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R The-organizgtion of the mammalian S phase was ‘studied in synchrénized .
.‘ ’ ' .- ' ) ' P7 -

rep[i'c'afﬁn'bnits are s’ynfhesiied and the spatial relationship between classes of

- .
- . )

replication units. .. - . j

. . -
.

Resul.fs_alre summarfzed_.qs follows: Nascent‘éﬁpin growth~within *

replication onits as measured by isopycnic centrifugation in glkaline Cs 5O -
. s & 'l . i ) 1) a® . . . . .

CsCl gradients constitutes the major factor detesmining the increase in the rate of

. . . . R o - .

/l
-

* .

- - -

DNA synthesis per cell durihg S phase.

Replication units comprising the main band*of moose  nuclear DNA ip:neutral

CsCl gradients are initiated in g definite temporal ord'er, characterized by.

differences in'bage composition of. DNA synthesized ot _diFfe';-ent stages of the S .

H
-

phase. Initiation of_replicgfién' units with ahqsé corqposition;ch;:récreristic of .
DNA :ynthesized in mid S.dege'nds'upoh compie_ﬁor; cl;f the synﬁhg%i‘s of !;pifcation
units with a base composition c'harﬁcferisﬁc ;:f bNA synthesiiea in early S phase.
This in;iicafgs that duplication of the ?ﬁommalian genome is, af%l;;asf in part, a -

self-regulatory process. = - , ' . S -
, . ' ' : )

The formation of high-molegular-weight nascent DNA sfrénds_several' )

ref.:licaﬁon units in length was anai);zed Gy Qeiocity sedime,nfdfio‘n in alkaline

sucrose grad‘ienrs and by isopyc.ni; gentrifﬂgaﬁoﬁ m alkaline Cs'ZSO‘. - CCI_ ‘

.gradiqnts. DifferenfiulJab;lihg with an. iéogapic and’a density I‘qbel shows that |
replication units synth‘esized. at diffel;ent stages of th; S phase are n'of found within. . e

the same high-molecular—we'ight polynucleotide strand. It is thus concluded’ that

¢ . - 4

3 . N . .
[ - f ' ' d *
:
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rephcuhon units duphcuted at dnffersgt sfogbs of the S phase are spuhaﬂy o

orgﬁ(nzed in clusfers along the manmalian genome. _ . : '
. A N |
"*  The rate of formoﬁon of ‘higﬁ-molecu{arweighr ndscenf‘DNA‘ strands is at

Ieast 4.- 8§ times slower than that,pre
.

replication units and the- rate of chom grow?h w:fhln -rephcaflon umfs. It is

*fed from the spahal orgamzchon ’df

concluded thdt fhe process of mergmg of fhe nasc!nf strands of ad|acent
e N

R

rephcof:on umts play a major role in fhe rate of complethn of hugh-molecular‘-
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(Meselsen &Stahl, 1958). The initiation of DI:JA symhesjs occurs at. o s?ngle, fixed,

°q P
Co .1 " THE PROKARYQYE MODEL
\ - {‘& . . ) )

“_The basis far our understanding of the replication of eukaryotic DNA is the

)

v
. . o - ' :
replicotion of the DNAfof prokaryoqu. .Studies in this area provide the terms of

referqnce and’ cancepfs used in descr:bmg eukcryohc DNA, Several Fmdmgs are

Fl

most significant- % drcwmg a paro“el between nepllcoflve o'rgamzahon in prokaryotes

s . . . . .
_and eukaryotes. The hromosome of E. coli consists of a single, continuous,

L. o .
circular DNA molecule {Cairns, [943) which is replicated semi-conservotively

»

: cmd.genérically de\fmed point (jBivrd &Lark, 1968)‘and proceeds bi-directionally

o

(Masters & Broda, 1974; Piescotf & Kuempel, l973) by means of two synchronous
're;:alicafion forks. The rate of forl; mevement is 20-30/im/min. as m;usureq by
oufor:adfograph)-/ G('Co;ir;ns, ‘ |963)hand by centrifugafi.gn mefh;ds (Bonhoeffef & Gieter,
v1963) Fork mov:gmenf%occ‘:urs by a”dis.conﬁnuous.mecha sam whereby short noscent".
sfrgnd fra@mems 1000-2000 nucleohdeﬁln length are synfhesuzed wafh a5" to 3* |
'polanry on bofh parenral strands Okazakq . er al al., F9é8 Sugmq & Okazakl, 1972).

L] 3 »

Protein synfhes:s is requnred for the mmahon of DNA synthesns buf not for its

Ve a g -

‘ compleﬂon (Lark - |969 1972) Jucob et cl (|963) proposed fhe ooncept of a untt of

s

¢ .
FGPIIQGHOH fermed a replicon. -A repllcqn is a unit 6f DNA fhof confums the elements

of confrol Gver its own rephcahon. This is carrled out by means of two derermmonfs ‘

<
<

on the DNA molecule, the initiafor, and the replicator. The initiator is a structural -

. 74
o

* gene that specifies an infitiator protein which is capable of interacting with the
e : ' S !

o
-

nucleotide sequence at the replicator site to initiate DNA synthesis. In order to,
< B o ° “

. 4 -
=
u o - @

'eFfec'tively regulate the frequency of initiation, the initiator protein hos to’be short--

o]




€

[+3

.« - .
- growth, probably through involvement of the cell membrane. Such a model offers

R 8 A
- ° £
3 N ' N

e, -

“lived, ond its positive interaction with the replicator has to be coupled to cell

. >

. . . ) ’ ) -
an explanation for the fundamental observation that only one copy of cellular DNA *-
- 3 > .

v : - &

is produced p‘er cell generation’, A ) .

o <

Thus, at least for eertain prokaryotes, woe understand to, reosonoble degree
\ﬁ

both how initiation of dupllcatlon of the fofal genome is regulafed ondn}té mechomc

whereby this occurs.

é

Kno;vledge of the regulation of DNA synthesis in prdkaryo%e_s has been‘greafly -

’ o8- -4

/ ' .
facilitated by a°sound basis in geRetics. The'ease &f producing stable mutants and
| by « ae pr g

@

the availability of a well defined genetic map is the best means to identify gene

functions involved in DNAqs?nﬂweisis'. In higher eukaryotes this means is not yet

available. Sewne lower eukaryotes such’as yeasts have-a sufficient genéfic basis, to

B ¢ ¢ v +
make such.an approach poéSible (Hereford & Hartwell, 1974). The only present
alternative in the case of higher eukaryotes is the use of metabolic inhibitors which

lack the sp;ci_fi“cify of mut8nts, and whose specificity must constantly be evaluated.
. . Y 5 S . T .
[ ]

<1.2 THE RELATIONSHIP OF DNﬁi SYNTHESIS
TO. THE CELL CYCLE IN EUKARYOTES ’('./’ ‘ ‘
.4

1‘4 ¢

In eukcryoofes fhe synrhesss of DNA is conf‘ned to a speclf'c stage of the ceH
cycle . fermed the synfhehc or- S phase. Thus was first observed in randomly growmg
cell populohons by autoradlography v (..Howard & Pelc, |953- Stanners &Tlll
1960) qnd’ subsequentfy coﬁflrmed in cell populahons synchromzed by various means. .

4 . .

In mammohan cells the S phase’ is ‘eparafed from mitosis by two gaps termed Gl and n

. , "
G2. Very little is known about the molecular events that oceur during Gl and G2.

v o



o

Sevérol“lines of evidence suggest that the evenf_s concerned wifh regulation of cell

o, °

dlwg&on occur in Gl (Prescotf |968 |970) Cells' which are in a prolonged non--

Juvndmg state are arrested in le_- A Gl phase is generally found only in cell types
Q \ ‘-~

-that are highly differentiated. Thus it is hypothesized that cells whichsare reqiired

to perform a spacialized metabolic role are maintdined in Gl. “On the othef fkand,

. = ' -
cellular proliferation is also determingd by events occuring in Gl. The inhibition

oo

of prorem or RNA synfhesls during Gl preVents fhe entry of cells into S phase
(Mue”er & Kajiwara, l965;ATercsamo et al., I968; Fujiwara, 1967). Thus fhe
pcrimor;/cs:fep; rh::r determines whether on: not a cell ‘will divid-egoccurs in Gl'. Nothing
is def;m’i'vrely knowh as to the nature of this step nor how environmental or‘utgeln;ﬁc

determinants can influence it.” Consequently, nothing is known of a mechanism.

wnalogous to the replicon concept of p(oka;yofes that would explaih how the
initiation of duplication of the total genome and subsequent cell division‘is

o r [
regulated. Definite answers to this question will probably have to await the

d

I
development of o geneh;cs of samatic cells. .o © .o (

°

° ) ¢ . ‘ ) ) - *
1.3 RE@EATIVE ORGANIZATION IN THE EUKARYOTIC S :PHASE

How a eukaryotic cell regulates the duplication of its genome once it enters

S phose is a quesnon more approachable by present methods. The same lnmutar ns

.

=g

with' respéct to a genehc basis for regularron of DNA rephcohon still apply.

o r'a' o

: However, mefhods for the study of DNA synfhesls are: hlghly developed Observaf:on .

K

of the femporal and spatial order in DNA rephccmon durmg fhe s phase allows 'rhe

formation of hypotheses regardmg mechamsms that regdlate ?hls procecs.

s o

, 1t isFirst of ‘all evident that the concqpfs derlvgd from the study of | .




S . .
. . .
29 R - - AR .

. prokaryotic DNA iebiigation are not easily applied 1p eukaryotes for several reasons:
(i) Eukaryotes contain approximately 103 ~fold'more DNA than prpkaryofd*s.;
kS . N ¢ .

For example, E. coli contains about 2.5x 10’ ,daltons of DNA cor'?eﬁponding to
about 4'x 10°. base pairs. A mammalian cell contains about 2-3 X |0]2'<ia'1fons of

DNA, or‘about 3 x 107 base pairs. Mammglian DNA is distributed over several

v
L}

. . - . 2
chromosomes, however even egch of these still contains.on the order of 107 ~fold

” - (I

more DNA than the si,ngle chromosome of E. coli. Yhis large amount of DNA

naturally necessitates a more complex degree of replicative organization, as well

-

as posing enormousstechnical problems in ifs analysis. -
® . A 0 =

ii) The chromosomes of eukaryotes contain many additional components in

<

5
L4

additian to, DNA (histones and acidic proteins of uncertain function). Thus the .

o . ¥

-

réplication of eukdryc;h'c DNA must be co-ordinated with the production of these

congponenrs (Weinafraub, *973; Seafe—&Sin;pson; 1975). o . .
| (iii) The greaf.er amount of genetic material inheukaryofes is reflected in a b .

greafe; ph;enofyb?c 'complexif'y.’ Hiéher eu‘ka‘ryofic cells have not only o‘greo'fe:f‘

phen?rypic co;‘iplexi fy\y»ah.‘p:'okaryores but"bove ;he qépt;;ffy for enormous - R

variation in phenotype thraugh differer:fiorion. The replicative orga-nizafiﬁ:n ;f

th?se cells of necessifywyusf b; adaefaLIe to these variations.: B

it is the purpose of the remaining part of this sécfion to review the known.
» s * o

aspects of replicative organization in eukaryofes that are most pertinent to the work
£

“

‘pvesented and to point ouf fhe aims of this work. There is a large Body of evidence
that indicates fhat_the pfogress of°S phase in eukaryofic cell's is a highty ordered

process. This evidence will-be reviewed from three aspecfs. (a) spahal order in

< At

° - / . * .
i - L)
o
.
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X Tg) Spatial Order . o . coy
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The spatial order of DNA répliéafion at the level of reélicafion forks is
similar to that of prokaryotes. DNA is.teplicated semi-conservatively (Taylor,

. 1963), by a-*ork-ﬁ;\gvrowing point (Huberman & Riggs, 1968). Mhe replication fork

progresses by a discontinuous mechanism similar to that of prokaryotes {Schandl &

Taylor, |0969, Huberman & Horwitz, 19'7’25.‘ Eukaryotic chromosomes appear ;;)‘cbnsisfa
of cantinuous DNA. helices U(Kavenoff etal., l9f73; Molitor et al., ?974). T'he ;rhaibog'
difference between prokaryetic and eukaryotic chromosomes i$ that repyficafion of the
eukaryohc chromosome is accompllshed b’y the acfion of-a large number of replication
forks. This was first observed by Taylor (l959) by cutoradlography of, mefaphase

. chromosomes within which DNA appeared to have been replicafed simultaneously at
many sites dlong the chromosome . -Multiple repication sites were first oSs;rved at

o ° the level of individual DNA molec:JIes bya Cairns (1966). The fundamental model of
, the spatial organization of replication within’individual DNA molecules comes from

v the work of Huberman 8.‘Riggs (1968). Using DNA fibre o;foradi\ography n pdrf'iclly

‘s'ynchronized populations: of Chinese hamster cells these authors confirmed the fiﬁding's

N ¢ B K © ~ . N

o ¥ . ,
of Cairns (1966} with respect to multiple replication sites. In addition they found that

replication forks in adjacent replication sections moved simultaneously_in opposite -

.

