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SUMMARY

Xenopus embryos initiate replication at random closely
spaced sites until a certain concentration of nuclei is
achieved within the embryo, after which fewer, more
specific chromosomal sites are utilized as origins. We have
examined the relationship between nucleo-cytosolic ratio

early Gi-phase nuclei, replication initiated at apparently
random sites at all concentrations, despite an identical
relationship between nucleo-cytosolic ratio and replicon
size. Furthermore, permeabilization of late-G-phase
nuclei, using newly defined conditions that preserve the

and origin specification when Chinese hamster ovary
(CHO) cell nuclei are introduced intoXenopusegg extracts.

At concentrations of intact late-G-phase nuclei that

approximate early Xenopusembryos, the entire genome
was duplicated nearly 4 times faster than in culture,
accompanied by a de-localization of initiation sites at the
dihydrofolate  reductase (DHFR) locus. As the
concentration of nuclei was increased, the number of
initiation sites per nucleus decreased and initiation at the
DHFR locus became localized to the physiologically utilized
DHFR origin. Origin specification was optimal at nuclear

overall rate of replication, eliminated site-specificity, even
at nuclear concentrations optimal for DHFR origin
recognition. These data show that both nucleo-cytosolic
ratio and nuclear structure play important but
independent roles in the regulation of replication origin
usage. Nucleo-cytosolic ratio clearly influences the number
of replication origins selected. However, titration of
cytosolic factors is not sufficient to focus initiation to
specific sites. An independent mechanism, effecting
changes within G-phase nuclei, dictates which of many
potential initiation sites will function as an origin.

concentrations that approximate theXenopusmid-blastula
transition (MBT). Higher concentrations resulted in an
overall inhibition of DNA synthesis. By contrast, with intact

Key words: DNA replication, Cell-cycle, Origin decision point, Mid-
blastula transitionXenopusegg extract

INTRODUCTION average rate of replication fork progression was similar at low
and high sperm concentrations, implying that fewer origins were
Pre-blastulaXenopusembryos initiate replication at evenly utilized at higher nucleo-cytosolic ratios. Since origin mapping
spaced sites distributed at random throughout chromosomess not performed in these experiments, it was not possible to
(Hyrien and Mechali, 1993). Similarly, with naked DNA determine whether this reduced replication rate resulted in a
templates or wittKenopussperm nuclei as a substra¥enopus  more specific selection of origin sites.

egg extracts initiate replication within apparently any DNA An alternative hypothesis proposes that changes in nuclear
sequence (Coverley and Laskey, 1994; Gilbert et al., 1995, astiucture taking place at the MBT focus replication to specific
references therein). This contrasts sharply with origin-specifisites (Gilbert et al., 1995; Hyrien et al., 1995). The MBT, which
initiation of replication observed in cultured fibroblasts (Gilbert,takes place at the 12th cell division, marks the onset of zygotic
1998). Recently, it was shown that origin specification ingene transcription (Kimelman et al., 1987; Newport and
Xenopusembryos is first observed after a critical concentratiorKirschner, 1982a,b) and cell differentiation (Montag et al.,
of nuclei is achieved (Hyrien et al., 1995), at or near the midt988), accompanied by changes in nuclear structure that could
blastula transition (MBT). Two different but not mutually repress initiation at some sites while facilitating initiation at
exclusive hypotheses have been proposed to explain thighers. For example, changes in histone (Dimitrov et al., 1993)
transition. One explanation proposes that high concentrations ahd nuclear lamina (Benavente et al., 1985; Stick and Hausen,
replication factors in the early embryo allow relaxed origin1985) composition as well as a reduction in nuclear volume
specification and these factors become titrated as DNA @ontag et al., 1988), an increase in the size of supercoiled
replicated (Blumenthal et al., 1974; Diffley, 1996; Stillman,chromosome loops (Buongiorno et al., 1982), and a change in
1996). In support of this hypothesis, it was recently reported théte distribution of replication proteins to resemble that in
high concentrations of sperm chromatin exhibit a lengthened Somatic nuclei (Leibovichi et al., 1992), all take place at the
phase inXenopusgg extracts (Walter and Newport, 1997). TheMBT.
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Direct evidence for a role of nuclear structure in originwarm medium and released inte-hase by plating in fresh medium
specification has come from studies with Chinese hamstéer 2 hours or 4-6 hours to obtain pre-ODP or post-ODP cells,
ovary (CHO) nuclei introduced int&Xenopusegg extracts respectively. Cells were used either fresh or small aliquots were frozen
(Gilbert et al., 1995; Lawlis et al., 1996; Wu and Gilbert 1996in complete medium supplemented with 10% DMSO and thawed just
1997; Wu et al., 1997). Incubation of intact latefthase Pror to €ach experiment.
nuclei in cytosolic extracts frotdenopusggs results in the de  preparation of nuclei

novo initiation of replication specifically within the CHO |niact nuclei were prepared as described (Wu et al., 1997). Briefly,
dihydrofolate reductase (DHFR) origin locus (Gilbert et al.,cHOC 400 cells were resuspended in cold transport buffer 7at 10
1995; Wu et al., 1997). If these same nuclei are washed in nogells/ml, an equal volume of transport buffer containing 150-160
ionic detergent prior to introduction into extract, replicationpg/ml digitonin (CalBiochem) was added (to obtain a final

initiates at apparently random sites distributed throughout goncentration of 70-8ig/ml digitonin) and the cells were incubated

120 kb region surrounding the DHFR locus (Gilbert et al.for 5 minutes on ice. Permeabilization of the cytosolic membrane was
1995). Most strikingly, when metaphase chromosomes ar_t@rminated by the addition of one volume of 3% bo_vine serum alpumin
introduced into these same extracts, replication initiates at! transport buffer and cells were collected by brief centrifugation at

