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Evidence for a mammalian late-G, phase
inhibitor of replication licensing distinct
from geminin or Cdk activity
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Pre-replication complexes (pre-RCs) are assembled onto DNA during late mitosis and G, to license replication origins
for use in S phase. In order to prevent re-replication of DNA, licensing must be completely shutdown prior to entry into
S phase. While mechanisms preventing re-replication during S phase and mitosis have been elucidated, the means by
which cells first prevent licensing during late G, phase are poorly understood. We have employed a hybrid mammalian/
Xenopus egg extract replication system to dissect activities that inhibit replication licensing at different stages of the
cell cycle in Chinese Hamster Ovary (CHO) cells. We find that soluble extracts from mitotic cells inhibit licensing through
a combination of geminin and Cdk activities, while extracts from S-phase cells inhibit licensing predominantly through
geminin alone. Surprisingly however, geminin did not accumulate until after cells entered S phase. Unlike extracts from
cells in early G, phase, extracts from late G, phase and early S phase cells contained an inhibitor of licensing that could
not be accounted for by either geminin or Cdk. Moreover, inhibiting cyclin and geminin protein synthesis or inhibiting
Cdk activity early in G, phase did not prevent the appearance of this licensing inhibitory activity. These results suggest
that a soluble inhibitor of replication licensing appears prior to entry into S phase that is distinct from either geminin or
Cdk activity. Our hybrid system should permit the identification of this and other novel cell cycle regulatory activities.
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Introduction

DNA replication must be regulated to duplicate the genome faith-
fully and exactly once per cell cycle. This is achieved in eukary-
otes by two mutually exclusive alternating periods of the cell
cycle.* Pre-replication complex (pre-RC) assembly culminates
in the loading of the Mcm2-7 helicase during telophase to license
origins for initiation at a time when initiation of replication is
prevented. Replication initiates during S phase under conditions
in which licensing is prevented. In mammalian cells, licensing
is inhibited during S phase and G, predominantly by prevent-
ing the activity of the essential licensing protein Cdtl through
a combination of proteolysis and sequestering of Cdtl by bind-
ing to the licensing inhibitor geminin. In mitosis, licensing is
also inhibited by high Cdk activity that prevents pre-RC proteins
from binding to DNA. Licensing takes place during telophase,’”
shortly after the degradation of both cyclins and geminin, which
are maintained at low levels during G, phase by the APC/Cdhl
ubiquitin ligase complex.

It is critical that pre-RC assembly be shut down completely
prior to entry into S phase in order to prevent any re-replication.
There is currently a gap in our knowledge as to exactly when
licensing ceases during G, phase in preparation for S phase.
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One key event could be the loss of APC/Cdhl activity during
G, phase, which allows geminin levels to rise." However, APC/
Cdhl inactivation also results in the elevation of cyclins, and
if this were the sole means of regulation, there would be a risk
that rising Cdk activity could drive initiation before geminin
had reached a sufficiently high level. The origin decision point
(ODP), the time at which a subset of pre-RCs are selected for
initiation potential, occurs prior to the R-point and it has been
hypothesized that cessation of pre-RC assembly and eviction of
pre-RCs by other chromosomal activities such as transcription
could account for the ODP.! In fact, selection of origins at the
ODP is sensitive to Cdk2 inhibitors,' although Cdk2 activity
has not been detected until the R-point.'*!?

Here, we have investigated the utility of Xenopus egg extracts,
in which replication activities can be readily manipulated, to
evaluate licensing and pre-RC assembly during the mammalian
cell cycle. This cross-species complementation approach allows
the dissection of mammalian cell cycle activities using Xenopus
egg extracts. We find that extracts from mitotic cells inhibit
Mcm?2-7 protein loading through a combination of geminin and
Cdk activity as expected. However, extracts from S-phase cells
inhibit licensing exclusively through geminin, with no detectable
contribution from Cdk activity. Finally, we present evidence for
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Figure 1. Geminin Protein Accumulates After Entry Into S Phase. CHO cells were synchronized
in mitosis by shake-off and released into the cell cycle for the indicated times. Either whole cell
extracts (WCE) or a chromatin-containing cell fraction (chromatin) was subjected to western
blotting with the indicated antibodies. Cell cycle hallmarks discussed in the text are indicated

many hours, with approximately 50% of
cells in S phase by 12 hours, while cyclin A
accumulation occurs between 10-12 hours
after mitosis.”'>"

