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In cell extracts of Xenopus eggs which oscillate between S and M phases of the cell cycle, the onset of mitosis
is blocked by the presence of incompletely replicated DNA. In this report, we show that several artificial DNA
templates (M13 single-stranded DNA and double-stranded plasmid DNA) can trigger this feedback pathway,
which inhibits mitosis. Single-stranded M13 DNA is much more effective than double-stranded plasmid DNA
at inhibiting the onset of mitosis. Furthermore, we have shown that low levels of M13 single-stranded DNA and
high levels of double-stranded plasmid DNA can elevate the tyrosine kinase activity responsible for
phosphorylating p34°“Z, thereby inactivating maturation-promoting factor and inhibiting entry into mitosis.
This constitutes a simplified system with which to study the signal transduction pathway from the DNA
template to the tyrosine kinase responsible for inhibiting p34°*“? activity.

The typical eukaryotic cell cycle consists of distinct
phases, G,, S (DNA replication), G,, and M (mitosis), which
occur in a defined order. There is considerable evidence for
the existence of feedback mechanisms which prevent cell
cycle progression when DNA replication or mitosis are not
completed correctly (for review, see reference 16). The
existence of a negative feedback mechanism which couples
the onset of mitosis to the completion of DNA replication
was suggested by the observation that interruption of DNA
replication by conditional mutation of genes required for
progression through the S phase or treatment with drugs
which arrest DNA replication (hydroxyurea or aphidicolin)
prevents onset of mitosis. The cell cycle arrest prior to
mitosis induced by these drugs can be overridden by the
addition of caffeine (33, 34), indicating that all of the cellular
components necessary for executing mitosis are functional
but are kept inoperative by regulatory factors. Mutations
that disrupt feedback control have been identified in several
organisms. For example, at the restrictive temperature, the
temperature-sensitive BimE7 mutant of Aspergillus nidulans
induces chromosome condensation and mitotic spindle for-
mation even in cells treated with hydroxyurea or blocked in
S or G, by mutation of other cell cycle control genes (30).
Similarly, BHK cells mutant in the RCCI gene will undergo
premature mitosis at the nonpermissive temperature (28, 29).

Like incomplete DNA replication, DNA damage prevents
entry into mitosis. Damage of DNA with ionizing radiation
or alkylating agents results in an elongation of the G, phase
of the cell cycle, allowing for the repair of DNA damage
prior to onset of mitosis (16). The product of the rad9 gene of
Saccharomyces cerevisiae is a likely component of this
DNA damage feedback pathway, since the normal cell cycle
delay in response to DNA damage does not occur in this
mutant, though the repair processes themselves are not
deficient (39).

Entry into mitosis in eukaryotic cells is controlled by
maturation-promoting factor (MPF) (reviewed in reference
21), which is composed of a serine/threonine kinase (the
product of the cdc2 gene) and a regulatory subunit (cyclin B)
(6, 7, 35). The cyclin component of MPF oscillates in
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abundance through the cell cycle, peaking at the G,/M
transition and being degraded abruptly at the metaphase/
anaphase transition (10, 25, 26). In the absence of cyclin
protein, p34°“°? is inactive in promoting entry into mitosis.
Upon binding of cyclin, p34°““ is held in an inactive state by
phosphorylation on both tyrosine and threonine residues
present in the ATP-binding site (8, 13, 20, 37).

Activation of the cdc2-cyclin complex involves the de-
phosphorylation of the tyrosine and threonine residues in the
ATP-binding site of p34°“°? and phosphorylation of a differ-
ent threonine residue (20, 37). Genetic evidence from Schiz-
osaccharomyces pombe and subsequent biochemical analy-
ses in several systems have implicated a number of gene
products in the control of phosphorylation and dephospho-
rylation of p34°“2, In particular, the cdc25 gene product is,
at least in part, responsible for the tyrosine dephosphoryla-
tion of p34°“e2, while the mikl and weel gene products are
kinases which negatively regulate cdc2 activity via tyrosine
phosphorylation (15, 31, 32, 38). The weel kinase has been
shown to be capable of both serine/threonine and tyrosine
phosphorylation (11). Genetic analysis has shown that these
gene products are excellent potential targets of inhibitory
signals emanating from incompletely replicated DNA. Re-
cently, Enoch and Nurse have shown that overexpression of
cdc25 of S. pombe can override a hydroxyurea arrest (9). S.
pombe cells mutant in both the mikl and weel genes can also
enter mitosis in the presence of hydroxyurea (23). Thus,
mutations that result in p34°9°? tyrosine dephosphorylation
can override the negative feedback signal from incomplete
DNA replication, suggesting that this feedback signal may
operate through p34 phosphorylation.

