in purine
depleted medihm. After 4 h, half the cells received me-
dium without purines containing 3H—]ysine (3.7 x 10'7,M;

25 uCi/m1) (a), and the other half received the same me-

-~

dium supplemented with 30 PM hypoxanthine (b). After a
labeling period of 2 h, acid-soluble nuclear proteins

were extracted and subjected to electrophoresis on 10%

14

polyacrylamide-SDS gels. (o), 3H-cpm; (o), C-cpm.
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Figure 3. Alkaline sucrose gradient centrifugation of DNA
synthesized by purine deprived V79 pur 1 cells in pulse-

14¢_thymidine

chase studies. Cells were prelabeled with
(0.01 pCi/ml; 50 Ci/mmole) in F10 plus 5% FCS. After

growth overnight, half the cultures received medium with-
out purines and the other half received medium supplement
with 30 PM hypoxanfhine (control). After 6 h, cells were

6 M; 50 Ci/mmo]eﬁv

pulse-labeled with SH-thymidine (2 x 10°
for 1 min and were processed either immediately (panels

a, ¢) or after 1 h chase (panels b, d) with unlabeled
thymidine (2 x 107° M). Some cells were deprfved of pu-
rines for 4 h and then supplemented with hypoxanthine (re-
pleted) for 1 h before the pulse (panel e) or pulse-chase
(panel f) treatments. Arrow indicates position of gx174
marker DNA run in a parallel gradient.(-),3H-cpm; (o),

14C-cpm.'
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Figure 4. Agarose gel electrophoresis of DNA synthesized
by purine-deprived V79 pur i cells in pulse-chase studies.
Ceiis were prepared as in Figure 3. At the end of pulse
or pulse-chase labeling, samples of purine-deprived (panels
a and b) and purine—supp]ementéd (panels ¢ and d) cells
were subjected to electrophoresis on agarose gels. Arrow
jindicates position of ZX174 marker DNA run on the same gel.

~

( o),3H—cpm; ( 0),14C-cpm.
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Figure 5. DNA fiber autoradiograms from V79 pur 1 cells.

3

The cells were labeled with “H-thymidine during a 30-min

6 M; 50 Ci/mmol) fol-

high-specific activity pulse (5 x 10~
lowed by a 30 min low-specific activity pulse (5.5 x IO-SM;

5 Ci/mmol), and were processed for fiber autoradfography.
(a) purine-depleted cells; (b) purine-supplemented cells.

The bar represents 50 pm. ATl mickographs are at a magni-

fication of 450.






Figure 6. Cumulative frequency distributions of intertrack
distances in purine-deprived and purine-supplemented V79
pur 1 cells. The number of intertrack distances measured
are given in Table 3. (e),purine-deprived cells; (o), pu-
rine-suppiemented cells; (4), cells deprived of purines for

4 h and then supplemented with 30 uM hypoxanthine for 2 h.

~
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CHAPTER 4

GENERAL DISCUSSION



c Introduction ,

As mentioned in the praface, chapters 2 and 3 of this thesis have
been presented in the form of manuscripfs suitable for submission to learned
journals for publication. As a consequence of this, the ]engthlof the dis-
cussion in the two manuscripts is restricted. It is the purpose of this
chapter to provide a supplemental discussion of: 1) the scientific data
presented in the above mentioned chapters, including possible alternative
interpretations, and 2) the various techniques employed and their limita-

tions.

Limitations of the use of 3H—thymidine as a monitor of DNA synthesis.

The thymidine nucleotide, dTTP, is a direct precursor to DNA. It
may be supplied endogenously by conversion of dUMP to dTMP to dTTP or exo-
genously by the transport of thymidine across the cell membrane and its
subsequent phosphorylation to dTNP and dTTP. Three factors could reduce
the incorporation of exogenous thymidine into DNA other than a decrease in
DNA synthesis.

1.) Transport or phosphorylation can be inhibited énd cause a decrease in
incorporation of radioactive thymidine into DNA with no true decrease in
DNA synthesis (Lindbergh et al., 1969); - o 2.) An in-
crease in de novo dTTP synthesis could cause a decrease in specific acti-
vity of the cellular dTTP pools (pool dilution); and 3.) Equilibration
time of the 3H—dTTP pool could be retarded.

Although the transport of 3H-thymid1ne in control and purine deprived
cells was not analysed, the possibility of an a1tera£ion in the transport

s;> mechanism is small since the cells under study were not treated with a toxic

agent that might cause surface alterations such that might primarily affect
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the transport of 3H-thymidine, as it has been reported for example in
drug-treated cells (Grunicke et al., 1975; Roller et al., 1976; Hand and
Tamm, 1977) and in virus-infected cells (Hand, 1976; Hand and Oblin,
1977; Hand and Kasupski, 1978; Lindbergh et al., 1969).

The mutant cell line used in the studies in this thesis was chosen
specifically with the idea that a defined intracellular biochemical de-
fect would allow the study of DNA synthesis in such a way that thé pri-
mary effects on exogenous thymidine incorporation would most 1likely not
be mediated through changes in transport.

