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Extracts from S-phase cells inhibit the loading of Mcm2-7 
exclusively through geminin. Next, we examined the inhibitory 
activity in extracts from S-phase cells, which also contain high 
amounts of geminin and cyclin A, but not cyclin B (Fig. 1 and 
reviewed in refs. 7 and 17). While Cdt1193-447 neutralized a large 
fraction of the licensing inhibitory activity in S-phase extracts, 
6-DMAP had no effect, even in combination with Cdt1193-447 

was strongly inhibited when mitotic extracts were mixed into the 
licensing reaction. However, the addition of either Cdt1193-447 or 
roscovitine partially rescued Mcm loading and the addition of 
both rescued Mcm loading to the levels seen without the addi-
tion of any mitotic extract. We conclude that the inhibition of 
licensing by mitotic extracts is due to the prevention of Mcm2–7 
loading by the combined activities of Cdk and geminin.

Figure 5. For figure legend, see opposite page.
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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

1
-phase extracts (prepared 2 hours after 

mitosis) revealed that inhibition equivalent to that seen with late 
G

1
-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, 
Cdt1193-447 was unable to neutralize the inhibitory activity of late 
G

1
-phase extracts (Fig. 5A, E and F), suggesting that geminin 

does not play a major role in preventing licensing during late G
1
. 

Interestingly, 6-DMAP addition was also unable to neutralize 
the late G

1
-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

1
-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 Cdt1 or Cdc6 degra-
dation. However, Cdc6 is equally associated with chromatin 
throughout the cell cycle in CHO cells7 and there is actually a 
transient increase in both total and chromatin-bound Cdt1 levels 
during the initial appearance of the inhibitory activity (Fig. 1). 
Moreover, we did not detect any degradation of Xenopus Cdt1 
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.33,34 However, we found that the addition 
of a pan-acetylase inhibitor (acetonyl Co-A) or a pan-HDAC 

(Fig. 4C). Similarly, when Mcm loading was examined directly, 
neutralizing geminin with Cdt1193-447 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

1
/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 
in inhibiting licensing during S phase and G

2
 8,28-31 and extends 

these findings to suggest that geminin is solely responsible for the 
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

1
-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

1
-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 mitosis17 but partially 
overlaps the ODP, which takes place between 3–5 hours.16,32 Cell 
cycle events during G

1
-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

1
-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

1
-phase inhibi-

tory activity is not due to partial contamination of G
1
-phase 

Figure 5 (See opposite page). Nature of licensing inhibitor in late G1 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 Cdt1193-447 (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 G1 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 G1 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 G1 Phase; white). Prior to mixture, buffer or CHO extracts were supplemented with the Cdk inhibitor 6-DMAP, Cdt1193-447 (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 
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 G1 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 Cdt1193-447 (Con7) could recover Mcm loading to levels seen with 
Buffer alone.
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S phase (Fig. 6B). Both roscovitine and cycloheximide prevented 
entry into S phase, consistent with their ability to prevent passage 
through the restriction point.12,17,37 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

Cdh1
. 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

1
 

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

1
 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

1
 licensing inhibition activity, indicating that late 

G
1
 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.18,19 Finally, we demonstrate the presence of an 
unexpected and previously uncharacterized soluble replication 
inhibitor that accumulates during the pre-restriction point stage 
of G

1
-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 
Cdk1 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.13 

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 HBO1 acetylase that is 
required for replication licensing.35,36

Late G
1
 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 early to late 
G

1
 in the presence of the Cdk inhibitor roscovitine, the proteoly-

sis inhibitor MG132 or the protein synthesis inhibitor cyclohexi-
mide (Fig. 6A). Roscovitine and MG132 both inhibit passage 
of cells through the ODP, while cycloheximide does not.12 All 
three of these drugs have strong effects on the entry of cells into 

Figure 6. Drug effect on late G1 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 μg/ml; MG132, 10 μM; 
roscovitine, 40 μM) 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.
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harvested and washed twice in ice-cold LFB 1/50 (50 mM KCl, 
40 mM Hepes-KOH pH 8.0, 20 mM potassium phosphate pH 
8.0, 2 mM MgCl

2
, 1 mM EGTA, 10% sucrose, 2 mM DTT, 1 

ug/ml each of pepstatin, aprotinin, leupeptin, 0.5 mM PMSF), 
resuspended in ice-cold LFB 1/50 at 107 cells/60 μl, 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 LFB 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

1
- 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 Mcm3,42 rabbit anti-Xenopus Mcm7,42 rabbit anti-Xenopus 
Cdt143 were used. In order to detect hamster proteins, anti-human 
geminin (Santa Cruz, sc-13015), anti-human Cdt1 (guinea pig 
#47, gift from Jean Cook), anti-human cyclin A (Santa Cruz, 
sc-596), anti-human cyclin B1 (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 
ORC1,44 anti-anti-Xenopus Mcm3,42 anti-Xenopus Cdt1,43 anti-
Xenopus Cdc6 45 were used. Coomassie staining of histones (Fig. 
5B) was performed as described in reference 46.

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

1
/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 Cdt1 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 

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 
G1 phase hallmarks.
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volume of Xenopus LSS was added in Step 2 to achieve a final 
sperm concentration of 13.3 ng DNA/μl LSS.
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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

1
 phase inhibitory activity, we chose the ratio 

to detect the maximum licensing inhibition for late G
1
 relative 

to early G
1
 extracts, which was 1:3. Crude Xenopus ORC, Cdc6, 

Mcm and Cdt1 fractions were prepared by selective PEG precipita-
tion described in reference 18 and 43. Cdt1 193–447 is described 
in reference 43. After the licensing reaction, the appropriate 
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