To place geminin and Cdtl protein
synthesis into this timeline, we performed
immuno-blotting of either whole cell
extracts or chromatin-containing fractions
prepared from CHO cells synchronized at
various time points after mitosis (Fig. 1).
Chromatin-bound PCNA (as well as BrdU
incorporation; example shown in Fig. 5C)
served as an indicator of entry into S phase
and, consistent with prior results summa-
rized above, appeared by 6 hours post-mito-
sis. Also consistent with prior work, cyclin
A appeared (weakly) 4-6 hours after the
first cells entered S and cyclin B appeared
much later into S phase. Cyclin E (which
had not been previously analyzed) appeared
just prior to the R-point and diminished
late into S phase, consistent with the ini-
tial phosphorylation of Rb and entry into
S phase being mediated by cyclinE-Cdk2
complexes.”” Surprisingly, the appearance
of geminin and the degradation of Cdtl
on chromatin also did not occur until 4-6

above the figure.

hours after the first cells entered S both,

the presence of a soluble replication inhibitor that accumulates
during the pre-restriction point stage of G, phase to inhibit pre-
RC assembly, but is distinct from either Cdk or geminin.

Results

Geminin accumulation and Cdtl degradation occur after the
onset of S phase. In several earlier publications, we have care-
fully staged the timing of G,-phase events using CHO cells that
can be synchronized to near homogeneity by mitotic shake-off.
Degradation of cyclins A and B and geminin occur within 10
minutes after release from a brief (4 hour) nocodazole block,’
and the accumulation of Mcm2-7 on chromatin begins 20-30
minutes later, coincident with the ability of chromatin from
such cells to replicate in an Mcm-depleted or geminin-supple-
mented Xenopus egg extract.*”" Mcm2-7 proteins continue
to accumulate on chromatin throughout G, phase, with more
than half the total Mcm2-7 in the cell associating with chro-
matin by the onset of S phase.'"*"> The Origin Decision Point
(ODP) occurs between 3 and 4 hours after mitosis,'® whereas
the R-point—defined by either mitogen-independent entry of
cells into S phase (point of no return) or phosphorylation of
the Retinoblastoma tumor suppressor protein (Rb)—occurs
between 6 and 8 hours after mitosis.”” Cells staining positive
for PCNA focal staining or BrdU incorporation, indicating
entry into S phase, can be first seen around the time of ini-
tial Rb phosphorylation. Cells continue to enter S phase over
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coincident with the appearance of cyclin A.
We also noticed a transient and reproducible increase in Cdtl
levels in both whole cell extract and chromatin fraction 5-6
hours after mitosis. Overall, the timing of both the appearance
of geminin and the degradation of Cdtl cannot account for the
prevention of pre-RC assembly prior to entry into S phase. Cyclin
E however, remained a viable candidate for such an activity.
Early G, phase is uniquely permissive for replication licensing.
We wished to devise an assay to detect inhibitors of Mcm loading
within extracts from mammalian cells synchronized at different
times during G, phase. To do so, we took advantage of a previously
described assay for replication licensing.'® This two-step assay
(Fig. 2A) recapitulates the two distinct phases of the cell cycle in
which: (1) licensing but not initiation can occur and; (2) initia-
tion but not licensing can occur. By first carrying out the licensing
reaction using Xenopus sperm chromatin as a substrate and a solu-
ble Xenopus egg extract (“High Speed Supernatant”; HSS) to elicit
the licensing reaction (Step 1), pre-RC proteins assemble onto the
sperm chromatin but a nuclear envelope is unable to assemble,
which is necessary for the accumulation of Cdk activity required
for the initiation step. The efficiency of licensing can then be
evaluated by adding to the licensing reaction a sufficient quantity
of complete Xenopus extract supplemented with high concentra-
tion of non-degradable geminin (Step 2). Complete extracts have
the ability to form a functional nucleus around licensed chroma-
tin that leads to accumulation and concentration of Cdk activ-
ity required for initiation. At the same time, the supplemented
non-degradable geminin prevents the complete extracts from
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Figure 2. A heterologous system for the identification of licensing activities. (A) Description of licensing assay protocol (see text and methods for
details). (B) Various concentrations of sperm chromatin were added to soluble high-speed Xenopus extract in Step 1, followed by the addition of
sufficient geminin-supplemented complete (low-speed) extract to maintain a constant sperm template concentration in Step 2 of 13.3 ng/u.l. The
relative fraction of input DNA synthesized was plotted as a function of original template concentration in Step 1. This experiment identifies the Step 1
template concentration at which licensing components (e.g., Mcm2-7) become limiting for DNA synthesis. 40 ng/ul was used in all subsequent experi-
ments. (C) Immediately following Step 1 from (B), sperm chromatin was isolated from aliquots of the reaction by centrifugation through a sucrose
cushion. Chromatin bound proteins from equivalent amounts of sperm DNA from each reaction were subjected to immuno-blotting to detect the
amount of chromatin-loaded Mcm proteins. (D) In Step 1, soluble high-speed Xenopus egg extract was replaced with either Buffer (Buf) or soluble
extracts from CHO cells at different times during the cell cycle (M = mitosis or cells at shake-off; Early G, = 2 hours after mitosis; Late G, = 7 hours after
mitosis; S = S phase; cells released from mitosis into aphidicolin for 16 hours and released from the aphidicolin block for one hour). CHO extracts can-
not license Xenopus sperm chromatin on their own, regardless of the time during the cell cycle at which they are prepared. (E) Soluble high-speed
Xenopus egg extracts were depleted of ORC1, Cdc6, Mcm3 or Cdt1 and Step 1 of the licensing reaction was performed with mixtures of depleted
extract and either Buffer (Buf) or CHO cell extracts (Xenopus: Mammalian extract ratio 1:3) prepared at the indicated times during the cell cycle as in
(D). As positive control reactions, depleted Xenopus extracts were supplemented with partially purified fractions of Xenopus egg extract (Crude Xen.:
PEG-M for Mcm3 depleted extracts and PEG-B for all others; reference 18) and all reactions were quantified relative to this positive control. (F) Soluble
hamster extracts used in (E) were subjected to immuno-blotting to examine the level of hamster Cdt1 and Mcm proteins.
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Figure 3. Inhibition of licensing by hamster extracts. (A) Various ratios of high-speed Xenopus extract: mammalian extract or buffer (Buf.) were mixed
with 40 ng/pl sperm chromatin during Step 1 of the licensing reaction, followed by the addition of sufficient geminin-supplemented complete
(low-speed) extract to maintain a constant sperm template concentration in Step 2 of 13.3. ng/u.l, as in Figure 2B. Licensing inhibition is shown as a
percentage of the DNA synthesis seen relative to the maximum value when the assay was performed with high-speed Xenopus extract:buffer = 3:1.
(B) The experiment shown in (A) was repeated with 3 independent batches of Xenopus and CHO extracts. For M and S phase reactions, the “Optimal
Ratio” of Xenopus:Mammalian extract was determined as the minimum amount of hamster extract to give maximal inhibition, which was 1:1 for M
phase and 3:1 for S phase. For G, phase inhibitory activity, the “Optimal Ratio” was the ratio to detect the maximum licensing inhibition for late G,