Measurement of transport would not have aided in determining the
effect of the mutation on DNA synthesis. Inhibition of DNA synthesis
per se causes a secondary inhibition of thymidine phosphorylation by inhi-
bition of thymidine kinase (Hauschka, 1973). This in turn reduces trans-
port because of the coupling of transport and phosphorylation of nucleo-
sides. It was awareness of this difficulty that prompted me to measure
pool sizes and analyze DNA synthesis by autoradiography, since these ana-
Tyses are independent of changes in thymidine transport.

The.potential problem of pool dilution was handled in two ways.
First, FdUrd was used as a control in my early studies on thymidine incor=
poration into DNA. In Figure 2 in Chapter 2, a comparison.is'made between
the incorporation of thymidine into DNA in the presence of FdUrd and in
its absence. The data show that thymidine incorporation is greater in the
presence of this inhibitor of endogenous thymidine synthesis. At the

6 M), this compound inhibits more than 95% of

concentrations used (2 x 10~
the synthesis of endogenous thymidine nucleotides. The resuTt of this is
that the endogenous pool of thymidine nucleotides is virtually eliminated.
Thus this experiment minimizes one of the drawbacks of measuring DNA syn-

thesis by incorporation of exogenous thymidine, that is, the potential
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confounding effectvof endogenous pool dilution caused by an increase in
the rate of synthesis of endogenous thymidiné nucleotides. If one must
rely entirely on incorporation of thymidine to measure DNA synthesis, the
measurements obtained in the presence of FdUrd are probably more reliable
because at least one extraneous variable has been eliminated. Second, as
mentioned above, the pool measurements and fiber autoradiography results
are independent of thymidine incorporation and would not be altered by
pool dilution.

The problem of retarded equilibration does not enter into thé inter-
pretation of my results. Equilibration of exagenous thymidine with the
cell is extremely rapid, usually less than 1 min (Richter and’Hand,
1979). There are experimental situations where delays up to 5 min have
been seen such as in the presence of bromodeoxyuridine (Painter and
Schaeffer, 1971). Delays as long as this would not have substantially
altered my results, since the 3H-thym1dine pulses in the absence of bro-
modeoxyuridine were 15 to 30 min and the bu]ses in the presence of bro-
modeoxyuridine were several hours long. Again it is to be emphasized that
the pool studies and fiber autoradiography analyses are independent of

changes in equilibration time.

Comparison between 3H—thymid1ne incorporation into acid insoluble material

and into S phase cells,

As it can be seen in Chapter 2, Figure 2 (panels A and B, p.86),
although incorporation of 3H-thymidine into acid insoluble in the presence
of FdUrd drops to 20% of the control in the purine deprived cells there is
a large population of cells in S (50% of the control), as detected by
autoradiography. It is these cells that I have undertaken to ané]yze in

this study. The rest are presumably arrested in G] and, by and large
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cannot be studied by the methods employed here. It is unlikely that the
cells, which were able to incorporaée 3H-thymidine be 1eéky because they
are distinctly different from their control counterparts under all aspects
that were tested.

As pointed out earlier, it was felt that thymidine incorporation
per se was a poor indicator of DNA synthesis and the more elaborate stu-
dies of DNA replication were undertaken to provide an‘accurate analysis |
of the effect of the mutation. It seems most Tikely that 1imiting quanti-
ties of purines produce a state in which progression through the S-phase,
and therefore DNA synthesis, is immediately slowed down while cells in
late G] continue to enter S at a near normal rate. In such a case most
of the purine starved cells would be in the éar]y part of S, which, as re-
ported by Klevecz et al. (1975) cannot be accurately determined by either
total 3H-thymidine incorporation or by FMF analysis. Accordiﬁg to that
study, the most sensitive measure of DNA synthesis is autoradiography,
since exposure times can be‘1engthened to permit detection of very low
levels of net DNA synthesis, characteristics of early S. It should be
noted that a similar result has been obtained in other systems in which
DNA synthesis is inhibited through an S-phase block, such.as in arginine
deprived KB cells (Schader-Weissfe]d and Rouse, 1977) and in the tempera-
ture sensitive tNB-2 cells at the restrictive temperature (Eilen et al.,
personal communication). Again it should be emphasized that incorpora-
tion of 3H—thymidine in absence of FdUrd (as measured in Fig. 2A, p.86)
is the least sophisticated measure of DNA synthesis and I believe the
data in Fig. 2B is a more accurate reflection of DNA synthesis in these

cells.
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Limitations of the use of Fluoromicrofluorography as a monitor of S phase.

In this type of analysis, the DNA content of individual cell is»
measured by fluorescence and conclusions regarding the amount of DNA syn-
thesis in a cell population can be drawn from the number of cells with
more than diploid DNA content. This type of analysis is formally analo-
gous to a continuous labeling experiment with 3H-thymidine in which the
rate of DNA synthesis is estimated from the slope of the incorporation
curve. It is more reliable in that it is independent of the Timitations
of thymidine incorporation such as transport, phosphorylation, and pool
dilution.

With the FMF method, a distinction cannot be made between early S,
Tate G], and the G]/S boundary. However, such a distinction would only
be important after 20 h of purine starvation as the FMF profiles indicate.
In general, the experimental data support the'interpretation that the
cells are arrested in the early part of S. Thus, when purine deprivation
is prolonged to 20 h (approximately one generation time) the cells are
distributed solely between G] and S, with essentially no ce]]é register-
ing as having a 4n complement of DNA. Therefore, some cells must initiate
and/or continue DNA synthesis for a time during deprivation but stop be-
fore duplicating their entire complement of DNA.

