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~ " . 
-Methods for determining the rate ofDNA ~longation in 

primate cells ~ere studied. oA hydrodynamic proced~re was 

shown toooverestimate rate.' It i5 based on sequential labeling 
1 

of'~NA with ra~ioactive ,and-density tracers and analysis in° 
" 

neutral CsCI 'gradients. For accuracy t~is method requires a 
1 

sharp transition bètween the two tracers. The overe~~ate 

is caused by preferential uptak~ of" thymidine over the pen-'. 
sitj' analog. ReversaI of t~e.original labeling sequence 

'0 

largely elirninates this inaccuracy •• 

DNA replication was studied in CV-i c~ induc~d to enter -

S phase by the addition of serum. Ratè of elongation was 
, 0 

studied by the rnodified hydrodynamic method and by DNA fiber 

( 
1 

autoradiography~ Autoradiography was used ~o determin~ the ~ 

other pa~~eters of DNA.replication. The frequency of linitii-
f' 

tion decreases in mid S, whfle elongation, synchrony of initia-

tion and replication unit size are unchanged. 
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SOMMAIRE 

'" 
J'ai ét Il .' méthodes p~ur la détermination de la 

vitèsse d' longation ~es chaines d'ADN dans les cellules ae 
, f • , 

singes. ~J ai démontré qu'une méthode hydrodynamique est 

inéxa~e. Cette méthode utilise le marq~ge de L'ADN avec 

" " les pulses consecutifs de tnymidine tri~ié et bromodeoyxuri-
t 

'dLne. Pour être pr6cise, elle exige une transition aigüe ent~e. 

lés deux précurseurs. La suréstimat~6n de'la vi~esse d'élon­

g~~ion est expliquée par le transpt, préférentiel de la 
, / 

~hymidine comparée avec le bromode xyridine: L'inversion de 

,la séquence des précurseurs peut éliminer le t>robleme. 
1, 

La réplication de l'ADN a étJ étudiée dans les cellules 

CV-l induites ~n phase S par 

la vitesse d'élongation j'ai 

l'addition de serum. Pour étudi-er' 
f . 

utilisé la méthode d'ultracentri-
1, 

fugation modifiée et l'autoradiographie. L'autoradiographie a 

été aussi utilisée pour determiner la synchronisation des 
" 

êvenements d'initiation, la grandeur des unités de réplication 

et la Irequence de l'initiation. Cette derni~re est plus faible 

au mil.ieu de la phase ~/ que tôt et plus tard. Les autres 

constituants de la répl1~~on de l'ADN ne changent pas. 
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INTRODUCTION 

10 It is now quite clear that t~e nearly 10 base pairs 

of the eukaryotic genome are replicated in Many shorter 
f 

regions or replication units. 
~ 

In each of these units, DNA 

rep1ication starts at an orig~n a~d proceeds by two fork­

like growing points'towards the outlying termini, (Huberrnan 

and Riggs, 1968). 

DNk rep1ication i5 regulated on Many levels. This ranges 

from the signaIs enticing the cells to begin the preparative 

~eorganization for the entry into the DNA synthetic ~hase 

(5 phase) aIl the way down to the polymerization of the 

, individual dNTPs. The intervening regulatory steps are the 

ihitiation of replication of. large portions of the genome 

such as late replicating satellite DNA or the highly syncro-

hous initiation of clusters of neighbouring replication units. 

On the levei of individual replication units, initiation is 

stringently regulated while the rate of replication fork 

movement is less tigh~ly controlled. 

l will discuss entry into S phase and the operation of 
• .. 

individual replication units. Several recent reviews discuss 

eukaryotic DNA 'replication (Edenberg and Huberman, 1975; 
Q , 

5heinin et al, 1978). Reichard (1978) uses DN~replication 

in polyoma virus as a model for eukaryotes. Another recent 

article discusses the orqanization of DNA into chromatin 

by nucleosomes tFels~nfeld, 1978). 
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.. LITERATURE REVIEW 

.. 

1.1 cell. cxcle -S Phase 

,J \ 

The growth cycle of eukaryotic èells>between successive 

mitoses can he divided into 4 phases. DNA is synthesised 
1 

exclusively in S phase (Lajtha 1963). S phase is.v~ceùed 
(~. (fr"-

by G1, the pre-DNA synthetic, preparatory phase. It is 

fOllOWed7Gi and mitosis. G2, loi and S are of relatively 

constant duration while Gl va~ies widely hetween and wit~in 

populations. Cells can also he in a nonproliferating, 

ifesting state called Go (Lahiri:'van Putten, 1972). Go and~ 

Gl can be distinguised on the basis of hiophysical and 

biochemical parameters (Bdserga, Nicolini, 1976). 

Entry into ,S phase from GolGl i5 regulatad by many 

factors such as serum and medium composition (Temin et lal, 

1972, Warburton, Poole, 1977). 

t) Ef fect of Serum 1 
Normal mammalian cells exhibit an absolute req~irement 

for serum to-proliferate (Brooks, 1976). When the concen-

tration of serum is reduced to a low level, cell multi~lica- (! 
1 ~ 1 1 

'tion stops and the population becomes arrested in Go or 
" ~ 

~arly Gl (Holley, ,Kiernan, 19~8). Growth may'be reinitiated 

by adding back fresh serÛffi. DNA synthesis begins after a 

, 
1 ... 
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deflned lag period (BÜ;k, 19~ ofi this lag 
1 

il inde~endent of the'concentratiDn of serum while ro-
o " 

portion of cel~s induced to' enter S phase i5 a function of it 

(Temin, 1971, Clarke et al, 1970). 
~ 

-
Addition of serqm to a culture of resting 3T6 mouse , 

fibroblasts increases the rate of 5ibosomalRNA synthesis 

within 10 minutes, while the rate of transcription of hnRNA 

i8 not directly effected (Mauck, Green, 1973). When confluent 

3T3 cells are stimulated to prollferate by the addition of 

fresh ser~, significant increases in uridine and phosphate 
o 

uptake are"seen (Cunningham, Pardee, 1969). These authors 

"' aiso observe increased synthesis and turnover df phospho-

lipids early after stimulation. A serum facto1 of 100,000-

150,000 daltons stimuldtes RNA synthesis in restin~ 3T3 . 
cells (Todaro et al, 1967). When cells are deprived of 

serum, the intracellular concentration of cAMP increases 

(Oey et al, 1974~. This increase occurs only when the serum 

cqvcentration is below' the minimum needed for growth of a 
#J 

particular cell line. 

Human diploid flbroblasts exhibit serum dependence 

of the initiation of DNA synthesis. This requirement is 

quantitative on the concentration of s~rum. ~Analysis of 

this system led ta the, formulation of 

the Michaelis-Menten equation (~llem, 

is the maximum value for the fraction 

a model analogo...,.s to 

~ierthY, 1977). Vrn 
\ 
1 • 

of the po~ulat~on of 

cells cap;9le of responding te the stimulation. KI is an m 

estimate of the interaction between the serum contained 

.. 

• , 
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. 
• mitogens a~d the ~ell surface.' T~eFe ±s a linear relationshi~ 

. . 
~ between ~e logarithms of Vm and Klm,.this i~ the ~uantitative 

measure of the influence of cell d~nsity on) th~ transitio~ 

probability oi alcell to~ar~ replication. 

bl GolGi Transition 
., 

St~uIation of GO' ce1Is to ~rol1ferate causes an in-.. 
Drease in the capacityof chromatin to bind ethidium bromide 

(Nicolini et al,'1975). ~aser flow micro-fiourometri~ 

analysis can distiftguisb Go cells from GI cells in culture 
. 

by the increased flourescence per cell seen in GI cell~ • . ' 

• 'rhi-s GolGI .transition seems to involve a direct quantum 

jump~. There is a change in the percentage of cells with 
• ..1." ,. lncreqsed flourescence lntens~ty at different times after 

stimulation (~ico1ini et al, 1977). 

This increas~ may be caused by increàsed~ bindi119 of 

the dye by, the nualei, by change in' the cytoplasmic component~ 

of serum Induced cells or by a change in membrane com~o~ition. 
1';: 

'rhe au~ors do not distinguish between the possible mechanisms. 

c) Probabilistic Nature of Entrl into S Phase 
~ 

Smith and Martin (1973) have found ul:>on analyzing 
" "'. 

published data that cells enter S phase with first order , 

kinetic8. They maintain that the ~mmibnent oE cells to DNA 

sy~thesis i8 a single, ·random,event w~ich can he characterized 

by a firs~ order rate constant, called transition probabilit~. 

œhey puggest that the intermitotic period be divided into 
. 

2 parts: the deterministic B state which includes S, G2, 

M and a part of late Gl, and the nondetenninistic Astate 

• f , 
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which includes early Gl and in nonprpliferat~lls, Go. 

Sometime alter mitosis the cell ehters the A state\in wh~ch 

it i5 not progressing toward cell division. It May remain 

in the A state for any length of time. Throughout the A 

state the probab~lity of entering the B state (or transition 

probabilitYJ is constant. The transition probability is a 
,.., 

char~cteristic of ibe cell type but environmental factors 

iay modify i t. 

A population of cultured fibroblasts cùnsists of ~, .. 
single kinet~c class which is characterized by the length of 

~ ) 
~ime spent in the B phase. Changes in the' transition pro-

bability serve as major means of growth regulation (Shielùs, 

Smith, 1977). Since the transition probability is a kéy 

element in the regulation of cell proliferation, variant~ 

in the cell cycle are thought to pe caused by changes in 

t~is parameter (Shields, 1977). 

When 3T3 cells stimulated to leave GolGI arrest by 

serum are treated with low cohcentration of cycloheximide 

(33-100 ng/ml) any time after the lag phase, there is a 

red~ction in the transition probab~lity within 1-2 hours 

(brooks, 1977). This seems to indicate that the transition 
~ 

~ probability depends on the continuous synthesis of a protein 

with ~hort half life. The reduction in transition pro­

bability is proportional ta the inhibition of leucine in-

corpor a tion • ~ 

-. 

/ 
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, 

:' 

<. 

• 

8 

Addition of serum to density inhibited Balb/c-3T3 cells 

induces them to proliferate by contro1ling an ordered se-

~uence of events (Pledger et al, 1978). These events in 

Go/Gl are pointed towards cell replication. There is a " 

transitional event which occurs as the cells enter S.' This 

has an important role regulating the commitment of the 

cells to DNA synthesis. This transition i5, in turn preceded 

by an ordered sequence of events, a series of growth arrest 

points. Serum derived growth factors (from platelets and 

plasma) regulate the celi cycle events preceding commitment 

to DNA synthesis. This model for the control of cell pro­

liferation differs somewhat f;om the transition probability 

model. There are several steps envisioned to be rate 

limi ting in this model in contrast to the single rando.n event, 
) 

the transition probability believed to be controlling in the 

celi cycle of Smith and Martin. 
'.1 

d) Entry into S 

When the onset of entry into S phase is inhibited in 

CHO celis by hydroxyurea . the 1=esults seem to indicate that 
"-the initiation of D~A synthesis in one S phase is somehow 

1 

affected by the timing of the previous S pe~iod (Hamlin, 
• 
~apdee, 1976). The time o~ entry into S was delayed up 

to 16 hours uslng hydroxyurea and the position of the sub-

sequ#nt S period was determined. These authors found a 
\ 

minimal 15 hour interval between the two S phases. This 

implies that the needed prepara tory mechanisms for the 
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subsequent S cannot be triggered until the previous S has 

either begUn or was completed. 

The study of CHO cells oynchronized by isoleuc~ne 

deprivation and hydroxyurea showed that early replicating 

DNA and perhaps sorne event coupled to its synthes1s is 

important for the passage through the entire S phase (Hamlin, 

Pardee, 1978). €uchromatin or transcriptionally active 

chroma tin is known to be replicated predominantly in early S 

phase (Lima-de-Faria, 1969). This study showed that espe-

cially cri tical proteins are I"C\ade in the first and ,fourth 

hour of S phase. Sorne may be implicated in the enzymology 

of DNA synthesis, sorne others tnay prevent re1n1tiation at 

origins already replicated. 

Fusion of 1ate S phase CHa cells with cells in GI 

induce~ a large proportion of the GI'nuclei to DNA synthes1s. 

The pattern of DNA synthesis in" the GI huclei is character1stic 

of ear1y S phase (Yanishevèky, Prescot~, 1978). This in-

di~ates the presence of a cytoplasmically transmissable in­

ducer of DNA synthesis in the late S phase cells. It also 
.. 

shows that despite the fact that the Gl cells were fused 

with late S phase cells the intrinsic programming for the 

order of DNA replication was preserved. The cytoplasmic 
) 

inducer present in the late S phase cells simply set in 

motion the normal, temporal program present. 