licensing origins using Xenopus proteins. Hence, DNA synthesis
observed in Step 2 is a read out of the successful licensing (i.e.,
Mcm loading) of chromatin in Step 1. Under standard Xenopus
replication conditions, a large excess of Mcm proteins assemble
onto chromatin and more than 90% of Mcm proteins must be
depleted to observe measurable effects on DNA synthesis.?*
Thus, to increase the sensitivity of the DNA synthesis readout to
inhibitors of Mcm loading, we titrated the amount of template
Xenopus sperm DNA introduced into the initial licensing reac-
tion in Step 1 to identify a concentration of sperm DNA at which
Mecm loading would be limiting for subsequent DNA synthesis in
Step 2 (Fig. 2B). A linear relationship between DNA input and
DNA synthesis was found between 20—-80 ng sperm DNA per
microliter of licensing reaction. Hence, 40 ng per microliter was
used in Step 1 for all subsequent experiments. Direct measure-
ment of Mcm loading (which requires considerably more extract
and was not practical as a routine assay), confirmed that DNA
synthesis was an accurate readout of Mcm loading under these
experimental conditions (Fig. 2C).

To evaluate licensing activity during the mammalian cell
cycle, soluble cellular extracts were made from Chinese Hamster
Ovary (CHO) cells synchronized at various times during the
cell cycle and tested for their ability to completely substitute for
Xenopus proteins in the licensing step of the reaction. Extracts
were prepared from cells in metaphase (M), 2 hr after nocodazole
release (early G; pre-ODP), 5-7 hr after nocodazole release (late
G,; post-ODP), and after release from mitosis for 16 hours in the
presence of the replication inhibitor aphidicolin, followed by a 1
hour release from aphidicolin (S). We found that none of these
extracts had licensing activity on their own (Fig. 2D). This was
expected, since ORC and Cdc6 proteins, essential for licensing,
are found exclusively in the chromatin fraction in CHO cells
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throughout the cell cycle under these extraction conditions and
so are not present in our soluble CHO cell extracts.”*? To confirm
that the lack of licensing activity was due to selective absence of
ORC and Cdc6 proteins in these soluble extracts, we separately
immunodepleted ORC, Cdc6, Mcm and Cdtl proteins from
Xenopus egg extracts and evaluated the ability of soluble CHO
extracts to rescue loss of these individual pre-RC components
(Fig. 2E). As expected, none of the mammalian extracts could
compliment the loss of ORC or Cdc6. However, extracts from
early G,-phase cells, but not late G -phase, M-phase or S-phase
cells, could rescue licensing activity in Cdtl- or Mcm-depleted
extracts. The inability of extracts other than from early G, cells
to complement Cdtl or Mcm2-7 activity was not due simply to
the selective absence of Cdtl or Mcm proteins, as these proteins
were present in similar amounts in soluble extracts from all of
these time points (Fig. 2F).