. S . . ,000 g. Permeabilized nuclei were prepared following the same
novel specific site within the DHFR gene itself (Lawlis et al., rocedure, adjusting the final concentration of digitonin, Triton X-100

1996). Recognition of this specific site requires topoisomeras@igma) or Nonidet P40 (Boeringer, Manheim) to the indicated
ll-mediated chromosome condensation. Finally, with intactoncentrations. Exact concentrations of digitonin and detergents that
early G-phase nuclei as a substrate, replication initiates afroduce the cell populations described in this report must be
apparently random sites (Wu and Gilbert, 1996). This findingletermined for each batch of reagent. Cell and nuclear morphology
allowed for the identification of a distincti@hase point (the Wwas examined by phase contrast microscopy. Permeabilization of the
origin decision point; ODP) at which nuclei experience ghlasma and nuclear mempranes was verified by following the ability
transition required for specific recognition of the DHFR origintorg\’/‘g'”dPeA;—e;ﬁz Rt?f'g?;ilr‘d%gtexi:ﬁca O(EC/)”':'D‘Z‘; g%ﬁgsrﬁigir';gb;v West
?gai(iugﬁuse%. cytoslol. Together, trf1ese olbg('erv'atlons Su99.?§ﬁenylinodole (DAPI), using a Nikon Labophot-2 microscope, as
anges in nuclear structure focus initiation to specififg ripeqd (Wu et al., 1997).

genomic regions.

The ability to map a specific replication origin after initiation Analysis of DNA replication in ~ Xenopus egg extracts
by Xenopusegg extracts provided us with the opportunity toActivatedXenopusgg extracts were prepared as described (Chong et
investigate the relationship between nucleo-cytosolic ratio anal., 1997; Wu et al., 1997) and supplemented with 25 mM creatine
origin specification. Here we show that, Xenopusegg Phosphate and 5@g/ml creatine phosphokinase. Rates and extent of
extracts, both nucleo-cytosolic ratio and nuclear structure pladyNA replication with CHOC 400 Gnuclei were evaluated by
important but independent roles in the regulation of replicatioff€2suring the amount of acid-precipitalie’P]dATP as described

i : . Gilbert et al., 1995; Chong et al., 1997). Specificity of initiation in
origin usage. When intact postODP CHO nuclei wer he DHFR locus was determined by the early labeled fragment

introduced intoXenopusegg extracts at much lower nucleo- pyyyigization (ELFH) assay as described (Gilbert et al., 1995 Lawlis
cytosolic ratios than previously attempted, a marked increasg al., 1996). Briefly, nuclei were incubated for 90 minutes in a
in the number of initiation events was observed, coinciderntenopusegg extract supplemented with 1Q@/ml aphidicolin.
with the use of origins not typically utilized by cultured CHO Nuclei were then washed free of aphidicolin and the earliest
cells. Titration of Xenopuscytosol reduced the number of replicating nascent DNA chains were labeled briefly with [
origins utilized and was necessary for optimal physiologi¢?PIdATP. 17 unique probes distributed over a 120 kb region that
origin preference with post-ODP nuclei but, was not sufficienincludes the DHFR oif- were immobilized to nylon filters with an

ot b _ EVENFLOW slot blot apparatus (Laboratory Product Sales,

aoui?giui:em;}?ﬁ?;bitﬁzgﬁ DHST_%ngLgI?“\fglt him gfj?ciepsrﬁltcs)DaF;Rochester, NY) and hybridized to tRéP-labeled early replication

. pe! po el & fhtermediates. Relative cpm were obtained by phosphorimaging
consistent with the presence of a factor(s)Xenopusegg  analysis and adjusted for differences in probe size, deoxyadenine
cytosol that regulates the number of origins fired per genomeentent, and hybridization efficiency by normalizing to the
However, origin specification requires components of nucleatorresponding values for parallel hybridizations with labeled
structure assembled at the-ghase ODP. We suggest that replication intermediates from exponentially growing cells. The
similar components may be assembled after the MBT ihybridization probes used in this study have been previously described
XenopUSmbryos' (Gilbert et al., 1995; Lawlis et al., 1996)

Measurement of replication fork elongation rates

Intact post-ODP nuclei were resuspended at 1,000 or 10,000 plclei/
in Xenopusegg extract and allowed to initiate DNA replication in the
presence of 10Qug/ml aphidicolin. After 1.5 hours, nuclei were
Cell culture and synchrony washed three times with ice-cold hypotonic buffer (20 mM
CHOC 400 is a CHO cell derivative in which a 243 kb segment oHepes/KOH, pH 7.5, 5 mM KCI, 1.5 mM Mggland resuspended
DNA containing the DHFR gene has been amplified ~500-fold byin ice-cold fresh extract containing-F2PJdATP at their respective
stepwise selection in methotrexate (Hamlin et al., 1994). CHOC 40Auclear concentrations. Samples were incubated at 21°C and aliquots
cells were propagated in Dulbecco’s modified Eagle’s mediunwere stopped at various times by the addition of lysis buffer (50 mM
(DMEM, Gibco) supplemented with nonessential amino acids andtris-HCI, pH 7.8, 10 mM EDTA, 0.4 M NaCl, 0.6% SDS) containing
10% cool calf serum (Sigma) at 37°C in a 5% 2Cfimosphere. 800 pg/ml Proteinase K and 400g/ml RNase A. After overnight
Homogeneous populations of cells blocked in metapha8s%) incubation at 56°C, DNA was extracted five times with phenol and
were obtained by mitotic shake off as described (Gilbert et al., 1995)wice with phenol-chloroform and precipitated with 0.8 volumes of
with the following modifications. Mitotic cells were washed once inisopropanol. DNA pellets were washed with 70% ethanol,

MATERIALS AND METHODS
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resuspended in alkaline loading buffer and separated on a 1% alkalirglationship of nucleo-cytosolic ratio to replication rate was
agarose gel as described (Sambrook et al., 1989). maintained whether pre- or post-ODP nuclei served as the
substrate for replication (Fig. 1).