?(dire_crions away from a common origin, .They proposed the term replication unit to |

£

describe such a pair of replication sections. (These units are sometimes referred to as

replicons (Painter &S‘c'l';qefer, -!96?; 19717 Seale <& Simpson, 1975), However, since

there is no basis for assur.ning'fhaf these units have the characteristics defined by
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‘rolging in size from 10um* to I'OO/um, with an average value of 30um (Huberman & ~

Jacob et ql (|963), the férm repllcaflon uf wrﬂ beemp]cyed throughout this’

’ . 4 B .‘a’.f‘v

. work ) The exlsfence of sumu[or dlvergmg bau’s o? re 1cqf|on sections has been

. “

conflrmed ina varlefy of mammallan cells by aujoradlograph)( (Callan, l972 Hand

&
&Tamm, |9i3 MeFarlane .&Callaﬁ |973) énd éy phys&cal methods (Wemfroub 1972a).

The size of rephcqhon units ls‘defgrmmed by measurement of the mter-mmat-

-ion disfc;r:'cﬁ between adjacent replication units in autoradiograms (Huberman &Riggs,

1968; Hand & Tamm, 1974). In rondomlwowing cells the size of replication units

is heterogeneous. For exqmple, Chinese hamster cells exhibit replication onits .
‘ . . ) N .

Riggs, 1968). Replication unit sizé varies among different mammalian cell types
‘ ‘

(Hand & Tamm, 1974), however the average value does not '¢xceé§:l 60}4#\. -The
. -~

" average size of replication unifs appears to remain constant throughout the S phase, *

and the same degree of size heterogeneity is maintained (Housman & Huberman, 1975).
All evidence indicates that mammalian replication units are much smaller in size

. [+] . '
' B . . “
than the single replicqtion ynit of E. coli (IIOO_-|300/Am). Since a mammalian cell -

o

- S . ’

- * contains on the order of | m of DNA, there could be on the order of 10" such -

«

replication units in the genéme. k K ' ) y .

* DNA fibre'c?i;fora'cliography indicates evidence for the existence of clusters

®

¢ of rep‘h'caﬁon units (Hori &Lﬁrk 1973; Hand & Tamm, |974 Hand, 1975). In‘other

words groups of fandemly ad|acenf repltcahon units initiatg synfhesls with a htgh
degree of synchrony. The size of repllcqtlon units and fhe~rafe,of fork progression

within the constituept replication,uhits appears to be constant within any given cluster *
4

* |lum of extended double-wfranded DNA is equwofenf to about 2 x 10° daltons or
3000 base pairs. . . '

- ' . \ ‘ \ '

4




|

-

te o,

'1972b). Estimates for different cells range from 5 m/mm to 0 5 m/mln., wnfh
4 v

s - -
AT STty \ :

» ¥
, (Hand, 197 W rhe cnms of thns work was to measure ”fhe dogree of clustermg

Y ' Y

of replrcefuon units in s;mch:omzed mammalmn colls by physical methods. anferept-
. \ o PR <

aol .lo.[)elmg wath an lsofoplc and @ den&:ty |c|be| shows that repllcaho,n dnifst -

-

. v Y - & cx .o+ - f(l«i IR
sxntheslzed at different sfages of the S phasé are not found within the same high- .. .
R 2 . .o
mqlecular-welght pofynucleohde sh’and It is thus concluded ‘that repllcohon unite \ -
‘ ¢ FooN

N ¥
‘duplicateéd at dlfferenf sfages of-fhe S phase are 5paha||y organ;zed in clusters s

» \*..' ' . - .
along the mommolion'genbm - e

n,. L L

Y ' = - - ' :o
! ‘The rate of fork progression within replication Units has been measured in &

voriety of unsynchronized and synchronized ‘mammalian tell types by dutoradiography
. : ' . ? : .

«{Cairns,” 1966; Hlfbermn'& Rigés,-’ 1968; Hand & Tam, |?73; Hdusman & Huberman,

|975.)»and by isopycnic centrifugation m‘efhods(Poinfér:& S.chaefer, ';l969- 197t; V\;A;infr'aub,
Se

) b,
‘ .

most estimates falling in the rcmge of 0. 5-! Olam/mm.

Véry Imle is known of mechamsms mvolved in: thL;éap(eﬁon of high: >

. .
. "8
molecular-weight nascent sfrands ‘during S phase. Aufotadiogruphy indicates that -
\ . =s.hal,

!

nascent strands of adjacent replication units grow to fusion, however autoradiggraphy

lacks the resolution to-determine when actual physical continvity is established B

-
’ . -

r

betwen nascent strands. One of the aims of this work was to determine the rate of -
g ‘ Y

formation of high-molecular-weight nascent DINA strands in synchronized cells.:‘_ The

rate of formation of high-molecular-weiginascent DNA strands , as determined by

's . .
velocity sedimentation in alkaline sucrose gradients,” is at least 4-8.times siower than
7 ‘ . . -
that predicted from the spatial organization of replication units and the rate of,

chain growth within replication units. It’is concluded that the process of merging of

a

the nascent strands of adjacent replication units plays a'major role in the rote of

.
-

-

.8

«
&, .
- . . é .
- hd -
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. B 0 )
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-Anofher observahon supporting ® o pomt is the fact that there is @ tende-ncy in -

| during fhe same interval in bofh S phases.

»

completion of hlgh—moleculxr—whlghf strands.

- ! ¢ . 4 -
(b) Temporcul Order R4
! ‘ e

. Several lines of evidence point to fhe fact thar rhe hmlng of DNA synthesis

« M e o«
[}

during.S phase within speciﬁc DNA r'rx;lecgl'q.gf is regulated. Specific parts of the
. v e , )
gendme appear to always be replicated at the.same time in S phase. This was first:
obs'erye‘d by auforadiogroﬁhy of metaphase fﬁrbr;;ésomes (Taylor, 1960), and in similar
studies in synchronized cells_:(HsU’, 1964). Specifk; chromosomes and reéipns_*of

chromosomes.were engaged ir‘ DNA synfhesis at specif’c times during S phase., °

s

eukaryohc chromosomes for heferochromahc regions to rephcare late in S phase
(Brown, 1966; Hill & Yunis, 1967; Lima-de-Faria & Jaworska, 1968). ST
The temporal ch'eCn of replicafjc;riwithin‘sp'qcific DNA seq'ue‘ncé.s has been

studied by differential labeling with an isotopic ard a density label in successive ‘S' '

phases (Braun et al.; 1965; Mueller & Kajiwara, 1956) In such expériméhrs‘theré - .

is g high degree of recovery of rodloachve label in hybnd only when DNA i is Iabe[ed

-*-\

== -

-

There are a number of means of ldenfifying'sgecific DNA sequences that have

been empﬁayed in studying the temporal .order of DNA rep|icarion in the S phase. The”

most sensitive of these is hybrldlzahon. The time of replscohon of sequences . 3,

~ complementeary to rlbosomal RNA has beenfsf'udlqd in synchromzed cells (Amaldi et ’

-4

al., 1969; Stambrook, 1974) and found to occur dun’ng F specific stage of S phase. ’
However further studies of this sort are limited by upavéilability of means to isolate . .

specific unique s:quence DNA or RNA molecules for hybridization. There is some .

’

E ¥



v

- ) evidence that there is témporal order with respect to synrh;sjs of DNA oF some

families of re-iterated sequences during S phase (Mcy & Bello, I974) Another
&
' method of dlsfmgunshmg DNA sequences is by base composition. The base

L4

composition of native DNA is directly related to its buoyant density in CsCl

-

(Schildkraut e¢’al., 1962). This method has been employed to study the temporal

<

»

-order of DNA replication in several mgmmalian cell types sxqchron'ized by various
means (To'H{a et al., 1970; Bostock &Prescoff l97| abc; Flamm et al., 1971). In all

cases the base composition of newly synfhesnzed mcun band DNA gradually shifts

from GC -rich to AT = rich relative to bu]k DNA as S phase progresses. In a‘ddmon

A
to this the highly re-iterated AT -rich sequences comprlsmg the light satellite of
. . .

. rmouse DNA are replicated .prédomincntly in late S phase (Tobia et al., 1971), -
\ : - =

. All present evidence for temporal order in S phase in confined to a level of
)’ . -
resolution above that of single replication units or clusters of replication units. In

® - <

the one case that an attempt was made to reproduce temporal order at the level of
r K -

. ’ ) - o
replication unit origins by means of DNA fibre autoradiography in successive S phases,

it was not successful (Amaldi et al., 1973). ‘However, since the length of time

’ ) @

Qﬁﬁfry to complete the synthesis of an average replication unit is only a small
propo

ion of the duration of S phase it is evident that temporal regulation is exercised
< L] ¢

at least. ot the level of broad classes of replication units.

“
A1

Nothing is known of how the temporal order of DNA replica}ion during S ghage
' ‘ Yy ' i\ - ‘
is determined. One 8f{he aims of this woﬂ< was to obtain some information on this
. pointy It was found that replicatign units somprising the main band of mouse nuclean

DNA,in neutral CsCl gradlents are initiated in a definite temporal order, characterized

by differences in base cor?posiﬁon of DNA synthesized at different stages of the S phase .

N »




-
. Initiation of replication units with a base composition characteristic of DNA
4 ' -
synthesized in mid S depends upon completion of°the synthesis of replication units

,
< 4

wifho base compgsition characteristic &f DNA synthesized in.early S phase. This o
7 .
indicates tha duplication of the mcmr_no{ion genome is, at least in part, a self-

[

regu{atory process. -

‘ (¢} The Rate of DNA Synthesis During S Phase

The rate of DNA synthesis during S phase {and consequently the duration of

* S phase) is determined by three factors: the rate-of chain growth within replication

units, the frequency of initiation of synthesis throughout the genome,.and the size

— g .

. < . f»a_ - . .
of replication units. There is an increasing amount of evidence pajinting to the
2 ? . ' ) ' o

fact that each of these factors can be regulated in eukaryotic cells to alter the over-
all rate of DNA synthesis under spe;ific circymstancesa Vgriations in the duration

of S phase .among different mammalian cerl\l'fnes appears to be determined by the S
frequency of initiation of replication units-during S phase (Painter & Schaefer, 1969).

Vériation in the duration of S phase at different developmental stages of a cell type .
T appears to be determined by the sjze-of replication units (Callan, 1972; Blémenthal

et-al., 1973). One of the aimgof this v?ork was to determine what factors regulate

. » '{ )
148 rate of DNA synthesis during a single § phase. In at least one cultured
a\ -~ -

mammalian cell type the average size of replication units at different stages of S
.. ! s . N
phase remains constant (Housman & Huberman, 1975). Thus the rate of DINA synthesis
’ ' v = ¢

during S could be determined by the rate of chain érowfh within replication units

and/or the frequency of initiation of replication units. There is evidence from two

‘methods of analysis to indicate that the rate of chain growth within replicafion units

o




. ’ : ° ' : o 12

. o

° . ‘e c o B o .
increases during S phase (Painter & Schaoefer, 1971; Housman &HubermaN??S). At

¥
B ' presenf;here is no direct means ef evaluating the frequency of initiotion of o
¢ N . b :
v o4 - o . C . =
’ replication urfits during S phase.” Howéver, the dverall rate of DNA synthesis per

]

S phase cell and the rate of chain growth within replication units cah be measured

- ¢ [

’ BT o . o
. = ih'synchronized célls. This permits evaluation of the contribution of ffequency of -
. * o "o T . -
- - a ]
“initiation of replication units to theeoverall rate of DNA synthesis during S phase.