We next wanted to distinguish whether the inability of
extracts from late G,-phase, M-phase or S-phase cells to comple-
ment depleted extracts was due to the absence of licensing activ-
ity or to the presence of an inhibitor of licensing. To that end, we
performed mixing experiments in which various ratios of ham-
ster to Xenopus egg extract were used during the licensing step
of the reaction. If components were simply missing from some of
the mammalian cell extracts, mixing should not inhibit licens-
ing more than the addition of buffer. Results (Fig. 3A and B)
revealed that hamster extracts from all but early G, -phase con-
tain an inhibitory activity. Moreover, extracts prepared at differ-
ent times during the cell cycle had different levels of inhibitory
activity manifest by the ratio of Xenopus to hamster cell extract
required to detect the inhibition of licensing. S-phase extracts
showed strong inhibition even at low concentrations, while
M-phase and late G,-phase extracts required a higher ratio of
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Figure 4. Nature of licensing inhibitor in M phase and S phase hamster extracts. (A and C) Step 1 of the licensing assay was performed with high-
speed Xenopus extract mixed with buffer alone (grey) or with M phase (A; ratio of 1:1) or S phase (C; ratio of 3:1) CHO extract (white). Prior to mixture,
buffer or CHO extracts were supplemented with the Cdk inhibitor 6-DMAP (3 mM), a geminin-neutralizing fragment of Cdt1 (amino acids 193-447;
Con7, 5 ng/ul), or both inhibitors simultaneously. DNA synthesis in Step 2 is expressed as a percentage of that obtained with buffer alone. Shown are
the means of three experiments with independent extract batches and error bars show standard deviation. (B and D) Xenopus sperm chromatin was
incubated with high-speed Xenopus extract mixed with buffer (+Buffer) or hamster M-phase (B) or S-phase (D) extract supplemented with inhibitors
asin (A and C) except that Roscovitine (rosco, 40 M) was substituted for 6-DMAP as a more potent and specific inhibitor of Cdk activity. Following the
25 min Step 1 incubation period, sperm chromatin was isolated and subjected to immuno-blotting to evaluate Mcm protein loading.

hamster to Xenopus extract. Importantly, early G, phase showed
little or no inhibitory activity at any ratio.

Extracts from mitotic cells inhibit the loading of Mcm2-7
proteins through a combination of geminin and Cdk activity.
We first considered whether the inhibitory activity of the dif-
ferent extracts was due to known pathways that inhibit licens-
ing during the cell cycle. To this end, we sought to separately
neutralize the two known inhibitors of licensing: geminin and
Cdk activity. Geminin can be neutralized using a peptide deriv-
ative of Cdtl (Cdc1*%%), which retains the geminin interacting
domain of Cdtl but lacks the ability to participate in the licens-
ing reaction.” Cdt1"®*% can titrate geminin from extracts and
prevent it from inhibiting licensing. Cdk activity can be neutral-
ized using the inhibitor 6-dimethylaminopurine (6-DMAP).
Although the specificity of 6-DMAP for Cdk vs. other pro-
tein kinases is not as defined as other Cdk inhibitors such as
roscovitine,? we have shown that unlike other Cdk inhibitors,
6-DMAP only weakly inhibits the initiation of DNA replication
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in Xenopus egg extracts®?’

allowing us to evaluate DNA syn-
thesis in the read out reaction. We began by examining extracts
from mitotic cells, previously shown to have high levels of both
geminin and cyclins.” Cdt1'*-*7 and/or 6-DMAP were added to
extracts made from CHO cells synchronized in mitosis prior to
their addition to the Xenopus egg extract licensing reaction. As
shown in Figure 4A, both Cdt1"*** and 6-DMAP were able to
partially neutralize the licensing inhibition activity in mitotic
extracts while the effects of Cdt1"**7 and 6-DMAP were addi-
tive for relieving inhibition.