A‘seeming problem with the FMF profile of starved cells is that at
the end of a 20 h starvation period 36% of the cells have been célcu]ated
as possessing an S phase DNA content, although 72% of the cells are detec-
ted in S by autoradiography. Other workers have noted that early S is a
time of Tow net DNA synthesis and that this period may be mistaken for

G] if methods other than autoradiography, i.e., total 3

H-thymidine incor-
poration or FMF analysis, are used (Klevecz, Keniston and Deaven, 1975).

It is possible that purine-deprived V79 pur 1 cells accumulate only a small
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amount of additional DNA. In any case, the FMF data obtained in this
study emphasize the necessity for evaluating FMF patterns in conjunction
with data obtained by more conventional techniques. On the other hand,
the use of autoradiography alone does not distinguish betWeen cells that
have successfully completed S and those that have not. Thus, failure to
use more than one technique for cell cycle analysis may result in mis-
leading conclusions.

It should be noted in Chapter 2, Figure 3, that there is a marked
difference in the profiles of the mutant at time zero and at 2 h after
purine depletion. The V79 Tine when grown in optimal conditions has a
very short G] and G2 phase. These conditions are obtained when the cells
are grown in Ham's F10 medium (time zero). When the cells are grown‘in
less than optimal medium, such as MEM, a G1 period is observed. The con-
trol cells in Figure 3 are mafntained in MEM from time zero to.the end of
the experiment, and the FMF profiles reflect the presence of a measurable
Gy

As pointed out in Chapter 2, the autoradiography data in Table 1 of
that chapter is taken from Figure 2B, and the FMF data was taken from the
experiment in Figure 3. The table was constructed to facilitate compari-
son between the two experiments. The experiments were done at different
times, but were both monitored by thymidine incorporation into acid-preci-
pitable material, and the degree of inhibition in the two experiments
were practically identical. In fact it shouid be pointed out that all
analyses in this thesis involving the use of depleted mutant cells were
monitored by exogenous thymidine incorporation into DNA‘and if a typical
inhibition curve was not obtained under standard conditions of depletion,

the experiment was discarded and a new one started.
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Finally, the experiment involving measurement of cell DNA content
(Fig. 3, p.67) was performed only once. At the time this experiment was
done, there was no cytofluorograph available in the Montreal area. The
experiment itself, which was essentially the same basic experiment that
had been repeated many times in the course of this work (that is, purine
depletion was used to inhibit DNA synthesis in the mutant cells}), was
performed here in Montreal with appropriate controls to insure that the
results were similar to those obtained on other occasions. The cells
were then treated with propidium iodide under standard conditions and
then taken by me to New York where I performed the analysis under the
supervision of Dr. Eilen and Dr. Basilico. These two scientists have
had extensive experience with the technique. My discussions with them
assured me that this analysis was reliable and the results of the experi-
ment were consistent with the other experimental data I had obtained.
Considering the inconvenience and expense of the experiment and the ab-
sence of any evidence that the result was unreliable, it was decided not
to repeat the experiment. Since my controls showed the usual repro-
ducible decrease in thymidine incorporation into the‘mutaht cells under
restrictive conditions and the only possible source of error was machine
error for which there was no evidence, I am completely confident of the

results of this experiment.

Analysis of the deoxyribonucleoside triphosphate (dNTP) pools.

When G]—arrested cells are stimulated to grow either through serum
addition or through virus infection, the dNTP pools are elevated up to
27-fold (Nordenskjold et al., 1970; Adams et al., 1971; Skoog and
Nordenskjold, 1971; Weber and Edlin, 1971; Bjufse]] et al., 1972). In

such experiments the investigators worked with synchronized cells. 1In
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the experiments in this thesis, the pool studies were performed on loga-
rithmically growing cells and, because of the vast difference in pool
levels in G] versus S and G2 phase cells, it can be argued that our mea-
surements excluded G] cells. Furthermore, the distribution of logerith-
mica]]y growing cells through the ceT] cycle is such that there is a
predominance of cells early in the cycle, compared to the number 1afe in
the cycle. In essence therefore, we measured pools mainly in S phase
cells. The approach using unsynchronized cells was chosen with this'rea—
soning in mind. In addition, we wished to avoid the pitfalls of mea-
suring pools in cells that might be subjected to unbalanced growth condi-
tions. This is a criticism that can be'leveled at any study using syn-
chronized cells and it is particularly pertinent in pool studies, since
changes in dNTP pools are very sensitive to experimentél manipulation
such as might be used to synchronize cells (Hauschka, 1973). .

Pool sizes in S phase cells are small; the level of nucleoside
triphosphates is sufficient to sustain DNA synthesis for less than
4 minutes (Walters et al., 1973).