RESULTS Higher efficiency of replication is due to an
increased number of synchronously firing
Efficiency of in vitro DNA synthesis replication origins

In all of our previous studies, the efficiency of mammalianThe experiments described above reveal that the efficiency of
nuclear DNA replication inXenopus egg extracts was replication at 1,000 nucleif of extract (~100% of the genomic
determined at 25,000 nuclei per microliter (150 ng DNAdf DNA replicated in ~3 hours) is greater than that achieved in
egg extract (Gilbert et al., 1995; Lawlis et al., 1996; Wu andultured CHO cells (~10 hour S-phase). The increased
Gilbert, 1996, 1997; Wu et al., 1997). At this concentration o&fficiency at lower nucleo-cytosolic ratios could be due to: (1)
nuclei, we rarely observed greater than 30% of the totan increased rate of replication fork elongation, (2) an
genomic DNA replicated over a 2-3 hour incubation periodincreased number of synchronously firing origins, or (3) a
This contrasts sharply to the rate of genome duplicatiodecrease in the number of pause sites for replication that may
observed wheiXenopussperm nuclei are replicated at 1,000 exist in certain gene clusters (Gerber et al., 1997), or at the
nuclei per microliter (3 ng DNAW) in the same preparations boundaries of early- and late-replicating chromosomal
of extract (Gilbert et al., 1995). Under these conditions, 100%domains (Epner et al., 1988; Kitsberg et al., 1993; Selig et al.,
of the genomic DNA is replicated in less than 1 hour. Twdl992; Strehl et al., 1997; Tenzen et al., 1997). To distinguish
possible explanations for this discrepancy seemed likely. Ibetween these possibilities, we measured the elongation rate
vivo, Xenopussperm nuclear replication is completed within for nascent DNA strands at 1,000 and 10,000 nytlektract
20-30 minutes, whereas the length of S-phase in CHO (CHOig. 2). Nuclei were first incubated inX@nopusegg extract
400) cells is approximately 10 hours. Thus, it was possible thaupplemented with aphidicolin, which blocks the processive
the rate of DNA replication is an inherent property of the typeslongation of replication forks, allowing replication bubbles to
of nuclei presented to the extract. For example, initiation of

replication could be limited to widely spaced origins within the

early replicating, euchromatic fraction of the genome, with the A Pre-ODP C ProoDP
middle and late-replicating fractions of the genome being 30 "
refractory to initiation. Alternatively, the rate and extent of 1001 1 I ™I
replication could reflect the titration of limiting factors in the /1 l I 20-
extract at high concentrations of nuclei. o) ol

To distinguish between these possibilities, various % 507 T/I /I/’“’ 104 / /’
concentrations of either pre-ODP or post-ODP CHO nucle © Y ./!/i_—.\. ./o o
were incubated iXenopusegg extract and the rate of genome 2 “:afé’e __‘_ég_/_r/ N
duplication was determined. CHO (CHOC 400) cells were g 0%%oi=tmtetmtimp| 0f==fv——2—"0"—0
synchronized by mitotic selection and released intgpliase < B. Post-ODP D. Post-ODP
for 2 hours (pre-ODP) or 4-6 hours (post-ODP). Intact nucle £ | | 307 .

. Q 100 .

were prepared from these cells, incubated Xeaopusegg - I 4 l\T
extract supplemented witha{32P]JdATP at concentrations < vl ™ 20
ranging from 500 to 500,000 nuclei pdrand the percentage l I _+4 i S
of input DNA replicated was determined (Fig. 1A-D). 507 ;/L/I 10 / /
Consistent with previous results, at 25,000 nygleiéss than .:/t o _eo—e—® - /0 /°
30% of the input genomic DNA was replicated over the cours Olié@,—’jA,_A A— 05;/5—-__4&_/‘;\2@

of 2 hours. As the concentration of nuclei was reduced t
1,0004l, the efficiency of replication increased substantially s )
and nearly all genomic DNA was duplicated within the sam Minutes in Extract

time period. In experiments where nuclei were incubated iRy 1 Efficiency of DNA replication at various concentrations of
Xenopusegg extracts supplemented with biotin-11-dUTP,qyclei. Intact nuclei from either pre-ODP (A and C) or post-ODP (B
100% of the nuclei incorporated similar amounts of biotin aknd D) CHOC 400 cells were incubatedienopusegg cytosol