The addition of serum to WI38 cells in Go phase of the 

cell cyc~e causes proliferation with structural changes in 
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the cellular DNA. There is an increase in the a~ount of 

breaks seen in the DNA as the cells enter S (Collins,~1977). 

A few breaks appear as early as the miùdle of ~l, gafJ!:l first tihow 

up later in Gl. During S the level of single stral\deùnes& 

remains high, as the cells enter G2 the degree of single 

strandedness declines. This could indicate a "chromosomal" 

cycle inherent i~ the DNA of Go cells. This DNA exists as 

intact duplexes. Once the cells ,~re stimulated to leave Go 

and re-enter the cell cycle via Gl, the DNA is nicked and' 

single stranded gaps are formed. This may provide an 

activ~ted template for the ·DNA replication machinery. 

The same system of quiescent WI38 cells stimulated ta 

proliferate was used ta study the DNA intermediates forrned 

after induction of DNA synthesis (Rawles, Collins 1977). 

Alkaline. sucrase sedimentation showed that 4',5 S pieces are 

converted to 11 S then to 50-60 S pieces in l minute. The 

sarne results have been found by others (Tseng, Goulian, 1975). 

The 50-60 S material is rapidly c~nverted to larger molecules 

of 2128 and 275 S. These two classes of DNAs are pre-

cursors to the chromosomal complexe 

e) Ordered Replication .of Subclasses 

In synchronized African green monkej cells ra~idly re­

,associatlng component a DNA is replicated late in S phase 

(Tobia et al, 1972). Rapidly reassociating, A-T rich mouse 

sattelite DNA is also replicated late in S phase (Tobia et 

) al, 1970). 
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When SV40 was used to induce host cell DNA replication 

in contact inhibited African green monkey cells, the 

synthesis of a component DNA did nof precede the replication 

of bulk DNA (P~rker et al, 1975). This indicates that 

the tem~oral replication order of distinct subclasses of 

sequences' is stringently preserved even on induction of DNA 

synthesis by SV40. 

The examination of mouse sattelite DNA replication in 

synchronized 3T3 cells showe~ that the replication of this 

class of DNA is not a time dependent event. Instead, it 

requires the previQus replication of a certain fraction of 

non-satellite, main band DNA (Dooley, Ozer, 1979). The main 

oand sequences adjacent to satellite are replicated at the 

same time as satellite DNA. This means that the replication 

of a specific class of DNA is not automatic, dependent 

solely on the time elapsed sin'ce entry into s. It requires 

the previous replication of certain other main udnd se-

~uences having perhaps regulatory functions . 

. ' 
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1.2 DNA Replication 

a) organization of'the Eukaryotic Genome 

1 
1 
1 

DUFing the 6 - 8 hour S phase the eukaryotic genome 

is replicated by the initiation of DNA synthesis on many 
. 

tand~mly joined replication units. Replication proceeds 

from the initiati~n pOints bidirectionally until naighbouring 

replication units fuse (Huberman'oRiggs, 1968). The rate of 

replication fork movement varies between 0.5 p/min. to 2.0 

p/min. (Huberman, Riggs, 1968; Painter, Schaefer, 1969;' {~ 

Weintrauo, 1972). In-cultured mammalian cells the average 
\ 

size of replication units is less than 60 pm (Huberman, 

Riggs, 1968; Hand, Tamm, 1974). 

In order to duplicate the large number of rep1ication 
' .... 

units within the genome, temporal as well as spatial organi­

zation of replica tion uni ts exists (Tobia et al, 1970, 1971;': 
, 

Huberman, Riggs, 1968; Hand, Tamm, 1974; Hand, 1975a). 

'Adjacent replication units are apt to initiate synchronously 

(Hand, 1975a), while certain fractiomof the genome such as 

highly reiterated satellite DNA i5 always replicated/late 

in S phase (Tobia et al, 1970). 
, , 

;' 

When total DNA synthesis is measured duri,f1g St bursts 

of tritiated thymidine incorporation are obse~ved (Klevecz,· 

Kapp~ 1973; Remington, Klevecz, 1973). These bursts are 

thought to be synchronous initiation of ,clusters of re-

plication units alternating with a reduction in the number 

of new initiation events. , , 

1 
/1 

1 

\ 
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'Clusters of re~lication units s}nthesized clurin~ the edrl~ 

part of Sare spatially separate on the genome from those 

~eplicated during mid-Sç(Kowalski, Cheevers, 1976). It was 
.'",.' 

also found that in HeLa cells DNA molecules replicated in 

the first 2h of S phase were preferentially replicated in 

thé first 3h 01; the later S phase (Mueller, Kajiwara, 196,6). 

In CHO cells there is programmed synthesis of DNA throughout 

S which is reproduced in a later S. The stringency of control 

is not great, especially for DNA made very early in S. DNA 

replicated later in S is more likely ta be replicated late 

in the subsequent S (Adegoke, Taylor, 1977). 

b) Measurement of DNA Synthesis in S 

1. Rate of Total DNA Synthesis 

The rate of overall DNA synthesis changes during s . 
.il-

It is initially rapid, slows down in mid S then speeds up 
.; 

at the end of S (Collins, 1978). 

There are several methods for determining the rate of 

total DNA replication as well as the onset of S phase. Total 

isotope incorporation in pulse and continuous labeling ex-

periments gives indication of the total DNA synthesis. 

When a synchronous cell population is allowed to enter 

S, several questions may be asked about DNA replication. 

The initiation of S phase, the rate of DNA synthesis and 

the ~attern' of DNA àccumulation can be studied. In V79 and 

, CHO cells autoradiography was shawn to be the most sensitive 

method for determining the onset of S. Experiments determining 
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orescerice/ce+l using a fluorescent F~ulgen ass~y 

a salta tory increase in DNA content during S. ~his 

began ta be detectable a few hours la~er in t~, 
l',~ 

-~,,,. 

cyclei than the onset of S phase as deotermined by auta-
1. ,.(1': 

Fluctuations in the rat,~6f'3H-thymidine 
, ',1 $ 

were seen, these, coincided with the stepwise 

reases in fluorescence. Total thymidine incorporation . 
DNA specifie fluorescence studies showeC that in these 

a cell lines the bulk of DNA synthesis does not beg~ until 

hours after the beginning of the autorapiographically 

(Klevecz et al, 1975). 

2. Rate of Replication Fork Movement 

The rate of replication fork movement may be 

measured by several rnethods. DNA fiber autoradiography gives 

the direct length of the newly synthesized DNA chains 

(Huberman, Rigg, 1968). The replicating DNA is pulsed with 
0) 

a radioactive label and the DNA fibers are spread on rnicro-

scape slides after cell lysis. By measuring the length of 

the labeled fra~ents obtained after a radioactive pulse of 

known length, the rat~ of replication fark mov~rnent (or chain 

grq~th) can be calculate~. Very long exposure times are 

needed to adequately visualize the extended DNA chains, the 

collection of data is slow and tedious and there is a r~sk 

of exarnining only a,handful of cells fram the population. 

This last drawback is eliminated in the use of the hydro-

dynamic methods for the measurement of rate of chain growth. 

These methods allow sampling of large cell populatio~. In 

/1' 1 

'o.' 
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the .procedure developeù by ?ainter and Schaefer (1969) the 

re~licating DHA i6 labeled with 3a-thymidine followeJ by ~ 

BrdUrd label. The fraction of gre.:\ter th.ln nOL.o.:l1 Ùens.L Ly DNI\ 

ls then determined by eyullibrium- centrHu'j..l t.ion .in I1cutri.d CbCl. 

The rate of chain'growth is inversely ~rù~ortlonal to the frdc-

tion of denslty substituted DNA. In theorj the rate oùta~neù 

this way i5 independent of the length of xhe 3H thymidine pulse 

,(Painter, Schaefer, 1969; Roti Roti, Painter, 1977). There are 

other'methods ta measure replication fork movement. One uses 

vel~city gradient analysi5 of DNA after BrdUrd and 3H thymidine 

labeling and 313 nrn photolY5is. The radiodctivity is distributed 

over a wide range of molecular weights after labeling. When 

the cells are irradiated with 313 nm 11ght, there i5 a 105s of 
"'\ 

label from large DNA molecules. The fraction of label remaining 

attached to the large molecules 15 a function of segment length 

and it can be used to determine the elongation rate (povirk, 

Pain ter , 1976). 

3. Initiation 

There are several methods for measuring the relative fre-

quency of initiation. When synchronized cells are grown in 

BrdUrd and the DNA is centrifuged in neutral CsC1', the size of r 

the heavy density DNA peak ls pro~ortional to the percentage of 

cells that replicated their DNA in the presence of the analog 

(Meyn, Hewitt, Humprey, 1973). Knowing the DNA content of 

the.cells, the arnount 0 DNA replicated in different time 
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intervals c~n be determined. Since the rate of replication 

foxk mov~ment is known, the numbef of operating re~licatio~ 

units may be calculated and hence the relative frequency bf 

initiation. 

DNA fiber autoradiography can also be used to determine 

the relative frequency of initiation. When DNA is labeled 

for fiber autoradiography with 3H-thymidine of high specifie 

activity (S.A.) followed by a label of low specifie activity, 

two types of autoradiograms are yielded. On replication units 
1 

where initiation occured before the high S.A. pulse, a small 

gap is bordered on each side by areas of high g~ain density. 

These stretches are fo11owed by tails with lower grain density. 
\ 

These are prepulse autoradiograms. Units initiating during the 

high S.A. pulse have an unbroken stretch of heavy density 

trailing into lower density tails. ~hese are post pulse units. 

To obtain the relative frequency of initiation, the ratio of 

prepulse to postpulse units is measured. This gives the 

relative number of units initiating before and during the high 

S.A. pulse. If the length of the pulse is constant, a change 

in the ratio indicates a change in the relativ~ frequency of 

initiation (Hand, 1975a). 

The rate of replication fork movement and the frequency • 

of initiation of new chains are the main factors 'determining • 

the overall rate of DNA synthesis. 

When DNA fibers w~,re examined for autoradiograms, a 
"'-" 

striking synchrony of initiation was noted on adjacent re-

plication units (Band" 1975b). This synchrony of initiation 

" 1 

~, \ 

,/ 

/ 
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is an index of the normal state of the cellular DNA synthetic 
1." 

rnachinery since it is disrupted by the inhibition of DNA 

synthesi's. 

A1though most of the replication units seen by DNA 

fiber autoradiography are bidirectional, there i5 always a 

measurable proportion of unidirectional replication. Increase 

'i~ the f;~~ency of unidirectional replication indicates 
- r-' ' 

a perturbJt±6n at th~ initiation site preventing one of the 

two forks from firing off. 

4. Replication Units 

Using DNA fiber autor~diography, replication unit 

1 s~ze may be determined by measuring inter-initiation dis-

tances (Huberman, Riggs, 1968). 

Another method combines the known initiation inhibitory 1 

action of X-irradiation with BrdUrd pulse labeling and 313 mn 

photo1ysis to give the 1ength of the replication units 

(Kapp, Painter, 1978). Cells are labe1ed with 3H-thymidine 

and BrdUrd. The length of the labeled region (L b ) is o s 
" , 1 

determined in alkaline sucrose gradients by the method of 

povirk and painter (1976). This involves the measurement of 

the molecular weight change,induced in the newly replicated, 

DNA chains by 313 nm light. Exposure of the cells to 100 

rads of X-rays inhibits initiation of new replication units 

without affecting chain growth (painter, Young, 1975). If 

-- 'the c cells are irradtate~ inunediately before the pulse- label, 

increase in Lobs is seen only unt11 aIl operating: replication 
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units have finished elongating. As long as the initiation 

of new replipation units is inhibited, L b does not change 
" ~ 0 s 

and it represents the av~rage size of replication units 

operating before the X-irradiation. 

The second hydrodynarnic method uses sequential labeling 

of DNA with 3H-thymidine and BrdU~d. In thi~ procedure the 

deg~ee of density substitution is determined in neutral CsCI 

gradients'using the protocol of Painter and Schaefer (1969). 

The size of replication units is detérrnined from the fractiop 

of greater thqn normal density DNA in sarnples sheared to 

different molecular'size (Roti Roti, Painter, 1977). 

c) Changes in DNA Replication Pararneters 

After having described the measurable parameters of 

replication, l now will discuss the effectors of these 

tarneters. These may be natural ones (such as the develop-

tal stage of a cell or its position in the cell cycle) or 

artificial ones (such as irradiation, inhibitors bf protein 

synthesis or' virus infection).- l will discuss each pararneter 

separately but sorne of the effectors cause changes in several 

cornponents OL ONA replication. 