To confirm that the inhibition of licensing activity reflects
the efficiency with which Mcm2-7 proteins were loaded onto
chromatin,'® chromatin was isolated from extracts following the
licensing reaction and analyzed by immuno-blotting with anti-
Mecm antibodies. Using this assay we could make use of roscovi-
tine as a more specific inhibitor of Cdk activity because we did
not need to maintain the initiation-competence of the extracts.
As shown in Figure 4B, the loading of both Mcm3 and Mcm?7
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Figure 5. For figure legend, see opposite page.

was strongly inhibited when mitotic extracts were mixed into the Extracts from S-phase cells inhibit the loading of Mcm2-7
licensing reaction. However, the addition of either Cdt1"** or  exclusively through geminin. Next, we examined the inhibitory
roscovitine partially rescued Mcm loading and the addition of  activity in extracts from S-phase cells, which also contain high
both rescued Mcm loading to the levels seen without the addi- amounts of geminin and cyclin A, but not cyclin B (Fig. 1 and
tion of any mitotic extract. We conclude that the inhibition of  reviewed in refs. 7 and 17). While Cdt1"**¥" neutralized a large
licensing by mitotic extracts is due to the prevention of Mcm2-7  fraction of the licensing inhibitory activity in S-phase extracts,
loading by the combined activities of Cdk and geminin. 6-DMAP had no effect, even in combination with Cdt1"34
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Figure 5 (See opposite page). Nature of licensing inhibitor in late G, hamster extracts. (A) Similar to Figure 4A and C, Step 1 of the licensing assay was
performed with high-speed Xenopus extract mixed with buffer alone (Buf) or with extracts from CHO cells synchronized at the indicated times after
mitosis at a 1:3 ratio. Prior to mixture, buffer or CHO extracts were supplemented with 6-DMAP (red), or Cdt1'***4” (green). DNA synthesis in Step 2 is
expressed as a percentage of that obtained with buffer alone. Shown are the results of two independent assays and the standard deviation. Below the
graph is an immuno-blot showing the Mcm2 and geminin levels in the soluble hamster extracts from each time point, as well as M and S phase from
the same synchronized cells. (B) Xenopus sperm chromatin was incubated with high-speed Xenopus extract mixed with buffer (+Buffer) or extracts
from CHO cells synchronized at the indicated times after mitosis. Following the 25 min Step 1 incubation period, sperm chromatin was isolated and
subjected to immuno-blotting to evaluate the relative amounts of Mcm loading after incubation with extracts from each G, phase time point (A). In
this experiment, histones were detected by coomassie staining. (C) Prior to collection, aliquots of each of the cell preparations from (A) were pulse
labeled with BrdU and the percentage in S phase cells was evaluated. (D) Step 1 of the licensing reaction was performed with high-speed Xenopus
extract mixed at a 1:1 ratio with buffer (+Buffer) or extracts from CHO cells synchronized either 2 hours after mitosis (Early G, Phase) or after release
from aphidicolin as in Figures 2-4 (S Phase), as well as combinations of these two CHO cell extracts mixed at the indicated ratios. This demonstrates
that 10-33% contamination of S-phase cells would be needed to detect licensing inhibition. (E) Similar to Figure 4A and C, Step 1 of the licensing assay
was performed with high-speed Xenopus extract mixed at a ratio of 1:3 with buffer alone (grey) or with extracts from CHO cells synchronized 7 hours
after mitosis (Late G, Phase; white). Prior to mixture, buffer or CHO extracts were supplemented with the Cdk inhibitor 6-DMAP, Cdt1'****# (Con7), or
both inhibitors simultaneously. DNA synthesis in Step 2 is expressed as a percentage of that obtained with buffer alone. Shown are the means of three
experiments with independent extract batches and error bars show standard deviation. (F) Similar to Figure 4B and D, Xenopus sperm chromatin was

Buffer alone.

incubated with high-speed Xenopus extract mixed at a ratio of 1:3 with buffer alone (+Buffer) or extracts from CHO cells synchronized 7 hours after
mitosis (+Mammalian G, Phase) supplemented with inhibitors as in (E) except that Roscovitine (rosco) was substituted for 6-DMAP as a more potent
and specific inhibitor of Cdk activity, as in Figure 4B and D. Following the 25 min Step 1 incubation period, sperm chromatin was isolated and sub-
jected to western blotting to evaluate Mcm protein loading. Neither Roscovitine nor Cdt1'**#47 (Con7) could recover Mcm loading to levels seen with