Since 1) the control cells were in optimal physiologic conditions
for accurate measurement of pool sizes; 2) the kinetics of the cell
cycle and the virtual absence of measurable pools in G] cells insurgd
that our measurements were essentially in S phase cells; and 3) pool
sizes are such that they sustain DNA synthesis for an extremely short
time, we feel that the changes seen in the pools in the mutant cells are
related to the changes in DNA synthesis. What is to be emphasized is
that there is a change in the balance of the pools in the mutant cells
under restrictive conditions. This is most clearly demonstrated by the
changes in the ratios of the pyrimidine to. purine dNTP pools caused by

depletion (see Table 1). Thus, although the relationship between the
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four dNTPs remains the same, as mentjoned in Chapter 2, namely the dCTP
pool is the Targest and the dGTP pool is the smallest, there are drama-
tic changes in the ratios of the pyrimidine dNTPs to purine dNTPs. We
feel that these changes are related to the inhibition of DNA synthesis
observed in the depleted cells not only because the changes in the ratios
parallel the inhibition of DNA synthesis seen in in vivo, but also be-
cause when dNTPs are provided in equimolar amounts in vitro, DNA synthe-
sis resumes immediately at near normal rates.

By 20 h post-purine deprivation all the pools have been restored
to near control levels. At the same time, DNA synthesis, as measured by
total 3H-thymidine incorporation, is still at 20-25% of the control.
Autoradiography, however, reveals that the proportion of the deprived
cells in S is 100% of the control. As it has been explained on numerous
occasions above, A/R is the only technique that can detect cells in early
S, and presumably the majority of our cells are arrested in early S by
20 h. Therefore, at this point (20 h) the most reliable indication of
DNA synthesis is autoradiography and by this criteria DNA synthesis is
restored to near normal. |

In an attempt to correlate the results obtained from the analyses
of the dNTP pools, whole cell autoradiography and 3H-thymidine incorpora-
tion into acid precipitable material, a summary figure has been plotted
(see Figure 1 of this chapter). As it can be seen from this figure, the
whole cell autoradiography results correlate best with those for the dNTP
pool sizes. |

It should be noted that the small decline in the dGTP pool is just
as likely as that of the dATP pool to cause DNA synthesis to stop. The
kms of both a- and B -polymerases are quite similar, in the range of

2-13 yM for all four dNTPs, while the + -polymerase has ks for all four
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dNTPs in the range of 0.2-1.0 pM (Spadari and Weissbach, 1974). The en-
zyme that would be least affected by decreasing the purine dNTP pools is
the vy-polymerase. However, the enzyme thought to be jmplicated in DNA

replication is the a-polymerase (Weissbach, 1977).

In vitro DNA synthesis.

The method used for the in vitro experiments is that of Reinhard et
al., (1977). 1In that study, optimum requirements for in vitro DNA repli-
cation were carefully determined and these requirements were adopted in
my studies as well. More specifically, it is clear from the study of
Reinhard et al. that the requirements of dNTP concentration are very strict
in order for DNA replication to proceed in vitro. (Table 1V, p.508 ,
Reinhard et al., 1977, BBA, 474: 500-511.) Thus, if one of the four

3y_dTTP into

dNTPs is omitted from the reaction mixture, incorporation of
acid-insoluble material is dramatically reduced to values of 8 - 16% of

the control. If more than one of the dNTPs are omitted the value drops to
3% of the control. Furthermore, if the levels of dNTPs are reduced by 50%,

5 Mto5 x 10'6

from 1 x 10 M, the Tevel of vitro synthesis is reduced
more than 50%. This experiment was designed to ask one question: What
happens to DNA synthesis in the mutant cells if the dANTP levels are not
altered by deprivation? The answer is clear - there is little if any in-
hibition of DNA synthesis. Altering the experimental conditions to mimic
the pool level observed in vivo would have resulted in less than optimal
DNA synthesis in vitro and would have made the results uninterpretable.
It is worthwhile to speculate as to what would have been the inter-
pretation had we observed a decrease in in vitro synthesis in the mutént

cells in the presence of optimum pool sizes. Such é reSu]t would have

suggested that the inhibition of de novo purine synthesis has a direct
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effect on DNA synthesis, such as blocking DNA polymerase or some other
enzyme directly concerned with rep]igation. This would have been espe-
cially intriguing as it would have opened the possibility that pre-
cursor synthesis might regulate DNA replication. This has been suggested
in the literature (Housman and Huberman, 1975) but there is no evidence
to support it. The results of the present experiment provide evidence
against this possibility.

On the other hand, it should be pointed out that no ideal in vitro
system for mammalian cellular DNA synthesis exists. The particular system
used is'one of the better ones, but initial synthesis is only 30% of the
in vivo rate, and less than 3% of the genome is replicated. There is some
evidence that initiation of synthesis occurs in this system but it is
certainly reduced compared to in vivd and the rate of DNA chain growth 1is
also retarded 50% (Hand and Gautschi, 1979). Deficiencies such~as these
are almost certainly bresent in all in Vitro systems, although the one
used in the present studies is the only one in which deficiencies in ini-
tiation and chain growth have been documented. |