1. Rate of Fork Movement 

The rate of replication fork movement may change 

during S phase, but this depends on the synchronized cell 

line exarnined. In CHO ce'Us the rate (as measured by DNA 

fiber autoradiography) is slow very early in S, this is then 

followed by arise fo a much higher level. This rate is then 

. , 
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\ 
maintained through the rest of S (Hou~man, Huberman, 1975)". 

Also in CHO cells the rate was measur~d u~ing the hy~ro­

dynamic method (Painter, Schaefe~, 1969) and BrdUrd photolysis 
\ 

(Povirk, Painter, 1976). This study showed no change in the " 

rate of fork movement during S (Kapp, Painter, 1979). 

In He~a cells, the same study showed the rate increases 

·during S phase. This 'agrees with a previous report on this 

cel1 line usin~ the hydrodynamic method (Painte~, Schaefer, 

1971) • 

When diploid human cells were examined by photo1ysis, 

• tQe rate of fork movement rose and fell with the peaks seen 

in total thymidine incorporation. 

Inhibition of pr6tein synthesis causes a decline in 

DNA synthesis (Mueller et al, 1962). 

In a detailed study of 8 different methods of inhibiting 

.. protein synthesis including drugs, amine acid analogs and 

a temperature sensitive ~RNA synthetase in rnouse L, CHO and 

~. HeLa cells, a consistent reduction in DNA synthesis was seen 

(~,timac et al" 1977). They found the rate of DNA synthesis 

t~~e inhibited by th~ same extent as protein synthesis. 
Il! 1 ' . 
~u 
, When ~the rate of replication fork rnovement was measured 

. by DNA autoradiography early after inhibition<of protein' , 
'synthesis, the decline in lit par.alleled the decline in total 

DNA syfithesis~~ At later t~me points the reduction in the 

rate of fork movement does not entirely account fOE the in­

hibition of total DNA synthesis. These authors proposed 

• 

- ( 

,-
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that reduction in the frequency of initiation of new re-

4plication units rna~ he an ad4iti6hal consequence of the in-
'" 

hibition of prote in' synthes'is at '.later 'tirne points. These 

results agree with oth~r experirnental ~ata ~n L cells using 

c. the protein synthesis inhibitors 'puromycin and cycloheximide 

(Hand, 1975a). The rate of fork rnovernent (rneasured by auto­
I,r 

radiography) was reduced along with other parameters. 

An earlier examination of the inhibition of DNA re­

plication by CYCIOhe~im;a'e in CHO cells showed total correla­

tion between the reduction in total DNA aynthesis and the 
., . 

reduced rate of chain growth early after th~ inhibition of 
Jo 

protein synthesis (Gautschi, Kern, 1973). 
o 

The nucleotide analog 5,6 dichloro-l-B-D ri?ofuranosyl' 

ben,zimidazole (ORB) - inhibits DNA synthesis in L cells (Hand, 

Tamm, 1977> 0. This effect is secondary to the inhibition 

of HnRNA synthesis. The rate of fork movement as weIl as the 

'transport \Of exogeneous tnymidi~e into the cells are in-. ,\ 
h~biœd. 

~ 
, 1 

1
" Initiation of newpReplication Units ~ 

timac et al (1977) hav~ postulated the inhibition 

of replica ion unit: initiation to partially account for the r 
reduction of total DNA synthesis seen late after inhibition 

'0 of protein synthesis. Direct fiber autoradiographiq measure-
• 

,.1 l 'ment~ in mouse L cells showed that -the frequency of initiation 
1 • . 

is r~duced up. to 1/3 after 1,0 minutes of addition of the 

~nhibitor (Hand 1975c). Other characteristics of normal 

1 l 
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initiation are also perturbed by the inhibition of protein 
-4: 

synthesis as shown in this study.' There is a reduction in 
"-the synchrony of initiation of adjacent replication uHits as , 

weIl an increase in the proportion of unidifectional re-

plication units seen. 

2.4 din~trophenol (DNP), another inhibitcr of protein 

synthesis, which~ac~s by uncoupling oxidative phosphorylat~on, 

modifies initiation patterns in HeLa cells (Gautschi et al, 

1973). ~llien these authors looked at the rate of fork rnove-

ment by the hydrodynarn~c method, no reduction was seen in 

the presence of DNP. This ls in direct contrast with the 

findings of Stimac et al (1977). They report a substantial 

:decrease iri the rate of chain growth. These authors mention 

the different modes of rneasurernent (autoradiographie versus - ., 
'-. -

hydrodynamic) as the possible source of error. They also 

point out, however, that when cyclohexirnide was used as 

protein synthesis inhibitor, both rnethods indieated a de-

crease in rate (Stimac et al, 1977 ; Gautschi, Kern, 1973). 

When m~use L5178Y cells were X-irradiated, the results 
, 

showed that the rate of total DNA synthesip was immediately 

inhibited. Low doses of X-rays inhibit DNA synthesis by 

depressing initiation, while high doses are needed to retard 

chain e1onga,.tion (Watanabe, 1974). Irradiation of HeLa, CHO 

• and L cells by moderate X-ray doses causes inhibition of DNA ,. 
,synthesis. This can be accounted for by the inhibition lof 

initiation (Painter, Young, 1975). 
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The irradiation by 313 nrn light of DNA partially sub-

stituted with bromodeoxyuridine inhibits the replication of 

the substituted stretches of DNA without affecting the un-

substituted portions (Povirk, 1977). The inhibition of DNA 

synthesis is by the inhibition of replicon initiation. 

The rate of replication fork movement and initiation of 

new chains are the elements most stringently controlled in 

eukaryotic DNA replication-. Their operation is sensitive to , 

the inhibition of protein synthesis. They are als~ affected 

by~ breakage of X-rays or the effect of 313 nm light on BrdUrd 

containing DNA. 

3. Replication Unit Size 

Replication units are quite heterogenous in size 

depending on the cell line, the growth conditions and the 

developmental stage of the cells examined. 

When the size of replication units in cleavage embryoes 

of Drosophila was compared with those in adult cells, a' 

fivefold increase in unit size in adu1t cells was noted 

,(Blumenthal et al, 1973). 

Comparison of DNA replication rates in Triturus somatic 

cells and premiotic spermatocytes showed that the increased 

length ,of the premiotic S was not due to slower rate of 

chain growth. Insteadi, ,an increase in the size of replication 

units can account for the difference (Callan, 1972). 

Examination of SV40 transformed Chinese hamster 1ung 
a 

cells showed that these cells have shorte~ replication units 

, 0 
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than their untransformed parent cells (Martin, Oppenheim, , 

1977). When the·cells were tranformed with tsA class of 
~ mutants of 'SV40 1 they displayed smaller replica tion uni ts 

at the permissive tempeFature when other transformed cha-

racters were also expressed. At the non-permissive tem~e­

l, rature the cells displayed the larger retJlica tian uni ts 

as weIL as other non-transformed phenotypic characters. The 
~ 

tsA class of viral mutants are known to be tern~erature sens~tive 
. 

for the initiation of viral DNA synthesis. 
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2. AIM 

This study is devoted to the examination of DNA re-

plication in primate CV-l cells. l have examined and·con-

trasted the methods available for the measuremen~ of DNA 

chain growth. A modification of a published procedure 

was contrasted with the original method developed by Painter 

and Schaefer (1969). This hydrodynamic method may over-

estimate the rate of fork movement at short pulse times due 

to the preferential uptake of thymidine over brom?deoxyuriù1ne. 

The modifications introduced into the experimental protocol 

largely eliminate this preferential incorporation. DNA fiber 

autoradiography was used also to measure the rate of DNA 

chain growth. 

The second part of the study uses the modified hydro-
\ 

dynamic method and autoradiography to measure the DNA re-

plication parameters in CV-l cells stimulated to enter DNA 

synthesis by the addition of serum. 
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3. DNA SYNTHESIS: EVALUATION OF A HYDRODYNAMIC METHOD FOR 

MEASURING THE RATE OF REPLICATION FORK MOVEMENT 

, 
AB STRACT When replicating DNA is labeled sequentially 

with radioactive and density tracers and analyzed by equilibriurn 

centrifugation, the fraotion banding at heavier than normal 

density is inversely pcoportional to the rate of replication 

fork movement if there is a sharp transition from one tracer 

to the other on the newly synthesized chains (Pain ter and 

Schaefer 1969)~ Primate CV-l DNA labeled for 5 to 30 min • 

with 3H-dThd and ,then' for 3 h with BrdUrd in the presence 

of 'FdUrd bands in a bimodal distribution in alkaline CsCl, 

rather than in a continuous distribution wrth a skew toward 
-) 

heavi~r density seen when FdUrd is omitted and centrifugation 

is in neutral CsCl. The hea;y density p~ak represents inter-

spersion of ,'both tracers in the DNA and is caused by slow 

transition from dThd to BrdUrd incorporation when the ~racers 

are switc5ed in the labeling medium. This may result from l 

preferential uptake and incorporation of dThd over BrdUrd. 
(J 

Because of the in~erspersio~, calculation.of the rate of ~e-

plication fork movement is'inaccurate. Reversal of the 

labeling sequence with administration of long density pulse 

before the radioactive pulse reduces ~he problem of ihter­

spersion. Using this séquence of labeling, estimates of the 
• 

~. rate of fork movement of 0.36 to 0.38 ~m/min are obtained 
". • 1 

when the 3H pulse time is long enough to allow accurate 
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measurement of the fraction of heavy DNA. Analysis by fiber 

~ autoradiography yields a rate of 0.56 ~m/min in the same cell 
, 

'line. This estimate may be too high because of slow transition 

from high - ta low-specific-activity tracer in the labeled 

DNA. If appropriate precautions are taken to minimize 

mixing of the two tracers in the'pr~cursor pool and to ensure 

that the fraction of heavy DNA is measured ~ccurately, tlie 

hydrodynamic technique provides an objective method of mea-

suring rate of fork movement. 

. , 
... ... 

Eu~ryotic cells replicate their DNA during a discrete 

part of the celr cycle, the S phase. Replication takes ~lace 

on many individual replication units, each of which has a cen­

tral initiàtion site for new chain synthesis. From these 

sites, the chains are elongated at fork-like growin'3 points 

(Ede~berg and Huberman, 1975). 
t i 

The overall rate ol DNA synthesis varies during fhe S phase. 

Recent evidence suggests that it is rapid initially, slow in 

'mid S, and then rapid again toward the en! of S (Collins, 1978). 
~!'. 

~here are two factors that determirye the rate, the frequency 

of initiation on replication units, and rate at which the 

replication forks elongate the new chains. The frequency 

of initiation is probably the more important of the two for 

regulating the overail rate.' In invertebrates, embryonic 

j , 
1 

1 

li , 

. , 
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cells replicate their DNA faster than adult, cells and the 

changes in rate are due to changes in initiation frequcncy 

(Callan, 1972,; Blumenthal et al., 1973; Lee and P~van, 1974). 

In mamma!ian cells, transformation by simian virus 40 results 

• in activation of new initiation sites (Martin and Oppenheim, 

1977; Oppenheim and Martin, 1978). Also in mammalian cells, 

the 'frequency of initia~ion i5 higher i~ early afld la_te S 

phase than in mld S,phase (Richter and Han~, 1979). This 

correlates,well with the changes in overall rate during S phase 

(Co-l1ins, 1978). 
~ - . 

Replication fork movement, although less imp'ortant as a 

regulator, also varies during the S phase. In sorne mammalian 

cells, such as Chinese hamster ovary, i t is slow at the very 

beginning .. of Sand then increases and remains constant through 

the remainder of S (Housman and Huberman, 1975). In th~ 

human diploid s'tràin, WI-38 (Kapp a~d painter 1979), and 

in the simian line, cV-l (Richter and Hand, 1979), the 

rate remains constant,through S phase. Other cell lines, 

such as HeLa (Painter and Schaefer, 1971; Kapp'and Pairiter, 
/ , -

1979), ~how an increase in rate as the cells progr~ss through . " . 
S phase. Replication forks on the same units and on adjacent 

ù' 

units-move at ~irnilar ~ates (Hand 1975). Inhibition of ~ro-
-

tein sYQthesis by a variety of agents causes ,an irnmediate • 

re~ucti~5-- (\,leintraub and Hol:-t~r 1972; Gautschi and Kern 1973; 

Hand and Tamm 1973; Stima,c et ,al. 1977). Lower temperature 

al~o s16ws the 'rate (Band and Gautschi, 1979). A5ide from 
~ , 

c, t,hese observations on the requirement 'for ongoing prot~in 
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synthesis and effect of temperature, little i5 known of 

factors altering the rate of replication fork movement. 