all concentrations at or below 25,000/(not shown), supplemented withof-32P]JdATP at 1,000M), 10,000 #), 25,000
indicating that the total fraction of input DNA replicated (@), 50,000 &), 100,000 [J) and 250,000Q) nuclei perul extract.
reflects the fraction of the genome replicated in each nucleushe percentage of input DNA replicated at the indicated times was
Reducing the concentration to 500 nugleidid not further ~ determined by acid precipitation, assuming a concentration k60
increase this rate (not shown), suggesting that maxim&¥ATP in the extract and 6 pg DNA per nucleus (see I\_/Iaterl'als and
replication efficiency has been achieved. At concentrations dfoﬁggr?tsr?a{t%:gv\\:\?elrse tgre]a?;’zeéggseirgfjItt";ﬂeegf;;zﬁgt;;n\g?igg‘oie\‘,’vig
nuclei above 25,000, the emC'.enCy of repllc_atlon CO”.“”‘!’?O' reater than 10. Additional experiments showed no further increase
to decrease. At all concentrations of nuclei where significan, repjication rate or total fraction replicated from 1,000 to 500
DNA synthesis was observed, incorporation @PfPJdATP  cleipl. In C and D, the first 60 minutes of the reactions shown in
was reduced after 1-2 hours and was barely detectable aftep3ind B are expanded to illuminate the onset of DNA synthesis
hours, at which time extracts appear to have lost their capacityllowing a 20 minute lag period (Gilbert et al., 1995; Wu et al.,

to continue synthesizing DNA. Importantly, the samel1997). Similar results were obtained in 4 independent experiments.

I N 1 N
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Fig. 2. The rate of replication fork elongation g B -
is constant at different nucleo-cytosolic 1,000/l 10,000/pl ' —i5000p 05 min-
ratios. (A) Intact post-ODP nuclei were Time: 55 115 2 3 5 05 115 2 3 &

incubated at 1,000 or 10,000 nugléiih a (min.) ;

Xenopusegg extract supplemented with

aphidicolin. After 1.5 hours, the nuclei were y,. 1 min
transferred to fresh extract containing [ —

32P]dATP and DNA was isolated from 6.6 D>
aliquots of this reaction at the indicated

times. Labeled nascent DNA strands were  +4 2
then separated on a 1% alkaline agarose gel

and the dried gel was exposed to a Moleculat-3 ;
Dynamics phosphorimager cassette. End 2.0
labeledHindlIIl digested lambda phage
restriction fragments were included as
molecular mass markers, the positions of
which are indicated with arrowheads.

(B) Each lane of the gel in (A) was analyzed A
with Image Quant software. The heights of 125y ’
the peaks for the two nuclear concentrations

at each time point were adjusted to be _ A A M OAA
approximately the same and the traces for Kb:_0.125 0560 2023 44 66

both concentrations at each time point were

plotted together, for comparison. The absolute amount of radioactivity in the lanes from samples incubategilavas0P@& (+0.9) times
that of the corresponding samples incubated at 1QuQ@¥spite the fact that there was 5 times as much DNA loaded in the lanes from
samples incubated at 10,0aD

/\i

//\1
‘/A-lmm.

56 m-

accumulate with forks arrested close to their sites of initiatiorperiod of time. However, these data alone do not demonstrate
Nuclei were then transferred to a freshnopusegg extract thatXenopusegg extract is eliciting initiation of replication at
lacking aphidicolin and supplemented withJ2P]JdATP. DNA  sites not normally utilized by CHO cells. In CHO nuclei,
was isolated at various time points and the sizes of nascent [genome duplication is mediated by a temporally staggered
32P]-DNA strands were analyzed by alkaline gelseries of clustered initiation events (O'Keefe et al., 1992,
electrophoresis. Results (Fig. 2A and B) demonstrated thdaljanidisz et al., 1989). Thus, an increase in the rate of
labeled nascent strands detected at 1,000 nuicsitract were  genome duplication could be effected by a more synchronous
of the same size and increased in molecular mass at the safineg of these normally staggered initiation events. To more
rate as those labeled at 10,000 nuglegktract. The calculated directly assess whether the increased efficiency of replication
rate of elongation, 4.5+1 nts/second falls between similais mediated, at least in part, by initiation at non-physiological
measurements of replication fork rate that have been made wiites, we evaluated the sites of initiation of replication at
Xenopussperm chromatin ilXenopusegg extracts at 21-23°C various concentrations of nuclei using the early labeled
(Lu et al., 1998; Mahbubani et al., 1992; Walter and Newporfragment hybridization (ELFH) assay (Fig. 3). This assay
1997), and is less than 1/6 the rate observed in culturezlaluates the genomic positions of the earliest nascent DNA
mammalian cells at 37°C (~30 nt/second; Brown et al., 1987%trands to be synthesized (Gilbert et al., 1995). Nuclei were
Comparison of the intensity of nascent strand labeling at eaéhcubated for 90 minutes in aenopus egg extract
nuclear concentration indicated that significantly moresupplemented with aphidicolin. Aphidicolin was then washed
replication forks were labeled at 1,000 nugile@xtract. Since away and nascent replication forks were briefly labeled with
this increase in the number of labeled replication forks at lof-32P]dATP. The genomic distribution of these short, pulse
nucleo-cytosolic ratios was evident from the very earliest timéabeled nascent strands was determined by hybridizing them to
point (30 seconds; Fig. 2A), when replication forks had nol7 unique DNA sequences derived from specific positions
traveled far from their sites of initiation (average size ~180 bpencompassing 120 kb of the DHFR locus. In Fig. 3, the relative
and since the distribution of nascent strand sizes is similar atmounts of hybridization of these labeled strands are plotted
both concentrations, it is highly unlikely that the decreaseds the map position of each DNA segment, giving a distribution
labeling at 10,000 nucleif extract is a result of forks that have of the relative frequency at which replication initiated near
encountered pause sites. Hence, the data are most consistath probe. At 10,000 and 25,000 nupleiéxtract, most
with an increase in the number of initiations per nucleus aeplication forks were arrested by aphidicolin in a region 10-

lower nucleo-cytosolic ratios. 40 kb downstream of the DHFR gene, consistent with all
S ] previous origin-mapping results at this locus either after