(Fig. 4C). Similarly, when Mcm loading was examined directly,

neutralizing geminin with Cdt1'%3-49

completely restored Mcm
loading, whereas roscovitine treatment did not result in any
detectable increase in Mcm loading (Fig. 4D). Similar results
were obtained whether CHO cells were synchronized at 14 hours
after release from mitotic selection (60% cells in S-phase) or
were arrested at the G /S boundary with an aphidicolin block
and released for one hour (not shown). Hence, the inhibition of
licensing by S-phase extracts is primarily due to the inhibition
of Mcm2-7 loading by geminin. This is consistent with previous
results showing that geminin, but not Cdks, plays a major role
82831 and extends
these findings to suggest that geminin is solely responsible for the

in inhibiting licensing during S phase and G,

inhibition of licensing during this phase of the cell cycle.

A pre-restriction point inhibitor of licensing. To further
investigate the licensing inhibitory activity found in extracts
from late G,-phase cells, we first analyzed extracts from cells
synchronized at hourly intervals after mitosis. Results (Fig. 5A),
demonstrated that the licensing inhibitory activity first appeared
between 3 and 4 hours and increased until 6 hours. Late G,-phase
extracts also detectably inhibited the loading of Mcm proteins
onto chromatin (Fig. 5B). These cells are upstream of phosphor-
ylation of the retinoblastoma protein and passage through the
R-point, which takes place 6-8 hours after mitosis' but partially
overlaps the ODP, which takes place between 35 hours.'®%* Cell
cycle events during G -phase are highly reproducible in this cell
line under the synchronization conditions used here, and the
hallmarks shown in Figure 1 are all consistent with prior work.
Moreover, monitoring the entry of cells into S-phase of the same
cells used in these experiments by scoring the percentage of cells
incorporating 5-bromo-2-deoxyuridine (BrdU) in a brief pulse
label at each time point verified that cells were moving through
G,-phase at a rate consistent with all of our prior cell cycle studies
in this cell line (Fig. 5C).

Several observations confirm that the late G -phase inhibi-
tory activity is not due to partial contamination of G -phase
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cells with cells that had entered S phase prematurely. First,
there is no significant increase in inhibitory activity during the
7-9 hour period (Fig. 5A) when the percentage of S-phase cells
increases from 7 to 27% (Fig. 5C). Second, mixing S-phase
extracts with early G,-phase extracts (prepared 2 hours after
mitosis) revealed that inhibition equivalent to that seen with late
G,-phase extracts would require at least 30% S-phase extract
contamination (Fig. 5D). Third, the data shown in Figure 4C
and D demonstrate that S-phase licensing inhibition is almost
totally accounted for by geminin. However, we could not detect
any geminin present in extracts prepared as late as 9 hours after
mitosis (Fig. 5A), when more than 25% of cells were already in
S-phase (Fig. 5C). In fact, geminin was not detectable in whole
cell extracts until 10-12 hours after mitosis (Fig. 1). Moreover,
Cdt1"3%7 was unable to neutralize the inhibitory activity of late
G,-phase extracts (Fig. 5A, E and F), suggesting that geminin
does not play a major role in preventing licensing during late G,.
Interestingly, 6-DMAP addition was also unable to neutralize
the late G, -phase licensing inhibition (Fig. 5A, E and F), as it
did with M-phase extracts (Fig. 4A and B), suggesting that this
activity is not due to Cdk activity. Together, these results indi-
cate that during the pre-restriction point period of G -phase, at
or near the ODP, an activity distinct from geminin or Cdk arises
that can inhibit replication licensing.

What could be the nature of this pre-restriction point licens-
ing inhibitor? One candidate would be Cdtl or Cdc6 degra-
dation. However, Cdc6 is equally associated with chromatin
throughout the cell cycle in CHO cells” and there is actually a
transient increase in both total and chromatin-bound Cdtl1 levels
during the initial appearance of the inhibitory activity (Fig. 1).
Moreover, we did not detect any degradation of Xenopus Cdtl
when mammalian extracts were added to the licensing reaction
(Sasaki T, unpublished). One previously described but poorly
characterized activity that could potentially influence licensing
is Mcm acetylation.** However, we found that the addition
of a pan-acetylase inhibitor (acetonyl Co-A) or a pan-HDAC
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Figure 6. Drug effect on late G, licensing inhibition. (A) Step 1 of the
licensing assay was carried out mixing high-speed Xenopus extract at a
1:3 ratio with either Buffer (Buf) or soluble extracts from CHO cells syn-
chronized at the indicated times after mitosis. Cells were treated with
the indicated inhibitors (cycloheximide, CHX 50 pg/ml; MG132, 10 wM;
roscovitine, 40 wM) starting from 2 hours after mitosis. Shown are the
average of two independent assays and the standard deviation. (B) Pro-
gression into S phase for each of the CHO cell cultures used to prepare

extracts in (A) was monitored by BrdU pulse labeling as in Figure 5C.