There are presently several methods for mea5urin9 t~rk 

~displacement in mammalian ce11s. The most direct i5 fiber 
• 

autoradiography (Huherman and Rigg5 196B), ~n which the 

lengths of new DNA chains synthesized during a radioact~ve 

pulse are measured after the DNA fibers have been spread on 

a glass slide. Although it is simple and gives reproducible 

results, there are drawbacks ta it~ such as the sampling bias 

inherent in any microscopie technique, and the requirement 

for long exposure time. Other methods, based on hydrodynam~c 

teéhniques, have been descr~bed. Of these, the most widely 

used is that of Painter and Schaefer (1969) in'which DNA 

is sequentially labeled with 3H-dThd and 'BrdUrd and the 

fraction of density-substituted DNA is measured by èqu~libr~um 
, 

ceJ)tr ifugation. 
/ "\ 

il 1 

The fraction is inversely proportional ta 

the rate of fork movament. The advantages of this method 

are its objectivity and its ability ta sample large numbers 

of cells compared to fiber au~oradiography. However, in at 

least'2 published studies (Painter and Schaefer, 1969;Martin 

and Oppenheim, 1977), the rates were slower with longer 3H 

pulse times. Theoretically, the ca1cu1ated rate should be 

independent of pulse time (Painter and Schaefer 1 1969 i IRoti 
1 

Roti and painte~, 1977). 

In the present experiments, we Have 100ked in getail at 

this hydrodynamic method. We have found that preferential 

uptake of dThd over BrUrd may iaterfere with ~e measurement 
\ 

,", 
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of rate of fork'movement. We also propose a modification 

in the technique that may overcome this drawback. 

r 
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MATE RIALS AND METHODs 

Cell line 

The CV-I cell line, a continuous line derived from 

African green monkey kidney, was a gift from Dr. E. Gershey 

of the Rockefeller university, New York. The ceIIs were 

maintained in monolayers in minimal essential medium supple-

mented with 10% fetal calf serum and 25 ~g/ml of gentamicin 

(a gift from the Scherihg Corporation of Canada, Ltd.), 

0.25 ~g/ml of amphotericin Band 60 ~g/ml of tylocin. The 

cells were seeded into plastic flasks or Petri dishes one or 

two days prior to use, at a ooncentration that wouid give a 

density of 1.3 X 10 4 cells/cm2 on the day of the experiment. 

Experimental conditions 

AlI experiments were performed in a walk-in warm roorn at 37°C. 

'Flasks were gassed with 5% CO2 in air and closed tightly after 

each experimental ~anipulation and petri dishes were kept in 

a closed conta~ner with an atmosphere of 5% CO2 in air and 

100% humidity except for the short times required for mani-

pulation. In those experiments in which BrdUrd was used, the 

cells were protected completely from light during incubations, 

~nd manipulations'were performed in reduced natural light 
~ 

which, since it was filtered through window' glass).! contained 
1 
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little ultraviolet light. Specific labeling protocols are 

described in the figure l~gends and tables. 

DNA extraction 

DNA was extracted from cella using the modified Maimur 

procedure of Britten et al. (1974). It was sheared to 4.5 

~m by passage four times through.a 27 gauge needle or to 

0.3 ~ro by making the DNA solution 67% with respect to glyccrol 

and treating it for 30 minutes (with interruptions to pre-

vent heating) at setting 100 in a Virtis 23 homogenizer. , . 
The size of the sheared DNA was measured by sedimentation in 

neutral sucrose gradients using Phi X 174 rep1icative forro l 

as a roarker. 

Equilibrium centrifugation of DNA , 

... 
The sheared DNA was centrifuged te equilibriurn in 

alkaline CsCl as described elsewhere (Hand, 1916). DNA frag-

ments she'ared ta 4.5 lJm were centrifuged for a minimum of 40 h, 

while those sheared to 0.3 ~m were centrifuged for 34 h. Frac­

tions were collected from the bottom of the gradients and. 

,assayed for density by refractornetry and for radioactivity 

by 1iquid scintillation counting. 

In experiments in which native DNA was centrifuged to 

equilibrium the DNA, sheared ta 4.5 lJm, was dissolved in a 
'-
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CsCl solution in TNE b~fter (0.05 M Tris, pH 8, 0.15 M 

NaCl, 0.05 M EDTA) of a,density of 1.72 g/m1. The sam~les 

were centrifuged for 40-48 h in a fixed angle rotor 

(Beckman S40.2). 

DNA fiber autoradiography 

This was performed as described elsewhere (Hand and Tamm, 

1973). A drop of cell suspension containing 2000 to 3000 

3H-dThd-1abeled cells in phosphate-buffered saline was placed 

on a glass microscope slide. The cells were lysed gently on 

the slide by the addition ot a drop o~ 1% sodium dodecyl 

sulfate. The qNA released from the cells was spread linearly 

along the slide with a glass rode After fixation of the DNA, 

the siides were coated with NTB-2 emulsion (Kodak) and exposed 

one month or 6 weeks before development. This is somewhat 

shorter than the usual 6 month exposure time, but the grain 
• 

tracks above the labeled DNA fibers were sufficiently dense 

after the short exposure te permit analysis. 

RESULTS 

When cellular DNA is sequentially labeled with 3H-dThd 
1 

and -BrdUrd, radioactive label will be in end-to-end association 

with density label on those chains on which elongation takes 

place vi~replication fork displacement during both pulses. 

.' 
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Other chains elongating only during the radioactive pulse 

will contain 3H but no BrdUrd. If elongation is sequential 

and continuous on the replicating chains, then the fraction 

of each radioactive chain length containing BrdUrd will vary 
, 

from close to zero (elongation taking place almost entirely 

during the 3H-dThd pulse) ta close to one (elongation taking 

place almost entirely within the BrdUrd pulse). In an 
3 ~ equilibrium density gradient, the H counts from these partial-

1y substituted chains would band on the heavy sidê of normal 

density DNA, giving rise to a distribution of 3H with sorne 

counts in normal density region, representing chains containing 

3H alone, and a skew toward higher buoyant density representing 

chains with increasing amounts of BrdUrd substitution. EqUë1-

tions have been developed re1ating th~ rate of fork movement 

to the shear-size of the DNA, the 3H pulse time, and the 

fraction of radioactive DNA that is density substituted 

(Painter and Schaefer, 1969; Roti Roti and Painter, 1977). 

, 
Equilibrium centrifugation analysis of replicating DNA 

In sorne of our initial experirnents, we found that, 

especially with short pulses of tritium, the fraction of 

BrdUrd-substituted DNA was low. This resulted in calculated 

rates of fork movement that were higher than expected. The 

fraction is estimated by normalizing the peak fraction of 

14C-dThd-labeled DNA sarnple run in the sarne gradient with 
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the equivalent fraction of sequential1y 1abe1ed DNA. With 

short radioactive pulses, the fraction of heavy DNA might be 

low because of 1) incomplete substitution of BrdUrd for dThù 

in the DNA and 2) poor separation of heavy DNA from normal 

density DNA in the gradient. We therefore modified the pro-

cedure by adding FdUrd to the labeling medium to 1ncrease the 

incorporation of exogenous nucleosides and by centrifuging 

the DNA under denaturing conditions to increase the separation 

of normal and heavy DNA. Sequential labeling of DNA with 

3H~dThd for 15 min and BrdUrd for 3 h in the presence of 

FdUrd with analysis by equilibrium èentrifugatiort in CsCl 

under élkaline conditions resulted in gradients of the type 

shown in figure la. A distinct second peak of heavy DNA of 

density 1.81 g/ml was seen. Centrifugation under neutral 

conditions (fig. lb, c) or omission of the Fdurd (fig. Je. 

resulted in a continuous distribution of 3H label in the 

gradient with a skew of radioactivity towards the heavy 

density region as obtained by other investigator~ under si­

rnilar experimental conditions {Painter and Schaefer, 1969, 

1971; Gautschi and Kern 1973~ . 

We were puzzled by the presence of the heavy peak of ... 
DNA and performed a series of experiments ta ~nvestigate it 

further. We asked first whether the presence of the second 

t. d d h 3 1· h h . pea~ was epen ent on t e H pu se t1me or on tes ear Slze 

of the centrifuged DNA. These results are shawn in figure 2. 
~ 

DNA labeled for 5 min with 3H-dThd before the 3 h BrdUrd pulse, 
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FIGURE 1 

Alkaline and neutral equilibriurn density gradients of DNA se­

quentially 1abeled with 3H-dThd and BrdUrd. Logarithmically 
growing Cy-l cells were labeled overnight with 14C~dThd (0.05 

J,.lCi/ml)' to provide an internaI normal-densi ty marker. The 
following morning they were ~laced in normal medium for 3 h 

~ -6 and then, in the presence of FdUrd (2 X 10 M), exposed for 
15 min to 3a-dThd (2.5 X 10 -6 M, 27 lJCi/ml). This was" 

followed by a 3 h pulse with BrdUrd (2 X 10-6 M). After 

extraction, the DNA was sheared to 4.5 ~m and centrifuged to 

equilibrium under alkaline (a) or neutral conditions (b,c). 

In (c), FdUrd was omitted from the protocol. (.) ,3H 

cts/min; (0 ), 14C cts/mini (. ), density • 
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and then sheared to 4.5 ~rn showéd a broad peak of radio- -

aetivity in the region of ~he gradient of density 1.81 g/ml 

and another peak banding with the ndrmal density Marker 

3 (fig. 2a). When the H-dThd pulse was extended ta 25 min, 

more tritium was associated with the normal density peak, but 

t~~~e was still a radioactive peak at density 1.81 gjml (fig. 

2b). Samples of the DNA used in the gradients in figure 2a, 

b, when sheared to 0.3 ~m produeed the g~adient profiles 

seen in figure 2c, d. The peaks at density 1.Sl g/ml were 

less evident, obscured in part by the increased diffusion of 

the highly sheared fragments during centrifugation, .but none-

theless present. 

DNA pulse-labeled with 3H-dThd from 5 to 120 min prior 

to the long BrdUrd pulse eonsistently showed the heavy density 

peak when analyzed under these conditions, although the size 

of the peak was markedly decreased at pulse times longer than 

lO min and was just barely evident after a pulse of 120 min 

(data not shown). 

Sinee the heavy peak was present when the DNA was sheared 

to a size of 0.3 ~m, this suggested that it resulted from 

interspersion of density and radioactive label in replicating 

DN~ at intervals of less than 0.3 ~rn. This appeared to be the 

case sinee, as shawn in table l, the fraction of radioactive 

DNA of heavy ~ensity was the same at shear sizes of 4.5 ~m 

and 0.3 ~m. In this experiment, DNA was labeled with 3H-dThd 

from 5 to 30 min before the density pulse and replicate samples 
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FIGURE 2 

Alkaline equilibrium density gradients of DNA seguentially 

labeled with 3H-dThd and BrdUrd. Logarithmically growing 

CV-l cells were labeled overnight with l4C-dThd (O.OS ~Ci/ml) 

to provide an internaI normal-density DNA marker. The follo-' 

wing morning they were placed in normal medium for 3 H and 

then exposed to 3H-dThd (2.5 X 10-6 M, 27 ~Ci/ml) and FdUrd 

(2 X 10-6 M) for 5 min 'a,e) or 25 min (b,d) fo1lowed by 3 h 

of treatment with BrdUrd (2 X 10-6 M). After extraction and 

r~ar to 4.5 J..Im (a,<b) or 0.3' J..Im (c,d), 'the DNA was centri ... 

fuged to equilibrium in alkaline CsCl. (. ), 3B cts/rnin; 

( 0 ) 1 l~c cts/min; (.. ), densi ty. 

",i 
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were sheared to 4.5).Jm or 0.3 ).Jm before centrifugat,ion . 
.... 

If the heavy peak resulted from end-to-end association 

of the 2 tracers in stretches of DNA longer than 0.3 ~m, then 

shear ta the smaller size should have caused a marked r~­

duction in the fraction of counts in this peak. At 3H pulse 

times from 10 ta 30 min, the fractions of heavy DNA are similar 

at bath shear sizes. 

The results obtained with the 5 min pulse are anomalous. 

This is probably an artifact of the normalizatidn procedure. 

This consistently underestimates the true fraction of heavy 

DNA (Painter and Schaefer, 1969) and the underestimation is 

magnified at high values of heavy DNA and when the DNA is 

highly dispersed.' Both values at 5 min are too low, but the' 

degree of underestimation is greater in the sam~le sheared 

ta 0.3 ~m, accounting the d!fference between them. 