These deficiencies are known to investigators in the field, and the
results of in vitro experiments are interpreted accordingly. In my expe-
riment, a limited question was asked of a 1imited system. Additional in
vitro experiments performed under less than optimal conditions would be.
difficult to interpret. In any case, the best evidence that I am dealing
with an S phase population as opposed to a population in late G] or at the
G]/S boundary comes from the in vitro studies_(chapter 2, Table II and
Figure 5). If cells were in late G] or at the G]/S boundary, the only way
to interpret the in vitro results would be that near normal initiation is
taking place in vitro, a situation that does not obtain with this system
in hamster cells (Hand and Gautschi, 1979). Thus, in general, G] cells do

not initiate when triphosphates are added in vitro. Supportive evidence
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for an S phase population also comes from the pool sizes, which are more

suggestive of S phase than G] cells.:

Histone synthesis and DNA synthesis

The relationship of histone synthesis to DNA synthesis and the cell
cycle has been presented in the introduction and in chapter 3. Histone, an
essential part of chromatin, is thought to be involved in some way with
DNA chain elongation in eﬁkaryotes (Weintraub, 1972). It seemed of interest
to findAout how the overall synthesis of histones was affected by purine
deprivation, which apparently caused a drastic inhibition of DNA synthesis.
I found that the overall histone synthesis is affected to a lesser extent
than DNA synthesis. Although more refined experiments would be necessary
in order for conclusions to be drawn, one might speculatively argue that
histoné synthesis does not seem to be a limiting factor in our.system,
and that an adequate supply of histones would continue with the DNA newly
synthesized by the purine deprived cells and thereby protect it from nu-
clease attack. Furthermore, as it is also pointed out in chapter 3, a re-
latively high amount of histone synthesis in comparison to that of DNA
would argue in favor of the purine-deprived cells being committed bioche-
mically to the S phase but being unable to successfully duplicate their
DNA.

A much better resolution of histones could have been obtained by
using an SDS-urea gel as described by Panyim and Chalkley (1969). However,
the scope of our experiment was not the detailed analysis of the various
histone fractions. We were interested rather to find out in a crude way
whether the overall synthesis of histones was affected in the purine-depri-
ved cells and this could be adequately answered by using the method of
Winocour and Robbins. With this method the lysine-rich histones H1 (peak
I, MW:21,000), H2A and H2B (peak 2, MW:14,000 and 13,000 respectively)
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can be resolved. The latter two, migrate as one peak due to a small dif-
ference in the molecular weights.

An alternative method of asking the same question would have been
the measurement of radioactive lysine and arginine incorporation into
acid-soluble nuclear material (Ensminger and Tamm, 1970). The method
used in the thesis provides increased specificity to this analysis. An
important point to be raised is that the experimental design was such that
the question posed could be answered only by using a double Tabel technique
so that the wild-type and mutant cells provided their own internal controls.
Double label techniques involving the use of gels require that the gels be
sliced. The slicing of gels for analysis as compared to autoradiography
(where only single label can be used) results in the marked loss of reso-
lution. Since the important point here was to compare overall histone syn-
thesis before and after purine depletion, the double-label technique was
chosen. |

A detailed analysis of the synthesis of individual histones was
felt to be beyond the scope of this thesis. First, a firm correlation with
‘ DNA synthesis has been made only with overall histone synthesis. Post-
translational modifications as opposed to synthesis of individual histones
occur as cells progress through the cycle. Second, despite the rapid éd—
vance in our knowledge of histone chemistry over the past few years, there
is still no evidence that they themselves regulate replication (what little
evidence there is on their roles in DNA function suggest they may be impor-
tant in the regulation of transcription).

A related subject that might be worth studying in the future is the
relation of chromatin structure and replication in a DNA negative mutant.
In normal wild-type cells, a beginning has been made with the studies of
Seale's group and Weintraub's group. These inyestigators have shown that

newly synthesised histones are rapidly assembled onto newly replicated
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DNA and that histone segregation proceeds conservatively when new DNA is
synthesized. A feasible approach in mutant cells in which the complete
DNA phenotype is known might be to analyze the fine structure of newly
replicated chromatin using high-resolution gels, enzyme digestion studies

and electron microscopy.

Experimental drawbacks regarding the characterization of the newly

synthesized DNA.

As another method of analyzing DNA synthesis, I chose to measure

3H—thymidine and follow the

the sizé of DNA made after a short pulse with
fate of this newly synthesized DNA when it is subsequently incubated in
the presence of excess unlabeled thymidine ("pulse-chase™ technique).
These experiments were analyzed by alkaline sucrose gradients and electro-
phoresis in agarose gels (Figures 3 and 4, chapter 3). In the §ucrosé gra-
dient analyses pulse éxperiments showed clearly that in control and mutant
cells, small DNA consistent in size with Okazaki pieces is synthesized.
FolTowing the chase in the presence of unlabeled thymidine, the small DNA
is apparently not efficiently incorporated into bulk DNA under restrictive
conditions in the mutant cells. As pointed out in the discussion of chapter
3, these results are consistent with the interpretation that there is a
.defect in elongation at the level of either ligation or gap-filling.