N
r

- . o H . i
e It was found that nascent chain growth within réplication units as measured by ‘
2 (4
- ¢ . ‘
. i Bl 9 N
o  fsopycnic centrifugation in alkaline Cs, SO, -CsCl gradients constitutes the major ™

fccforggtermining the increase in the rate of DNA synthesis per cell duging S phase.
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2.1 - MATERIALS .AND METHODS ‘ v

o (]

(a) Prumary Ce“ Culrure _ L .- .

L8

All anipulations mvolvmg cell uttures (Sections a,b,c) up until the time

- , )
of cell hatvest after labelling'were performed using sterite technigue. Insfrumenfs, :
. - 5 : 1

s
- glassare, pipettes and some solutions were sterilized by autoclaving. Cell cdlture o

{ ‘
<
. . -

medium _wc( sterilized by pressure filtration, and fested for sterility by overnight

. incubation at 37°C° All manipulations of cell cu|fures were perf'ormed in a sterile
ooynet in a room equipped with overhead ultro—ylolet germlcal tamps. €ells were
grown in mcubcfors at 37°C ina m0|st ofmosphere of 5% CQ, in ’oar.

v e ’
.. ~» The cell culture mediufn empfoyed throughout 1s McCcy s 5A Medium

Ve

(McCoy et cl. ,1959) (Mol:hf'ed; p(re;.:cﬂ;d from a commercicl concenfrafe (anco in
‘ 20 litre lof;. , : - o T
" . Primary culfurcic;F house mer){;) cells were prepared os follgows.;
% [ . .
1) A Swiss sfrai‘n mouse 14-16 days pregncnfgwés killed by breaking the ne

immersed in a beaker of Dettgl. t . -

o

’ - 2) The mo(:\se wag cut opén, the uterus containing 4 to 12 embryos was p?cof:ed in
\ )

petri dish, and wos;hed with PBS” (Phosphofe Buffered ‘Saline,ﬁ-Dulbeéco & Vogt
’ . ) . . 4 . ' .
p .gl?SA), containing no_diyolent cations).” .

3) The embryos w;ré removed from the utepus gn’d placed’ fn another petri dish.
v . © » B4 o

4) The heads were removed, the bodies placed in another p:fri dish, and washed with
. : .

- 4

PBS.

LY

5) The bodies were ploced in a dry dish, chopped fmely w»rh sc:ssors and poured into

°
L4

o snrrmg flask contaihjng frypsm-cnfrare (0 125% frypsm (%Glbco) in ° " -




s

B 9) /Cells were centrifuged and resuspended in*20 ml. of medium and pi;;eﬂ‘ed to

o Y o | 4 - .
o X - ) - - ,
: ’ : 15
[0.1%KC} - 0.44% ;odium cii;rafe]). o : ) ] )
6) The tissue was incubated at 37°C ¥or 10 minutes o . a‘
’ 7) The ’frypsin:citrafe.g was decafited, fresh trypsin-citrate added, and.the

. tissue stirred for | hour at room tempergture. . -
N : . B e /

< < R P

8) The mixture was filtered through steri I'? gauze into-a centrifuge bottle, and a
’ )] .

- ° small amount of fetal calf serum was added to inactivate the trypsin. *

A o
, o B B

break up rernamgng cIumps. : . ’

10) Vlabie count - 0.1 ml. of ce” suspensuon was added tb 1.9 ml. citrate

[

2 (0.1%KC| - 0.44% sddium citrate). dml. of this suspension was added to

I ml. of crystal:violet scAution*(0.1% crystal violet in 0.1 M sodium citrate)®

and incubated at 379C for 5 min. Stained cells were cointedona o

-

N i
o - - ¢ o

hemacytomefer. <, ,

H) Cells were boffled at 7.5 x 10° ce“§ per boﬂle (75 cm? swﬂ:ce)(FalcOn ’D

T s e o

:  Plostics) in 30°ml. ochCoy sSA Medlum centammg 10% (v/vd Fetal Calf
Serﬁm {(Gibco), % v/v) PemmHm - Sfrep;ornymn (Glb;o % (v/v ’ o’
. Fqngnzene (Glbco) and l% v/v) Anti PPLO ggen?"(Glbco) _
. ;D ) |2) By 8 days of mcubahon fhe cells had fomed manolayers of | - |.2 x IO ce”s/
- ASOttle. . ’ o € , T 4
s S ’. ] s
- (b) Secondary Cell Cylture and Synchroruuzut:ouno' Y oA S o 4 .-4-‘

o .
L4 ) °

‘ Cell monoltyers were dlspersed with fr.sm-cutrafe (2. mI /bottle), odllufgd

3 "\ 2 ‘e

to 10 ml with medlum ond counted (hemocy‘l'omefer or coulfer oounter%. aSecondqry

.©

culfures were p1ofed at 3 x IO cells per 60 mm .&ﬁsh (Fcﬂcon Ptastics):im 5m| of




medium confovining 3% v/v Fetdl calf seru,n'ﬁ (Gibi:o:), of 1% (v/v) Penicillin -

. s 7 : . < @ . .
Streptomycin. The growth of cell cultures wds rﬁcnitgred by _counting duplicate

-

oc

[O. i .
54 » 2 “

‘cultures every day. Cultures grew to a concentration of [.:2 ~ 1.5 x 10° “cells per

- - <o
N v ] . ¢
°

dish over a period of 5 days. The cultures were allowed to remain ot this density ° ° -

“for |«2forecdays and then the Qegum concentration was incregsed ta 0% (v/v) by -

) T 22 ) N P : < 7
= changing the medium. . e ¢
- < * y .o ° - °
. ’ * i ., .
(c) Rcd|oachve cmd Dens:fy Ldbelfmg of DNA I .

.
[+ ‘ »
-

, DNA synthemzed in Synchromzed culfures wos radlom:hvely lobelled wnh

«“
o

. {mefhyl H] thymidine ( [H]dThd)(spec _act. 40-'60C| ./m-mole. )(New En'\ond '

- d Nuclear) or wirh[Z - C] thymldme ([ ddThd (spec act. 57 an /m-mole) .

: (Amersham Searle) délded to the medlum at the °concenfrémcms Jescrlbed in the® ‘e
», "
* figure legends. U’nlabelled thymldme (dT hd) was r?of odded Smce MoCoy $5A .
o / + O .
+ cmedium contains o tFaymldme,.,approxlmafe ﬁn_a! sp§C1ﬁc ochvomes cap be

. L L. . . ¢ ) )
calculated from these data. This calculation however is,not completely ‘accurate

- I
v * N v 90 : e

o

N N hge ¢ ‘e F ‘ 2 : -‘
in most cases since labelling was’usuglly carried out 4n the presence of serum which,

) » « ' ¢ - - o d
. containsctrace amounts of dl hd. . ) , _ /
= Brieﬂ'y, the raﬁoncﬂe' is as follows. Thymineo‘e'nfers' DNA by means of twp
b . a

X pathwoys, a sclVoge pafanway ond p de novo synfhesus pathway. Bofh porhways

N e ~0
C

involve the synfh@ of fhymldmé monophos’phafe which ‘ then converted by

kmases mfo thyrmdme tnphosphate wblch serves.‘osrthe substrate’ for DINA polymerase .

©

The solvage pafhway {mhze’s exogenously suppl:ed thymidine by converhng A

>

thyrmdme to’ thymidine monophosphafe via the enzyme fhymldme kmOS@- The /!
. :fermmol sfep in the de novo pafhway is the mefhyiahon of deoxyundme ' .
i . -'7___. e —_— v
~ . ‘o b " - o . \ o
. " ° 9 ¢
il ‘y = e




\

.

" monophosphate by the enzyme j'hymidylafeosynfhefose . However, de novo .

synthesis is mhlblfed allosferucally by fhymudme" phosphate . (Maley and Maley,
: ’1962) Exogenously supplled[ ,H_] dThd is rapldly taken up by these cells and the

mfr?cellular pools of thymidine and thymidine .phosphates are rapidly. quuhbr‘atet{.
- '(Lindber-'g etal., l?éé, Nordenskib'lc:i et al. ,, 1970). The pred@inwt form of
nucleotide in the pc;ol is fhymidi.ne_.friphoséhote. Qur ownumeosaremenfs‘(Fig. 10)
indicate that in these ceolls the i;q(r’(acellular pool of thymidine phosphates is
¢ . equilibrated in 2-3 min. Nordenslqold et al. (1979) employl ngn a sensative assay,

¢

hcve measured the size of the mfrocellular I‘hymldme fnphOSphare pool in these

cells and estimate that it suffices for only 2 min. of’,cDNA synthesis. Jn addition to

( " this they find that the intracellular pool of thymidine triph‘pspl';ate expands three-
o - L

fold durihg S phase. However, the spacific activity of fh_ehgo'ol remains constant .
~ The significance of all of these observations ng the present work is that |) Exogenous
[JH] dT hd incorporatjon measures the rate-of DNA synthesis proviaing, the exposure °

v b . ‘ . v

time is significantty longer than the equ‘nlibration time of the intracéllilar thymidine
triphosphate pool, 2) L‘abelling wirh[sH] dThd can be v;ry 'efﬁcienf-ly;"chaséd“

wnth uhlabelled dThd and 3) measurements JF the rate of DNA synthesns based on

<

¢ the rate of[ ] dThd mcorporaho:f into DNA are comparable to one another at all °
. R , . .
rimes’during S phcse ‘ - ¢

Densny labelling of DNA is carried out by efFechng the subshruhon of

5- Bromodeoxyundme (BrdUrd) for dThd thereby mcreasmg the buoyont density /

of the DNA. BrdUrd is a synghehc, pyrimidine analog awhich enters DNA by the

o° : .
salvage pathway for thymidine since the enzynies in this pathway do not distinguish

.




@

the 5 - Bromo subsmuhon from the 5 - methyl group of dThd Thus exogenously

v ¥

‘ supphed Bed U-dcornpetes with dThd., Two ¢ondmons "have to be met to effect

/ ®

efficienf subsfifution: I) exogenoys dT hd concenrration "mist be reduced fo nil an&
2) de novo synfheus of fhymudme mopoPhosphate must be"b‘locked These condmons

were met by |} labelling in medium with no afhd and ro serum and 2) Blockmg the

=4

de novo synfhesw of fhyrmdme monophosphate with 5 - Fluorodeoxyundme (FdUrd)

o

(Slmon, l963)., FdUrd is a synthehc pymmtdme analog whlch is taken up and °

converred to5 - Fluorodeoxyundylcte via a salvage pathway. 5 °Fluorodeoxy-

uri'dylcte forms & covalent compound.with the enzyme fhymidylore synthetase and
e . EE ©

immobilizes it. (Santi et al. 1974) thereby Elbcking the temrminal step in the de

novo synthesis of thymidine monophosphate. FdUrd is not. incorporated into DNA

since the vanderWaaIs radius of the 5 - Fluoro 5ub§hruhon being more similar to

I

fhat of hydrogen than of a mefhyl gro&p, prevents its subshtphon for dT hd and

instead Facuhtdkes ifs competition with undylo’rg for thymidylate synthel'ase. B
2 o o —

, - _ R f 2 _® . . .
’ Density labelling of DNA was (:a’rﬁ’ed out by pretreatinig cell cultures for.
e o . . E

30T min. wn‘h 6 x 107 M. FdUrd in meditim wuth no serum, followed by the addition "

of BrdUrd toyl .6 x lO *M. The co,ncenfrahons of pynm:d”Te analog; are those used

to densufy label the DNA bf mouse embryo cells i ina prewoé report (Tbrler, 1974,

O

lncorporahon of BrdUrd was momfored by the addmon. of 5 [ - H] Brompdeoz;y-

9

ur:dme({ ]BrdUrd fspec act. 15 - 30C;/m—mo|e (New EngiandNuclear)

- Vtogether with BrdUrd at fhe co’ncenfrohons described-in the f'gbre legends. Since”

. :
exposure of DNA fo Jow wavplengfh llghf is known to cause breaks specifically ih *

BrdUrd subshtufed regions Regan et al.,|97| Wemfraub |97“20)eXposure of substituted

ye <
‘{ [l

-DNA to f!uorescent tighting was ovo:dg,d. T




[3

€hasing of both [JH] dThd Tabelling and BrdUrd labelling was performed in

the presence of 4 x-10* M dThd.

o .