Increased number of origins fired is accompanied initiation in cultured cells or with intact post-ODP nuclei

by a disruption of the post-ODP initiation pattern introduced intoXenopusegg extracts (Gilbert et al., 1995;

The results described above demonstrate that replication of tk@bayashi et al., 1998; Lawlis et al., 1996; Wang et al., 1998;
entire CHO genome can be achieve&X@nopusgg extractin  Wu and Gilbert, 1996, 1997; Wu et al., 1997, 1998). As the
a fraction of the time it takes cultured CHO cells, mediated bgoncentration of nuclei was reduced, there was a significant
the initiation of replication at more origins within a shorterloss in the preference for initiation at the DHFR origin
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indicating that, at low nucleo-cytosolic ratiosXanopusegg the data from Fig. 1. The two curves are strikingly similar. Fig.
cytosolic factor(s) causes replication to initiate at sites no4B is consistent with an excess of some replication factor(s)
normally utilized by cultured cells, even within intact post-that becomes limiting between 10,000 and 25,000 nptlei/
ODP nuclei. By contrast, no preference for the DHFR origirFig. 4A is consistent with an activity capable of initiating
was detected at any nucleo-cytosolic ratio with pre-ODP nuclegplication at non-origin sites that also becomes limiting
as a substrate. Hence, titration of this factor(s) is not sufficiertetween 10,000 and 25,000 nuglki/As the concentration of
to limit replication to a single site or a set of preferred sites. nuclei exceeds 25,000/ there is a decrease in the total ng of
As the concentration of nuclei was increased abov®NA synthesized by the extract (Fig. 4B). This inhibition of
25,000y, a decrease in specificity was detected. We interprddNA synthesis was not accounted for simply by dilution of
this to reflect a decrease in the signal to noise ratio as tenopus egg extract; no significant inhibition of DNA
amount of DNA synthesis due to bonafide and site-specifisynthesis (at 25,000 nuclglf was observed when extracts
initiation of replication decreases relative to other sources afere diluted with an amount of buffer equivalent to the volume
DNA synthesis that would lead to general, de-localizedf nuclei at 100,00 (not shown). We conclude that
radiolabel of DHFR sequences, such as the elongation obncentrations above 25,000 nugiéilead to an overall
contaminating pre-primed templates (from the <1%inhibition of DNA replication and a loss of detectable origin
contaminating S-phase nuclei) or DNA repair, all of which areecognition due to a decrease in the signal to noise ratio in
negligible at 25,000 nucleil or less (Gilbert et al., 1995, and ELFH assays. The decrease in origin recognition at lower
data not shown). This interpretation is supported by the factoncentrations of nuclei is clearly not an artifact of signal:noise
that we observed an overall inhibition of DNA synthesis aboveatio. Much less input CHO genomic DNA (containing DHFR-
25,000 nuclejfl. In Fig. 4A we defined the relative specificity hybridizing DNA sequences) is required to achieve the same
of initiation as the average relative early DNA synthesis valuesumber of radiolabeled replication intermediates, due to the
for probes B-R, highlighted as a grey line in Fig. 3. We themyreater efficiency of genomic DNA replication at these lower
plotted those values vs the concentration of nuclei in theoncentrations (Fig. 4C).
extract. This curve describes a clear optimal concentration for It is important to note that pre-ODP nuclei showed the same
site-specific initiation of 10,000-25,000 nuclgiXenopusegg relationship of replication efficiency vs concentration (Fig. 4B
cytosol. In Fig. 4B the total nanograms of DNA synthesizegnd C) even though recognition of the DHFR origin was not
perpl of extract is plotted vs the concentration of nuclei, usingletected at any concentration of nuclei (Fig. 4A). The only
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Fig. 3. Titration of aXenopusytosolic factor(s) that can disrupt the pattern of initiation of replication within post-ODP nuclei. Intact nuclei
from either pre-ODP@®) or post-ODP M) CHOC 400 cells were incubatedXenopusegg cytosol at the indicated concentrations and the sites
of initiation of replication were evaluated using the ELFH assay (Materials and Methods). The relative amounts of hybofdizatearliest
labeled nascent DNA to each probe from the DHFR locus are plotted against the map position of each probe. The horizoluidésxis i
diagrams of the genomic region encompassed by these probe, including the positions of the DHFR and 2BE2121 genes (Hed8M). et al.
The vertical shaded line highlights the positions of probes B-R, which encompass the primary initiation sites at thidlayashikéi al.,

1998) and references therein). It is important to note that since these data express relative values, it is the redaties bitereen probes

and not the area under the curve that should be compared. Shown are the mean of 3 independent experiments and the efehdard erro
mean, when greater than 1.
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15 100 (Triton), suggesting that origin recognition requires some
A. ul component of the post-ODP nucleus that is lost upon
/i\T permeabilization.  However,  Triton  permeabilization

B [ ]

=
2

(Gilbert et al., 1995), raising the possibility that the perceived
loss of specificity was due to a reduced signal to noise ratio as
/' I\ was found for high concentrations of intact nuclei (Figs 3 and

[ ]

/ l\l significantly inhibited the efficiency of DNA replication

T

4). For this reason, we re-investigated the effects of nuclear
N membrane permeabilization on the efficiency of replication
o— "0 g—e—3% and specificity of initiation, comparing preparations of nuclei
permeabilized with various concentrations of Triton, NP40 and

-

Relative Specificity of Initiation
(Probes B-R)