inhibitor (TSA or butyrate) did not affect Mcm loading onto
chromatin in the licensing reaction (Sasaki T, unpublished). This
result would also appear to rule out the HBOI acetylase that is
required for replication licensing.?3¢

Late G, phase licensing inhibition does not require Cdk
activity or protein synthesis. In order to investigate the relation-
ship between this novel activity and origin selection at the ODP,
we performed the licensing inhibition assay using the hamster
extracts prepared from cells allowed to progress from eatly to late
G, in the presence of the Cdk inhibitor roscovitine, the proteoly-
sis inhibitor MG132 or the protein synthesis inhibitor cyclohexi-
mide (Fig. 6A). Roscovitine and MGI132 both inhibit passage
of cells through the ODP, while cycloheximide does not.'? All

three of these drugs have strong effects on the entry of cells into

462

Nucleus

S phase (Fig. 6B). Both roscovitine and cycloheximide prevented
entry into S phase, consistent with their ability to prevent passage
through the restriction point.'*'”% Interestingly, MG132 caused
a precocious entry of cells into S phase and rapid appearance of
a licensing inhibitory activity. Both of these observations can
be accounted for by the stabilization and accumulation of both
cyclins and geminin by MG132, both of which are normally
degraded by APC_,, . This suggests that MG132 inhibition of
the ODP is due to precocious initiation of replication prior to ori-
gin choice, but is not informative to the appearance of the late G,
phase inhibitory activity. We do not understand why cyclohexi-
mide appeared to enhance inhibitory activity; it is possible that
the continuous synthesis of a protein during early G, prevents
the appearance of the inhibitory activity. Nonetheless, inhibition
of licensing cannot result from Cdk or geminin activity since
their synthesis was prevented. Most importantly however, neither
roscovitine nor cycloheximide significantly affected the appear-
ance of a late G, licensing inhibition activity, indicating that late
G, phase licensing inhibition is independent of the ODP. The
fact that the licensing inhibitory activity appears in the absence
of protein (and thus cyclin and geminin) synthesis and in the
presence of a Cdk inhibitor provides supporting evidence that
the activity is not due to geminin or Cdk activity. These results
also confirm that the activity is upstream of the R-point. In fact,
extracts from cells arrested in quiescence also display licensing
inhibition that is independent of Cdk and geminin (Sasaki T,
unpublished).

Discussion

We describe a system to identify novel replication regulatory
activities in extracts from mammalian cells. We have employed
this system to dissect activities that affect replication licensing at
different stages of the mammalian cell cycle. We find that extracts
from mitotic cells inhibit Mcm2-7 protein loading through a
combination of geminin and Cdk activity as expected. However,
extracts from S-phase cells inhibit licensing exclusively through
geminin, with no detectable contribution from Cdk activity. As
expected from previous biochemical analysis, inhibition of licens-
ing is accounted for by the prevention of Mcm2—7 protein load-
ing onto DNA.'®Y Finally, we demonstrate the presence of an
unexpected and previously uncharacterized soluble replication
inhibitor that accumulates during the pre-restriction point stage
of G -phase. This inhibitor is distinct from either geminin or Cdk
activity. Our novel hybrid assay will permit the testing of candi-
dates for this activity and possibly its eventual identification.
While the combined inhibitory activities of Cdk and geminin
in mitotic extracts were expected (albeit we have not distinguished
Cdkl from Cdk2 activities in our experiments), it was quite sur-
prising to find that the S-phase pre-RC assembly activity, which
was the strongest inhibitory activity during the cell cycle, was
almost entirely accounted for by geminin with no detectable con-
tribution from Cdk activity. Cdk activity is required for S phase
progression and cyclins are abundantly present at the times our
extracts were prepared. In fact, we have previously detected robust
Cdk activity in soluble cellular extracts from S-phase cells.”®
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Figure 7. Summary. The timing of appearance of the licensing inhibitory activity identified in this report is placed into the context of the well-studied

Despite this, our experiments demonstrate that licensing inhi-
bition is largely independent of Cdk activity. Inhibition of Cdk
either in the in vitro licensing reaction or in cultured cells prior
to preparation of extracts had no effect on late G /Early S phase
inhibition of licensing. Hence, our results indicate that S phase
Cdk activity is neither necessary nor sufficient to inhibit Mcm
loading in mammalian cells.