Lo - . . o
¢ » During the \;grious medium changes involved in density labelling, radioactive

8

°

labelling and chasing, cultures were repectedly washed with preé-warmed medium

containing.the appropriate additions to effect complnge medium change. Sifce the

~ e

s}
rate of-DNA synthesis is drastically influenced by temperature, exposure of cultures

=4

to room tetperature wds kept to @ minimum. - ‘ -
. . -
Al pulses and chases were terminated by washing cultures with ice cold

o Q@

SSC (0.15 MNaCl - 0.0I5 M sodium citrate).: Cells were dispersed by brief

treatment with 0.125% trypsin (Gibco) in [0.1% KCI - 0.44% sodium citrate] .

+
- ®

Cell swspensions were washed several times by centrifugation and resuspension with
6 ® . o . o

o vortex mixer and resuspended in ice cold SSC. Cell concentrations were

determined with @ Codlter counter (see sections a,b).
a o

In cultures where total radiodétivity was to be determined, pu|s°e-|ube4|!ir‘ig

* was terminated by washing the cultures with ice cold SSC followed by the addition

of 3 ml. of [O.IM Na%- 0.001 M EDTA - 0.0l M Tris (pH7'.4) -0.5% (w/v) sodiunt

dodecyl su'Fof% directly to the culture dish. Total radioactivity was always

©

4]

measured in duplicate cultures, and averaged. ~ < .

(d) Autoradiograply

l. Sets of 3 cglrures were lgbelled as described above with [3H] fiThd ‘

[

(2/¢Ci/m|.) for 30 min. intervals.

©

2. Two cultures of each set were takén for determination of total radio-

.

. activity incorporated, as described in'section c.

v




o

3. Cells from the remaining cultures were removed from-the plate as

TR, C - '
described in section ¢ and washed several times in PBS’ : .
- : &

4. The cell pellet was resuspended in 0.5 ml. PBS™, 0.5 ml distilled water

was added, and the cell suspension incubated ot 37° C. for 5 min. ’

-

8. This I:| dilution with distilled water followed by incubation at 37°C for
5 min. was repeofeé Hgb more times. (i.e. final vol. = 4 ml., final dilution 1:8).

Lowering the salt. concentration causes the cells to swell, thereby facilitating
’ ' L]

(3
“ /

visualization of nuclei after straining.

. 6. Cells we}e resuspendeé ind ml, [75% ethanol - 25% acetic acid (v/v)]

REGER

for 5 min, ) :
‘ [w]

7. The fixed cells were resuspended in 0.25 ml. of fixative (approx.
4% 10* cells/ml.) and one-drop of this suspension was placed near the end of a
. clean 75 x 25 mm. glass slide and allowed to dry thoroughly. Several slides were -

El

prepared from each culture.

8. The slide was washed in [75% ethanol - 25% acetic acid (v/vjland dried.

-

9. Slides werestained for 5 mip:~wifh orcein (2% orcein (w/v) Fn[50%

acetic acid - 50% water (v/vi] , filtered through o 0.45uafilter immediately before

- 7

using). R

10. The slide was flooded with ethanol to remove all excemed

'

and dried. . g .

. . Slides were washed in running tap water for I-2 hrs. and dried

.

thoroughly. * - ' -

.12, Steps 12 = 14 were done in the darf-room using o Wratten #2 safe-light

3

filter. Nuclear Tratk Emulsion NTB~2 (Kodak) was melted ot 45°C in a wide short

+2




¢

test tube. Each slide qu"briefly'd‘ipped in the emulsion and the back of the slide
’ .
wiped clean, 0

[

13. When the emulsion was dry, slides were placed in a light-tight slide

box together with some Drierite and taped. One complete set per box. Exposure
’ | ‘ »

was at 3-4°C For 4-7 doys

14, Sludes were developed and fuxed as follows Kodak DI9 developer

L

(1:1) I8°C, 3.5 min.; distilled wofer,~|8°C, 10 secs.; Ko&:lak Fixer; 5 min.; running
water lSOF, I hr.; dry.

15. Slides were scanned for nuclei with grains under low power magnification.
Lobelled and dndla;)elled nuclei were counted by scr;ening the slide until a copﬁfont
proportion of labelled nuclei was obtained. Minimum number of nuclei scored was
200. Nuclei of cétls from unlabelled cultures showed no gr;:ins. Slides were\lsd
prepared from cultures labelled continuously throughout the course of the experiment.

It was found that 25% of the cells in the cultures do not enter S phase by 245 hrs..

post-serum. Data from pulse labelled cells was adjusted accordingly. » .

(e) Purification of'DNA &

" For some experiments DNA was partially_ purified prior to cenfrifugofion as
described eorlier (Cheevers et al 1972) Brnefly, cell suspensvons in SSC were lysed
by gentle mixing with 0.1 volume of 0% (w/v) SDbS. Lysates were poured onto
15 - 30% (w/w) sucrose grodlenfs containing a 70% (w/v) sucrose cushion in [0 IM
‘

NaCl - o.oom'A EDTA - 0.0l M Tris pH 7.4 #0.5% (w/v) SDS] , centrifuged
(SW27_ rotor (Beckman) 25,000 rev./min, 12 hrs, 23°F), and the material on the

v f [}
cushion was collected. Cellular DNA is not fragmented extensively-by this




,\, P 27

-~ , ‘ .
- procedure (Cheevers & Hiscock,1973), and over 95% of the radioactivity is fourfd in

the cushion The sucrose cushion was diluted and the DNA shea’réﬂ with a pipette .

-

© DNA precuplfafed by the addition of 2.5 volumes of ethanol at -ZO'Q overmghr

was dlSSOlVEd in 0.1 x SSC, refurned to 0.15 M NaCl by addition pf'!) ' volume of

-
o

10 x SSC, qnd sfored at —80 C.

-
~

(f) Velocity Sedimentation in Alkaline Sucrose Gradients

‘éell suspgnsio‘m(s 2.5x 103 cells)in 0.1 ml. SSC were 'si‘gwly pipetted into
0.4 ml. [0.3N NaOH- 0.001 M EDTJIA - Oi% (w/v) scrcosyl] onered over a
gradient of 155 - 30% (w/w) sucrose in [O 5M NaCl - 0.25N NaOH 0. OOlgM
EDTA - 0.1% (w/v) sgrcosyl] Cell lysis and DNA denafurahos was allowed to
proceed for a minimum of 8 hrs. at room femperafure. Sucrose gradients were
formed using an ISCO Density Gradient Former. It was found that this method
resulted in o high degre;e of reproducibility both in uniformity of the g.ra:dienf (from

’

refractive index measurements) and in final volume. Gradients were centrifuged
at 26,000 rev./min. for 6 hrs. at 23°C in lan SW27.1 rotor (B:ckmn), and
fractionated u,si”ng an ISCO D;nsify Gradient Fractionator. “

4 Molecular weighl‘s were calculated by the formulc;‘lo,g 1 = (log;o S+
l. 277)/0 400 where M is the molecular weight in daltons and S the sednmenfohon
«coefficienf (Studier,1965). Closed circular polyoma virus DNA (53S) (Weil &
_ Vinograd, 1963) was used os a sedimentation marker. Polyoma DNA was centrifuged
in one gradient of every’ rotor. A weight ~dverage molecular weight was defe;r_r'nined

-
-

for each gradient accotding to the following formula:

nfg )

where M is the molecular weight in daltons, n the total number of fraqtions in the

3
i)
" .




»

N4

gradient, cpm the radioactivity in counts/min., and i any fraction.

..‘p'

S o A

»

u(g) lsépycnic Centrifugation in Alkaline Cs, SO, - CsCl| Gradients

+

Cell suspensions (£ 2.5 x 10° cells) in 0.1 ml. SSC containing purified‘t

a

'labelled marker DNA were slowly pipetted into 0.4 ml. [0.3N NaOH - 0.001 M .

EDTA - 0.1% (w/v) sorcosya loyeréfd in a potyallomer tube over a"solution |

L
consisting of Igm Cs, SO, , 4.8 gm CsCl and 4 ml. of alkaline SSC containing 0.1
5 ’ . . <
volume[IN'NaOH - 0.0 M EDTA}. After Cell lysis and denat{ration of DNA for

a minimum of 8 hrs. at room temperature, tubes were filled with paraffin oil and

centrifuged in a Ti 50 rotor (Be::kman)(40,000 rev./min., 40.hrs., 20°C). Tubes

were then punctured and fractionated from the bottom.

(h) Isépycnié Centrifugation in Neutral CsCl Gradients
DNA in $SC was mixed with a Jaturated solution of CsCl in SSC and the
density adjusted re‘fraéfomefrica‘fly to [.710xgm./cm®. 4.2 mi. ‘of this solution was’
‘ A ] ’ . )

° placed in a polyallomer tube, overlaid with paraffin oil and copped.. Tubes were

;:enfrifuged using a Beckman 40.3 rofofaf 32,000 rev ./rﬁin. for 60 hrs. at 2008 -

and fractionated from the bottom. o R
oo . 4
(i) Determination of Radioactivity : .

-
.

Radioactivity incorporated into DNA was medred by measuring, radioactivity

in the acid-insoluble fraction of cell lysates or gradiefit fractions. ‘A solution of 5%
trichloroacetic acid (TCA) precipitates protein and nucleic acids leaving small acid

< soluble molecules (e.g. nucleotides, amino acids, lipids) in solution,




T,

Cells lysed directly in the plate were pipetted vigorously to break up >
viscosity of the lysate-and made 5% in TCA. Fractions from alkaline sucrose
gradients were neutralized by the addition of Tris-HCI. Bovine serum albumin was

- added as carrier and the DNA precipitated by the addition of an equal volume of

0% TCA. TCA-insoluble material was collected by filtration onto, Whatman GF/C .

-

glass fiber papers and dried. Fractions from alkaline Csp$04 -'CsCl and neutral
CsCl gradients were collécted directly onto GF/C filters, washed twice with 5%

. * TCA, once with ethanol and dried. «

Radib'ccfivif; on the filters was determined by submerging each filter in
4 ml. of non-aqueous scmhllator soluhon[O 6% 2,5 dlphenyloxczole - 0.01%
14 -bis (2-(4 - mefhyl -5- phenyloxazolyl)) benzene (w/v) in roluene] ina gloss

scintillation vial.. Rodioactivity was defermu_ned by counting each filter for a

minimum of | min. per channel in a Nuclear Chicago "Isocap 300" Liquid

Scintillation Courifer‘ In all cases.appropriate background values were determiried c
.. . .

. e 3 4 . ey
and subtracted. In all experiments where "H and  C radicactivities.we-re to be
4 .

determined simultaneously, the l C radidacfivity was adjusted to 10% of the ’H

» redioactivity to minimize errors of quantitation resulting from channel spillover

‘during liquid scintillation counting. The degree of channel spillover was for 3H

0.05% andNor “C 17%. Variafio:i in guenching was monitored by measuring .

channel ratios in single label samples and by gn External Standard Ratio prograrg

for double-1label samples.




-

2.2 RESULTS

(o) Cell Sy\nchrony : .

. AN experiments were perfor;ned in secondary cultures of mouse embryo cells
synchronized by g;rowfh in a low concentration of serum (\Fried & Pitts, 1968;
Nordenskjgld et al., 1970). Fig. | shows the gro@«ﬂ‘l c;\d-syr;c}mron; prcop;arfies of ) .
“these cells. After 4-5 days of gr'owfl"n in ‘medi;Jm confciningA 3% serur:rw, the cuieres

o L

o - ;
reach a stationary state choracterized by o constant sub-confluent cell number and

a low level of DNA synthesisc Autoradiography medsurements indicate’that -this

Qo

residual incorporation is accounted for by approximately 10% of the cells, which

may continue to cycle in conditioned medium.. Treatmént of cultures in this state

«

wn‘h medium containing IO% serum results in a 7- fold mcrease in the rofe of

incorporation of[ H] dThd, begining at 10 hrs. after oddmon of serum and reaching
a maximum 5 hrs. later. This is closely paralleled by a 6-7 ~fold increase in the

. s -~ R
nurhber of S phase cells and followed by, a near doubling in cell number. Estimation

of the duration of § phase from autoradiography data yields a value of 8 hrs.
@ " Y

(b} Rate of DNA Synthesis per Cell as a Function of Rate of Chain Growth Within

Replication Units and Frequency of Initiation of Replication Units.

