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Negative regulation of geminin by CDK-dependent ubiquitination
controls replication licensing
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During S phase the many thousands of replication forksinvolved in replicating
chromosomal DNA must be co-ordinated to ensure that despite the very large quantities of
DNA involved, no section of DNA isleft unreplicated and no section of DNA isreplicated
more than once. Cells achieve this by having a distinct stage that occurs prior to S phase
when replication origins are “licensed” for replication by loading complexes of the 6

mini chromosome mai ntenance proteins, Mcm2-7, onto them®-3. During S phase, replication
forks areinitiated only at these licensed replication origins. Asinitiation occurs at each
origin, the licence is removed, thereby ensuring that it fires only oncein each cell cycle. In
order for this system to work properly, it is essential that the licensing system is turned on as
cells exit metaphase so that the DNA in newly-born cellsis properly licensed, and that
licensing is then turned off again before cells enter S phase, so that replicated DNA cannot
become inappropriately re-licensed. We have recently uncovered an unexpected role for
cyclin-dependent kinases (CDKs) and ubiquitination in the cell cycle-dependent regulation
of the licensing system.

The licensing of replication origins depends on the co-ordinated activity of four proteins: the
Origin Recognition Complex (ORC), Cdc6, Cdt1 and Mcm2-724, These proteins all bind to
replication origins early in the cell cycle to form the pre-replicative complex or pre-RC.
ORC, Cdc6 and Cdt1 act together to load multiple copies of Mcm2-7 onto DNA. Once
Mcm?2-7 have been loaded and the origin is functionally licensed, ORC, Cdc6 and Cdt1 are
no longer required to maintain Mcm2-7 at the origin. Previous work on the licensing system
in cell-free extracts of Xengpuseggs has shown that asmall protein called geminin acts as
the major inhibitor of replication licensing late in the cell cycle®8. Geminin binds and
inhibits the Cdt1 component of the licensing system® 78, It is therefore of interest to
understand how the activity of geminin is regulated.

In arecent paper we have investigated how geminin isinactivated on exit from metaphasein
cell-free extracts of Xengpuseggs®. During metaphase, Cdt1 activity is suppressed by being
bound by geminin, whilst at the same time mitotic CDK activity (mainly Cdk1-cyclin B)
lowers the affinity of ORC and Cdc6 for origin DNA (Figure 1, “Metaphase”). The
inhibition of licensing by mitotic CDKsis consistent with alarge body of datain yeasts
showing that replication licensing isinhibited by CDK activity from late G1 thorough to the
end of mitosis?3. In the light of the paradigm that CDK s inhibit replication licensing, there
were some surprising suggestions that Cdk1 (Cdc2), the major mitotic cyclin-dependent
kinase, is required for activation of the licensing system on exit from metaphase in
XenopustO11, We therefore performed experiments which showed that when Cdk1 activity
isinhibited prior to metaphase exit, geminin fails to be inactivated and instead remains
tightly bound to Cdt1°. As a consequence, the licensing system remains inhibited and no
DNA replication can take place. This requirement for Cdk1 to activate the licensing system
explains a previously controversial observation that immunodepletion of Cdk1 (Cdc2) from
metaphase extracts blocks subsequent DNA replication12,
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Cdk1 activity is also known to be necessary (though not sufficient) for activation of the
Anaphase Promoting Complex (APC/C) on exit from metaphase!. The APC/C isan E3
ubiquitin ligase that polyubiquitinates specific proteins such as cyclin B to initiate anaphase
and mitotic exit1#15, Since the Cdk1-dependent inactivation of geminin only occurs on exit
from metaphase, we asked whether APC/C activity is required for geminin inactivation.
Using a competitive inhibitor of the APC/C and a mutant form of ubiquitin unableto form
polyubiquitin chains, we showed that the APC/C was indeed required for geminin
inactivation. Thus the requirement for Cdk1 in geminin inactivation can be explained by a
requirement for APC/C-dependent polyubiquitination in this process.

What protein(s) need to be ubiquitinated by the APC/C in order for geminin to be
inactivated? Since geminin was originally cloned in a screen for proteins ubiquitinated by
the APC/C’, it was an obvious candidate to try. We showed that a mutant form of geminin
which is not recognized by the APC/C does not become inactivated on mitotic exit. Whilst
most proteins ubiquitinated by the APC/C are subsequently degraded by the 26S
proteasome, a large proportion of geminin escapes degradation. However, we showed that
the polyubiquitinated geminin is rapidly de-ubiquitinated by isopeptidases, leaving it
inactive and unable to bind Cdt1 (Figure 1, “ Anaphase’). Using a variety of proteasome
inhibitors, we found that proteasome-mediated proteolysis was not required for geminin
inactivation. Consistent with other reports!®-17 we found that, surprisingly, proteasome-
mediated proteolysis was required neither for mitotic exit nor for progression through S
phase. In the absence of proteasome-mediated proteolysis, mitotic Cdk1 kinase activity
apparently becomes down-regulated by other mechanismst®.