The genetic observations made with S. pombe have been
confirmed and extended at a biochemical level by using
Xenopus egg extracts which can oscillate between S and M
phases in vitro (5, 26). These extracts can decondense added
sperm chromatin, form nuclei around the DNA templates,
replicate the DNA, and enter mitosis (as judged by chromo-
some condensation and nuclear envelope breakdown).
These extracts have a cell cycle characteristic of the early
embryo, oscillating between S and M phases with no appre-
ciable G, or G, intervals. When few nuclei are present in
these extracts, addition of aphidicolin does not prevent
progression through mitosis, as is the case with the early
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embryonic cell cycle (5). The feedback system which pre-
vents entry into mitosis prior to completion of DNA repli-
cation can function in these cycling extracts upon addition of
a threshold number of nuclei (greater than 2,000 nuclei per p.l
of extract) (5). This effect is presumably due to depletion of
components in the extract which are required for complete
replication, thus leaving incompletely replicated DNA to
propagate a feedback signal. Aphidicolin inhibits replication
of added DNA (though replication complexes remain intact
[17]) and therefore significantly lowers the threshold number
of nuclei required to arrest this in vitro cell cycle (to <300
nuclei per pl) (5). Extracts arrested in this manner accumu-
late p34-cyclin B complexes which are inactive due to
tyrosine phosphorylation of p34 (36).

When nuclei and aphidicolin are used to arrest the cycling
extract prior to mitosis, addition of cdc25 protein can
override the arrest (18). Similarly, addition of caffeine or
okadaic acid can circumvent the feedback control (5, 36). As
recently shown by Smythe and Newport, the tyrosine kinase
responsible for phosphorylating p34°?“? on tyrosine in Xeno-
pus extracts (possibly weel or mikl) is activated in the
presence of nuclei and aphidicolin, suggesting that the feed-
back system works, at least in part, by increasing the rate of
tyrosine phosphorylation of p34°?<?, thereby inactivating
MPF (36). This tyrosine kinase activation is suppressed by
addition of caffeine or okadaic acid (36).

The suppression of p34°“? activity by incompletely repli-
cated DNA can be viewed as a signal transduction pathway
from the DNA template to the kinases and phosphatases
modulating p34°9c? activity. While the molecular partici-
pants in the reception of the signal from DNA blocked in
replication (cdc25, weel, and mikl) are being characterized
biochemically, the nature of the signal generator is not very
clear. It is possible that the cell in some way detects DNA
that has not yet been replicated and generates a signal to
inhibit mitosis until no unreplicated DNA remains. Alterna-
tively, some configuration of a replicating DNA template
may be detected at the nucleic acid level. The presence of an
active replication complex at a replication fork could also
generate a signal, indicating that replication had not yet been
completed.

The complexity of sperm chromatin makes it a difficult
template to use for studying the generation of the signal at
the DNA level. Using the Xenopus cycling extract, we have
been able to generate feedback signals from replicating M13
single-stranded DNA and from double-stranded plasmid
DNA. Moreover, we find that these simple templates can
activate the tyrosine kinase(s) responsible for phosphorylat-
ing p34°?2. Using these templates, we have shown that
unreplicated DNA itself is not likely to be responsible for
generating the feedback signal. Rather, the signal is likely to
be propagated by actively replicating DNA. The assay
system reported here constitutes a first step in the develop-
ment of a purified system which will allow dissection of the
signalling pathway from replicating DNA to the enzymes
which modulate p34°9°? activity.

MATERIALS AND METHODS

Preparation of cycling extracts. Cycling extracts were
prepared as described by Murray and Kirschner (26). Ex-
tracts were incubated at room temperature following addi-
tion of DNA (M13 single-stranded DNA from U.S. Biochem-
ical, double-stranded plasmid prepared by cesium chloride
gradient centrifugation, or sperm chromatin prepared as
described by Lohka and Masui [22]). At 10-min intervals,
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1-ul aliquots of extract containing sperm chromatin were
diluted 1:1 with 10 pg of Hoechst 33258 per ml in 37%
formaldehyde and examined by phase-contrast and fluores-
cence microscopy. Progress through the cell cycle was
monitored by observation of nuclear formation and break-
down and by sperm chromatin condensation and deconden-
sation. For visual observation of samples containing M13 or
double-stranded DNA, nuclei were preformed by incubation
of sperm chromatin in the cycling extract for 25 min at 2,000
nuclei per pl and then diluted 10-fold into fresh extract with
DNA.

Where indicated, caffeine (0.5 mM) or aphidicolin (0.05
mg/ml) was added at the beginning of the incubation. Cyclin
protein prepared as described by Solomon et al. (37) was
added to the extract 60 min after the start of the room
temperature incubation.