, " 
Kinetics of nucxeoside incorporation 

One possible explanation for ,the interspersion of 3H-dThd 

and BrdUrd' in short stretches of DNA under the experimental 

conditions in figu~e 2 is the mixing of the 2 tracers in the 

precursor pool prior to incorporation into DNA. This cbuld 

be caused by slow equilibration of the,intrace11ular pools 

with the cell culture medium and by the preferential in­

corporation of dThd over BrdUrd or both. To investigate . . 
these possibilitiei, we performed a series o'f experiments 

. 
aimed at examining the incorporation of exogenous nucleo-

sides into DNA. 

. -. 
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TABLE 1 

Radioactive ONA of heavy qensity fo11owing sequential 

1abeling with 3~-dThd and BrdUrd 

3~ pu1~e-time 
(min) 

5 

10 

15 

20 

25 

30 

4.5 l1m 

.'19 

.54 

.40 

.41 

.45 

.40 

Fraction of heavy ONAl 

L 0.3 lJm 

.59 

.36 

.41 

10NA was prepared according to the protocol in figure 2. 

Samples were sheared to 4.5 l1m or 0.3 l1m before centrifugation. 

The fraction of heavy DNA was estimated using the normalization 

procedure of painter and Schaefer (1969). Each number re-

presents the average of 2 or more gradients • 

--- --;., 
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, 3 
In the presence of FdUrd, H-dThd is incorporated into 

1J . , 

DNA in a linear fashion at concentrations of inhibitor and 

isotope used in the sequential labeling protocol in figure 2. 
D 

Linear 'incorporation was maintained for at least 60 min 

(fig. 3a) and the lag period from addition of isotope to linear 

in~ôrporation'was less than l min (fig. 3b). 

We next looked at 3H incorporation into DNA when the 

sequential labeling protocol in the experiment in figure 2 
, 

was duplicated exactly. In this experiment, cells were labeled 

in the presence of FdUrd with 3H-dThd 'for 15 min and th,~n 

with BrdUrd for 3 h, and incorporation of 3ti into DUA was mea-; 

sured. The results are shown in figure 3e, where the 0 time 

is the point at which BrdUrd was substituted for 3H-aThd in 

the medium. Incorporation of radioactivi ty into DNA increase~ i 
o for at least 10 min after it had been removed from the medium~ 

This ind!cated ~here was a slow transitio~ from inc~rporation, 
J 

of 3H-dThd to BrdUrd under these experimental conditions, 

which could explain the ~~tersperSion of the 2,trafers in the 

DNA. . \ 

Th~ experirnent in figure 3d confirmed this. Here the 

labeling protocol in figure 2 was followed anQ the radio-
? 

activity in the acid-soluble pool was measureù. The amount 

of 3H-dThd in the pool decreased by one-half within 5 min, 

but significant amounts 'of radioactivity remained in the pool 

thrQugh 30 min after the switch to BrdUrd. The possibility 

of preferential incqrporation of dThd was examined in the 

" .. 
~). 
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FI'GURE 3 

Incorporation of 3H-dThd into cv-i cells under conditions 11 
thè sequential 3H- d'l'hd to BrdUrd labeling proto~ol. Loga-~ 

\ , 
,'"ritlunically 9~owing cells were treated with 3H-dThd (2 X 10-6 

M, 

10 ~Ci/ml) a~d FdUrd (2 X 106 M) for the ti~es indicated, 

o 

(a,b), or w~re treated with 3H-dThd (2 X lO-6"M, 10 ~Ci/ml)' 
a~ FdUrd (2 X 10-6 M) for 15 mi~ prior ta treatment with 

or 

BrdUrd and FdUrd, (c,d) wbich was then'continued for the du-

rati~n of the experiment. In (a,b,c), the D~ precipated· by 

addition of 5\ 'l'ÇA plu, 0.5% sodium pyrop~osphate. In (d), 

th~ aci~-soluble radioactivity was extr,cted from, the cellular' 

p60ls by treatment wi th 5\ 'l'CA at 40 for 10 mih. BaCh point , ,., 
~ i8 the averàge of 3 replicate s~ples • 

\ 
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experiment in table 2. Here, known concentrations of 3H-BrdUrd 

and 14C_dThd were rnixed in the labeling medium and in­

corporation of the 2 isotopes ip}o the acid-soluble pool 

and into DNA was measured. The results showed that there 

was preferential incorporation of l4C-dThd into the acid-

soluble pool and into DNA. This preferential incorporat1on 

was not altered by the presence of FdUrd in the labeling 

medium. 

Incorporation kinetics when density label preceded radioactive ' 

label 

Accurate measure~nts o~ rate of fork displacement using 

this hydrodynamic method depends upon the sharp transition 
1 

from radioactive to density label in the replicating DNA. 

We thought we could take advantage of the preferential in-

'corporation of dThd over BrdUrd by reversing the sequence of 

the 2 labels. By adrninistering the density label first, the 

switch to 3H-dThd label might result in a sharp transition 

and ~inimize the length of DNA with both tracers interspersed. 

When, in the presence of FdUrd, BrdUrd treatrnent i:>re­

ceded')labeling wÏ; th 3H-dThd, the incorporati'on of radio­

activity into DNA was linear over 60 min (fig. 4a) and the 

·lag period before incorporation was less than l min (fig. 4b). 

In the experiment in figure 4c, 3H-BrdUrd was administered 

for 3 h and chased with uniabeled dThd. The amount of BrdUrd 
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TABLE 2 

. 
~H-Brdurd and l4C-dThd incorporation into CV-1 ce1ls 

Samp1e 

with FdUrd without FdUrd 

Cul tur! medium 2.290 2.428 

Acid-soluble pool 1.213 1.283 

TCA-prec~pitable DNA .466 .534 

KOH-digested DNA .809 .903 

Ce11s ~ere treated for 15 min with medium containing- 3H-Brdurd 

(2 X 10-6 M, 2.5 ~Ci/ml) and 14C-dThd (2 X 10-6 'M, 0.5 ~Ci/ml 

in the presence or absence of FdUrà' (2 X 10-6 M). The ratio 

of 3H:14c in the êu1ture medium was measured by spotting 

acidified samples on glass fiber filters and determining the 

radioactivity on the dried filters by 1iquiù scintillation 

counting. 1he acid-soluble pools were extracted with TCA at 

40 for 10 min and samp1es of the" extraQ.t;. then spotted on filters. 

The DNA samples were p'~ecipitated with_ TCA and the preci~itates 
! • 

counted àirect1y or further treated with '0.3 N KOH at 370 for 
, , 

16 h, acidified again, and counted. 

~ 1 
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FIGURE 4 

Incorporation o~ exogenous nucleosides under conditions of the 
sequentia1 BrdUrd to 3HTd (reverse) ·protoco1. Logarithmically 
growing cells were treated with BrdUrd (2 X 10-6 M) and FdUrd 
(2 X 10-6 M) for 3 h prior to treatme,nt with 3H-dThd (·2 x 10-6 

M, 10 \.lei/ml) ·and Fd,Urd (~ X 10-6 M) for the times indicated 
(a,b), or were treated with 3H-BrdUrd (2 ~~0-6 M, 20 ~Ci/ml) 
and', FdUrd (2 X 10-6 M)' prior to a chase with unlabeled 9Thd 
(2 X 10-6 M) in presence of FdUrd (2 X 10-6 M) for 2 h (c). 
The DNA was acid-precipitated and the radioactivity measured. 
Each point represents J r~plic~te samples. 
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in DNA remained constant following the transition to d~hd 

label. 

These results suggested that by reversing the sequence 

of labeling, a sharp transition ,from density to radioactive 

DNA could be achieved. 

E9uilibrium centrifugation analysis of DNA labeled 
3 l 

sequentially with BrdUrd and H-dThd (reverse protocol). 

Nhen DNA labeled with this reverse protocol was analyzed 

by centrifugation in aikaline CsCI, we obtained the results 

shown in figure 5. The 3H-labeled' DNA banded in a continuous 

distribution with a peak buoyant ~nsity slightly heavier than 

unsubstituted DNA. This result was obtained with 3H pulses 

of 5 min and 25 min as illustrated, and in many other gradients 
, 

3 with H pulse times forro 5 to 30 min. Shearing the DNA from 

4.5 ~m to O.3.~m before centrifugation resulted in a wider band 

of the sarne ?onfiguration and a reduced fraction of DNA banding 

at heavy density (tableJ). Intermixing of density and radio-

active tracers in the precursor pool was no't comp].etely eli­

minated by ~he reverse labeling protocol, since the highly 

sheared fr~gments stlll showed displacement toward heavier 
--, 

than normal density. 

3H ~abeling times. 

This was rnost mar}~ed' with the sho;test 

, 
The fractions of heavy DNA were used to ~stimate the rate 

of replicat~on fork movement. These results ar;'shown in the 

last column of table 3. The calculated rate appears to. 
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FIGURE 5 

Alka~ine equilibrium density gradients of DNA sequentially 
. labeled with BrdUrd and 3a-dThd. The experiment is identical 

to the one in figure 2 exeept the se~uence of the BrdUrd and 
3 . 3 
H-dThd pulses was reversed. H pulses were for 5 min (a) 

or 25 min (b). DNA was sheared to 4.5 pm. ( • ), 3H etsl 

min ,• (0), 14c "",, ) d ~ t .• , ensl. y. 
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TABLE 3 

Calculated rates of replication fork movement 

from sequential labeling with BrdUrù and 3a-dThd 

3H pulse-time Fraction of heavy 
, l 
DNA . Rate 2 

(min) 4.5 llm 0.3 ~rn (~m/min) 

5 .77 .56 

10 .61 .23 .59 

15 .53 .21 .47 

20 .46 .15 .36 

25 .37 .13 .38 

30 .35 .10 . .30 

DNA was prepared according to the protoco1 in figure 5. 
Samp1es were sheared to 4.5 ~m or 0.3 ~m before cen~rifugation. 
The fraction of heavy ONA was estimated using the normalization 
procedure of Painter and Schaefer (1969). Each number re­
presents the average of 2 or more gradients. 

2Ca1cu1ated using the equation, R = S/2Ft, where R is the" ' 
rate of fork movement, B is the shear sLze of the ONt, F is 
the fraction of heavy DNA, and t is the time of the H 'pulse. 
F is corrected by subtraction of .the value at 0.3 um from 
that at 4.5 ume This method of calcu1ation follows that of 
painter and Schaefer (1969). The modification introduced 
by/Roti Roti and painter (1971) change the resu1ts by less 
than 5%. The values of F at '5 min are anoma1ous and none 
of the equations in painter and Schaefer (1969) or Roti 
Roti and Painter (1977) applies. 

• 
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decr.ease as the. 3H pulse is increased from 5 to 30 min. 
" 

The short pulses (up to 15 min) yie1d too high a rate be-

cause of the underestimation of the fraction of heavy DNA i5 

greater at high values. 

DNA fiber autoradiograshy 

Fiber autoradiography has been used as another method to 

rneasure rate of rep1ication fork movement. lt was of ~nterest 

to compare it to the equilibrium centrifugation method. 

As shown in figure 6, fiber autoradiograms prepared from 

the DNA 1abeled for sequential 30 min periods with high-and 

10w-specific-activity 3H-dThd showed patterns simi1ar to 

those seen in other mamma1ian ce115. To determine the rates 
~ 

of replication fork movement, we measured lengths of the thick 

portipns of tracks on replication units that had initiated 

synthesis before the beginning of the high-specific-activity 

pulse. The results are shown in figure 7a. These tracks 

showed a linear increase with increasing pulse time, with a 

slope of 0.56 ~m/min, corresponding té the rate of fork 

movement. 
l' 

The size of replication units may aiso be measured by 

fiber autoradiography. Knowledge of ~nit size is important 

in studies of fork movement. If a long pulse time is chosen . 
-so that many forks complete rep1ication within their units 
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F:tGURE 6 

Autoradiograms of DNA fibers from CV-l cells." Logarithmically 

growing cells were labeled in the presence of FdUrd (2 X 10-6 M) 

with 3H-dThd of high specifie activity (50 ciimmo1e, 5 X 10-6 M) 

for ,10 min (a) or 30 min (b) and then for an additional 30 min 
with 3H-dThd of low specifie activity (5 C i/riuno le , 5.5 X 10-5 ML 

The DNA was prepared for autoradiography and the autoradiogram§ 
were developed after 6 weeks exposure. The large arrowheads in 
(a) and (b) mark the ends ~f fibers longer thàn 250 ~m. The 

/ 

small arrowheads at x indicate the length of a high-grain-
density track used to msasure rate of replication fork movement; 

the sma11' arrowheads at y, the distance between 2 initiation 

points used to measure the size of a rep1ication unit. The 

bar at upper left is 100 um. Both microgràphs are at a magni-
fication of 410. 1 • ~ 

--,'---" 
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FIGURE 7 

Replication fork movement and unit size by fiber autoradiography. 