0 ' T ' digitonin, in the hopes of finding conditions in which nuclei
. 0471B. T H could be permeabilized without inhibiting DNA synthesis.
E _? We first determined the lowest concentration of each
£ (] permeabilizing agent that was sufficient to permeabilize 100%
%‘ 0.3 l of nuclei and we examined the effects of those permeabilizing
2 agents on nuclear morphology (Fig. 5). With digitonin, three
£ 0.2 e distinct and homogeneous populations of nuclei were obtained.
f l\ At 70-80pug/ml digitonin, 95-98% of nuclei retained an intact
2 0.1 ° nuclear envelope as determined by the exclusion of labeled
2 o \ IgG. At 350 pg/ml nearly 100% of the nuclei were

permeabilized but remained similar in size and morphology to

intact nuclei. As the concentration of digitonin was increased
to 500ug/ml, nuclei began to shrink until at 1 mg/ml, virtually

all nuclei were significantly smaller than intact nuclei, and
became irregular in shape. By contrast, with both Triton and
NP40, only one distinct population was obtained, closely
resembling the population obtained with 1mg/ml digitonin. In
other words, the lowest concentration of Triton and NP40 at
which close to 100% of plasma membranes had been
permeabilized (0.05%), nearly 100% of nuclei were also
permeable, irregularly shaped, and significant nuclear
shrinkage was observed. No further nuclear shrinkage or other
1 10 100 morphological changes were observed as the concentration of
Triton and NP40 was raised to 0.5%, a commonly used
concentration for nuclear permeabilization (Kill et al., 1991;

% input DNA replicated/minute

Concentration of Nuclei (10'3/ul)

Fig. 4. A comparison of the specificity of initiation and rate of DNA

. : g . _Leno et al., 1992; Sleeman et al., 1992).
synthesis at various nucleo-cytosolic ratios. (A) The average relative ! L —! . .
early DNA synthesis values for probes B-R in Fig. 3 (highlighted by Next, we examined the efficiency of DNA synthesis with

the grey vertical line) were plotted vs the concentration of pre-ODP these various nuclear preparations as substrates for replication
(@) or post-ODP M) nuclei. (B) The rate of DNA synthesis (ng DNA in Xenopusegg extracts (Fig. 6; 10,000 post-ODP nuplgi/
synthesized peul of extract per minute) and (C) the efficiency of With the population of digitonin permeabilized nuclei that
genome replication (% input DNA replicated per minute) between 40retained normal morphology (35Qg/ml), or with nuclei
and 90 minutes was calculated from experiments shown in Fig. 1. permeabilized with 50Qg/ml digitonin, replication proceeded
Shown are the mean values for 3 experiments plotted vs the as efficiently as intact nuclei for the first 2 hours of the reaction,
concentration of either pre-OD®) or post-ODP-) nuclei. In each after which a reduction in DNA synthesis was observed,
panel the standard error of the mean is shown, when greater than 1'resulting in the replication of approximately 2/3 as much input
DNA as with intact nuclei (Fig. 6A and D). When nuclei were
detectable difference between pre-ODP and post-ODP nuclprepared with 1 mg/ml digitonin, resulting in significant
was the specificity of initiation. It appears then, that thehomogeneous nuclear shrinkage (Fig. 5), DNA synthesis by
factor(s) controlling the number of initiations are independenKenopusegg extract was severely inhibited from the earliest

of those that determine where replication will initiate. stages of the reaction (Fig. 6A and D). Similarly, when nuclei

. N ) ) were permeabilized with Triton or NP40 (Fig. 6B,C,E and F),
Origin recognition requires an intact nuclear the efficiency of replication was strongly inhibited, either when
envelope prepared with 0.05% (~75% inhibition) or 0.5% (90-95%

The experiments described above demonstrateXeabpus inhibition) detergent. In fact, at concentrations of NP40 or
egg cytosolic factors cannot recognize the DHFR origin withirTriton  exceeding 0.05%, replication was virtually
pre-ODP nuclei, even at concentrations of pre-ODP nuclei thaindetectable. Thus, controlled exposure to digitonin, unlike the
are optimal for DHFR origin recognition within post-ODP non-ionic detergents Triton and NP40, provides a means to
nuclei. In previous experiments (Gilbert et al., 19%®8nopus permeabilize nuclei while retaining efficient DNA replication.
egg cytosol also could not recognize the DHFR origin within To evaluate the sites of initiation of replication at the DHFR
post-ODP nuclei that were permeabilized with 0.2% Triton Xdocus within these various nuclear preparations, nuclei were
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Fig. 5. Morphology of intact and
permeabilized nuclei. Post-ODP
CHOC 400 nuclei were prepared in
the presence of digitonin as
described (Materials and Methods)
and incubated with'&-diamidino-
2-phenylindole (DAPI) and Texas
Red-conjugated 1gG. Samples were
then photographed with eithexd0
or ax100 lens. Shown are examples
of the various populations of nuclei
achieved with 75g/ml (Dig 75),
350ug/ml (Dig 350), 50Qug/ml

(Dig 500) and 1 mg/ml digitonin
(Dig 1000). Nuclei prepared with
the non-ionic detergents Triton and
NP40 resembled the population of
nuclei prepared at 1 mg/ml
digitonin.