Replication assays. For continuous labeling of DNA, ex-
tracts and DNA were incubated at room temperature in the
presence of 0.1 wCi of [*?P]dCTP (3,000 Ci/mmol) per pl.
Samples of 10 pl were withdrawn into 10 pl of sample buffer
containing 80 mM Tris HCI (pH 8.0), 8 mM EDTA, 0.13%
phosphoric acid, 10% Ficoll, 5% sodium dodecyl sulfate
(SDS), and 0.2% bromphenol blue. For pulse-labeling, 10-pl
aliquots of unlabeled extract containing DNA were added to
1 uCi of [a-*’P]dCTP and incubated for 20 min prior to
addition of sample buffer. Both continuously labeled and
pulse-labeled samples were further treated with 1 mg of
proteinase K per ml for 1 h at 37°C prior to agarose gel
electrophoresis on 1% agarose gels. Dried gels were exposed
to X-ray film at —70°C with intensifying screens.

Histone H1 kinase assays. For assaying histone H1 kinase
activity, 2-pl aliquots of extract were withdrawn at 10-min
intervals into 2 pl of EB buffer (80 mM sodium glycero-
phosphate [pH 7.3}, 20 mM EGTA, 15 mM MgCl,),
frozen immediately in liquid nitrogen, and stored at —70°C.
Thawed samples were diluted 60-fold in EB buffer and were
then further diluted 1:1 with 5 pl of H1 assay cocktail (40
mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
[HEPES]-NaOH [pH 7.3], 10 mM sodium EGTA, 20 mM
MgCl,, 0.2 mg of histone H1 per ml, 0.2 mM ATP, 5 nCi of
[y->?P]JATP, 10 uM cyclic AMP-dependent protein kinase
inhibitor peptide [Sigma]). After 10 min of incubation at
room temperature, 7.5 pl of each sample was spotted onto a
1-cm square of phosphocellulose paper, washed twice for 20
min each time in 1% phosphoric acid, rinsed in 95% ethanol,
air dried, and scintillation counted. For H1 kinase assays
analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE), reactions were stopped by addition of 10 pl of SDS
sample buffer (125 mM Tris [pH 6.8], 2% SDS, 50% glycerol,
5% B-mercaptoethanol, 0.001% bromphenol blue). Samples
were boiled and electrophoresed on 10% gels. The dried gels
were exposed to X-ray film at —70°C with intensifying
screens.

Tyrosine kinase assays. To assay the rate of tyrosine
phosphorylation of cdc2 protein, 90-ul aliquots of extract
containing various amounts of DNA were incubated for 40
min at room temperature. The tyrosine phosphatase activity
in these reactions was stopped by addition of sodium ortho-
vanadate to 0.5 mM, and glutathione S-transferase-sea ur-
chin cyclin B (GST-cyclin) fusion protein (37) was added for
10 min. The extract was then diluted 1:1 with buffer I (80 mM
B-glycerophosphate, S mM EDTA, 2 mM sodium orthovan-
adate, 0.1% Nonidet P-40, 0.5 M NaCl) prior to freezing in
liquid nitrogen and storage at —70°C. Samples were thawed
and incubated with 0.5 volume of glutathione agarose for 20
min at 4°C with continuous agitation. The glutathione beads
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FIG. 1. Replication of M13 single-stranded DNA. Extracts containing the indicated concentrations of single-stranded DNA were placed
at room temperature. Aliquots were withdrawn and pulse-labeled for 20 min with [a-32P]dCTP for the following times after the start of the
room temperature incubation: lanes 1, 0 to 20 min; lanes 2, 20 to 40 min; lanes 3, 40 to 60 min; lanes 4, 60 to 80 min; lanes 5, 80 to 100 min;
lanes 6, 100 to 120 min; lanes 7, 120 to 140 min; lane 8, 140 to 160 min; lane 9, 160 to 180 min. Samples were digested with proteinase K, run

on 1% agarose gels, and autoradiographed.

were then washed once in buffer I, twice in buffer II (80 mM
B-glycerophosphate, 5 mM EDTA, 2 mM sodium orthovan-
adate), and once in buffer II (10 mM HEPES [pH 7.5], 1 mM
dithiothreitol, 2 mM sodium orthovanadate). Beads were
boiled in sample buffer (5 mM EDTA, 5 mM sodium ortho-
vanadate, 20 mM sodium pyrophosphate, 30 mM sodium
fluoride, 10% SDS, 80 mM Tris [pH 6.8], 10% glycerol, 0.1
M dithiothreitol) and pelleted. Forty microliters of each
sample was electrophoresed on an SDS-10% polyacrylamide
gel, transferred electrophoretically to nitrocellulose, and
probed with an antiphosphotyrosine antibody (a gift from J.
Wang) and ZI-protein A.