There are drawbacks to these experiments. First, calculation of the
total 3H—counts in bulk DNA in the control pulse-chase experiment (pane1 C,
Figure 3) indicates that the increase in bulk DNA following the chase is
only 70% as compared to the 700% to 800% that was achieved in the purine-
deprived (panel b, Figure 3) and in the control in Figure 1 of the Appendix.
Thus the experiment is flawed and must be interpreted with caution. NeVer-
theless, since there is an increase in bulk DNA in the control (pahe1 d,

Figure 3), I am forced to draw the conclusion that mutant Okazaki pieces
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are less efficiently incorporated into bulk. Other effects may also be
operative and cannot be completely excluded. Thus I cannat completely rule
out the possibility that mutant and wild-type Okazaki pieces are degraded.
Therefore, the defect in elongation may be a minor one, but it is still
definitely present. This is only one of several defects I have demonstrated
in DNA replication in the mutant cells. The work with fiber autoradiography
shows that DNA initiation and replication fork movement are also inhibited.
Multiple defects in the replication process fit nicely with the alterations
demonstrated in the studies on the dNTP pools in Chapter 2, and point c1ear1y
to the fmportance of the precursor pools in all aspects of DNA replication.

The gel electrophoresis experiments in Figure 4 were attempted to
expand this sort of analysis. They were not completely successful. It ﬁs
important to point out that I attempted here to substitute electrophoresis
for alkaline sucrose gradiént analysis and labeled cell extracts were not
purified, but rather 1ysed immediately before electrophoresis. As a result,
DNA of high moTlecular weight was unable to enter the gels completely, and
good pulse chase kinetics were not demonstrated. The conclusions that can
be drawn from these experiments are only that the DNA of Okazaki fragment
size persist in the control cells. Again this could be due to defective
elongation in the mutant, or breakdown of the DNA in the control. However,
taken together with the results of the standard sucrose gradient analyses
and the fiber autoradiography experiments, the most likely interpretation
is defective elongation in the mutant cells.

The heterogeneity in Okazaki fragment size evident in the gels is
not unprecedented. Periman and Huberman (1977) and Anderson et al. (1977)
have also observed heterogeneity of this sort when purified Okazaki frag-
ments were analyzed by agarose gel electrophoresis.

Had these experiments been more successful, that is, had the bulk

DNA entered the gel completely, the analysis by e]ectrophoresis'would



140.

have provided and excellent alternative to standard alkaline sucrose gra-
dient analyses. There would have been the tremendous advantage of repro-
ducibility, since multiple samples could have been run in the same gel.
To this would have also been added the advantage of speed of analysis,
especially if the technique of fluorography could have been used. Future
experiments along this line may be worthwhile. They should probably be
tried with extremely diluted gels (0.2%) run on a horizohta] electropho-
resis apparatus. Of course; controls involving the analysis of purified
Okazaki fragments and DNA molecules of defined size will also have to be
run.

Finally, it should be pointed out that the molecular weight marker
used was the relaxed circular double stranded form of $X174 (RFII}, which
under alkaline conditions sediments at 16s and whose calculated molecular

weight is 1.7 x 10°

(Studier, 1965). Based on these values we estimated
the material on the top of our gradient to be 4-5 S.vGiven the fact that
only one molecular weight marker was used this value is only a rough

estimate.



141.

REFERENCES
Adams, R.L.P., Berryman, S. and Thompsoh, A. (1971). Deoxyribonucleoside
triphosphate pools in synchronized and drug-inhibited L929 cells. Biochim.

Biophys. Acta 240, 455-462.

Anderson, S., Laufmann, G. and De Pamphilis, M.L. (1977). RNA primers
in SV40 DNA replication: identification of transient RNA-DNA covalent

1inkages in replicating DNA. Biochemistry 16, 4990-4998.

Bjursell, G., Reichard, P. and Skoog, K.L. (1972). Deoxyribonucleoside
triphosphate pools of normal and transformed baby-hamster-kidney cells.
Eur. J. Biochem. 29, 348-352.

Ensminger, W.D. and Tamm, I. (1970). Inhibition of synchronized cellular
’DNA synthesis during Newcastle disease virus, mengovirus or reovirus in-

fection. J. Virol. 5, 672-676.

Grunicke, H., Hirsch, F., Wolf, H., Bauer, V. and Kieffer, G. (1975).
Selective inhibition of thymidine transport at low doses of the alky-
lating agent triethylene iminobenzoquinone (Trenimon). Exp. Cell Res.

90, 357-364.

Hand, R. (1976). Thymidine metabolism and DNA synthesis in NDV-infected
cells. J. Virol. 19, 801-809.



142.

Hand, R. and Gautschi, J.P. (1979). Replication of mammalian DNA in vitro.

Evidence for initiation from fiber autorédiography. J. Cell Biol. 82,

485-493.

Hand, R. and Kasupski, G. (1978). DNA and histone synthesis in reovirus-

infected cells. J. Gen. Virol. 39, 437-448.

Hand, R. and Oblin, C. (1977). DNA synthesis in mengovirus-infected

cells: mechanism of inhibition. J. Gen. Virol. 37, 349-358.

Hand, R. and Tamm, I. (1977). Inhibition of mammalian DNA replication by
DRB. Exp. Cell Res. 107, 343-354.

Hauschka, P.V. (1973). In Methods in Cell Biology, Vol.7, Chapter 19,
p.0.362-462. Ed. by D.M. Prescott, New York: Acad. Press.

