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Abstract

Eukaryotic cell division is controlled by the activity of cyclin-dependent kinases (CDKs). Cdk1 and
Cdk2, which function at different stages of the mammalian cell cycle, both require cyclin-binding
and phosphorylation of the activation (T-) loop for full activity, but differ with respect to the order
in which the two steps occur in vivo. To form stable complexes with either of its partners—cyclins
A and B—Cdk1 must be phosphorylated on its T-loop, but that phosphorylation in turn depends on
the presence of cyclin. Cdk2 can follow a kinetically distinct path to activation in which T-loop
phosphorylation precedes cyclin-binding, and thereby out-compete the more abundant Cdk1 for
limiting amounts of cyclin A. Mathematical modeling suggests this could be a principal basis for the
temporal ordering of CDK activation during S phase, which may dictate the sequence in which
replication origins fire. Still to be determined are how: 1) the activation machinery discriminates
between closely related CDKs, and 2) coordination of the cell cycle is affected when this mechanism
of pathway insulation breaks down.

Introduction

Two decades of investigation into the mechanisms of eukaryotic cell division control have
produced a unified model, in which cyclin-dependent kinase (CDK) activity initiates both the
DNA synthesis (S) phase and mitosis [reviewed in 1]. There are both quantitative and
qualitative differences between the CDK requirements at the G1/S and G2/M boundaries: the
threshold of activity needed to trigger mitosis is set higher than the one for S phase 2 3; and
the association with different cyclins confers distinct biochemical properties, such as substrate
preferences, on the S- and M-phase forms of CDK in yeast * ®. Recently, we uncovered another
way in which functions of closely related CDKSs can be differentiated and, perhaps, insulated:
activation by distinct mechanisms. Specifically, human Cdk1 and Cdk2, which are ~65%
identical in aminoacid sequence 878, follow different kinetic paths to activation in vivo, even
though they share a CDK-activating kinase (CAK) and at least one cyclin partner 10, Here
we discuss the possible sources of this difference, and its potential consequences for the proper
functioning of the CDK network during cell division.

Cell cycle control by CDKs: revisionism begets reductionism

In both budding and fission yeast, a single CDK catalytic subunit pairs with multiple cyclin
partners that accumulate with distinct cell-cycle timing. In metazoans, there has been expansion
of the CDK family, such that different catalytic subunits are activated by different cyclins.

3Correspondence: robert.fisher@mssm.edu.
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There are clear examples of specialization in yeast and mammalian systems—in the
propensities of CDKSs to bind individual cyclins 11 and phosphorylate specific substrates in
vitro ® 12, and in the relative abilities of different CDK/cyclin complexes to trigger discrete
cell-cycle events in vivo 1 13—but there is also a surprising degree of plasticity or redundancy.
The fission yeast Schizosaccharomyces pombe, for example, can complete both S phase and
mitosis with only a single cyclin partner for the cell-cycle CDK 14, In the budding yeast
Saccharomyces cerevisiae, loss of the cyclins normally responsible for triggering DNA
replication does not block entry to S phase, but delays it until the next cyclins to be expressed
can accumulate to sufficient levels 1°. Finally, the mammalian cell cycle machinery can
withstand loss of one or more of the catalytic subunits normally activated during interphase
and still achieve faithful cell duplication [reviewed in 16].

Based on their activation timing and cyclin-binding preferences in mammalian cells, Cdk2 and
Cdk1 were suspected of promoting S phase and mitosis, respectively. Overexpression of either
CDK as adominant negative (DN) version—a catalytically inactive mutant protein that retains
normal cyclin-binding ability—produced discrete cell-cycle arrest phenotypes in human U20S
osteosarcoma cells: a G2/M arrest in the case of DN Cdk1; and arrest or delay in G1, S or G2
phase in cells expressing DN Cdk2 under different conditions 17: 18, In other cell lines, however,
decreasing Cdk2 activity with DN Cdk2 expression, RNA interference (RNAI), or antisense
DNA oligonucleotides produced no clear cell-cycle phenotypes 1°. Mice lacking Cdk2 because
of homozygous gene disruption, moreover, were viable 20: 21, The sequential activation of
different CDKSs that had seemed central to mammalian cell cycle control was now proposed to
be no more than fine tuning, needed only in specialized cases such as the meiotic cell cycle—
Cdk2~/~ mice are infertile 20: 21—or in specific tissues or cell types 16. Mouse embryonic
fibroblasts (MEFs) lacking all “interphase” CDKs—Cdk2, Cdk4 and Cdk6—are capable of
faithful completion and alternation of S phase and mitosis, suggesting that Cdk1 might be the
only CDK a mammalian cell needs for the basic task of cell division, and seeming to consign
the other CDKSs to limited, supporting roles 22,