RESULTS

Replication and feedback by M13 single-stranded DNA.
When sperm chromatin is added to cycling extracts of
Xenopus eggs, intact nuclei are formed and the chromatin
decondenses and replicates. After approximately 40 to 60
min in S phase, the chromatin then recondenses and the
nuclear envelopes break down. Following mitosis, the nu-
clear envelopes re-form and another round of DNA replica-
tion ensues. If high numbers of nuclei are present or if DNA
replication is blocked by addition of aphidicolin, MPF acti-
vation and entry into mitosis are prevented.

As a first step toward characterizing the requirements for
generating a feedback signal, we assayed the ability of
various artificial DNA templates to replicate and to prevent
the onset of mitosis in cycling extracts. We added increasing
amounts of M13 single-stranded DNA into cycling extracts
and monitored incorporation of [a->’P]dCTP into newly
synthesized DNA (Fig. 1). When 1 ng of M13 DNA per pl
was pulse-labeled, little if any 3?P incorporation was ob-
served. Some *?P-labeled DNA was detectable in the 2-ng/ul
sample, while 4- and 6-ng/pl samples replicated well. The
nonlinearity in the incorporation suggests that there may be
some negatively acting factor which must be titrated by the
added DNA before replication can occur. This nonlinearity
in the efficiency of replication, however, is not consistent
from extract to extract.

Visible nuclei do not form around M13 DNA. Therefore,
to monitor visually the timing of mitosis in these samples, it
was necessary to include sperm nuclei as indicators. We
used low numbers of sperm nuclei which would not substan-

tially affect cell cycle progression. The nuclei were pre-
formed in a cycling extract at high concentrations (1 to 2,000
nuclei per pl, 3 pg of DNA per sperm nucleus) and diluted
20-fold into fresh extract containing the M13 DNA in order
to avoid any inhibition of nuclear formation by the added
naked DNA templates.

The M13 DNA was able to inhibit entry into mitosis. The
ability of the added DNA to inhibit entry into mitosis
correlated well with its ability to replicate rather than with
the absolute amount of DNA present in the extract. Thus, 1
and 2 ng of M13 DNA per pl had no effect on the cycling time
of the extract (time until entry into mitosis); the time of
mitosis was 85 min. However, the interphase period did
lengthen with the addition of 4 ng of DNA per ul (110 min),
and the cell cycle was arrested prior to mitosis at 6 ng of
DNA per pl (>130 min).

Histone H1 kinase activation. As shown by Dasso and
Newport (5), unreplicated sperm chromatin blocks entry into
mitosis by preventing activation of MPF. Histone H1 kinase
activity can be used as a marker for MPF activation, since
the growth-associated histone H1 kinase activity tightly
correlates with MPF activity (2, 7, 14, 19). To determine
whether single-stranded DNA also blocked histone H1 ki-
nase activation or was inhibiting nuclear breakdown and
chromatin condensation at some other level, the following
experiment was done. Cycling extracts containing various
amounts of M13 DNA were incubated at room temperature;
and 2-pl aliquots were withdrawn at 10-min intervals, fro-
zen, and later assayed for histone H1 kinase activity. With
low numbers of indicator sperm nuclei and no added DNA,
the histone H1 kinase activity peaked abruptly and dropped
to nearly undetectable levels before rising again in the
second cell cycle. The peak of H1 kinase activity at 40 min
(Fig. 2, no M13 DNA added) corresponded well with the
timing of mitosis observed microscopically. The sensitivity
of the cycling extract to addition of single-stranded DNA
varies somewhat from extract to extract. In this experiment,
M13 DNA at 2 ng/pl delayed the onset of mitosis by
approximately 40 min, as indicated by visual observation.
Likewise, the peak of H1 kinase activation was delayed. At
higher DNA concentrations, the visible interphase period
was further lengthened, and the H1 kinase activation was
concomitantly later (data not shown).

Although the delay of mitosis caused by the M13 DNA
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FIG. 2. Histone H1 kinase assays. Cycling extracts containing
no DNA (A) or 2 ng of single-stranded DNA per pl (B) were
incubated at room temperature. Aliquots of 2 ul were withdrawn at
the indicated times (minutes) following the start of the incubation
and frozen in liquid nitrogen. Samples were assayed for histone H1
kinase activity, and the reactions were stopped by addition of SDS
sample buffer. Samples were resolved by SDS-PAGE and exposed
to X-ray film in the presence of an intensifying screen at —70°C.