Housman, D. and Huberman, J.A. (1975). Changes in the rate of DNA repli-
cation fork movement during S phase in mammalian cells. J. Mol. Biol.

94, 173-182.

Klevecz, R.R., Keniston, B.A. and Deavon, L.L. (1975). The temporal
structure of S phase. Cell 5, 195-203. |

Lindbergh, U., Nordenskjold, B.A., Reichard, P. and Skoog, L. (1969).

Thymidine phosphate pools and DNA synthesis after polyoma infection of mouse

embryo cells. Cancer Res. 29, 1498-1506.



143.

Nordenskjold, B.A., Skoog, L., Brown, N. and Reichard, P. (1970). ONTP
pools and DNA synthesis in cultured mouse embryo cells. J. Biol. Chem. 245,

5360-5368.

Painter, R.B. and Schaeffer, A.W. (1971). Variation in the rate of DNA

growth through the S phase in Hela cells. J. Mol. Biol. 58, 289-

Panyim, S. and Chalkley, R. (1969). High resolution acrylamide gel elec-

trophoresis of histones. Arch. Biochem. Biophys. 130, 337-346.

Perlman, D. and Huberman, J.A. (1977). Asymmetric Okazaki piece synthesis

during replication of SV40 DNA in vivo. Cell 12, 1029-1043.

Reinhard, P., Burkhalter, M. and Gautschi, J. (1977). Semiconservative
“DNA replication in vitro. I. Properties of two systems derived from
mouse P-815 cells by permeabilization or lysis with Brij-58. Biochim.

Biophys. Acta 474, 500-511.

Richter, A. and Hand, R. (1979). DNA replication during a serum-induced

S phase in primate CV-1 cells. Exp. Cell Res. 121, 363-371.

Roller, B.A., Hirai, K. and Defendi, V. (1974). Effects of cAMP on
nucleoside metabolism. I. Effect on thymidine transport and incorpora-

tion in CV-1 cells. J. Cell Physiol. 83, 163-176.

Schauer-Weissfeld, A. and Rouse, H. (1977). Argine deprivation in KB

cells. I. Effect on cell cycle progress. J. Cell Biol. 75, 831-888.



144,

Skoog, L. and Nordenskjold, B. (1971). Effects Hu and 1-b-D-arabino-
furanocytosine on dNTP pools in mouse embryo cells. Eur. J. Biochem.

19, 81-89.

Spadari, S. and Weissbach, A. (1974). HelLa cell R-DNA polymerases:
separation and characterization of two enzymatic activities. J. Biol.

Chem. 249, 5809-5815.

Studier, F.W. (1965). Sedimentation studies of the size and shape of DNA.

J. Mol. Biol. 11, 373-390.

Walters, R.A., Tobey, R.A. and Ratliff, R.U. (1973). Cell-cycle dependent
variations of dNTP pools in Chinese hamster cells. Biochim. Biophys.

Acta 319, 336-347. . -

Weber, M.J. and Edlin, G. (1971). Phosphate transport, nucleotide pools
and RNA synthesis in growing and in density-inhibited 373 cells. J. Biol.
Chem. 246, 1828.

Weintraub, H. (1972). A possible role for histone in the synthesis of

DNA. Nature 240, 449-453.

Weissbach, A. (1977). Eukaryotic DNA polymerases. Ann. Rev. Biochem. 46,
25-47.



O

TABLE 1 - Ratios of pyrimidine to purine dNTP pools in purine-

deprived and purine-supplemented (control) V79 pur 1 cells. The

dNTP pools were measured according to the method described in the

experimental procedures of Chapter 2, and the actual pool sizes ::;
used to calculate these ratios are presented in Figure 4 of

Chapter 2.
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Table 1 - Ratios of pyrimidine to pufine dNTP pools in purine-depleted (D)

and control (C) V79 pur 1 cells.

Time

(h)

dCTP/ yptp
Db C_
“ 3
53
14 3
dTTP/ 4ptp
3
4
i

dCTP/ yerp
U
9% 30
82 24
82 3
dTTP/ 4o
21 12
23 12
22 10




| FIGURE 1 - Summary diagram showing the results of the measurements
of 3H-thymidine incorporation into acid insoluble material and into
S phase nuclei (see also Figure 2, chapter 2), as well as the re-
sults of the dNTP pool analyses (see also Figure 4, chapter 2) in

the purine-deprived V79 pur 1 cells. A1l results are expressed as

percent of control.
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OVERALL CONCLUSION AND PERSPECTIVES

Our study of the purine auxotrophic mutant V79 pur 1 revealed that
in the absence of de novo purine biosynthesis semiconservative DNA synthe-
sis is markedly inhibited and the cells are unable to traverse the S phase
and synthesise a full DNA complement. The rate of replication fork movement
as well as the elongation of nascent DNA chains are inhibited but the limi-
ted DNA synthesis which does proceed in the purine deprived cells suggests
that chromosomal DNA synthesis can be initiated. The size of the purine
deoxyribonucleoside triphosphate pools decreases while that of the pyrimi-
dine pools increases. The inhibition of DNA synthesis caused by the block
to purine synthesis may be reversed by reestablishing the balance in the
nucleotide pools.