Our results raise the question: what prevents pre-RCs from
re-forming on newly synthesized chromatin during early S-phase
prior to the appearance of geminin or Cdk activity? The obvious
known candidates summarized in Figure 7 have so far not pro-
vided productive leads. Our experiments suggest that the activity
does not involve degradation of licensing factors Cdtl or Cdc6.
Our experimental results are also not consistent with appear-
ance of an Mcm acetylase activity nor inhibition of the HBO1
acetylase, activities that have both been implicated in the licens-
ing reaction. However, the assay described here should permit the
purification of more defined fractions of soluble extracts that will
facilitate identification of the unknown inhibitor.

Materials and Methods

Xenopus extracts and de-membranated Xenopus sperm chro-
matin. LSS (low-speed supernatant) and HSS (high-speed super-
natant) from Xenopus eggs and de-membranated Xenopus sperm
chromatin were prepared as previously described in reference 38.
Immuno-depleted Xenopus extracts were prepared as described
in reference 38 and 39.

Hamster soluble extracts for licensing, Mcm loading, pro-
tein stability assay. Hamster CHOC400 cells were cultured and
synchronized as previously described in reference 40. Cells were
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harvested and washed twice in ice-cold LFB 1/50 (50 mM KClI,
40 mM Hepes-KOH pH 8.0, 20 mM potassium phosphate pH
8.0, 2 mM MgClz, 1 mM EGTA, 10% sucrose, 2 mM DTT, 1
ug/ml each of pepstatin, aprotinin, leupeptin, 0.5 mM PMSF),
resuspended in ice-cold LEB 1/50 at 107 cells/60 pl, then dis-
rupted by three cycles of freezing and thawing. The lysate was
spun at full speed in a microcentrifuge for one minute at 4°C and
the supernatant was collected. This procedure resulted in extract
protein concentrations >20 mg/ml. Extracts were adjusted to 20
mg/ml protein with LEB 1/50 and frozen in liquid nitrogen until
use. Synchronization of cells was confirmed by either metaphase
spread analysis (for M phase cells) or BrdU incorporation (for
G,- and S-phase cells), as described in reference 40.

Antibodies and western blotting. Whole cell extracts and
chromatin fractions from CHO cells were prepared as previously
described in reference 7. Isolation of Xenopus sperm chromatin
from the licensing reaction was performed as described in refer-
ence 41. In order to detect Xenopus proteins, rabbit anti-Xeno-
pus Mcm3,% rabbit anti-Xenopus Mcm?7,* rabbit anti-Xenopus
Cdt1* were used. In order to detect hamster proteins, anti-human
geminin (Santa Cruz, sc-13015), anti-human Cdtl (guinea pig
#47, gift from Jean Cook), anti-human cyclin A (Santa Cruz,
$c-596), anti-human cyclin Bl (Santa Cruz, sc-245), anti-human
cyclin E (Santa Cruz, sc-481), anti-human PCNA (Oncogene
NA03-200UG), anti-human Mcm7 (Santa Cruz, sc-9966) were
used. Anti-human histone H3 (Abcam, ab1791) was used for
both hamster and Xenopus histone H3 for loading control. For
the immuno-depletion of Xenopus egg extract, anti-Xenopus
ORCL,* anti-anti-Xenopus Mcm3,% anti-Xenopus Cdtl,” anti-
Xenopus Cdc6 * were used. Coomassie staining of histones (Fig.
5B) was performed as described in reference 46.
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Licensing/licensing inhibition assay. The principle of licens-
ing/licensing inhibition assay is described in the text and Figure
1, and has been previously described in reference 18 and 19. For
mixing experiments, the ratio of Xenopus HSS to hamster soluble
extract in licensing reaction was optimized for each synchroniza-
tion experiment as follows. For M and S phase inhibitory activity,
the minimum amount of hamster extract to give maximal licens-
ing inhibition was chosen, which was 1:1 for M phase and 3:1
for S phase. For G, phase inhibitory activity, we chose the ratio
to detect the maximum licensing inhibition for late G, relative
to early G, extracts, which was 1:3. Crude Xenopus ORC, Cdc6,
Mecm and Cdtl fractions were prepared by selective PEG precipita-
tion described in reference 18 and 43. Cdtl 193—447 is described

in reference 43. After the licensing reaction, the appropriate

volume of Xenopus LSS was added in Step 2 to achieve a final
sperm concentration of 13.3 ng DNA/uI LSS.
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