seemed to mimic the feedback regulation observed with
sperm nuclei, it remained possible that the M13 DNA was
nonspecifically inactivating the mitotic machinery. In the
cycling extract, there is an excess of free cdc2 protein which
can be converted into an active pool of MPF and histone H1
kinase by the addition of exogenous cyclin protein. GST-
cyclin fusion protein produced in bacteria (37) can induce
mitosis when added to a Xenopus egg extract even in the
presence of unreplicated DNA. In other words, it behaves in
a dominant manner, overriding the feedback system. Addi-
tion of GST-cyclin at 60 min to the extract arrested with M13
produced a peak in H1 kinase activity sufficient to drive the
extract into mitosis (Fig. 3), indicating that the newly formed
cyclin-cdc2 complex was not subject to inhibition by the
M13 DNA and confirming that the machinery necessary for
activating the H1 kinase and executing mitosis was intact.
It has been shown that the feedback of unreplicated DNA
on mitosis can also be overridden by the addition of caffeine
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FIG. 3. Cyclin and caffeine override of feedback. M13 DNA (6
ng/pl) was added to the cycling extract to arrest the extract prior to
mitosis. To one aliquot, caffeine was added at the start of the room
temperature incubation; to another, cyclin was added at 60 min
following the start of incubation. Aliquots of 2 pl were withdrawn at
10-min intervals. Each sample was assayed for histone H1 kinase
activity. The reactions were stopped by spotting onto phosphocel-
lulose filters. Filters were washed in 1% phosphoric acid to remove
unincorporated 3?P. The washed filters were counted in a scintilla-
tion counter. The counts per minute at each time point in the
presence of caffeine (A), cyclin (O), and DNA alone (®) are shown.
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FIG. 4. Replication of single- and double-stranded DNAs in the
cycling extract. Aliquots of extract containing the indicated concen-
trations of M13 single-stranded DNA (ss) or double-stranded plas-
mid DNA (ds) were continuously labeled with [a-*?P]dCTP as for
Fig. 1B for 30, 60, or 90 min. Following proteinase K treatment,
replication products were visualized by agarose gel electrophoresis
and autoradiography.

(33, 34). To further demonstrate that the mitotic machinery
was still functional in the presence of single-stranded DNA,
we added caffeine to extracts containing M13 DNA (6 ng/ul)
and assayed samples for histone H1 kinase activity (Fig. 3).
Addition of caffeine at the beginning of the incubation
overrode the M13-induced feedback, as evidenced by the
peak in histone H1 kinase activity at 90 min. Visual moni-
toring of parallel samples showed this rise in histone H1
kinase activity to be sufficient to induce mitosis. The histone
H1 kinase activity of the 6-ng/unl sample without caffeine
gradually increased over time but did not peak during the
course of the experiment (120 min). Indicator nuclei, present
at low levels in parallel samples, never entered mitosis. This
finding demonstrates that the feedback induced by M13 is
susceptible to caffeine override in the same way as is
feedback generated in vitro by sperm nuclei and in tissue
culture cells by hydroxyurea treatment.

Double-stranded plasmid templates. Unlike sperm chroma-
tin, single-stranded DNA does not require nuclear structure
for replication in Xenopus egg extracts (1, 24). Indeed, M13
replicates perfectly well in extracts which are further frac-
tionated to remove membranes (data not shown). Con-
versely, double-stranded plasmid DNA, like sperm nuclei,
requires nuclear structure for efficient replication (3, 27).
While double-stranded plasmids can serve as templates for
nuclear assembly in vitro (3), this process is considerably
less rapid and efficient than nuclear formation on sperm
chromatin templates, resulting in relatively poor replication
of plasmids in the egg extract. If unreplicated DNA itself
were monitored by a DNA feedback system, plasmid DNA
might be expected to trigger feedback as effectively as an
equivalent amount of M13 or sperm chromatin DNA, even in
the absence of efficient replication.

Figure 4 shows the replication of single-stranded DNA at
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TABLE 1. Feedback by ss and ds templates®

MoL. CELL. BioL.

Expt. 1 Expt. 2 Expt. 3
Time of M Time of M Time of M Time of M Time of M Time of M

oA ssDNA dsDNA (ENAI) ssDNA dsDNA (ESAI) ssDNA dsDNA
(ng/u (min) (min) 8/u (min) (min) K (min) (min)

0 60 60 0 60 60 0 55 55

2 95 60 2 70 60 2 75 55

4 95 73 4 80 60 4 85 55

8 110 83 8 110 70 8 105 65

16 >120 103 16 >120 70 16 120

4 ss, single stranded; ds, double stranded.