There are a number of possible explanations for the observed defect
of the V79 pur 1 cells that involve mainly fhe supply of precursor molecules.
Thus, DNA chain elongation may be dependent on a specific ligase that re-
quires the presence of all four dNTPs in balanced amounts for maximum liga-
ting efficiency. Alternatively, the defective DNA synthesis could be due
to the reduced rate of DNA chain growth which might cause the production
of DNA segments that cannot be recognized by normai enzymes.

Although many advances have been made toward understanding the pro-
cess of DNA replication, mahy steps still remain unclear. The enzymology
of the eukaryotic replication system needs to be worked out in detail aﬁd
such a task would be greatly facilitated through the isolation and study
of mutants defective in some aspect of DNA synthesis. Thus, although many
enzymes of DNA metabolism are now characterized, mutant isolation and ge-
netic analysis will be necessary in order to assignyspecific roles to the
many components required for replication. Few such eukaryotic mutants have

been isolated up to now. The majority of these that exhibit defective DNA
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synthesis are mutant in a non-S-phase function. Of particular interest,
however, are the S-phase mutants that are deficient in DNA replication ber
se. In the study presented here we have described such a mutant and we

have presented an analysis of its particular defect in DNA synthesis. We
hope that this mutant in conjunction with othervS—phase mutants that are
already available and others still that will become available in the future,
will be used as genetic tools in the elucidation and understanding of DNA

synthesis.
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APPENDIX



TABLE 1:

Cells were seeded into petri dishes in F10 plus 5% FCS.

After growth overnight half the dishes received medium without
purines and the other half received medium supplemented with
30 yM hypoxanthine (control). At the time points indicated
samples were pulsed with 3H-thymidine (1 PCi/m]) for 15 min.
The data are expressed as percent incorporation of the corre-
sponding control cells maintained in hypoxanthine-supplemented

medium,
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Table 1 - 3H—thymidine Incorporation into Acid Insoluble Material
in V79 pur 1 cells Depleted of purines for 5, 6 or 7 h and then

supplemented with Hypoxanthine (30 JILH rep]eted) for 1 h.*

Time 3H—thymidine Incorporation
(h) (% of control)
Depleted Repleted
5 6 96
6 5 95
7 5 95

* Data appearing in this table supplement those of Figure 2 in

Chapter 2.



TABLE 2:
The cells were prepared as in Table 1 of this appendix and

were identically treated at the time points indicated.
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Table 2 - 3H-thymidine Incorporation into Acid Insoluble Material

in Purine-Depleted V79 pur 1 Cells.*

Time 3H-thymidine Incorporation
(h) (% of control)

24 16

34 12

48 - 6 )
72 .5

* Data appearing in this table supplement those of Figure?2 in

Chapter 2.

©



TABLE 3:

The cells were prepared and treated as in Table 1 of this appendix.



Table 3 - 3H-thymid1ne Incorporation into Acid Insoluble Material

in Purine-Depleted V79 (wild-type) Cells.*

Time 3H-thymidine Incorporation
(h) (% of control)

2 . 100

4 104

6 | 109 *

*Data appearing in this table supplement those of Figure?2 in

Chapter 2.
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TABLE 4:

“Effect of purine deprivation on dNTP pool éize in V79 (wild-type)
cells. Following overnight growth in complete (F10) medium the
cultures were shifted to purine-deprived or purine-supplemented
medium and the dTTP, dCTP, dGTP and dATP pools were determined

at the time points indicated.
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Table 4 - Deoxyribonucleoside Triphosphate (dNTP) Pool Size
in V79 (wild-type) Cells.*

Time Medium dNTP  (picomoles/10% cells)

(h) | dTTP  dCTP  dGTP  dATP

0 - 70 130 6 20

6 Depleted 63 170 5 41
Control 71 160 6 43

* Data appearing in this table should be compared to those

of Figure 4 in Chapter 2.



.Figure 1. Alkaline sucrose gradient centrifugation of DNA synthesized
by purine-deprived V79 pur 1 cells in pulse-chase studies. Cells were
prelabeled with 14C—thymidine (0.01 pCi/ml; 50 Ci/mmole) in F10 plus
'5% FCS. After growth overnight, half the cultures received medium
without purines and the other half received medium supplemented with
30 uM hypoxanthine (control). After 23 h cells were pulse-Tabeled with

6

3H-thymidine (2 x 1077 M; 50 Ci/mmole) for 1 min and were processed

either immediately or after 1 h chase with unlabeled thymfdine (2x10f5M).

Arrow indicates position of @X174 marker DNA run in a parallel gradient.

14

(o), SH-cpm; (o ), 'c-cpm.
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CLAIM TO ORIGINAL RESEARCH

In the study presented in this thesis the following observations
were made for the first time:

When the pathway ]eading to the biosynthesis of purihes de novo is
impaired the purine-depleted cells:

1) show an increase in size of the pyrimidine deoxyribonucleoside
triphosphate (dNTP) pools and a decrease in _size of the purine dNTP
pools.

2) are arrested in S phase

3) are capable of DNA synthesis in vitro at near normal rates immedi-
ately after exposure to an exogenous supply of nucleotides

4) are capable of semiconservative DNA synthesis in vivo

5) have a reduced rate of DNA replication fork movement