Ca) Lengths of high-grain-density tracks (fig. 6, x) at high 

specific-activity pulse times form la to 30 minutes. The 

error bars indicate the standard deviations of 50 measurements. 

The line was fitted ,by regression analysis using the method 

o( least squares, r 2 = 0.98. (b) Initiation poin~s on 250 ~m 
fib,ers (fig. 6,y) pulsed with high-specific-activity 3H-dThd 

for 10 min (upper panel) or 30 min (lower panel). (c) Lengths 

between initiation points on 250 lJm fibers. (.), 10 min 

pulse with high-specific-activity 3H-dThd; (0), 30 min pulse 
with high-specific-activity 3H-dThd. 
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before the end of the pulse, then the rate of fork movement 

may be underestimated. 

Unit size was measured by a modification of the method 

of Martin and Oppenheim (1977). Autoradiograms of DNA fibers 

of minimal length 250 ~m were seored for the number of ini-

tiation points. Figure 7b shows the modal number ~as 3 
t 

initiation points from fibers labeled with high-specifie-

activity 3H-dThd for 10 and 30 minutres.. The lengths between 

initiation points of repllcation units of 250 ~m fibers was 

also measured. The lengths refleet the size of replieation 

units (Huberman and Riggs, 1968). The cumulative frequency 

distribution of lengths fram DNA labeled for 10 and 30 m~nutes 

with 3H-dThd of high specifie aetivity are shown in Figure 7c. 

The dis tribu tions are similar and .the- Medians of both are 

62 ~m. t 

DISCUSSION 

. 
Aeeuracy with the hydrodynarnic method of lneasuring rate 

of fork rnovement depends on a sharp transition from radio-

active to density label in the r~plicating DNA. A factor 

that eauld interfere with this is slow turnover of exogenous 
1 ~ 

label in the precursor pool, which could be eaused by pre-

ferential uptake of 3H-dThd over BrdUrd if the radioaotive 
Il 

tracer precedes the density tracer. We have shawn that thi-s , 

ean oceur. The effect of preferential uptake of dThd ean be 
• 1 • 

. . 

1 

1 
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eliminated by administering this compound after the BrdUrd. 

With this r~versal of the sequence of density and radio-

active label, we were able to achieve rapid substitution of 

d~hd for BrdUrd sa that end-to-end association of the two 

tracers on the newly replicated chains was obtained. 

The calculated rates decreased with increasing time of 

the 3H-dThd pulse. This has' been observed previously when 

2 different pulse times have been used in the same~set of 

~xperiments (painter and Schaefer, 1969; Martin and Oppenheim, 

1977). The method overestirnates rate at short pulse times. 

This ~s caused by underestimation of the fraction of heavy 

DNA when this fraction is very high. It would seern best ta 

choose 3H pulse tirnes that give heavy DNA fractions that are 

less than 0.5. Errors in measurement of the fraction can 

also-be rninimiz~d by increasing the separation between heavy 
.. 

and normal DNA in the gradients. This can be done by use of. 

FdUrd to increase exogenous nucleoside incorporation and by 
-- --------Z'l <:/ USJt,~lkaline cen trifugation condi tions which increase the 

r '-~_~._,_~.,v , 

\_~_~paration of heavy and normal dènsity DNA. 

, 

Î 

Ther'è may a1so be an underestimation of rateat long 3H 

pulse tirnes if a sign~ficant proportion of replication forks 

complate e1ongation 'before the end of the pulse. Autoradio-

graphy showed that the average siz~ of replication units in 0 

th. CV-l cell line is 62 ~m. With bidirectional replication, 

the avera~e time that each replication fork is in operatio~ is 

c 
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about one hour (assuming a rate of fork movement of about 

0.5 ~m/min). However sorne 20% of units are les$ than half 

this average size, and therefore could complete synthesis in 

30 min or even less. With the longést pulse time used in these 

experiments - 30 min - there could be sorne underestimation of 

the rate. 

We believe the most accurate estima tes are those from 

the 20, and 25 min pulses in Table 3. This is because with 

these pulse times, the fraction of heavy DNA is small enough 

to be accurately measured, and almost al,l replication forks are 

in operation for the duration of the pulse. 

We have also demonstrated a preferential incorporation 

of dThd over BrdU~d. This has been reported !n uninfected 

bacterial cells (Hackett and Hanawalt, 1966), in ~hag~-infected 
. 

bacterial cells (Le.Pecq and Baldwin, 1968) and in certain 

animal cell systems such as developing chick reg blood cells 

(Weintraub et al., 1972). However, in other animal cell 

systems, the two tracers have been incorporated equally well 
, 

in whole cells (Myers and Feinendegan, 1975; O'Brien and 

Stellwagen, 1977) and in vitro using a lysed cell systen 

(Gautschi et al., 1978). If this hydrodynamic method is to 

be used to measure rate of fork movement, we believe that 

incorporation of both tracers must be measured and the labeling , , 

protoco~ modified according to the results. If there is no 

preferential incorporation, the sequence dThd to BrdUrd"may 

be used. If dThd is preferentially'incorporated, then the 

reverse sequence of labèling must be used. 

.. 

. ' 

l ' 
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,. 
Fina~1y, it is worth commenting on the highe~ rates 

. '\ 

found using fiber autoradiography. The thick portipn of the 

grain 'traek used in the measurement 9radua11y t~pers to the • 

'thinner portion, therefore transition from high-tQ low- r' 
specific-activity 1abelin~ may nqt be sharp. The measurements 

eneompass the entire ttapered region of the trackl and this 

resu1ts in overestimation. Whatever error is introduced, 

it i~ systematic, sinee the calculated rate was independent 
~ 

of'pulse/time. 
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4. DNA REPLICATION DURING A SERUM INDUCED S PHASE IN PRIMATE 

CV-l CELLS / 

SUMMARY We have investigated components of D~A replica-

tion in a.serum-induced S phase of primate CV-l cells. Using 

D~ ~ibei autoradioqrap~y, we found a relative decrease in 

the frequency of initiation events fn mid-S cornpared to early 

and late S phase. The other components of DNA replication 

measured by autoradiography - synchrony of initiation events, 

size of replication units, incidence of bidirectional re-

plication, and the rate of replication fork movement -

remained constant through S phase. When fork movement was 

measured by density gradient analysis of BrdUrd - and 3H 

thymiaine-substituted DNA, it '~as aiso found to re;ain constant. 

These results show that' most components of DNA replication 
~ . 

are invariable through a.serurn-irlduced S phase •. The changes 
. 

in initiation frequency support the view that it may be 

critical in the regulation of ongoing replication. 
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Proliferating eukaryotic ce Ils replicate their DNA in a 

defined period in interphase, the~NA synthet~c (5) phase 

[1]. Cells can also be in a nonproliferating state in which 

there is no cell division for prolonged periods [2]. A cell 
t2 

reaçhes a decision during Gl whethe~ to' initiatite 5 phase 

and continue to mitosis or to stop proli~eration. Many factors 
, 

can influence the cell's decision; less than optimal growth 

conditions generally favor entry into a quiesoent state. 

Once a cell enters S phase, the entire genome is re-

plicated. The eukaryotic genome is composed of many thou­

sands of tandemly arranged replication units, each of which 

con tains a central origin the initiation of DNA synthesis 

[3, reviewed in 4-6]. ese origins, replication forks 

proceed bidirectionally tow rd the outlying termini of, the 

unite where the newly re licated daughter chaine fuse with 

the chains synthesized on adjacent units fà forrn,the large 

molecules characteristic of chromosomal ONA. The factors 

regulating the ra te of DNA synthesis through the S phase are 

largely unknown. 
~ 

Evidence has been presentèd to show that, in diploid and 

pseudodiploid cells synchronized by mitotic selection, the 

overall rate of DNA synthesis varies through the S phase with~ 

three maxima present in early, mid, and late S phase [7,8]. 

These studies depended on 'thymidine incorporation as a mea­

sure of DNA synthesis, and no attempt was made to analyze the 
. 

l 

individual components that make up the overall rate of synthesis, 

such as speed of replication fork movement or frequency of 

initiation events • 
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Several studies have reported on the rate of re~lication 

fork movemenv as the cells progress through s. painter and . 

Schaefer [9) showed that rate increased from early to mid S 
..!. 

phase. They used HeLa ce~ls synchronized by mitotic selection 

or by pharmacologically induced alignment at the Gl-S inter­

face,/ and'measured rate by equilibrium centrifugation of DNA . 
sequentially labeled with [3H] thymidine and BrdUrd. Housman 

Jo 

and Huberman [10] also concluded that rate increased in CHO 

cells synchronized by colchicine block followed by m)f0tic 

selection. Rate was measured i~ their experiments by DNA 

fiber autoradi~grap~y. More recently, Kapp and painter [11] 

have reported that, following synchronization by mitotic 

selection, the increase in rate of fork movements does not 

occur in aIl cell 1ines. They compared 2 hydrodynam.i:c methods 

fo~ measuring rate, one a modification of the equilibrium 

centrifugation procedure used earlier (91, a~d the other a 
/' procedure that measures the ~requency of light-induced breaks 

in replicating DNA substituted with BrdUrd [12]. Similar 

results were obtained by both methods. HeLa cells showed 

the characteristic increase, while CHO cells showed a uniform 

rate through the S phase. Hu.~an diploid fibroblasts showed 

a periodic variation in rate t9at correlated with changes in 

thymidine incorporation into ONA. The reason for the differ­

ence in the results of this study and earlier ones is un-

known. 

.,. 
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Other aspects of DNA replication, such as the frequency 

of- initiation and the degree of synchrony of initiation events 

have not yet been examined in synchronized cells. 
" 

In the experiments reported here, we have e~amined several 

component~ of DNA replication in synchronized cells. We 

have used stimulation of quiescent cells by fresh medium and 

serum to induee 5 phase, and the techniques of fiber auto-

radiography and equilibrium centrifugation to examine DNA 

synthesis. The'results show that, unèler our experimental con­

ditions, there is a relative decreale in the frequency of 

initiation events'in Mid S Bhase cells compared to early and 

late S phase cells. Other aspects of DNA replication i,n­

cluding the rate of replication fork movernent remain constant 

through the S phase. 

"1 
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MATERIALS AND METHODS 

Cells 

CV-l cells, a continuoue line of African Green Monkey cells 

(a gift from Dr. E. Gershey, The Rockefelle~Univ., N.Y.), 

were grown in Eagle 1 s Minimal Essential Medium (l1EM) supple­

mented with 10% feta1 calf serum (FCS), 50 ~g/ml of Gentamicin, 

0.25 ~g/m1 of Amphotericin B, and 60 ~g/ml of Tylocine. 

Thymidine Incorporation into DNA of Cells Stimulated to Pro­

liferate by Addition of Fresh Medium and Serum 

Incorporation into acid-precipi table material. . CV-l cells were 

seeded into 60 mm plastic cells culture dishes at a density 

of 5 X 104 cells/cm2 in MEM plus 2% FCS. At 96 hours after 

seeding, the medium was removed from half of the dishes and 

replaced by fresh MEM plus 10% FCS. The othee dishes were 

left as serum-depleted controls • 

.. At various times, quadruplicate dishes were pulse-labeled 

with [3H)-thymidine (1.0 ~Ci/ml) for 30 min, washed, and the 

cells removed from the dishes by sdraping. One half of each 

sample was'used for protein determination by the Lowry method 

[13] using alburnin as the standard. The other half was used 

to determine brichlo~oacetic-acid-insoluble radioactivity by 

liquid scintillation counting. 

Per cent of cells in S phase. CV-l cells were seeded into , 

60 mm cell culture dishes each containing one sterile 22 mm 

glass cover~lip_ and grown as described above. At various 
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ttme points, duplicate dishes were labeled for 30 min with 

[3H]thymidine (1.0 ~CI/ml). Following the pulse, the dishes, 

were washed and the cells on the coverslips were prepared for 

~hole cell autoradiography. After exposurè for 1 to 10 days, 

the preparations were developed, stained, and examined with 

a light microscope. Consecutive fields were insp~cted until 

250 cells dn each of the coverslips had been scored for the 

presence of silver grains over the nucleus. 