prepared from post-ODP CHOC 400 cells with either 0.05%he specific chromosomal sites at which replication initiates are
Triton, 0.05% NP40 or 35@g/ml digitonin. Control nuclei regulated independently in this system. Incubating post-ODP
were prepared from the same cells withg@ml digitonin.  nuclei at concentrations that mimic pre-blastula embryos
10,000 nuclejdl were then introduced intXenopusegg resulted in the duplication of the entire CHO genome within 3
extracts supplemented with aphidicolin for 90 minutes andhours (Fig. 1), nearly four times faster than in culture, yet the
ELFH assays were performed as in Fig. 3. In all cases, efficiergéplication fork elongation rate (4.5 nt/second) was less than
origin recognition was observed with intact control nuclei.1l/6 that observed in cultured cells. This increased efficiency of
Permeabilization of post-ODP nuclei with the non-ionicreplication was mediated by an increased number of initiations
detergents Triton or NP40 completely eliminated the ability oper nucleus. Origin-mapping experiments at the CHO DHFR
Xenopusegg cytosol to recognize the DHFR origin. These datéocus demonstrated that the increased number of origins at low
confirm and extend previous results using nuclei permeabilizetlicleo-cytosolic ratios included sites not typically utilized by
with 0.2% Triton (Gilbert et al.,, 1995). Importantly, cultured cells. It is also possible that initiations at
permeabilization with 35Qug/ml digitonin also eliminated physiolocially utilized origins, normally staggerred throughout
origin recognition, even though the efficiency of replicationa 10 hour S-phase, become more synchronous at lower nucleo-
was indistinguishable from that obtained with intact post-ODRytosolic ratios. At higher nucleo-cytosolic ratios, genome
nuclei over the course of the 90 minute incubation (Fig. 6D)eplication rates were substantially reduced and initiation at the
Since these experiments were carried out at concentrations@HFR locus was restricted to the physiologically relevant
nuclei optimal for origin recognition (10,0Q0), they provide origin sites. However, when either pre-ODP nuclei or
further support that nucleo-cytosolic ratio is not sufficient forpermeabilized post-ODP nuclei were incubated at these higher
origin recognition. Specification of the DHFR origin also concentrations, replication initiated at apparently random sites.
requires some component(s) of the post-ODP nucleus that lis particular, pre-ODP nuclei showed the same relationship of
lost upon permeabilization. nucleo-cytosolic ratio to replication efficiency as post-ODP
nuclei. Thus, the titration of embryonic factors by an increasing
concentration of nuclei is not sufficient to restrict initiation to
DISCUSSION physiologically relevant sites. An independent mechanism
mediated by components assembled within nuclei at the G
The introduction of mammalian nuclei intéenopusegg phase ODP determines which of many potential initiation sites
extracts has provided the only efficient system with which tawill function as an origin of replication.
examine the requirements for recognition of a mammalian It has long been suggested th&nopusand Drosophila
replication origin. Here we show that the rate of replication anéggs contain a factor that promotes promiscuous DNA
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Fig. 6. Efficiency of DNA replication with permeabilized nuclei 0_50' 0 . 50 100
Post-ODP CHOC 400 nuclei were prepared in the presence of — o
various concentrations of either digitonin (A), Triton (B) or NP40 .
(C) and incubated in¥enopusgg extract at 10,000/ The Map Position (kb)

percentage of input DNA replicated at the indicated times was then

determined by acid precipitation as in Fig. 1. Nuclei were prepared Fig. 7. Permeabilization of nuclei disrupts origin recognitiBost-

; ODP CHOC 400 nuclei prepared as in Fig. 6 were introduced into a
with (A) 75 pg/ml , 350ug/ml (@), 500pg/ml (A) or 1 mg/ml . S -
) dﬂg%toniﬁ?(B) %Lg/ml ‘é?gitorsin)ﬂ) a#go.Oé‘VzA) or 095% ?(gnopusegg extract supplemented W|th.aph|d|colln and the sites of
(0J) Triton; (C) 75ug/ml digitonin @) and 0.05% 4) or 0.5% [J) initiation of replication were mapped using the ELFH assay, as in

h Fig. 3. Shown are the results of three independent experiments after

NP40. Sh th Its of t i t A) in whi
own are the results of two experiments, one (A) in whic the preparation of nuclei with: (A) 1%/ml (l) or 350pug/ml (@)

nuclei prepared with various concentrations of digitonin were = PR A . ’
compared and one (B) in which intact nuclei prepared withg78| digitonin; (B) 75ug/ml digitonin @) or 0.05% Triton @); (C) 75

digitonin were compared to nuclei permeabilized with either Triton M9/m! digitonin @) or 0.05% NP40@®@). Experiments were done in

or NP40. In D through F the first 90 minutes of the reactions shown WO 9roups. One compared various concentrations of digitonin and
in A through C are expanded to illuminate the lag period preceding the second compared intact nuclei prepared in the presence of 75

DNA synthesis. Similar results were obtained in 3 independent ug/mi digitonin to _nqclei_ p_repared With. Triton or NP40. Hence, the
experiments. data for 7519/ml digitonin is the same in B and C. In each panel the

standard error of the mean is shown when greater than 1.

replication and is titrated as cells approach the MBT

(Blumenthal et al., 1974; Newport and Kirschner, 1982a,bthe existence of such a factor. In fact, the optimal concentration
Walter and Newport, 1997). We have shown previously that thfor site-specific initiation of replication (Fig. 3) is very close
ability of Xenopuseggs to permit the autonomous replicationto the concentration of nuclei at the MBT, which takes place
of virtually any microinjected DNA sequence ceases near that the 12th cell division. Since onéenopusegg contains
MBT (Gilbert et al., 1995). Hyrien and Mechali have shownapproximately 0.5ul of cytosol, the 4,096 nuclei (~6 pg
that initiation of replication becomes focused to the intergeni®NA/nucleus for bothXenopusand CHO nuclei) at the 12th
spacer region of the rDNA locus after the MBT (Hyrien et al.cell division are at a concentration of approximately 8,000
1995). Recently, Walter and Newport provided evidence for anucleiful of egg cytosol.