5 ng/pl, double-stranded plasmid DNA at 5 ng/pl, and
double-stranded DNA at 50 ng/pl. It is clear that the repli-
cation of the M13 template is more than 10-fold better than
replication of the plasmid DNA in the extract. Significantly,
this difference in replication efficiency is reflected in a
difference in the ability of these templates, upon addition to
the cycling extract, to inhibit entry into mitosis. Table 1
shows the time until entry into mitosis, as judged by moni-
toring indicator sperm nuclei in extracts with various con-
centrations of single-stranded M13 or double-stranded plas-
mid DNA. While the efficiency of feedback varies somewhat
from extract to extract, single-stranded DNA is consistently
more effective than double-stranded plasmid DNA, com-
pletely inhibiting progression of the cell cycle at concentra-
tions of DNA which do not even slow the cell cycle when the
added template is double stranded.

Representative histone H1 kinase assays from several
different experiments are shown in Fig. 5. Single-stranded
DNA at 2 ng/ul lengthened interphase by 35 min in compar-
ison with samples containing no added DNA, while the same
concentration of double-stranded plasmid DNA had no

effect on the peak of histone H1 kinase activity or on entry
into mitosis (Fig. 5A). In a different cycling extract, the
peaks of histone H1 kinase activity in extracts containing no
added DNA and in extracts containing 4 ng of plasmid DNA
per pl were coincident, while the peak was delayed by 30
min in samples with the same concentration of single-
stranded M13 DNA (Fig. 5B). Similarly, double-stranded
plasmid DNA at 16 ng/ul lengthened the interphase by only
15 min, while the same concentration of single-stranded
DNA inhibited H1 kinase activation sufficiently to block
entry into mitosis for the duration of the experiment (120
min) (Fig. 5C). The relative ineffectiveness of double-
stranded plasmid DNA in generating the feedback signal
suggests either that some feature of replicating DNA, rather
than unreplicated DNA per se, generates the signal which
inhibits entry into mitosis or that single-stranded DNA itself,
unlike double-stranded plasmid DNA, is a potent inhibitor of
entry into mitosis.

Tyrosine phosphorylation of cdc2. Activation of the cdc2
kinase component of MPF can be blocked by tyrosine
phosphorylation of cdc2. Smythe and Newport have re-
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FIG. 5. Histone H1 kinase assays of extracts containing single-stranded or double-stranded templates. Aliquots of cycling extract
containing 2 ng of DNA per pl (A), 4 ng of DNA per pl (B), and 16 ng of DNA per pl (C) were withdrawn at 10-min intervals and assayed
for histone H1 kinase activity as described in the legend to Fig. 3. Panels B and C are from the same cycling extract; panel A is from an extract
prepared at a different time. Shown are data for no DNA (O), double-stranded plasmid DNA (@), and single-stranded M13 DNA (A).
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FIG. 6. Assays of the tyrosine kinase which phosphorylates
p34°¥2_ (A) Recombinant GST-cyclin was added in the presence of
sodium orthovanadate to aliquots of cycling extract containing 0 or
8 ng of single-stranded M13 DNA (ss) per pl in the presence or
absence of cycloheximide (CHX). The addition of sodium orthovan-
adate inhibits tyrosine phosphatase activity, preventing the induc-
tion of mitosis by the GST-cyclin. After 10 min, samples were frozen
in liquid nitrogen. Thawed samples were incubated with glutathione
agarose. The agarose beads were washed as indicated in Materials
and Methods, boiled in sample buffer, and electrophoresed on
SDS-polyacrylamide gels. Following electrophoretic transfer to
nitrocellulose, filters were probed with antiphosphotyrosine anti-
body. (B) Samples containing the indicated amounts of single-
stranded M13 DNA (ss) or double-stranded plasmid DNA (ds) were
processed as for panel A.

cently shown that a tyrosine kinase which phosphorylates
cdc2 is activated in the presence of replication-arrested
sperm DNA (sperm chromatin plus aphidicolin), thereby
leading to inhibition of MPF activity and arrest of the cell
cycle (36). This tyrosine kinase can be assayed by blocking
tyrosine phosphatase activity with sodium orthovanadate
and then adding an excess of GST-cyclin protein to the
extract. This cyclin protein complexes with free cdc2 in the
extract (which is not phosphorylated on tyrosine prior to
complex formation), providing a fresh substrate pool for the
tyrosine kinase. These reactions are stopped 10 min after
addition of the cyclin, allowing us to measure the rates of
cdc? tyrosine phosphorylation since the reaction does not go
to completion in this short time (36). The GST-cyclin com-
plexes are then purified on glutathione Sepharose, resolved
by SDS-PAGE, and immunoblotted with antiphosphoty-
rosine antibody.