Fiber Autoradiography for the Measurement of DNA Replication 

CV-l cells, seeded into 35 n~ plastic cell culture dishes, were 

brought to quiescence and then stimulated to proliferate as 

described above.' Cells in triPli~e dishes were labeled with 

[3Hlthymidine and processed for DNA fiber~utoradiography as 

described previously [14] after growth in fresh medium for Il, 

15.5 or 20 hours. In brief, the cells were labeled at the 

indicated times for sequentia1 30 min periods w~th [3Hl thymidine 

of high specifie activity (50 Ci/mmol, 500 pei/ml) and low 

specifie activity (5 Ci/mmol, 500 ~Ci/ml). Fo11owing washing, 
1 

they were lysed gently with 1% sodium dodecyl sulfate and the 

r~leased DNA fibers extended and spread on glass microscope 

slides. The preparations were fixed and coated with.NTB-2 

emulsion. After exposure and development, the autoradiograms 

were examined by light microsc6py. The methods used for 

scoring and analyzing the fiber autoradiograms for initiation 
fi 

frequèncy, replication unit size, rate of fork movement, bi-

l ' 
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directional replication, and initiation synchrony have been 

described [151. 

Determination of Rate Replication Fork Movement by Esuilibrium 

Centrifugation of nenatured DNA 

Density labeling. CV-l cells in 250 ml plastic cell culture 

flasks were brought to quiescence and stirnulated to proliferate 

as described above. From 19.5 hours after seeding to the 
. f 

addition of fresh medium, they were 1abeled with [14C]thymidine 

<0.05 ~Ci/ml). Density labeling was performed as describeà 
(' 

previously (16]. Three hours before the time points, BrùUrd 

-6 -6 (2 X 10 M), and FdUrd (2 X 10 M) were added.to the cells 

which were then protected from 1ight. At each time point 

(11, 15.5 and 20 h after addition of fresh mediurn) the medium 

was replaced by labeling medium ([3H]thymidine, 10 ~Ci/ml, 

2 X 10-6M, and FdUrd, 2 X 10-6M, in MEM plus 10% FCS). After 

a pulse of 30 minutes the cells were washed and the DNA ex­

tracted. 

Extraction of DNA. A modification of the phenol-Chloroform 

rnethod of Marmur was used [17]. The extracted DNA was sheared 

to a molecular weight of 8 X 106 by passage 4 times through a 
f • 

27 gauge needle. 

Equilibrium centrifugation of denatured DNA. A sample of 
; , 

extracted DNA containing 5000 l4c cprn was brought to a final 

volume of 6.2 ml in a solution of 0.002 M NaCl, 0.1 N NaOH, 

0.002 M EDTA, 0.1% Sar.~o~yl:- . .2.~~~ .. (. __ g_CsCl.- .. This was centrifu.ged 
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to equilibrium for 48 ta 72 h in a 40.2 fixed angle rotor 

(Beckman Instruments). Fractions of 0.25 ml were collected 

fram the bottom of the gradient and ana~yzed for density and 

radioactivi ty. 

RESULTS 

Induction of Cellular DNA Synthesis by 'the Addition of Fresh 

Medium and Serum 

In our initial experiments, we determined the time course of 

-

~ ~ 

DNA synthesis in CV-I cel1s brought to quiescence by low serum 

and then stimulated to proliferate by fresh mediwn and serum. 

The resu1ts are shown in Fig. 1. There is a steady decline 

in thymidine incorporation into acid-precipitable mate~ial 

through 96 hein low serum. In the unstimulated controls, the 

low incorporation is maintained for the rest of the experiment. 

In the cells that received fresh medium with 10% FCS, there is 
of .. 

a sharp rise in the rate of tritiated thymidine incorporation 

that i8 evident by 9 h and peaks at 15.5 h after medium change. 

This represents a ten-fold stimulation in the rate of in-

.corporation compared to controls. The duration of this DNA 

synthetic phase is 11 h. 

Whole cell autoradiography following pulse-labeling with 

[3H]thymidine also revealed a synchronous wave of DNA synthesis 

in stimulated cells. Following addi~on of fresh medium f the , 

1 
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'. 
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'Abscissa: time (h); ordinate: (left) 3H CPM X 10-3 ~er mg 

,protein (right) S phase ce1ls (%). 

DNA synthesis in CV-l cells brought to quiescence in low 
, 

~erum and then stimulated to proliferate by the addition of , 
fresh medium and serum. Acid pr~cipitable incorporation 

( ." , 0 ) and percent of cells in' S phase ( ... , À ) was mea­
sured following pulses with '[3H1thymidine. O~en symbo1s in­

dicate ce11s in MEM plus' 2% FCS, c10sed symbol, cells to 
which fresh MEM plus'lOt FCS wer~ added 96 h after plating 
(arrow) • 
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The duration of the synthe tic phase was 9 h. Unstimulated 

controls showed l to 3\ of the cells labeled. 

The expected overlap of péaks by the two methods of 

measoring DNA synthesis i~,not seen. The onset and peak of 

DNA synthesi~ is 2'h later when measured by autoradiography. 

A s'imilar lack of coordination of peaks of activi ty of acid 

precipitable counts and percentage of labeled nuelei has 
, 

&een observed in WI-38 cells synchronized' by'mitotic selection 

[8,18]. Aside from this, the 'cell~ are well~s~nchronized, 

although slightly less than 'half of them enter S phase. On 

the,other hand, less than 3% of the unstimulated controls 

synthesize DNA and this low background is of advantage in the 

fiber autoradiography studies described below. We chose 

points, at 11, 15.5 and 20 h following medium change as 

representative of proliferating cells in early, m~d and late 
1 

portions of the DNA synthetic period for subsequeht studies. 

DNA Fiber Autoradiography 

Fibe~ autoradiography was used to examine DNA replicatio~ in 

these cells. At each of the time points in S, wê· measured 

the relative frequency of initiation events, the incidence 

of bidirectional replication, ,the ~ynchrony'of initiatio~ 
events, thé size of replication units, 'and the rate of re-

plic~tion fork movement. 

In orde~ to make these mea~~ements, we used' a step-down 

labeling protocol, that is, a 30 min pul~e with [3B) thymidine 

, 1Jq, 

o 

o 
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• of' 11igh . sp~cific ~cti~i ~y followed ~ediately by. a 30 min 

p~·~ith [lHlthfb1idine of lpw specifie aotivlty. 'l'hePliotocol 

;ields t~~'\. types of autoradio~ams .. Re~lica~ion !9':lnits- fhat 

initiate before the high spec'i'f~c activity pul~e have a 
1 

pattern, in which a sm~ll gap~isjflanked by two sttetçhes of 

heauy,. grain' densi ty l 'followed by lo~er grain densiJty tails. 
1 • , 

, ' . l, 

i Since initiation,took place prior to ~e ~ulseJ these are ~re-

'. 

. , 

,pulse autoradio'rams. '- yni~s that initiate during the high-
. ') , 

specific~àctivity,pulse 9ive patterns i~ which a cont~huous 
. . 'Q, 

stretch 9f heavy grain dens'ity fs flanked by two low grain 
• • 

density tails. These are postpulse~autoradiograms. JThe 2 
t'" f ~ • " ,.....' 

'1:', 

ty~S of patterns are easily recognized by light microscopy 
v ...e ' ,,~ ô 

and are used to malte the measureIJlenfs ·'of DNA replication. 
JI:! 

Relative frequencx pf initiati6n. The' rat,? of ,~re~uls~ tu . . 
postpuls~ .. "tautoradiograms reflects the relative numbers of' , 

t l 
unit~ initia,lot-i,n~ ~fo:e and du:ing thfpUlSe of'\high specifie 

\ J 

"'~'.~ ,acù.Vity.( Wj,th: constanf pulse time, ,~\~ha·nge in the ratio' . 
. \ ' - .... \ 

measures a \'change in the .frequency of initiation. We mea- .. 
"' , 

sured this ratio inYprep~~ation~'from early, mid and lata ~ 

phase ë~lls J'la~le '~'. '!'he results show an iricrease in, tlie ; 

ré\tio in (m~ S DNA-, indlcati~f that there are,' reiatively 
j ....... . t 

fewer units initfating .then, compared to early ,and late~. , , 

/~. ',' Proportion of bidire~tional replication units. ~ re-
u ~ .' Jk (' 

. plication is. bidirecj:;ional fr~ ad central" ini tiation ~oint 1 

~ • .. \)' J 
~ ~~"I' .. .F'-~_'--' _,...t_ 

, (/3] but there. 1,8 1ll'fays' a "Plea~ur?-ble incidence ~f unid1rectional ~ 
1 • 

"1 j ~ 

ireplica~on.;·, This incidence .tncreases when DNA synthesis is 

'l.,,\"'~~_"""iiIiIlfIplJIII·r __ --~--"'--~ 
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TABLE 1 

-... 
Relative in~tiation fre9uency in synchronized cells through s 

, 1 

' .. ~ phase 

, 
. ; 

\ Initiation frequency 

tprepUls'e: 

' .. 
'rime afterl. post.pulse f 

11 . .-
serum addition (h) patterns) a )' ~ S~nple sïze 

11.0 35:65 386 
\ 

J 

.if 15.5 49:51 360-.. 
20.0 -, 39:61 478 

ft. 

- . 
ARandom mi~ro~c~ic fièlds from the autoradiographs were 

1 , 

scored for the aumbèr of prepuise and postpulse patterns. 

'rhe ratio of theBe is used as a relativ~ indication of initia­

~on frequencY. 'l'he in~re'~Se~il'l the- ratio observed atl\~5.5 h 
, . 

compared to the other 2 times points indicates relatively fewer 

.postpu1se ~ts and ~er.fore that,fe~r u~lts initiated 
; " }. /--

d~rinq the pulse at mid s. '" \-.,\ . 
~ "\"'4 t 

.. 

. , 

" , . 
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, .. 

inhibited by cyc10heximide [151. In the present experiments, 

a hi~h proportion of bidirectional replication units was 

found at all 3 time points (Table 2). Thus, the ·factors that 

induce simu1taneous initiation of 2 replication forks from 
~ ~ f' 

a common origin continue throughout the serum-induced S phase. 

Synchr~ny of initiation events. Adjacent units initiate 

synthesis synchFonously [4,6]. With fiber autoradiography, this 

synchrony is demonstrated by adjacent units on a DNA fiber 

wit~ the sarne pattern, .that is, both prepulse or,both post-

'" pulse. If initiation were random rather than synchronous, 

then the proportions of 2-unit autoradiograms showing like or 

uniike patte~~ WOUld'b~ de~ by ~e binomal distribution 
~~ 

, for any given ratio of prepulse to pos~pulse patterns in a 
\ preparation. A significant deviation from the expecte~ ~ro-

portions in 'the direction of an increase in units with~like , 

patterns indicates synchrony. 

The re'su1ts of observations on 2-unit autorà'diograms are 

shown in Table 3. There is no'significant difference in the 
. , 
synchrony of initiation,in early, Mid and 1ater portions of 

a serum-induced S phase, and the usual high degree of iynchr,~ny 

is maintained 'thoughout. 

Replication unit size. To'determine the size of replication 

\!tnits, the center-to ceJ'lter distances between adjacent rè­

p1ication' units were measured. The cumulative fréquency 

distributions are, sho~ in Fig. 2. The medi,n values for 

the ear1y, Mid and late S measurements are similar. There are 
~ 

.~- ,-.~ ~ ;$' { .. 7';'~ 
~ • ,_ f i ' 
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TABLE 2 

) 

Bidirectional DNA Replicat~on 
~ \ 

~ 

1'ime af te'r Bidirectiona1 units 

Serum addition (h) proportiona -Sample size 
l' 

f 

.j>. 

11.0 .94 301 

15.5 ~ ;93 222 

29 •. 0 .93 345 

t l 

.aRandom microscopie, fields were scored for the numbers of 
. 

bidirectiona1 and unidireotionàl patterns on replication units. 

Unidir~ctional pa~terns are those with a high density track 

flanked on one end by a low density track, and on the other, , ' 

. end by a gap adjac~nt to another low density track. 
fi 

- , 
, 
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TABLE 3 
, 

'\ 
S~nch~onl of ini tiation events on 2-unit autoradio2rams 

~ proportion of autoradiograms 

Time after with like unitsa Sample 
>1. 

serum aàdition(h) obse,~ved expected Si~e 
J' 

S' 

" 
10 

'\ -11.0 .83 .56 82 

15.5 .78 .54 81 
~ 

7~ 20.0 .85 ,.56 . 
... 