increase in replicon size as the concentratiofenfopusperm What might be the nature of such a factor(s)? Two general
nuclei in egg extract was increased from 1,000 to 10,00odels seem likely. One possibility is an essential initiation
nucleiful, concluding that replicon size is controlled by anfactor that directly determines the number of sites that will
unidentified factor that becomes limiting at the MBT (Walterfunction as origins. One obvious candidate for such a factor is
and Newport, 1997). The results presented here also supptiie origin recognition complex (ORC), an evolutionarily
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conserved, six subunit complex that, $1 cerevisiagis changes may be heterogeneous, taking place at different times
constitutively bound to replication origins (Dutta and Bell,and leading to different initiation patterns in different cell
1997) and appears to determine where replication will initiatéineages. These changes may be similar to those that take place
(Bielinsky and Gerbi, 1998). Th&¥enopushomologues of at the ODP in CHO cells.
ORC proteins are required for the initiationXafnopussperm
replication (Rowles et al., 1996). However, ORC seems an This work and the salary of D.S.D. were supported by March of
unlikely candidate, since it does not appear to become imes grant #1-FY96-0610 and #1-FY97-0586 to D.M.G.
limiting factor even at high concentrationsXénopussperm
nuclei (Walter and Newport, 1997). Nevertheless, it remains
possible that another unidentified initiation factor directyREFERENCES
determines how many pre-formed ORC-DNA complexes
initiate DNA replication. Benavente, R., Krohne, G. and Franke, W. W(1985). Cell type-specific

A second possibility is that a nuclear remodeling factor can expression of nuclear famina_proteins_during development_of. Xenopus
Ir.]dlreCtly influence the ”“”.‘ber angj/or po_smon of initiation Bielinsky, A.-K. ’and Gerbi, S.(1998). Discrete start sites for DNA synthesis
sites per nucleus. The MBT is associated with a host of changes, the yeast ARS1 origirScience279, 95-98.
in nuclear architecture, from the remodeling of chromatirBlumenthal, A. B., Kriegstein, H. J. and Hogness, D. $1974). The units
(Dimitrov et al., 1993) to changes in chromosome loop sizes af DbNA ée%ﬂcatiOS;thDrgisc)%%hilzaggezlggogaster chromosoméld Spring

: . H H aroor . . ) - .

(Buo.nglpmo et al." :!'982’ Mlphell e.t al'.’ ;993) and theBrown, E. I>—/|.,plql?al, M. A., Stuart, S., Hatton, K. S., Valinsky, J. and
dlstrlbutlon of replication proteins (Leibovichi et al., 1992). ~Scpiigkraut. C. L. (1987). Rate of replicaton of the murine
Changes in chromosome architecture have been shown to altefnmunoglobulin heavy-chain locus: evidence that the region is part of a
the pattern of initiation irKenopusegg extracts (Lawlis et al.,  single repliconMol. Cell. Biol. 7, 450-457.
1996). Supplementing(enopusegg extracts with somatic Buongiorno, Nardelli, M., Micheli, G., Carri, M. T. and Marilley, M.

- - Y P (1982). A relationship between replicon size and supercoiled loop domains
hisone H1 reduces replication efficiency and limits the number 75, &0/ 2 4 otic denomelature 298 100-102.

of pre-replication complexes formed on sperm Qhromatin (Li¢hong, J., Thommes, P., Rowles, A., Mahbubani, H. and Blow, (L997).
et al., 1998). Furthermore, when NP40 permeabilksetbpus Characterisation of the Xenopus replication licensing systitath.
erythrocyte nuclei were incubated Xenopusegg extract at Enzymol 283 549-564. . _
2 000 nucleilll somatic histones were rapidly (<15 minutes)Coverley, D. and Laskey, R. A.(1994). Regulation of eukaryotic DNA
! ! . . . . replication.Annu. Rev. Biochems3, 745-776.
replaced bY embryon'c histones in a nuCIQOP!asm'n'dependeﬂi"fﬂey, J. F. X. (1996). Once and only once upon a time: specifying and
manner _(Dlmltl'OV ?-nd Wolffe, 1996). It is |lke|){ that SU(;h regulating origins of DNA replication in eukaryotic cel@enes Devl0,
chromatin remodeling takes place when mammalian nuclei are2819-2830. _ _
incubated inXenopusegg extract. Potentially, then, nuclear D'mg;‘;\’t'_;’sﬂ”‘r?n“;”e'ﬁw)'?:rslz‘;' iﬂ'e?"t?rvggffé?g P&%%?éschrzoaﬂ;me "
. . . 1Tl uri y u Y IS: | |

remodeling and/or_ hlstone_ ex_change could lead to an increase cetylation and in linker histone tyr@ev. Biol. 160, 214-27,
numb_er of accessible origin sites at low concentrations of CH@imitrov, S. and Wolffe, A. P.(1996). Remodeling somatic nuclei in Xenopus
nuclei. laevis egg extracts: molecular mechanisms for the selective release of

In either case, the ability dfenopusgg cytosol to influence histones H1 and H1° from chromatin and the acquisition of transcriptional
the number of initiations becomes undetectable when thlgCO”"[’EtenceE"’IBO J.15 5897-5906. o .

- f CHO nuclei approximates the MBT. At these utta, A. and Bell, S.(1997). !nltlatlon of DNA replication in eukaryotic

cpncentratlon 0 . pp - VI cells.Annu. Rev. Cell Dev. Biol3, 293-332.
higher _concentrations, the pattern of replication reflect_gpner, E., Forrester, W. C. and Groudine, M.(1988). Asynchronous DNA
properties of the nuclei themselves and a separate mechanismneplication within the human beta-globin gene lodirec. Nat. Acad. Sci.
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