Cdk2 stays in the picture

The survival of Cdk2~~ mice 2% 21, and the proliferation of cells lacking Cdk2, Cdk4 and Cdk6
22 leave little doubt that Cdk1 is sufficient for the essential functions previously ascribed to
other CDKs. However, in chicken cells expressing a mutant Cdk1 sensitized to inhibition by
bulky ATP analogs (analog-sensitive, or AS), Cdk1 activity was not necessary for S phase
unless Cdk2 was removed by homozygous gene disruption 23. Therefore Cdk2 can support S-
phase completion in the absence of active Cdk1, just as Cdk1 can do when Cdk2 protein is
absent, leaving unclear the precise role of either CDK—when both are present—in executing
a “normal” S phase.

Defining the division of labor between Cdk1 and Cdk2 is important both for understanding the
regulation of cell division and for efforts to target its core machinery in cancer treatment 16:
24 Because each CDK is able to substitute for the other to varying degrees, gene disruption or
silencing may not uncover the functions that either one performs, perhaps exclusively, in wild-
type cells. Recently, two independent investigations into CDK-regulatory mechanisms in vivo
yielded new evidence that Cdk2 might execute essential functions at discrete points in the
mammalian cell cycle.

CDK activation: the same steps for different dances?

All CDKs involved directly in cell cycle control have the same minimal requirements for full
activation: binding to a cyclin and phosphorylation within the activation segment (T-loop) of
the kinase domain by a CAK (reviewed in 25 26), In the best-studied case of human Cdk2, the
two modifications collaborate to remodel the active site for efficient catalysis and protein
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substrate recognition; although cyclin-binding alone confers enzymatic activity on an
intrinsically inert Cdk2 monomer 27, T-loop phosphorylation results in a further, ~300-fold
stimulation of activity towards a model substrate 28. For Cdk1 activation, both cyclin-binding
and T-loop phosphorylation are strictly required; unphosphorylated Cdk1/cyclin complexes
have no measurable activity 11: 29: 30, Even the combined effects of cyclin and CAK might not
be sufficient in all cases; a recent crystal structure of Cdk4 bound to cyclin D and
phosphorylated on the T-loop revealed catalytic residues that were not properly oriented for
phosphotransfer 3 and suggested an additional requirement—perhaps for the binding of
protein substrate—in the conformational maturation of Cdk4 31: 32,

In vivo, both Cdk1 and Cdk2 bind cyclin A 33, but unlike Cdk2, Cdk1 cannot form stable
complexes with cyclin A in vitro without T-loop phosphorylation 11+ 29, Conversely,
phosphorylation of Cdk1 by the Cdk7 complex—the sole CAK identified in mammalian cells
—requires the presence of a cyclin 11: 34 whereas Cdk7 can efficiently phosphorylate
monomeric Cdk2 34 35, Consistent with the more stringent requirements for assembly into
stable complexes, mutant forms of Cdk1 with the Thr residue phosphorylated by CAK mutated
to Ala or Val were defective for cyclin-binding in Xenopus extracts 36: 37, and inactivation of
Drosophila Cdk7 by a temperature-sensitive mutation specifically depleted Cdk1/cyclin A
complexes in vivo 38, These results suggested that Cdk1 and Cdk2 might have different modes
of regulation in vivo, despite their extensive homology and shared activation machinery.