.... 
aAutoradiograms containing 2 units we~e scored as to whether 

... 
the uni ts :had the same pa tte~ns, ei ther ~epulse or b'oth 

postpu1se, or whether they had different patterns,' one pre­

pulse~and the other P?~pulse. This gave the observed p~o­

po~tions. ' Expected proportions were'cal~ulated using the 

binomial# equation (p + q)2 = 1, where p = proportion of pre­

pulse.units in~the sample and q = proportion of po~t. pulse 

" units.' The observed values are all significantly,different 
2 from those expected (P < 0.005, X ,for goodne/ss of fit). 
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slightly fewer larg~ units (~50 ~m) in lat~ S cells, but on 

the whole, there i8 little differenee in the size of units 

active at different times in S. The median values for unit 

size are 30 to 35 ~m. Given a rate of replication fork 
~ 

movement of about 0.33 llm/min (see below, ,Table 4) and that 

almost aIl units have bidirêctio~al r~plication, than the 

median time a unit funetions is 45 min • 
..,. l.~~l 

Rate of re~lication fork movement. The heav~ly labeled 
X," 'f.,.~ 

portions of prepulse autoradi~rams were measured to determine 
p"': 

the rate (Table 4). There is no significant difference through 

the S ,phase in these cells. 
--~ • 1 1 

Determination of Rate of Fork Movement by Equilibriwn Centri­
.\ 

fugation of Denatured DNA 

!'Jl equilibrium centrifugation method for the mea·surement ~f 

the rate of fork prog~ession has been described by Painte~ . ' 

_ ahd Schaefer [l9!. In this proc~dure, a short radioactive 
, 

'~label preceeds a long density labeling periode The DNA i8 
fi 

extracted, sheared and centrifuged to equilibrium in CsCl. 

The proportio~' of radioactive DNA th~t ~s greater than normal 

denai ty in the cadi gradiel;t _";iS inversely proportional to the 

rate of fork movement. We felt it would be of value-to compare 

this method with the autoradiographie method for measûring 
-~ , 

fork movement in the same cell line; Two modifications were 
t, . 

introduced: 1) the sequence of,~ad10active and,density 

labelinq was reveraed 50 that sufficient time for density 

labeling was available at aIl 3' time points, .and 2) equili-

,:(f.:?::~:·T" ',<:;~:~r;~' ~,~:".j-' -~'. <-::-.--.'..-- ., 
. - .,. ---;.-----;- , .;: 
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.. 
FIGURE 2 

Abscissa. replieation unit s~ze, (pm); ordinate;~umulative . . ., 
,frequency (I) . 1 

• 
Cumulative frequeney distribution of replieation unit 

~ize throuqh S p~ase. "center-to-center distances ~nù 2-unit 

autoradiograms were measured'. (.), 11 h after serum addi-
)-- ~ "" tion, median • 30 ~m, X t S.D. = 40 ± 22.3 ~m, sample size (N), .. 

• 961 ( 0 ), 15.5 h after serum addition,' Median • 35 ,~m, 
- 1 X·± S.D."· 41 ± 20.7 l1m, N ~ 971 (,. l,·.20 l'i after serum 

\ . .. . '. 
ad~ition, Median • '30 llm, X ± S.D.'· 37 ±is.1 ~lllm. N • 83 . .. 
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'l'ABLE 4 

Rate of DNA replication fork movement by autor~diograBhy 

Time after 

serum addition(h) 

11.0 

15.5 

20.0, 

Ratea "(~m/min, 

x ± 50,) 

.34 ± .113 

.34 ± .091 

.32 ± .115 

samp~e size 

166 

232 

219 

----"~--l· 
, 

a'l'he high density tracks'of prepulse autroadiograms were 
• 

\ 

measured, and the mean lengtha divided by the duration ~f the 
\ ". , 

pulse of high sp~cific activity (30 min). . \ 

t , " 
,.1 

" , . 
. . . 
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TABLE 5 

Rate of DNA replication fork movement by equi1ibrium 

1 . 

Time after 

serum addition (h) 

11.0 

15.5 

20.0 

. centrifugationa 

F (X ± 50) 

.51 ± .069 

.. 46 ± .042 

.56 ± .090 

Rate (~m/min) 

.15 

.16 

.13 

aDNA was 1abeled with bromodeoxyuridine for 3 h and with 

[3al-thymidine for' 30 min according to tl\e protoc'ol in Materials 

and Methods.- The time a~ter serum addition iSothe beginning 

of ,.the radioactive puise •. Fo11owing equi1ibriu.m centrifugation, 

Uhe fraction (F) of DNA heavier than normal density was mea-
; 

sured. The rate of fork movement wa~ calculated using the 

formula R • ~Ft 'where R = rate of fork movement,'L'= l~ngth 

~f theiDNA chains syntheSi~ed dùring the' lH p~lse, t =;~timQ of 

~H PUlse: B = shear size of" centrifuged DNA, and F = fraction 
j 

,of heavy ONA [19] _. The val~es of F r.e~~esent the means of 5 
• < 

\. 9radien~a from, 3 separate .xperimehts~ 
t, 

~ 
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! 

brium centrifugation was carried out under alkàline conditions . 
to increase the,separation of normal density and heavy DNA. 

In agreement with the finding~ from fiber autoradiography, 

there is no change in the rate of fork movement as the cells 
- 1 

move througb S phase ('l'able 5). A notable <j1\iffe'rence, how-
< ,9' 

ever, i5 that average rates calculated b1/ this method are 

less than those found by autoradiography. 

DISCUSSION 

We have measured several aspects of DNA replication through 
-1 

th~ S phase in cell~ synchronizep b1 medium replet~on. We 
l 

find a relative ~ecrease ~n t,e frequency of initiation èvents 

in mid S phase cells, co.mpar'éd to those in ear,ly and late S. 

The other measurements - incidence of bidi4~ctional repli-

cation, synchrony of initiation events, size of replication 
........ " - , 

units, and rate of replication fork movement - remain constant 
" 

th!ough the S phase in the CV-I cell line with the method of' 

synchronization used. 

1 

The f,equency of initiation decreases a$ DNA synthesis 

peak~ in mid S phase. 'l'his is in no way irtconsistent, since .' 
tpe overall rate of DNA synthesis-reflects the number, of . 
op~rating replication units. Half the units in these cells 

opera te for 4S min ,or longer and ne,arlY'"'20\ for more ·than 90 

min. The peak of initiation therefore could be more than.4S 
1 

min before the peak in overall DNA synthesis.' The relative 
• 

, . 
·'t:-. "'--7--· . -: " 
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increase in initiation iQ late S phase wi~hout a rise in 

overal~ synthesis might reflect the slightly higher propor-
" 

tion of small replication units active towards the end of S. 

At any g~ven rate of fork movement, small units are functional 

for less time than large units. Therefore, fewer units a~e 

operating simultaeously and the overall rate of DNA synthesis 

is less. Small units have been found in satellite DNA [20], 

and satellite is frequently late-r~plicating. In particular, 

th~, alpha component satellite of CV-l cells is known ta re-' 

plicate towards the end of S [2]. 

The constancy of the other measures of DNA replication 

argués in favor of t~e view that regulation of overall syn­

thesis i6 attributabfe to changes rn initiation frequency. 

This is consistent with the findings in several inver~ebrates 
\ 

in which there are wide'fluctuations in the rat~ of synthesis 

in cells of the sarne organism (22':'~4]·. In eaéh case studied, 

" the changes in the rate of synthesis have been caused by 

changés in initiation frequency. 

, Th~,high degree of. initiation synchrony and bidirectional 

réplication through the S phase suggest that strict organiza-
~ / 

" 

tion pf repli~ation i~ maintained. There is probably little 

"filling-in!' of unreplicateà regions late in the S phase. 

Synchronous initiation of clu6ters of replication units has 

been found using a variety of techniques [6] and our findings 

add further evidence to the concept that r~gulation within 

these ciusters is stringént [2'5]. 

..... 
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The rate of replication fork movement rernained constant 

through S phase in our experiments. These results differ 
vl 

sorn~what from those reported by pther investigators (9,lO). .. 
This cannot be attributed to tpe methods used to rneâsure the 

rate, sin~etheDpresent ~~;eriments yielded a constant rate 

with bath fiber autradiography and equilibrium centrifugation, 0 

and 2 different hydrodynamic methods gave consistent results 

in the same cell lines in th~ study,by Kapp and Painter ~[ll]. 

One possible explanation, offered by Kapp and painter [11], 

is that the increase in rate,is fO~ in heteroploid l~~~s 

such as HeLa, but not in diploid or pseudo~iploid cella sùch 

as human skin fibroblasts or,CHO ce1ls. The CV-l 1ine used 

~n the present experiments is he teroploidt but it behaves like .. 
many diploid cell strains in that it can be brought to the 

, , 
quiescent state by medium dep1etion and s~imulated~to ~ro-

liferate by addition of fresh medium and serum. The c~ls may 

be functionally similar to the diploid cells from which they 
li' i!f 

were derived, at least insofar as the co~trol of ~ate of ~9rk 

movement is concerned. 
'. 

The findinqs of Housman and Huberman [10] are also con­
t! 

sistent ~ith the ~iew that rate is constant through the greater 
'~ 

part of 5 phase. In their studies with the pseudodiploid 
,/ ~ 

cao cell line, the most reliable estimate of rate showed' it 

, to be low only at 1:he earlies point in S, 2.3 h aÎter rnitotic 
f' 

selection. By 4.3 h afterqnitosia ""<still early in 5), the 

rate had nearly tripled, bU\ then. it was consta~t'(hrOUghO ~e 

p • 

. 
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\ 

remainder of S. In the present ex~erimen~s, the earliest 

point at which measurements were taken'was aboqt 2'h past 

the Gl~S i~terface. 

by this time. 

• 
The constant rate should be established = . 

\" 

.' . 

The fiber autoradiography technique yielded a higher .... . 
e;timate of rate of fork movement than the equilibrium ~en- • 

.. "1 

trifugation method. This has also been fou~d,in other ~udiesl, 

in which the 2 methOd~ have been'compare1 [16,261. The m~st j 
probable explanation for .. this is thé opposite effects th~t . 1 
thymidine 'triphosphate PQol tttrn~er has OQ the calculations. ·1 

With fiber autoradiography, the trans~tion from high to low 

specifié activity of tpe radioactive thymidin~ results in 

transition from heavy to light density tracks. The longer 

the pool turnover, the more gradual the transition and the 
, , 

1 mo~e li~~. the length of th~ heavy track will ,be overestima-
<) 

ted. With the equilibrium c'entrifugatiçn m~thod, intermi.x-~69 

of [ 3.8 J t:hymidine.' and BrdUrd in the pool dur1n~"" the 

one label to the other results i~ interspersion 'of the 2 iri 

the DNA. The calculation of rate depends on the fraction of. 

DNA with density and radio~ctive label in endLto-efid~asfoocia­
tion~ Heavy DNA fram interspersion of the labels ra\h~ than 

-/ 

end-to-end association -w:i,ll lowe~ the_ calculated apP,arent 
n ' 

rate, since 
Q 

rat~ is ,inversely proport~onal to the frac~ion of 
• 1} 

painter and Schaefèrll9j~ describe 
~ ~... ~"'c... 

heavy DNA. 
.. 

a procedure t 

corrects for the interspersiqn; but" this ,côrrectio~ is in-
1 \v L 

'complete wpen the rate of fork mov~ment ~s lo~ as in the 

---r-=--:;:.'-; 0 , " ,. . ;...:::-:- ---- ----­
'- .. 
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present experiments. The trué rate of replication fork 
J!I1. 1 

moveme~ probably lies somewhere between the values estima-

ted by ~hese 2 methods . 

. , ... , 

., 
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"-, h 
5. CQNCLUSlyNS 

1 

These studies have shown that the reversal of the seguence 

of density and radioactive labeling period can yield the 

required sharp transition needed for accurate measurernent of 

the rate of DNA chain growth by the hydrodymnamic mFthod. 
~ 

" Th~,s mod~fied hydrodynamic method was then used to measure 

the rate of chain growth ln serUffi 1nduced CV-l cells. The 

rate of DNA chain growth, the frequency of ~nit~at~qn events, 
j 

the Slze of replication unlts, the synchrony of ,inlt1atlon dnd 

the 1ncidence of bidirectional repllcation were measured using 

DNA f iber au toradiography. These I}arameters were èxamlnel1 , 

t~rough the S phase ln cells synchroni~ed by the dddltlon of 

serum to serum-depleted cultures. There 15 d relative de-' 

~rease in the ftequency of lnltiatlon events seen ln mid S 

phase cells when contrasteù to early and lùte S phase cells . . 
.;, 

The other parameters of DNA repl1cat1on do not change during 

the ~erum induce~ S phase. 

" 
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