direct correlation between the clinical pres-
ence of CS and mutations that inactivate a
second function of XPG, its role in TCR of
oxidative damage. Mutations in CSA and
CSB also affect TCR of oxidative damage,
further suggesting that this repair defect
may relate directly to the clinical outcome.
The unusual severity of the syndrome in the
XP-G/CS patients, all of whom died in
infancy or early childhood, may reflect the
additional deficit in global removal of oxi-
dative damage from the genome. The sim-
plest interpretation of our results is that
failure to rapidly repair endogenous oxida-
tive base damage in critical active genes,
rather than subtle transcription defects, re-
sults in the developmental defects of CS.
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Regulation of Replicon Size in
Xenopus Egg Extracts

Johannes Walter and John W. Newport*

Once a specific number of cells have been produced in the early Xenopus laevis embryo,
replicon size during the S phase of the cell cycle increases. Here, it is reported that similar
increase in replicon size occurred when the concentration of nuclei in replication-com-
petent Xenopus egg extracts exceeded a critical threshold. In this system, the origin
recognition complex (ORC) did not become stoichiometrically limiting for initiation, and
similar amounts of this complex bound to chromatin regardless of replicon size. These
data suggest that in early development, an unidentified factor controls how many pre-
formed ORC-DNA complexes initiate DNA replication.

In organisms such as Xenopus and Drosoph-
ila, the S phase (during which DNA is
replicated) lasts only a few minutes in em-
bryonic cells whereas it takes several hours
in somatic cells. This difference exists be-
cause embryonic replicons are much smaller
than somatic replicons (I, 2). The transi-
tion from small to large replicons probably
takes place at about the 12th cell division
cycle after fertilization (3-5), at the time of
the mid-blastula transition (MBT). The
mechanism regulating replicon size is not
known. One clue is that the MBT occurs
after a critical number of nuclei accumulate
in the embryo (3, 4), suggesting that the
nucleo-cytoplasmic ratio might regulate
replicon size, perhaps through depletion of
an initiation factor (1, 3, 6). To study the
mechanism controlling replicon size, we
used Xenopus egg extracts, which assemble
Xenopus sperm chromatin into nuclei that
undergo one complete round of DNA rep-
lication (7). We attempted to modulate
replicon size in vitro by altering the nucleo-
cytoplasmic ratio in these egg extracts.
The time required for nuclei to enter
mitosis in Xenopus egg extracts increases
with increasing concentrations of nuclei,
perhaps reflecting an increase in the length
of the S phase (8). To directly measure the
effect of the nuclei concentration on the
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length of the S phase, we formed nuclei at
2000 and 10,000 per microliter and synchro-
nized them at the start of S phase with
cytosine B-D-arabinofuranoside 5’-triphos-
phate (Ara-C), a deoxycytidine triphosphate
(dCTP) analog that blocks elongation
through its action on DNA polymerase but
does not prevent initiation (9) (and see be-
low). After incubating the nuclei for 40 min
with Ara-C, we added excess dCTP to re-
verse the inhibition by Ara-C and measured
the time subsequently required for comple-
tion of DNA replication. The length of the S
phase in reactions with 10,000 nuclei/wl was
eight times that in reactions with 2000 nu-
clei/ul (Fig. 1A). However, the addition of
dCTP did not completely reverse the effect
of the Ara-C as the rate of polymerization
was about 44% the rate in the absence of
Ara-C (decreased by a factor of ~2.25) (10).
Correcting for this, the actual length of the S
phase was ~10 min at 2000 nuclei/ul and
~80 min at 10,000 nuclei/p.l.

We next measured the length of the S
phase over a range of nuclei concentrations
and found it was constant at ~10 min be-
tween 125 and 2000 nuclei/pl and increased
significantly at concentrations greater than
2000 nuclei/pl, reaching 80 min at 10,000
nuclei/pl (Fig. 1B). Similarly, the S phase in
developing Xenopus embryos is 10 to 15 min
during the divisions preceding the MBT, after
which it gradually increases (3, 5). In the
absence of Ara-C, the S phase also lengthens
at concentrations of nuclei >2000 per micro-
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liter (Fig. 1B). However, although origins of
replication initiate synchronously within in-
dividual nuclei, asynchrony in the time at
which individual nuclei enter S phase in the
absence of Ara-C (11, 12) led to a 10- to
20-min overestimate of the length of the S
phase (Fig. 1B).

To test whether the increase in the length
of the S phase was due to a slower rate of
elongation by the replication fork, we moni-
tored the movement of replication forks at
different concentrations of nuclei by analyz-
ing nascent replication products formed after
release from Ara-C arrest (Fig. 2A). The rate
of elongation was the same from 125 to
10,000 nuclei/wl (Fig. 2B) (10). Similar rates
of elongation have been observed in Xenopus
eggs and somatic cells (1, 2).