Tracing the steps to CDK activation in vivo: order out of AS

The ATP-binding sites of eukaryotic protein kinases nearly invariably contain a bulky amino-
acid residue—the so-called gatekeeper—that can be mutated in the majority of cases to a less-
bulky Gly or Ala residue without inactivating the enzyme 3°. The expanded pocket can
accommodate derivatized ATP analogs—substrates or non-hydrolyzable inhibitors—that bind
poorly to the wild-type kinase, allowing both monospecific inhibition in vivo and labeling of
specific substrates by a single kinase in crude extracts 2 49, Once an AS kinase is introduced
into cells in place of the wild-type version, its activity can be controlled specifically in vivo
with the speed and reversibility uniquely afforded by small molecules. Although this chemical-
genetic manipulation of the cell-cycle machinery is still most easily accomplished in yeast,
advances in gene-targeting with recombinant adeno-associated virus (rAAV) 4! have facilitated
the creation of AS kinase-dependent mammalian cell lines % 42,

Human colon carcinoma HCT116 cells with both copies of the Cdk7 gene replaced by
Cdk72S alleles divided at near-normal rates in the absence of drugs, but ceased proliferation
when treated with inhibitory analogs specific for the mutated enzyme °. Inhibition of Cdk72s
impeded G1/S and G2/M progression, and led to loss of T-loop phosphorylation on both Cdk1
and Cdk2, providing genetic validation of Cdk7 as a general CAK in mammalian cells ®. Precise
control over CAK activity, moreover, enabled dissection of the assembly and activation
mechanisms of the two major cell-cycle CDKSs in vivo. Inhibition of Cdk7 within the first six
hours after release from a block at the G1/S boundary prevented subsequent passage into
mitosis. Although cyclin B (the partner of Cdk1 needed for the G2/M transition) accumulated,
it failed to assemble with Cdk1 when CAK was inhibited °. That dependency could be
recapitulated in extracts of Cdk725/as cells; treating extracts with the inhibitor 1-NM-PP1
blocked the ability of added cyclin B to assemble with endogenous Cdk1, whereas addition of
a1-NM-PP1-insensitive CAK rescued binding °. Therefore, although purified Cdk1 and cyclin
B can form complexes in vitro in the absence of CAK, phosphorylation of the Cdk1 T-loop is
required for stable binding to cyclin B in vivo 11: 29, Conversely, phosphorylation of the Cdk1
T-loop by Cdk7 depends on the presence of cyclin 11: 34, The two steps in Cdk1 activation are
thus mutually dependent in vivo and must occur in concert. (Intrinsic instability of Cdk1/cyclin
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complexes, relative to Cdk2/cyclin complexes, might also explain why only the latter show
activity independent of T-loop phosphorylation 11 27, 29))

Inhibition of CAK had no apparent effect on the ability of Cdk2 to form complexes with its
cyclin partners (E and A) 2 10, In fact, inhibiting Cdk7 increased binding of Cdk2 to an
unnatural partner, cyclin B, presumably because of impaired Cdk1/cyclin B assembly and the
resulting liberation of cyclin B 10, The ability to shut off CAK activity selectively also allowed
us to measure turnover of phospho-Thr160—the T-loop residue phosphorylated by Cdk7—in
different populations of Cdk2. Surprisingly, there was little or no decay of T-loop
phosphorylation in the cyclin-bound fraction after 12 hours in the absence of CAK activity,
whereas phosphorylated Cdk2 monomer disappeared within ~2 hours 19. These results implied
that, in vivo: 1) cyclin-bound Cdk2 is resistant to attack by phosphatases, and active CAK is
not needed to maintain T-loop phosphorylation of pre-formed and activated Cdk2/cyclin
complexes; 2) monomeric Cdk2 is phosphorylated by Cdk?7, in opposition to the known T-loop
phosphatases that are specific for the cyclin-free form 43: 44; and 3) Cdk2 is not dependent on
T-loop phosphorylation for cyclin-binding, unlike Cdk1.