Rates of p34°““? tyrosine phosphorylation were deter-
mined in the absence and presence of sufficient M13 DNA to
bring about cell cycle arrest. We added 8 ng of M13 DNA per
pl to the cycling extract (to arrest the cell cycle) and
measured the rate of tyrosine phosphorylation of cdc2 com-
plexed to GST-cyclin. As shown in Fig. 6A, the rate of
tyrosine phosphorylation of cdc2 was fivefold greater in the
presence of 8 ng of M13 DNA per pl than in the absence of
added DNA. Interestingly, this increase in tyrosine kinase
activity occurred in the presence of cycloheximide, demon-
strating that protein synthesis is not required for kinase
activation (Fig. 6A). In a separate experiment, either single-
stranded or double-stranded DNA at 3 ng/pl, single-stranded
DNA at 7 ng/pl, or double-stranded DNA at 30 ng/pl was
added to aliquots of cycling extract, and the cdc2-directed
tyrosine kinase activity was measured (Fig. 6). As expected
from the data presented above, M13 DNA, which was more
effective than double-stranded plasmid DNA at inhibiting H1
kinase activation, also induced more tyrosine kinase activ-

ity.

DISCUSSION

During the cell cycle, DNA replication and initiation of
mitosis are linked by a feedback system. By maintaining
MPF kinase in an inactive state, this feedback system
ensures that the initiation of mitosis does not occur until
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DNA synthesis is complete. In this report, we have demon-
strated that the feedback system which blocks entry into
mitosis during S phase can be activated by simple, well-
defined DNA templates. Specifically, we have shown that
addition of either single- or double-stranded plasmid DNA to
cycling Xenopus egg extracts affects the time at which
mitosis initiates. This effect is dose dependent; at low
concentrations, mitosis is delayed, and at higher concentra-
tions, it is blocked.

By measuring histone H1 kinase activity, we have shown
that addition of the M13 or plasmid DNA to an extract
inhibits activation of MPF. This observation strongly indi-
cates that these small DNA templates activate the feedback
pathway which normally keeps MPF inactive during S
phase. In support of this view, we have shown that the
mitotic delay caused by addition of the DNA templates is
reversed by caffeine, a drug known to inactivate the feed-
back pathway. Moreover, we have shown that the rate of
phosphorylation of the cdc2 subunit of MPF, a modification
known to inactivate MPF, is stimulated fivefold by addition
of plasmid DNA. Together, these results demonstrate that
single-stranded M13 DNA and double-stranded plasmid
DNA, like nuclear DNA, inhibit mitosis in a cycling extract
by stimulating the feedback pathway which inactivates MPF
via tyrosine phosphorylation of p34°7<2,

Although it is clear that MPF is a primary downstream
target regulated by the feedback system, very little is known
about how DNA generates the feedback signal. We have
shown that single-stranded DNA templates, which do not
appear to form nuclei, activate the feedback system. There-
fore, it appears unlikely that complex nuclear structures or
nuclear transport is directly involved in generating the signal
that activates the feedback pathway. Rather, our results
argue that this signal is generated by proteins which either
can recognize unreplicated DNA or, alternatively, can di-
rectly recognize DNA which is actively being replicated. For
example, the signal-generating protein(s) could bind along
the length of the DNA at the beginning of S phase. The
subsequent displacement of this protein by passage of the
replication complex could provide a simple mechanism for
attenuating the feedback signal. Such a process should, in
principle, provide a reliable estimate of when replication was
complete. Alternatively, the signal-transducing protein
could be a part of the replication complex or bind to a DNA
substrate generated by the complex. In this case, as long as
replication were ongoing, mitosis would be suppressed.

In the first model described above, the signal which
activates the feedback pathway is generated in the absence
of replication complexes. By contrast, in the second model,
the formation of replication complexes is essential for gen-
erating a signal. Previously, we have shown that sperm
nuclei will arrest the in vitro cell cycle completely when
present at greater than 2,000 nuclei per pl extract (5). In our
experiments, double-stranded plasmid DNA did not arrest
the cell cycle at levels as high as 16 ng of DNA per pl, the
equivalent of more than 5,000 sperm nuclei per pl of DNA.
This finding strongly suggests that unreplicated DNA itself is
not the substrate that activates the feedback pathway which
inhibits mitosis. The efficiencies of single-stranded and dou-
ble-stranded plasmid DNAs to act as templates for DNA
replication in cycling extracts differ markedly. Single-
stranded templates are replicated much more efficiently than
are double-stranded templates. Similarly, single-stranded
templates are considerably more efficient at generating a
feedback signal (Fig. 5; Table 1). The correlation between
replication efficiency and signal generation further suggests
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that the feedback pathway is activated by proteins involved
in DNA replication or by DNA structures formed during
replication rather than by proteins which bind to unrepli-
cated DNA.