S phase could lengthen at high nuclei
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Fig. 1. (A) The rate of replication at two concentra-
tions of nuclei and the effect of the cdk2-cyclin E
kinase inhibitor Cip1 on DNA replication. Sperm
chromatin was mixed with egg extract in the pres-
ence of 200 pM Ara-C (23). After 40 min, 1 mM
dCTP was added and replication measured at ap-
propriate times. Squares, 2000 nuclei/wl; diamonds,
10,000 nuclei/pl; circles, 10,000 nuclei/pl and 240
nM His-tagged Cip1 (24) added 10 min before addi-
tion of dCTP; triangles, 10,000 nuclei/p.l and 240 nM
His-Cip1 added 10 min before addition of the sperm.
Density substitution experiments with bromode-
oxyuridine triphosphate (7) verified that replication at
all nuclei concentrations was semiconservative (70).
(B) Titration of nuclei. The length of S phase was
defined as the time required for 90 to 95% of the
DNA to be replicated, and this value was plotted
against nuclei per microliter on a logarithmic scale.
Squares, S phase measured in the presence of
Ara-C asin (A) and divided by 2.25 to correct for the
effect of Ara-C; diamonds, S phase measured in the
absence of Ara-C:
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concentrations if origins of replication fired in
a temporally staggered fashion throughout the
S phase, as is the case in somatic cells (13). To
test this idea, we used Cipl, a protein that
blocks initiation by inactivating the cdk2-
cyclin E kinase (14). When nuclei were syn-
chronized with Ara-C, replication forks
moved on average 200 base pairs (bp) from
the point of initiation in 40 min (Fig. 2A,
lanes 1, 6, and 11). When Cipl was added at
this time, it rapidly entered nuclei and inac-
tivated cdk2-cyclin E (15). If origins fire in a
staggered fashion during the S phase, then the
addition of Cipl at this time should reduce
the total amount of replication observed. In-
stead, we found that the addition of Cipl had
little effect on the rate and final amount of
replication at 1000 and 10,000 nuclei/u.l (Fig.
1A) (10). Therefore, the longer S phase ob-
served at high concentrations of nuclei is not
due to staggered initiation of individual DNA
replication origins.

The increase in the length of the S phase
could also reflect an increase in the average
size of the replicons, and this we found to be
the case. In the first 8 min after the release
from Ara-C inhibition, replication forks had

Fig. 2. (A) Therate of fork A

moved the same average distance in extracts
containing 2000 to 10,000 nuclei/wl (Fig. 2).
As initiation is not temporally staggered, rep-
licons must be about eight times as large in
10,000-nuclei/p] reactions as in 2000-nuclei/
wl reactions to account for the difference in
the time subsequently required to complete
replication (Fig. 1B). Given an average poly-
merization rate of 164 bp/min (16), an aver-
age replicon would be 7.2 kb at 2000 nuclei/
wl, which is in agreement with the estimated
7- to 12-kb replicons observed in vivo before
the MBT (2, 11). At 10,000 nuclei/ul, in
vitro replicon size averages 59 kb (16); repli-
con size in somatic cells is estimated to be 170
kb (1).

If replicon size increases, the number of
initiations and thus the number of nascent
replication products synthesized after re-
lease of Ara-C inhibition should decrease.
Accordingly, we found that increasing the
concentration of nuclei above 2000 per mi-
croliter resulted in a decrease in the number
of nascent replication products synthesized
per nucleus (Fig. 2A), whereas at concen-
trations below 2000 nuclei/pl, the number
of nascent products per nucleus was con-
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Fig. 3. About 6% of the ORC in an egg
extract is required to replicate 2000 nuclei/

wl. DNA replication of 2000 nuclei/ul was § 3

assayed in XORC2-depleted unfraction- E%ﬁ
ated egg extracts containing different g_g =
amounts of mock-depleted extract (26): 8 & 2
open circles, 0% mock-depleted; shaded = F &
circles, 0.5% mock-depleted; shaded Eg 5
squares, 2% mock-depleted; triangles, T g&
6% mock-depleted; open squares, 15% g"’g

mock-depleted; and diamonds, 100%
mock-depleted. Adding back membrane-
free cytosol to the XORC2-depleted ex-

. L 3
100 A/ “m
A S P d L]
P R oo el
A Vi sy
. v,
A
Laard
o 1234
=L w—c
- =

- T T T T T
0 20 40 60 80 100 120 140 160

Time (min)

tract instead of mock-depleted unfractionated extract gave similar results. (Inset) A 1-ul sample of
ORC-depleted extract (lane 1), 0.01 wl of undepleted extract (lane 2), 1 ul of undepleted extract (lane 3),
and 1 pl of mock-depleted extract (lane 4) were immunoblotted with antiserum to XORC2. Open arrow,
XORC?2 signal; closed arrow, immunoglobulin G released from the beads used for depletion.
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stant (10). The concentration of nuclei at
which the S phase lengthens in vitro is
similar to the concentration of cells in a
Xenopus embryo at the MBT (17), and the
changes in replicon size are very similar in
vitro and in vivo. These data therefore sug-
gest that, as we observed in vitro, replicon
size in vivo increases once a specific nucleo-
cytoplasmic ratio has been achieved. We
suggest that replicon size most likely in-
creases as a result of the depletion of an
essential initiation factor.