These results show that geminin joins an expanding collection of proteins whose activity is
known to be regulated by ubiquitination independently of proteolysis'®19. In the case of
geminin, polyubiquitination is only transient, but leaves the protein inactive. How this
occursis currently unclear. One possibility is that ubiquitination could permit a second
inactivating modification such as phosphorylation, which is then retained when the ubiquitin
is subsequently removed. 2-dimensional gelsindeed show many different geminin isoforms,
though none seem to correlate precisely with activity (AL and JJB, unpublished
observations). An aternative possibility isthat ubiquitination could force geminin into a
relatively stable inactive conformation. A related question is why polyubiquitinated geminin
escapes proteasome-mediated degradation. One possibility is that geminin bound to Cdtl is
specificaly refractory to proteolysis; if this were the case, it would provide asimple
mechanism for precisely balancing the levels of Cdtl and geminin.

Before S phase begins, the licensing system must be turned off again in order to prevent
replicated DNA from being re-licensed for a second round of replication. We have
previously shown that by the beginning of S phase in the Xengpus system, geminin has
become reactivated to be the major nucleoplasmic inhibitor of licensing®. Geminin is rapidly
imported into interphase nuclei and the reactivation of geminin is dependent on its nuclear
import8 (Figure 1, “ Interphase G1/S’). Unlike the inactivation of geminin during anaphase,
the reactivation of geminin following nuclear import does not require the action of CDKSs.
Since in the Xergpussystem the initiation of replication at licensed origins depends on
nuclear assembly?0, the import-dependent reactivation of geminin provides an elegant way
of ensuring precise chromosome replication in the short embryonic cell cycles where
extensive proteolysis might be wasteful. The original experiments demonstrating the
existence of areplication licensing factor showed that replicated G2 nuclei must be
permeabilized prior to re-incubation in Xenopusegg extract in order for the DNA to
undergo a further round of replicationl21, We can now explain these results by noting that
geminin would be rapidly imported into intact nuclei and reactivated when G2 nuclei arere-
incubated in Xenopusegg extract; if, however, the nuclei were permeabilized prior to re-
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incubation, geminin reactivation would only occur following nuclear envelope repair, thus
providing time for the DNA to become re-licensed. Although our new results® have
therefore potentially provided answers to some old questions, new questions have arisen.
Resactivation of geminin following nuclear import presumably involves reversal of the
inactivating modification that occurs on metaphase exit. Understanding the precise nature of
this change in activity is now amajor challenge.
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Figurel.

A small region of chromatin surrounding a single replication origin is shown. During
metaphase, geminin is active and binds Cdt1, keeping it inactive. There is an excess of
geminin over Cdtl, ensuring Cdt1 inhibition is complete. Geminin in combination with
Cdk1 (which reduces the affinity of ORC and Cdcé6 for the origin) keeps the licensing
system securely repressed. On exit from metaphase into anaphase, the APC/C becomes
activated, a process which also depends on Cdk1 activity. The APC/C in turn
polyubiquitinates geminin. A significant proportion of the geminin is deubiquitinated
without being degraded, leaving it unable to inhibit Cdt1. The subsequent loss of Cdk1
activity during anaphase (normally due to cyclin B ubiquitination and degradation) also

siduosnue A Joyiny siepund JINd adoin3 o

Céll Cycle Author manuscript; available in PMC 2013 March 21.



sydLosnue |\ Joyiny siepund D |ANd @doun3 ¢

syduosnue |\ Joyiny siepund DINd @doin3 ¢

Li and Blow

Page 6

increases the affinity of ORC and Cdc6 for the origin. Thus the licensing system becomes
rapidly activated on exit from metaphase and Mcm2-7 is loaded onto origins. On exit from
anaphase into early interphase (G1/S), chromosomal DNA is assembled into an interphase
nucleus. Geminin isimported into the nucleus and subsequently undergoes reactivation.
Therefore no further licensing can take place within the intact nucleus. During S phase,
initiation takes place at licensed origins, resulting in displacement of Mcm2-7 from origins.
Because of the presence of active geminin and the lack of Cdt1 activity, replicated origins
cannot be re-licensed and so DNA is not re-replicated.
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