~
o

. B . .
The overall rate of DNA synthesis per cell was estimated from the experiment’

’

shown in Table |. Measurement of chamges in the rate of DNA synthesis from the a2
//{' “- . '
‘riite of incorporation of[3H] dThd-is entirely dependent on fhe!spec:ific ccﬁvffy of
; ’ b

the intracellular precursor pools and on their equilibration time. In mouse embryo

[y

. - )
.cells synchronized by this methed the specific activity of the intracellular dTTP pool

~




”

FIG.,l.  Synchronization of segondcry&ulfurﬁ% of mouse embryo cells.

>

. Secondary cultures of mouse embryo cells were plated in medium e
containing 3% serum. After 140 hrs.,.the serum concentration was increased to

10%. The rate of DﬁA%ynfhesmas monitored by the incorporation oF[JH] dThd in

-° N\ .

0.5 hr. pulses at a concentration of 3uCi/ml. The proportion of cells synthesizing

DNA was monitored by abroradiography of cells labeled wit ] dihd for 0.5 hr.
. . oo .

Cell numbet was monitored using a Model B Coulter counter. (@-@), cells per ° -

culture; (Aa~A ), DNA synthesis in cells treated with [0% ser‘uﬁl(‘ (a-4), DNA
-4 A

N ~

o . |
synthesis in cells maintained in 3% serum; (X - %X ), proportion of § phase cells.

-
o
Q
©

0
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 TABLE |

- Rafe of DNA synthesis per cell

° <

Time - CellsinS/ - C.p:m./culture C.p.m./10°S
{Hrs. post-serum) culture /0.5 hr. Q_ sphase cells
s ? T 05k

x107) o x10ty  x 10ty

2.3
3.0
4.4°
5.7
6.2

32 . 3,05

<. L) . ) L

Ll

- -
)

DNA synthesized in cultures of mouse ;Fnbryo cells synchronized as

“described in Fig, | was labeled dt“Jring a 0.5 hr.;pulrse of[sH] dT hd (24Ci/ml).

Two cultures per time point were taken for-determination of total radioactivity

incorporated into DNA and for determinafian of cell number. Duplicate

-

’ Y N -
detérminations were averaged. yQne culture-per time point was prepared for

- © K = ‘ - ’
gutoradiography. .
. - -] &




°

s =

data of Table 1 represents a valid measure of ﬁe rate of DNA synthesis per cell. This

. wifhin‘féplicafién units was. mebsun:ed by the methodwof Painter &}Scf\aefer (1969; 1971)

b ¢ .
(Fig. 2 and Tabfe 2§. . - T

¢ : ' . -
. the decrease in the value of F between Il and I35 hrs. post-serum could be the result

‘\‘ . ? ., - - - . ) ‘ "~
remains constant. during’S-phase, despite.a three - fold expansion irsize.

a
E
Y. o

(Nordenskjold et al 7, 1970), .Our own measurements of the rate of equilibration of

& &
2

the intracetiular bo&l of thymidine ph;sphates in these cells indjcate an equilibration .

time of 2 -3 mir. (Fig.;lO). On the basis oﬂj.hese findings we conclude 3f»haf the *

I

(] =

rate appears to incredse less than 2.~ fotd during the cogrsoe of .S ph%se. The results .

gpfainedg here are simila‘r,:to: the dc;)tq of Nordenskjold ét af. 41970) for the sameé ceJI

%
<

system. ’ : . _ ,
4 ; : .
<

e :"The indrease in overall rate gf DNA synthesis con b& accounted for by an
I,' = ‘ r , N - .',- . i " ' o
expansion incthe number of growing points per cell and/or an increase «n the rate of

0 < - . . \ -

-

polymerizc;:fibn of DNA' chains ‘within ‘rep‘licaﬁ.on units. The rate of chain growfi'l .

d )

L
- °

from the:proportion of labeled DNA of greater than normal density synfhesiz.e‘dsin a

10 min. pulsé of{sH] dTHJ followed immediately by 3 hrs. of BrdU?c‘i substifq;ion -,

DD
! '

The value of F_(the fraction of radioactivity of hybrid density), (Table 2)

' : 7 ' <L .
measure$ the rate of chain growth only if the ratio of initiation to fermination of
4 ’ . -~ i . i+

chains during thePH] dThd pulse: is unity (Painter & Schaefer, 1971). Initigtion =~ =*-~

during the pulse increases the p:opbrt?on oflabeled fragments of hybrid density, whiles
/ . . & = - L .
termination during the pulse iricreases the proportion of light labeled fragmants. Thus,
o : " s [

©

of: (i) an increase in the rate of chaimgréwﬂ"n yer replicdﬂon.unif and/or (ii) a’
. . N :

decrease in the ratio of initiations foanin'aﬁons during‘tf:e' pulse. .The.data of *

r
&

Table | indicate that the rate of Dl\‘lAesynthesis. pér cell increases 1.2 ~ fqld during




> o

3

this time interval . Possibility (ii):impl‘ies thaf the rumber of

.o

operating replication,
thus, it is.inconsistent with fhe incre‘gse_iﬁ the

[+]

units decreases during S phase;




FIG. 2.  Alkaline Cs, SO, ~ CCl isopycnic centrifugation of DNA.

y
A N ~

' , . .
(a);ll hr. post—sérum or (b) 15 hr. post-serum, cells were pulse=labeled

o

for I0 min. with [3H] dT hd (66/L¢i/m|) and then incub’at'egi for 3 hr. with medium
o . ' / < - : '

containing BrdUrd and FdUTd. DNA was purified by velécify sedimentation in
neutral sucrose grodien’té \and'ée.ntrifuged to t;:quilibribm in a*aline'Cs . SO, —CsCl
as described in Materlols andMefhods. [3 ] dThd labeled DNA (o 0).- M(ﬂihd—
labeled DNA @-o) dnd[ H] BrdUrd~labeled DNA (A-A ) were prepared from

randomly growing cultures. € radioactivity on fhe light side of the peak was

£

c‘aiusgedo to co\i'ncide wifh[ H] dT hd-labeled DNA.

£y
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' i s TABLE 2

. . .

Rate of nascerit DNA strand growth within replication units

H

S N ]

o Time o f F Fy FFy, B R
) :..__,m. _oomT. (min.) ., _. e ’ . . (Daltons . (Daltons
mmaav;__ ‘ h . . - x107) - %10 /min.
: . A . . . o ) 3 \moqrv
T o o4n Lol 0250 ¢ Lis 230
15 10 L0365 . 0.81 . o84 1.30 3.5
. A __- e S . ) ) : ’

DNA was labeled and analyzed as ammnlm.wa in Tm 2. The —..uL dT hd pulse time is m..?m:

.
o - . -

by t. F. dehotes the fraction of °H radioactivity of greater than normal density determined

from Fi%. 2, B, the average molecular weight of the labeled fragments determined by velocity
. - - ]

.

centrifugation in alkaline sucrose gradients, o:mc_uu? the fraction of radiogctivity of greater than

o

. . 5 -\
:o:uo_am:m:vlsOZ?%@Q@&Qm.oboo_u.m.m.qoomm:m_oﬂanmmmso_mnc_awimmmr#o*_oaa:o_._m.

N
~

The rate of chain growth, R, was determined: from the fortula xn.w\w:nl_umrr A_uom:mma & Schaefer,

A

Pe9). o~ P | :




- ) . 34
overall rate:of DNA synthesis. The increase in the rate of DNA synthesis per cell is
thus accounted for by an incteasé in the rate of strand growth within rePliéo'riqn

. ° ) 2 P
units, - > s .
> : : ’

-

[

(c) Temporal ‘Organization of Initiation of Replication Units. ' o °
. , ) ) .
B

-

< It was previously shown that the duplication of eukaryotic DNA is an orderly

process characterized by differences in base composition of replication units initiafed -

at different stages of § (Tobia et al., 1970; Bostock &Prescott, 1971 a b ¢; Flamm

et al., 197); Tobia et al., 1971). We next sought to confirm these observations in

— = —_— .
mouse cells synchronized by serum deprivation.

-
4

Fig. 3 shows that main band DNA(/J = 1,702 gm./cm:’ ) is replijcafed'in ]

-

-

definite temporal order, characterized by differences in buoyant density between

replication units initiated at different stages of the serum-induced S phase.

- v - B -
R&elication units initiated during early) S are GC -ri¢h relative to the base’
” D s,

composition o}}oiﬁ band DNA labeled fhroughou;' the S phase (Fig. 3 (q\)).

L
»

Replication units_inifiafed during a 30 min. pulse in mid S band coincidentally with
, st

ain band DNA of buoyant density 1.702 gm./cm.3 (Fig.3(b)).Replication units

initiated during late S are AT -rich relative to the average base composition of the

‘
total main band component of the genome (Fig. 3 (c)). Satellite DNA(/J= 1.691 gm

A ’ )
/cr‘ﬂ.3 ), constituting about 10% of the mouse genome, is replicated in mid and iofe/

S. These results are similar to those obtairfed using a variety of other kinds of .

mammalian cells synchronized by other means.

. We next asked the significance of the erder of initiation of replicotion units




FIG. 3 Isopycnic centrifugation in neutral CsCl gradients of‘D_NA synthesized
in synchronized cells.” = . * s -

f DNA was bulse—lobeled with [3H] dl hd (lO/LCf/ml).for 0._5 hr. at 10.5 ~

‘s

Il hrs. post=serum (a) (0—0), |5 - 15.5 hrs. post-serum (b) (0-'0) and 20.5 - 2I
- . 7 S l

hrs. post-serum (¢} (O-O ), [MC] dT hd |ol:te|ed mc:rker DNA (@- @) was purified

-
o’ .
from randomly growing cultures. The density of gradient fractions (A-A ) was
determined using a Jena refractometer. .
. l
L
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outlined in Fig. 3 with regard to the control of themammalian S phase. Specifically,’

the question was: Is it possible to induce cells to synthesize replication ynits,

characteristic of mid S before completion of the replication of ’e/arly S.replication

r - . . . "

units? To measure this, cells were allowed to enter S normally. !urfher entry of
. , , -

cells into S was then blocked using hydroxyurea, which immediately ond reverstbly™

v

blecks DNA synthesis (Skoog & Nordenskjsld, 1971), while allowing transcription

and protein synfhesis. to proceed at normal rates (Young & Hodas, 1964; Mainprize
& Cheevers,~Gnpublished data). Hydroxyurea was removed when the cells would

have normally been in mid S, and the base composition of DNA synthesized after
L 4
reversal was determined by isopycnic centrifugation in neutral CsCl gradients.

©

Results are shown in Fig. 4. The addition of hydroxyurea at 9 hrs. post-

)

e

serum to cultures synchronized as described in Fig. | immediately blocked the further

* entry of cells into S (Fig. 4 (a)). Upon reversal of hydroxyurea inhibition at 15 hrs.,
post-serum, the cells fesug;iw;:d DNA synthesis without a d.'erecfobh! log dnd proceeded
through an apparently normal $ phase (Fig. 4 (a)). Neuyal csCl cnclys}s othNA
pulse labeled with [3H] dThd at 2-2.5 hrs. and 5:5-6 hrs. ofter hyd.ré;(.yurec rever;cnl‘
(Fig. 4 (b) and (c)) shows ._fhcf ‘fhe base compt‘);iti?n of DNA tsynfhésized in the

reversed cultures followed the same temporal pottern as#hat synthesized in untreated

cultures allowed to enter § normcH‘y (Fig. 3):.GC -rich méin bclnd.DNA was
Q.
ences -

synthesized first (Fig. 4 (b)) and was followed by a shift to the synfhev"s of sequ
of average base composition and satellite DNA (Fig. 4 (c)).
These dota show clearly that inhibition of the synthesis of replication units

normally initiated between 9 and 15 hrs. post-serum does not dlter the normal pattern

. N R B
of initiation of replication units wh.en DNA synthesis is resumed. Thus, we conclude



s

)
&

FIG. 4. Effect of hydroxyurea on the order of initiation of replication units.

-

e »

(a)Total DNA synfl'?esis:'__Culrures were pulse~labeled with [3H] dThd

(2,!4Ci/m|) for | hr. intervals at the indicated times in medium containing (@-@ )

or nof containing (0-0) 0.0IM hydroxy'urga . Other cultures were treated with

~ ® o~ .

bydroxyurea between 9 and 15 hrs.’ post-serum, then washed and pulse-labeled at

o

the indicated times (A—4A ), :
.