One candidate for such a factor is the
highly conserved six-subunit origin recogni-
tion complex (ORC), which is involved in
determining the sites at which DNA replica-
tion initiates (6, 18, 19). To investigate
whether ORC becomes limiting above 2000
nuclei/pl, we first immunodepleted ~99% of
one of the ORC subunits, XORC2, from an
egg extract (Fig. 3, inset), a procedure that
likely removes the entire ORC complex (6,
18). The rate of DNA replication in the
ORC-depleted extract was about one-fifth
that in the mock-depleted extract, although
replication went to completion (Fig. 3). This
suggests that the distance between ORC mol-
ecules along the chromosome in the ORC-
depleted extract was about five times that in
the mock-depleted extract and that replicon
size was directly affected by the abundance of
ORC. Re-addition of increasing amounts of
mock-depleted extract to the ORC-depleted
extract showed that only 6% of the ORC
normally present in the extract was required
to replicate 2000 nuclei/pl at the maximum
rate (Fig. 3). The undepleted extract thus
contained enough ORC to replicate at least
33,000 nuclei/p.l at the maximum rate. There-
fore, replicon size did not increase above 2000
nuclei/pl because ORC became limiting.

Despite the large excess of ORC, it was
important to determine whether the amount
of ORC bound to chromatin decreases above

A L e MOM3
st e S

Fig. 4. The amount of MCM3 and XORC2 asso-
ciated with chromatin per nucleus is the same at
different concentrations of nuclei. Reaction mix-
tures (16.5 wl) containing Ara-C and O nuclei/pl
(lane 1), 1000 nuclei/pl (lane 2), 3000 nuclei/wl
(lane 3), or 10,000 nuclei/ul (lane 4) were incubat-
ed for 40 min. Chromatin from 16,500 nuclei from
each reaction was isolated (27) and analyzed
alongside 37.5 ng of recombinant MCMS3 (lane 5),
3.8 ng of recombinant XORC2 (lane 6), and 0.2 pl
(1.2%) of the reaction before addition of sperm
chromatin (lane 7) by protein immunoblotting with
antiserum to MCMS3 or to XORC2. Signals were
detected by enhanced chemiluminescence.
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2000 nuclei/pl. Notably, the amount of
chromatin-bound XORC2 protein per nu-
cleus was unchanged from 300 to 10,000
nuclei/pl (10) (Fig. 4), and only about 10%
of the XORC2 protein present in the extract
was bound to chromatin at 10,000 nuclei/w.l
(Fig. 4). We calculated that there were about
3.5 X 10° XORC2 protein molecules bound
to chromatin per nucleus (Fig. 4) (or, on
average, one ORC complex for every 8 kb of
DNA), a distribution that is in close agree-
ment with the 7.2-kb replicon size calculated
(16). This value suggests that each chroma-
tin-bound ORC complex detected was func-
tional in reactions with <2000 nuclei/p.l.
Above this concentration, the number of
ORC complexes bound per nucleus re-
mained constant, whereas the number of
initiations decreased (Fig. 2). This suggests
that replicon size increased because another
factor that is required for initiation at preex-
isting ORC-DNA complexes became limit-
ing above 2000 nuclei/p.l.

The MCM complex (20), an initiation
factor that binds to chromatin only in the
presence of ORC (18, 21), could be such a
factor. However, we found that only a small
fraction of the MCM3 in the extract was
bound to chromatin at 10,000 nuclei/ul, and
that the average quantity of MCM3 bound
per nucleus was the same at all concentrations
of nuclei tested (Fig. 4). These data raise
the possibility that MCM3, and possibly the
MCM complex as a whole, does not limit the
number of initiations below 10,000 nuclei/p.l.
The initiation factor Xcdc6 binds to chroma-
tin in the presence of ORC and potentiates
binding by MCM3 (21). Both the large quan-
tity of Xcdc6 in Xenopus eggs (21) and our
observation that there was no reduction in
the amount of MCM3 bound per nucleus up
to 10,000 nuclei/pl indicate that Xcdc6 does
not limit the number of initiations. Finally,
cdk2—cyclin E kinase is also present in excess,
because the addition of the active kinase did
not accelerate DNA replication in reactions
containing 10,000 nuclei/ul (10).

This study supports the model (3, 4) that
the nucleo-cytoplasmic ratio regulates rep-
licon size in early Xenopus development.
Our data indicate that ORC does not be-
come stoichiometrically limiting for initia-
tion at the MBT and suggest that the num-
ber of ORC-DNA complexes remains con-
stant even as the number of initiations de-
creases. We suggest that replicon size is
controlled by an unidentified factor that
becomes limiting at the MBT and therefore
determines how many preformed ORC-
DNA complexes initiate DNA replication.
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