In Xenopus embryos, the replication complex proceeds at
a rate of between 500 and 1,000 bp/min (4). Therefore, during
the 15-min embryonic S phase, replication complexes would
have to form approximately every 7,500 to 15,000 bp of
DNA. With these figures, there would be approximately
equal numbers of active replication complexes on equal
masses of M13 template and sperm nuclei. Approximately 6
ng of each of these templates per pl is required to arrest the
cell cycle in vitro. This conclusion is consistent with the idea
that active replication complexes themselves may generate
the feedback signal during replication.

An alternative mechanism for activation of the feedback
system would involve single-stranded DNA. During DNA
replication, single-stranded-DNA-binding proteins stabilize
single-stranded DNA at the replication fork. Proteins which
recognize and bind to these replication-dependent single-
stranded regions could generate the feedback signal which
inhibits mitosis during replication. It has been estimated,
from analogy to prokaryotic replication systems, that the
amount of single-stranded DNA generated at a eukaryotic
replication fork is not likely to exceed 500 to 1,000 bp of
DNA. If the feedback system is activated by the single-
stranded DNA present at replication forks, then addition of
M13 single-stranded DNA could be activating feedback
directly. In this case, feedback could be uncoupled from
DNA replication by the addition of single-stranded DNA
unable to replicate in the extract. We have attempted to
determine whether this is the case by adding synthetic
oligonucleotides 57 bp in length to cycling extracts. These
oligonucleotides did not replicate and did not inhibit the cell
cycle. However, the added oligonucleotide was not suffi-
ciently stable in the extract to allow us to draw any firm
conclusions from these experiments. We have also added
modified oligonucleotides (16-mers with phosphoramidate
linkages) which are stable in extracts to try to activate
feedback independently of DNA replication. In this case,
feedback was not inhibited at oligonucleotide concentrations
up to 80 ng per pl of extract. Although this observation might
indicate that the activation of feedback requires DNA repli-
cation, it may also be possible that a 16-bp single-stranded
oligonucleotide is not a suitable substrate for the feedback
proteins. A number of other experiments designed to deter-
mine whether activation of feedback is independent of
replication have yielded equally ambiguous results. There-
fore, a clear answer to this question will have to await
further characterization of the signalling system itself.

Like the replication feedback pathway, the repair feed-
back pathway prevents cells from entering mitosis until
damaged DNA is repaired (see the introduction and refer-
ence 16). Given the similarity in the substrates recognized by
these two systems, replicating DNA and damaged DNA, it is
quite likely that they have some features in common. In-
deed, because DNA replication creates substrates which are
likely to be recognized as DNA damage (single-stranded
DNA, unligated fragments, and mismatched base pairs) it is
probable that the DNA-binding proteins which activate the
repair pathway are active during both S and G, phases. From
this point of view, the repair pathway, although activated by
different substrates, may be an extension of the replication
pathway; i.e., the replication pathway ensures that replica-
tion is completed, while the repair pathway ensures that it is
completed properly. It is possible that addition of single-

MoL. CELL. BioL.

stranded DNA to the extract is activating a DNA damage
detection system (e.g., that involving the rad9 gene product)
and thereby inhibiting entry into mitosis.

We have demonstrated that high levels of double-stranded
plasmid DNA and low levels of M13 DNA added to the
cycling extract can increase the rate of tyrosine phosphory-
lation of p34°?c2, It is of interest that the level of H1 kinase
activity at mitosis in the absence of DNA was higher than
that attained in the presence of DNA even when the DNA
was not able to prevent entry into mitosis (e.g., 8 ng of
double-stranded DNA per pl or 2 ng of single-stranded DNA
per pl) (Fig. 5). Our data show that with higher amounts
of added DNA, the activation of the tyrosine kinase which
suppresses histone H1 kinase activity is greater (Fig. 6).
When the tyrosine kinase(s) is only partially activated, only
a subpopulation of the cyclin-cdc2 complexes is suppressed.
If the remaining active complexes supply sufficient MPF
activity, the sample enters mitosis despite some activation of
the feedback pathway.

Our ability to activate tyrosine kinase activity by using
DNA templates opens up the possibility of dissecting the
signal transduction pathway leading from the template to the
tyrosine kinase. It should be possible to activate the tyrosine
kinase(s) with the artificial templates and further fractionate
the extracts for intermediates in the pathway. It should also
be possible to remove the templates from the extracts to
examine bound proteins. It is possible that cdc2 interacts
with regulatory kinases and phosphatases while bound di-
rectly to the DNA template. Indeed, Fotedar and Roberts
have recently shown direct binding of p34°““? to simian virus
40 templates replicating in vitro (12). Kinases and phos-
phatases regulating cdc2 activity might be bound directly to
the DNA template, using DNA as a cofactor for activation.
Future work aimed at addressing these questions will be
greatly simplified by the ability to generate feedback by
using simple artificial DNA templates.
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