(b) (c) Neutral CsCl isopycnic analysis of DNA synthesized after reversal 7

of.hydroxyurea inhibition: Cultures were tredted with Hydroxyurec between 9 and

15 hr. post-serum, washed and pylse-labeled \:vifh [3H]Ed'fhd '(29/uCi/ml) af (b) -

2-2.5hr. or(c) 5.5=- 6 hr. post-reversal. [3H] -DNA 0-0). “c marker'DNA

Lo e . .
(0- ®) was Prepored by lobeling cultures w:fh[ C]m dT hd (O.I/.l.Ct/mI plus (?.l/‘g/m1 \\,

unlabeled dThd) between 9 and 25 hr. post-serum. ¢ -

-
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- . - - ’)‘ 3 - ‘
o * . that the initiation of DNA sequences characteristic of mid S is dependent:upon - -

c

completion of replication units initiated during early S. Thisresult argues against

. the possibility that the timing of initiation of various-classes of repfication units is -
o ; . B v o
programed entirely in'the Gl phase of the cell cycle, suggesting instead that the S ‘
' L .,
phase is, at least in part, “a self-regulatory process. Further work on the effects of 7
- “

¢ cycloheximide on replication unit.initiation (Mainprize & Cheevers,. unpublished

Y . data) suggest that the progress of the S phase depends upgn the orderly synthesis ’céf
"initiator" proteins. E . ’ T .
. (d) Rate of Formation of High-Molecular-Weight Nascent Strands. ’
: o —~ y ’ o
’ a

As an gpproach to the study of the spatial aspects of initiation of replication

units during S phase, we sought to determine the-rate of formation of high~-molecular-

‘

. .weight nascent DNA strands by alkaline velocity s«a.dimentafion énalysis. The
preparation of fully denatured single strands of hig'h-mol_eculcr-\}veighvaNA and

. unambiguous measuremant of their size is determined by the conditions of cell lysis

° -
~

R o A ) . \ :‘ v . .
K ., and centrifugatian (Cleaxer, 1974; Hozier &Taylor, 1975). Under optimum conditions

© N 3
of cell-lysis, single strands of 100 - 140 S can be obtained by alkaline sucrose

~

gradient sedimentation free of artifacts resulting from incomplete denaturation  °

(Cleaver, 1974). Change: in angular velocity acting on high-molecular-weight

strands reduce the apparent mole)ular weight by generating asymmetrical distributions

that give a low estimation of size (McBurney et _al., 1971; Hozier & Taylor, 1975].
- However, eyen when centrifugation conditions are carefully controlled to provide
« - ‘ _ :
the most accurate asessment.of DNA of this size range, the maximunr average
: N , 8 , °
. ~ molecular weight ebtained is of the orderof [.7 x 10" daltons (Hozier & Taydor, 1975).
. ‘ o P . i o . Y - @ 4-
) -




Q

initiation of chain growfh within replication umfs.

L] c - ) , -

There is some question as to whether DNA strands; of this discrete length occur in

-

vivo and thus have functional sngnlflcance (Hozuer &Taylor, 975), ~whether they ~  *

£

- -

" are the product of physical constraints on rhe extraction of high mol'ecula:‘weighf

]

-

single stranded DNA (Cleaver, 1974). Ihéy.ﬁev'erfheless represent the maximum e

size range of single stranded DNA amenable to analysis by cenfrif;.:gafion methods.

< - e
el .

DNA of this size is consistently obtained from cells labeled in exponential phase .

cultures prior to synchronization (Fig. 5 (a)), and thus represents the size of complete

c
-

fempia;e strands obtained by our procedure (Cheevers et al., 1972; Cheevers &
4 » - .

< N
~

Hiscock, 1973). . .o LT

’ L)

o DNA strands of molecular weight 1.7 x 10° daltons origina}e from a double

stranded segment |70/um in length. The average size of replication ynits in various

-

unsynchronized mammalian cell types varies between 20 and é0gm (Huberman &
y ype Dam

s

I ~

Riggs, 1968; Hcmd & Tamm, 1974; Housmon&Huberman, |975), and dees not appear
to vary dunng S phase (Housmag'& Huberman 1975). Thus, we es?’mare that sfrands r

of 1.7 x l(fdc}g)ns result from joining of the nascent strands of a minimum of 3 average

length replication units. Chain growth within nascent strands of this size, therefore,
) & . N ) L , . .

is.a Func.ﬁon.of merging of nascent strands’ of adjacent replication units as well as *

<
-

Fig. 5 (a- ?’%hows the asslmllchoh of nascent DNA pulse- Iobeled for 5 min.
in‘earl)ﬂS into hlgh-’moleculcr-we:ghf strands durmg a chase wnh unlabeled dThd.
Fig. 5 (f-i) shows the assimilation of DNA pulse ‘labeled for 5 min. in mid S. The

o;e[oge molecular weight of the DNA shown in these sedimentation distributions. ag

> —
et . ”

well as other 5 min. pulse labels and chases not.shown was determined as described
‘ ) - - ,‘ s '
in Materials and Methods. Results are shown in Fig. 6. The following points may be

-

made fror'n these data: o \




Ce||s ‘were labeled mth[3H] dThd 66/4.C|/m| ) for 3m|n at |! hrs post-

serum (a ) clnd chased with unlabeled dThd for 25 mln (b},~50 min. (c) 120 min. .

to(d), cnd 480 min. (e). Ce||s were also labeled; as de_scribed above, at 15 hrs.

- . / ’ 9
posf serum (f) and chosed w1th unlabeled dT hd for 30 min. (g) 60 min: (h), 120 min.
()gnd240m|n (i) e e g Tt wL .

-
Pnor to admlmsfrahon of[ H}dT hd cultufes were mcu@fed wnh[’ C] de\d

during the period*of exponential- growtb prior to Synchromchlon (Fig. 1) to label

- 4 N

template DNA strahds ((a), (.- ®)). Labeled DNA strands were |solated and ..
~ J

R

Jjedlmented in alkaline sucrole grcdlenfs as deknbed in Materials cmd Mefhods The -

%
verhcal dash line denotes the peak :posmon of closed-cncular polyoma vurus DNA -
. =" , 5 ) . -
" used as a_sediinentafion marker (see Fig. 7 (a)). < * .
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. »FIG. 6 Rate of formation of high-motecular-weight nascent DNA strands in . -
- . B . B ..
¥ =t " . . R
: synchronized cells, .~ o e : -
N . - : . . . . N z ‘, e
. M ! . \ 2
: Cellsnwerp pulse-labeled wuth[H] dThd 66/.(C|/m|) for 5' mm at the
" A
o ind‘lcofed times (D@l) Cultures labeled at Il hr. and 15 F\r Posf-serum were - .
chased with unlabeled dThd ((0 oe) C‘hase of DNA Iobeled at Il hr., (& )Chdse
- of DNA lcheled at 15 hr.) Nascent DNA strands were analyzed by velocnfy -
sedimentation in alkaline sucrose grodients c:§ described in Fig. 5, and averoge
molecular weights were calculated as described in-Materials and Methods. Different
h . c N * ) ! . :"-j T
. . - h >
symbols denote separate experiments. . . '
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(i) A 5min. pulse of[ H] dThd at ony point in‘the S phase labels strans

with an d’Veroge molecular weight of Iess than 5x 10 daltons?ﬁg 6). Considering *

the size of mamalian DNA. rephcuhon units (2-6 x 10" daftons of single sfronded
A DNA), .If is e:wden: that the srmnd confcumng the labeled segmenfs is of fhe order \

of one replication unit in length. The degree of heterogeneify in the size of these

strands is similar to the heterogeneity i? replication unit lengths observed by

autorddiography. Thus we assume that nascent strands labeled during a 5 min.,

‘pulse represenr,singlec-replicafion units in the process of re‘plicul}dn. Nascent DNA
. -

=

strands of this size have been previously observed in alkaline sucrose gradients and

rheir.origin;imilarly interpreted (H’uberfnan & Horwitz, |1973; Gautschi e_a_{..gl_, 1973) .
(ii) The average molecular wpeight of these nascent strands increases

during S‘ phése: Such an increase in size could be atfribstable to an uincreose in

-

replication unit size.  Direct measurement of the size,of replication units during

S phase by autoradiography. (Houseman &'Hube_rman 1975) indicates that there
. x N
' is no increase in the overqge mfer-mmchon distonce. Ihus the increase in size

of the strands labeled by a 8 min. pulse most likely resulfs from an increase in
e A ‘ .

the rate of merging of nascent strands of adjacent replication;units.
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(iii) Pulse-chose analysis of the stfands labeled in a 5 min. pulse of[3H]
dThd in edrly S phase (11 hrs. post-serum) Fig. 5 (a-e)) shows their assimilation into
high-molecular-wkight strands. "The func;omenfol observation is that the complete

. assimilation of replication unit size nascent strands into high-molecular-weight

B3
-

strands occurs over a period of 8 hrs. (Fig. 6). Assuming that the maximum size
D is comprised of the nascent strands of at least 3 replication units; it would be

formed by the movement of a minimum of & replication forks. Fork movement alone ]
at the rate determined in Table 2 could result in the assimilation of repI{cqfion unit=

size nascent strands into high-molecular-weight DNA in a peXiod of only 10-15 min.
1=,

Fork movement at slower rates, such as those determined by _oUtoradiography
. . . Y . :

(Huberman & Riggs, 1968; Housman & Huberman, 1975) should lead fo complete
assimilation by &0 min. 'Huberman & Horwitz {1973) have:ob;served th'a complefe.

assimilation of replication unit=size strands into high-molecular-weight strands in
- &0 min. in asynchronously growing <Chinese hamster cells. We have observed that
in exponentially growing mouse embryo cells, the assimilation of similar strands is

also complete by 60 min. (Fig. I Cheevers_gt_@_l., 1972). The reasons for

>

this difference between synchronized and unsynchronized cells are considered in

the Discussion. . ’

- . -

s (iv) Pulse-chase analysis of nascent strands labe!pa in a 5 min. pulse of

o

[BH] dFhd in mid S (I5 hrs. post-serum) (Fig. 5:(F-i')) shows that their rate 9? \

-

. assimilation into high-molecular-weighttrands is much faster than that of strands

a -1

. . . ~ co -, . -
labeled similarly in early S phase (Fig. 6). This is evident in Fig. 5 (f-i)'wge
high-molecular-weight strands of maximum size obviously accumulate at a greater

rate than in the early S chase (Fig. 5 (a-e)). Fig. 6 shows that maximum size strands

. B L . -
4 .

A .- : v \ . ';_5"”
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( “ :
are formed in o period of 4 hrs. Thus, the rate 6f assimilation of mascent DNA strands
. -, .

the size of individual replication units into maximum size strands several re&!icaﬁon
. . ,o N ] ' " ]
units in length depends on the time in the S phase that the synthesis of these strands
> .
is initiated. _ :
s “ - ‘

(e) Spatial Org:‘(\izaﬁon of Replication Units :
The basic problem considered in this section is: What is the explanation for

" the fact that mid $ replication pnit§ are assimilated into high-molecular-weight

o L o

strands two times faster than edrly S replication units? This question may be
answered, in part, in terms of the spatial arrangement of replication units within the
. s A

mammalian genome. Thus, if mid S replication units are spatially interspersed among

&

early S replication units, the rate of elongation of early S sequences into high-

molecular—weigh;r strands may be limited by the nitiation of mid $ sequences.

-Alternatively, if replication units are clustered along the genome, the slow rate of

assimilation of early S sequences may involve a controlled process of joining of

1

adjacent replication units. o

The following experiments attempt to measure the degree of clusteging of

initiation sites within'the high-moleculor-weighit strands described in section (d).
" The question asked is: Does the assimilation ifito higt-m'oleculorvweight strands of
replication units labeléd in early S (Fig. 5 (a-e), Fig.'”é) involve replication units
» N - = . . fad

initiated later in S?

o

¢ , ' ’ { .
. Prelimirary evidence for lack of inteispersion of feplication units was

-~ 14

. obtained in the experiment described in Fig.;;7'. In this experiment, DNA was piilse

" labeled for 30 min. with [3H] dThd in early $ and chased until mid S. In the last

i ' o ‘




. FIG. 7.  Alkaline sedimentation analysis of DNA synthesized in synchroniz.ed

cells.

e
[ ]

Cultures were labeled v«'/irh[jH] dThd (20/-¢Ci/m|) for 30 rr:in. at Il hr,
post-serum. The labeled medium was then replaced with medium containing
unlabeled dThd, and incu‘bofion was conﬁnuea until 16 hr. [“.C] dl hd (Z/LCi/ml)
was bdded at 15.5 l';rs. Labeled DNA was isolated and sedimented in alkaline
sucrose gradients as descri.bed in Fig. 5. (a) DNA pulse-labeled ot 1I-11.5 hr.
post-serum (@-® ) plui[}%hbeled F"of-m | polyoma virus DNA (A-A ) included as

a sedimentation marker. (b) DNA isolated from chased cultures. (®-@) 34

radioactivity. (0—0) “c rddioactivity.

3
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© 30 min. of the chase,[“C] dThd was added to-the same cultures to label

S was of the ordér of single replication units (Fig. 7 (c)) and that during a chase with

’

. .
A G ’
3 ! o o ¢ 51 “
2 . : ~
- 1Y .
- .
c

A <

replicating mid S sequences Alkaline velocify sedimenrcf'\on analysis showed, as:

expecfed that the size dlsfribuhon of nascent strands labeled byPH] dThd in early

unlabeled dThd, these strands were ass'l/n;ilafed inté DNA of higheer molecular weight
(Figt 7 (b).)., N‘:;re, hovgeverJ thaﬁ;idfsgsequenqes Iabeleel/wifh[“C] dThd dering
the;eriod of el'ongcn‘ion ef[sH] - labeled strands sedimenfe“d prgdeminaﬁrly as single
replication umfs ang 7 (b)) Some overlap of[’ C] - and[3 ] = Iabeled s#¥ands is
cppcrent Despite this, it is evident that a slgnIF'canf amount of[ HB labeled |
early S DNA was elongafed wufhout mvoLLment of mid S sequ\hces o__,r

Ttu/esulfs descrlbed in Fig. 7 support a. clustered model of replication unit -
organizatian. An oddmonal pomf is, that DNA sfrands pulse labeled in ecrly S for
30 min. are only sllghfly longer than those labeled. for only 5 min. (compare Flg. 7.
(a) and Fig. 5 (a))+ In faoct, extension of the Iabelipg_period to | hr. jsstill ° U
insufficient to show an increose in the size distribution of nascent strands "corr;paroble‘

7,

with that predicfedlby the rate ofa chain elongation (Fig.. 12 (a)). These observations

argue strongly for the view that the rate of\ assimilation of ea/;ly S strands is limited

by the joining of ad|ocenf rephcohon units within clusters. .
Because of the omb:gucty resulfnng from the overlap of[ H] ond_[ C]

labeled DNA in Fig. 7, we soughf a more sensitive approach to the question ofﬁ wherher

replicatiorz units labeled in eallly and mid S ar\e‘ pdtf of the s:a'mej-h‘igi‘)-hol'eeulm‘f-

weight-polynucleotide strand. The method of di§ﬁng‘uish}Qg replieafien units

synthesized at different stages of the S phase by base cornposition (seefién {c)) was

tried, but was judged insufficient fo disfing;;ish the smal changes in buoyant density

' .
e




[

¢

invalved. Differential isotopic and density labeijng provides a direct and probably

the most sensitive means of/d’cri_fying this question. Accordingly, the follewing two

protocols were established to differentially label early and mid S replication unifts:-
(a) Replicating DNA was lcb;eled for 10 min, wifh[3H] dThd at I} hrs. post-serum,
" chased with unlobeled dThd and then subshfufed with BrdUrd befwe.en 13.5 and

18.5 hrs, post-serum (b) In a reverscﬁ of this procedure, DNA was labeled wrfh

‘G

BrdUrd befween Il and 1.5 hrs. post=serum, .chased with dThd, and labeled wnth

.

[BH-J dThd between |3 and 18 hrs. post-serum. ’ .

dn all expenmenrs, incorporation of BrdUrd was mohitored by parallel

culfures labeled wnfh[ H] BrdUrd. Flg 8 shows that the elongation of nascent
srrands\labeied by bofhprorocol (a) cmd (b) is sumrlcr fo that described in Fig. 5 and
Fig. . 6 Thus, mlnlpuiahons mvolved in densuty labelmg dld not prevent fhe
t::ssif;\ilcfion into high-molecular-weighr strands of DNA pulsé labeled early in$ phcase.c

4

The densrry of hlgh-molecular-wenghf strands was measured by i lsopycnlc

cenfnfugchon in alkaline Cs2504 - CsCI gradients as descrrbed in Fig. 9.~ Célls
were onered on top of a Cs,504 - CsCl solution as described in Materials gnd.

~ Methods inh a manner identical to that used to layer cells for.velocity sedimentation.

-

It is clear from Fig. 9 that high-molecular-weight nascent DNA strands labeled by

both prorocél (a) and (b) fail to show association of both isotopic and density label

within the same polynucleotide strand. Consequently the assimilation of replication
. S

ey

units pulse labeled early in S phase into high-molecular-weight strands does not
S ‘ :

L4

involve replication units initiated between 2 and 7 hrs. later in S phase.




FIG. 8.

o

<

& (a) Cultures were incubated Qi#h [3H] dT hd (33/44.Ci/m|...) foroIO min. at. ~ »

[y

+ Alkaline sedimentation of high-molecular-weight PNA strands from
¢ -

synchronized cells incubated with [3H] dThd and BrdUrd at different .

stages of S phase. ) . . R
4 o c .

€ .

I} hPs post-serum, (@- 0 Hagh—molecular—werghf mad<er DNA (O Q ). was:

<

lobeled wnh[‘C] dThd as descrlbed in Flg 5(a): (b)_ Culfures incubated wn,th' ‘ S
[3H] dThd ot described in (a) were chased with unlabeled dThd unﬁl_A}3.5 hrs.“ ‘ .
post- serum (@-@) and then mcuboted with BrdUrd until 18.5 hrs. posf—serum, '. .

(0-0). ( ) Cultures were mcubated wnfh[ H] BrdUrd (25/J.CI /ml ) befween

- 1l and- I1.9 hrsz post - serum (0 0). ngh—moléculor-welghf mt:rker DNA (O o)

was prqored as in (o). (d )Cuhures mcubafed wﬁh[-aH] BrdUrd as descrlbed"m (c)

::—/
were ‘chased with dThd unhl |3 hrs. (#-— @ ) and until I8 hrs (O- O ) post-serum ., a
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FIG. 9. ' Alkaline Cs, SO, CsCl isopycnic centrlfugohon of hlgh—molecular-

weight DNA sfrcmds formed in syrwhromzed cells mcubored with

’

’ [BH] dTohd and BrdUrd at différent sfﬁges of S '[S'hc':se. ' <
/ ) o ] [y < . . >
. ‘ el X . .
& (a) Protocol fa). Synchronized cultures were incubated with[ H] dThd . .
s , —\
b (33/4.4;C| /ml ) for 10 min. at i hrs, posf—serum chose‘ wuth unlabeled dT hd until E *

13.5 hrs. and.incubated wuth BrdUd unhl 18.5 hrs post-serum (0-0). (b)Protocol

« {b). Synchromzed cultures were incubated wlth BrdUrd between 1| and 11.5 hrs.

.
post—s’erum “chased with dThd anll 13 hrs., und incubated wrfh[gH] dThd -
3/u.C| /ml berween {3 and 18 hrs post—serum (O O) [“C] dThd Iabeled DNA "

o ) A
(Q o) andt-3H] BrdUrd rcbeled DNA (a-A) used os dens:fy nfarkers were I SRS
‘ ¢
, purlfred from rcmdomly growmg cwl'mres Cell lysis and denofurotion q,f DMA ‘were .
performed by direct layering of cells onto an alkalige Cs 504 - Cﬁl soluhon as
14 é -
described ip Materials and Methods. . . T .
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* o .o ‘ 2.3 DISCUSSION,
(a) Rate of DNA Synthesis per Cell as a Function of Chain Growth Within
. " Replication Units anqureﬁuency of Initiation _of’Rep_licafibn Units. "
N - i ] .o ‘ ' : ) R \ ]
: i - E .
. In mouse embryo cells,synchronized by growth in a low concentration of .
i . a . . PR v
serutn, the rate of PNA synthesis per cell increases by 20 --50% during the S phase.
s . e B . . : . . r - \ v
. ,  We conclude that this increase is accounted for primarily by an pcrease in the rate .

of DNA chain growth within replication units, father than by.an expansion of the. -
r : ) ’ 7
. .
number of growing points per cell, on the basis of the following considerations:,

. -

" Accuracy in determination of the rate of chqin growth by experiments of the type S

de%cribed-InCFig .2 on:i ;fable 2 d:epend.; ur:>on a constgn; ratio of inifiation to- '
- 2, :
z © .fenninq-ti:on;f:f repl‘ig;cﬁon L'Jf';ifs durh}g the[—.'sH] dT hd pqlsei 'Si‘ncedthis ,llofio’is ’ _
a g .Ogl;nowri_, one carnot p:ec;isgly qt;antifatg either the rate of chai.n“grogsh gr‘fhe }/ -
C . - ﬁunﬁber)?f re;:;lci}ca;ic;n units.in opéfrafiony durir;g the S phase. However, the value of

<
- o

S F~,' which represents the fracr:trion‘ of labeled DNA of hybr’id ciénslity in Fig. 2

éecreosed in mid S relative to 9orly S (Table 2). Thls decrease is du: to either an .
‘inér_ease‘in ‘the rate of ch'o{n growth or to a decreasep in the ‘rafio‘c";f Tiniﬁati‘on to

¢, .. temination of replication units Iabel_ed d;xriné mid {S as compared to e(a-rly S.

l Assuming fha.‘t ch::zih growth is ;nchar;ged, a‘decrecsg of the iniﬁuﬁor;: termingtion

r&ioj.{ gquivale:ht fo,a\*reducﬁc;n in-'rh'e nuriber of o;;eraﬁng replécaﬁon t.;nffs'; which "

I

;’9 ]

, i-s untenable with an increase in the rate of DNA synthesis per.ceII (Tablel). .

. - N ’ . . y
Therefére, the r8duction in the value of F shown in-Table 2 must have resulted from

~ . ) - ; - < /
an incréase rate of chain elongation within replication units. This increase fully

- & rd

* . accounts fot the ;incr,ease in the rate of DNA‘&yﬁfhesis per cellgduring this interval .




of S phos%‘. This pattern of repiicoﬁon unit operation during tlie mammal’lan S phase

-
~ o

) supporfs prevn0us conclusions regarding chcun growth rafes in Hela cells synchronized
by mlfohc selechon ond doubre dThd block (Pamfer & Schcefer, |97l) as well.as

v
recent measurements of- fork progressuon using-a method mdependent oF the ratio oE
~

initiation to termination of DNA chains (Housman &Huberman, |975) The
finding that fhe'iricrease in fhe rate of fork’ progression,fu”y accounts for an

increuse in the rate of QNA synthes:s perc-cell isin confhct wn'h fhe results obtained -
- Q 4

by Pom\r & Schaefer (1971) employmg Hela cells synchronlzed by the mlfoflc ‘

“ ki

selecfion iechmque_. These gothots found that a 2-fold increase in the rate of fork
) . : ) . . . !
) prc:;gression. wds accompﬁnied. b‘y a 5-fold increase in the rate of DNA synthesis per.

cell, indicating that a 2.5-fold increase in the rate of initiation of new growing

¢ L

_ pomfs had occurred durmg S phasq. In addition to this these authors found that

Synchromzahon of cells by omefhod involving blocking of DNA synfhesns resulfed

)
in no increase’in the rate of initiation of new growing points durhgng the S. phase

‘t;\gf ‘occurred after releo‘sé ?f the-block . . The serun}k st?rvt;fiqn fechniq::e'of cell

;yr}chron‘iz;:ﬁor} described in Fig‘. , prob.::b.ly does 'r)ot re'pl:esenf‘a direct block in°

E DNA synthesis sin.cg a ;ag periad of -IjO hrs. precedes the prﬂetl%:f bNA synthesis
after serum stimulation. Thus it is not |ik‘e|y,",tha'r vfhe method of synchronization .
used in this study alters the nbrmai pat.fer;a of initiation of replication units. The

.
-

data of-Fig. '3 support this conclusion, . Thus there is no apparent reason for the

discrapancy befween ‘our re;ulfs and those of Painter & Schaefer (i97l). Definitive -

o

. - . N ‘ -
. elucidation of factors influencing the rate of DNA synthesis during S phase and of

0"

the mechanisms by which.a cell alters its rate of DNA synthesis must await further 3
L . - . " v AR - i * —_—
" tnvestigation. cooe ;- :
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(b) -Temparal Organization of}niﬁation of ReplicationUnits ~ < . .~
N B ( . ~ . . . -

- -

In agreement with previous work using other methods of ce|| synchroniiation

that that .described here (Tobio'et al., 1970; Bostock & Prescoﬂ |97l abc, Flamm
ef al., .|97| Tobia et al., |971) the present sfudy shows fhat replncahor# units

o

'comprlsmg the mouse genome are initiated throughout the S phase in an orde‘rly
pattern, characterized by differences in base. composition of sequi:ences.' inittated
at different times in S. GC-rich sequences of main band nuclear DNA

(/3 =1.7@ gm./em. ) are réplicoted first. These are follpwed by the - .
. ) ‘
initiation of sequences which gradually shifts the base composition of labeled . (

DNA.to AT-rich late in' the S phase. Satellite DNA Sﬂ—l -691 gm Jem. )is

| rephcofed in mid and late S. . . T

.
- @ - P -
v

The order~with which sequences are initiated has allowed us to begin

preliminary studies on the control of S phase. In this contéxt, we have
LN < N T .
~determined that the orderly progress of the S phase is at least irr part, a self-

regulatory process, i.e. the inifiation of mid S replication units is dependent upon

the replication of early S sequences. s \

Y
.

L]

» Little is khown concerning theﬁechdnim by which replication of one class .
] . ) - ’ '
of replication units triggers the initiation of another class. It seems very likely -
. howévgr, that this mechanism is mediated by transcription and the orderly formation

py; @




S

“ at least as high as that in early S, replication units labeled- during a short pulse in

- .O )
. ) L 60

" . . A

[ v
v

of specific proteins, since continudus protein synthesis is required for both the

<

.

initiation of replicafic7 units during S and maintenance of ltbe polymerization of .
. . - . ° -

DNA strands within' replication unitg{Mainprize & Cheevers, unpublished data). -

- ¥

(c) Spatial Organiiaﬁon of Replication Units

4 . o

. 4 ‘ bl k } s ) . R ‘
The data fronﬁ}% experiments provide ? picture of the spatial aspects of : '
the formation of high-molecular-weight nascent DNA strands during S phase. Hi\gh—‘
) ' ’ '

. ) . 7 . 8 .
molecular-weight.strands are d as nascent strands of 1.7 x 10 daltons which-
g

represent a random sample of fragments, each consisting of a minimww of 3 average
/ ,

length replication units. The rate of formation of a nascent DNA strand several

L3
Feplication units n length is determined by three factors: (i) the frequency,of

- ]

*

initiation of replication over that'segment of DNA, (ii) the rate of chain
/ . . s “ .
elongation within the constituent replication units, and (iii) the rate of ligation of

completed nascent strands of adjacent replication units. . : '

-
. .

The ddta of Fig. 6 shows that the complete assimilation of nascent strands-of ¢

v [l 3

replication units pulse labeled early in S ph&se covers a period of 8 hrs., a length -

of time similar to the duration of S phase: One explanation for this result is that the
r
- "
formation of these strands is continuously dependent on initiation of replication. We

%

sought to answer this question by detesmining whether assimilation of nascent strands

.

of repli¢ation units pulse labeled early in S phase involves replication units, initiated
D . ! . P e

later. It was found that despite the fatt that the frequency of initiation in mid S is

~—

o 1 .

early S are’ assimilated without the participation of these newly initiated sequences. -

These results indicate that there is no significant spatial interspersion of mid $-

. {r
, \
. " ,
» ! . .
. pu )

- [

§ : . ’ N
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“replicatioh units among the replication units initiated in-early S. Thus we conclude

that the genome is characterized by a high degree of spatial clustering of rep{icdtion

sections which are independently replicated, at least through mos;f of the S phase.

~ A clustered model of genome organization is fundamentally in agreement with data

, , : L -
"derived by DNA fibre autoradiography (Huberman & Riggs, 1968; Hori & Lark, 1973;

- Hand &Tamm, .1974; Hand, 1975). Estimates.of the size of replication unit clusters

. “‘ ; .
cannot be made because of physical constreints on the isolation of high-molecular-
weight DNA. A minimum average valueof 1.7 x 10® daltons of singlestranded DNA '

may be os.signed, but they are probably longer.

The involvement.in assimilation of chain growth within the constituent .
. L

-

: replicafi?'n sections of early S cll‘férs cannot be"‘def'ermined from Fig. 6, ’since

alkcline' sucrose gradient centrifugatio;m as performed here does not directly measure .

SR DNA pol);merizah'on’wnhin replication units, but rather.the overall process c;f > .-
’ . assitilation of labeled segments into 'high-‘molef:ub[-weigh} sfra:\ds. The data of :

.'\j Table @ provide d better megsurement of rate of chain growth along replication units.

-

) These results indjcate that this parameter does not play a rate limiting role in .
. 'y ‘ . ,

a¥imilation of early S replication units, since it is much higher than the overall

rate of chain growﬂ;'i determined in Fig. 6. Even if a slower rate of chain growth

. - ’ -

inreplication units is assumed, such as-that measured by autoradiography .

an &Riggs, 1968; Housman & Huberman, '|.975), complete assimilation wc;uld.
. ( , ) . . .t ,f
rin a period of only about | hr. o C 3

Thus the following disparity is evident: The frequency of initiation of
+ ]
_replication units within highrm&lecqlor-weighf strands and the rate of.chain growth

. N , '
within them are adequate to ensure the formation of high-molecular-weight DNA




strands within | hr. at most. Despite this, assimilation of the constituent replication

e 1

‘'units of early S clusters requires 8 times longer, i.e. essentially the entire S phase.

To account for this, we propose that the process of merging nascent strands of adjacent

»

) . . replication sections plays a major role in the rate of completion of high-molecular-

~

weight strands. This is strongly supported-by fhe fact that a [2-fold increase in the

time of exposure of S phase cells fo[sH] dThd labels DNA  strands which fall

markedly short of the size distribution predicted by.the rate of strand growth alone

- | (Figi2(@). . . S ]

The assimilation of nascent sfrands of rephcohon units labeled in mid S covers

a period of 4 hr. The frequency of initiation of these replication uRils is at- leosf as

N 2,

- high as Jhaf occurmg inearly S ond fhe rate of chain growth is faster rhon that of

.- early:S replicationiunits. T,hus, the same dispority noted in early S befween the

l:angfh!of timé necessary to qssimi.ldfe the DNA and the prevailing rate of chain

elongation is also evident in mid S.

-

L

. Severol facfors may contribute to de&ré&‘se the length of time required for
' . \

o

c0mp|efe ossnmllcmon of DNA sfrands at later stoges of fhe S phcse. First, of

course, is the fact that the rate of strand grow1£ along replication unlfs increases.

Secondly, the rate of merging’of adjacent replication units may increase. This is
. & ’ = ‘ M
sbpported by the fact that a I-br. pulse with E3H] dThd administered 4t progressively

later stages of the S phase _labels DNA with a progréssiv‘ely increasin ﬁercentagé of

maximum-size strands ( Fig. 12 ). Another factor which probably confributes
. . . . ) - . .
R to these results is the merglhg of replication unit clusters during later stages of the S

phase. The present work shows no evidence for the merging of clusters, but- this is

not surprising if the length of clusters exceeds the maximum size-of DNA sfrdnds ’

‘
~ . N

. s »
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Q - . 6i.’
- & h N -
.

isolated. The greater the length of replication unit clusters relative to the molecular
"» . <

-

. weight of the DNA analyzed, the mere difficult it becomes to detect the strands
containing the sequences of adjoining clusters.

" We have prgviousl)?\observed that complete assimilation of replication unit

»

size nascenf strands into high-molecular-weight DNA oceurs in exponentially ' ‘

. . N .
growing mouse embryo cells at a much faster rcﬂ{fhon that measured in Fig. 6
; \ ..

L ( Fig. ll; Cheevers et al., 1972). Huberman & Horwitz (1973) have also -

determined that assimilation is complete in randomly growing Chinese hamster cells

’
~
4

within a period of | hr. $ince randomly growing cultures contain cells in every .
. ' . . ’ vt ‘ ¢
stage of the S phase, fhey,demonstrc‘fe a rate of DNA chain elongation which-’

-+ . measures the average of that observed at various stages of S in synchronized tultures.

~ -

a -
" The finding that assimilation in asynchronous cultures proceeds at an apparent rate

< of 8 times faster than earlyl S-phase cells and 4 times foster than mid S-phase cells is
’ A

consistent with the model of genome organization presented here. Such an increase
. B s . - S o .
would be predicted from the presence in a randomly growing culture &F cells in, the
' A ' ' ¢ < - L} : ) -
later stages of S, in which merging of adjacent replication units is maximal and in .
o Py .

which the joining of previously. replicated clusters is occurring.

.
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FIG. 10,.  Uptoke and incorporation ofisﬂ] dT hd by mouse embryo cells.

Medium containing [3H] dThd ( 20 uCi./ml.; specific activity,

3.78 x 107 counj‘s/min./nn‘i‘ole) was added to e)gﬁgnénti?l phdse mouse embryo

3
~

7 cultures. At the indic_cj:ted times, incorpérofion was é’roa{ed in d‘Uplicat;a c;lfures . L '
by addition. of cold SSC . Ceulls were washea'twice in col\d SSC and .i).tsed with19% , - ‘ ’ '
SDS. An equal volume of 10% trichloroacetic ac;d was added to the lysate, and

the mixture Filterefi throQéh Milliporé -Filterg.' lee acid-inso1°;1k;|e fraction re_fained

on the filters was analyzed for radioactivity as described in Materials and Methods. Lo

Labeled dThd nucleofides were isolated from the acid-soluble filtrate fraction by K

DéAE-cerlose 'r'hin,lc:yer chromafogro‘phy‘. IO/ul‘. of the 5% trichloroacetic acid
soluble fr'cction were “cmolyzed dlong with | 4l . each of 0.05 M‘dyd and 0.03
M dTTP by ascending chromatography for | hr. in [0.005 M ammonium formate -

0.001 M formic ocid} .- (@-®), Incorpordtion into acid-insoluble fraction.

(O-Q), upjake into ocfé-so!uble nucleotide fractien. _ o R ‘
. // . - ) . ’ ‘v B .-‘ | ‘,‘ .

' » ' ° ' . i ) \ v - N
S 4 . o
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FIG. Il " Rate of formation of high—molecular-we'ight nascent DNA strands in

unsynchronized cells. -

B : Exponentially growing cultures of mouse embryo cells were pulse labeled
 with

[3H] dT hd (33uCi ./ml.) for 10 min. and chased with unlabeled dThd for the
| ;
times indicated. Nascent DNA strands were analyzed by velocir?' sedimentation

’

in alkaline sucrose gradients and average molecular weights were calculated as
] «

described in Materials and Methods. Different symbols denote separate experiments.’
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FIG. 12 . Analysis by velocify. sedimen;qﬁo‘n in alkaline sucrose gradients of

~

DNA synthesized in sythronized‘ce‘lls‘., «
'Cells were pulse labeled with PH] dThdwglo/uCi.'/mi .) for 60 min. at?lQ - .

U hrs., (a); 14 = {5 hrs., (b); 18 - I%hrs., (c); and 22 - 23 his., (d),post*?-um.
’ - v‘ . i ‘ .
'Highjmolecular—weight marker DNA wasabgled with[MC] dT hd as described in

-

Fig. 5(a). DNA was analyzed by alkaline 5ucrose’gelocify sedimentation as
" described in Fig. 5. l4c - labeled Form § polyoma virus DNA was included as a
: " -

¢ - labeled cell

¢

.

.iedir_nenfqﬁon marker. (Q;D), 3H - Iabel/ed DNA; (@®),
o - ;5. e i .

- DNA; (A-“A )' I4‘C - labeled poldyomo virus DNA'.' .
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