Kinetic measurements with purified enzymes and substrates support the idea that
phosphorylation of monomeric Cdk2, followed by cyclin-binding to generate active
complexes, is a physiologic pathway of Cdk2 activation. The Cdk7 complex phosphorylated
Cdk2 monomers and Cdk2/cyclin A complexes with nearly equal efficiency (Kgat/Km), meaning
that the relative frequencies of the two reactions in vivo should be determined by the relative
concentrations of their respective substrates. In asynchronous HCT116 cells, monomeric Cdk?2
appears to be in slight excess over cyclin-bound forms. At steady state, however, most cyclin-
bound Cdk2 is phosphorylated on the T-loop (and not a substrate for CAK), whereas the
majority of monomeric Cdk2 is not (and therefore available for phosphorylation) 1, suggesting
that Cdk2 is likely to be phosphorylated before it binds cyclin in vivo.

CDK-cyclin pairing: activating kinase as molecular matchmaker

The distinct activation pathways could be reconstituted with monomeric Cdk1 and Cdk2
recovered from Cdk725/2 human cells that had been treated with inhibitory analogs to deplete
the phosphorylated isoforms 0. Human extracts also recapitulated the preferential binding of
cyclin A to Cdk2 observed in vivo, despite having an ~tenfold greater abundance of Cdk1 10:
45 This selectivity appears to be a direct consequence of the different activation mechanisms
available to the two CDKSs; when extracts were supplemented with Csk1, a fission yeast CAK
that can phosphorylate monomeric human Cdk1 46—48, cyclin A bound Cdk1 and Cdk2 roughly
in proportion to their initial concentrations 0.

This switch in cyclin A-binding preference, upon redirection of Cdk1 into an activation
pathway normally exclusive to Cdk2, suggests a role for Cdk7 as a chaperone (in the colloguial
sense) for CDK-cyclin pairs. By virtue of its substrate preferences, Cdk7 helps determine which
CDKs bind which cyclins—and when those couplings occur—during the cell cycle. For
example, CAK normally prevents cyclin B pairing with Cdk2 by stabilizing intrinsically weak
Cdk1/cyclin B complexes % 10, Conversely, CAK actively promotes pairing between Cdk2
and cyclin A; when Csk1 was added to extracts from untreated cells, cyclin A-binding to Cdk1
came at the expense of binding to unposphorylated Cdk2, while the Thr160-phosphorylated
form of endogenous Cdk2 still bound normally to added cyclin A 10, This indicates that both
the ability of Cdk7 to phosphorylate Cdk2 monomers and its inability to phosphorylate
monomeric Cdk1 contribute to a kinetic barrier preventing Cdk1/cyclin A assembly. Consistent
with this notion, cyclin A bound nearly exclusively to Cdk2 in G1 and early S phase, and began

to assemble with Cdk1 only after Cdk2/cyclin A levels reached a plateau in mid- to late-S phase
10

Cell Cycle. Author manuscript; available in PMC 2011 February 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Merrick and Fisher

Page 5

Sequential CDK assembly during S phase: a quantitative model

To address whether this kinetic difference is sufficient to account for the observed specificity
and timing of CDK/cyclin pairings in vivo, we built a mathematical model based on
experimentally determined or calculated rate constants and intracellular protein concentrations
49, Reliable affinity measurements for CDK-cyclin binding are unavailable, so in the initial
simulations we uniformly set Ky at 10 nM for complexes that form readily in vitro (Cdk2/cyclin
A, Cdk2-P/cyclin A and Cdk1-P/cyclin A) and at 10 uM for those that do not (Cdk1/cyclin A).
The model recapitulates the preference of cyclin A for Cdk2 observed in human cells 10; in a
simulation of normal cell-cycle progression, Cdk1/cyclin A began to accumulate only after
Cdk2/cyclin A complex formation was saturated (Figure 1A). This transition occurred around
the time free Cdk2 was depleted, perhaps suggestive of a passive mechanism rather than an
active switch. In addition, when phosphorylation of monomeric Cdk1 was permitted (i.e., when
Km and Vimax Values for monomeric Cdk2 were applied to Cdk1), the model predicted a switch
in cyclin A-binding preference from Cdk2 to Cdk1, such that the temporal sequence of Cdk2-
and Cdk1-binding is obliterated (Figure 1B). These results fit our experimental findings in
whole-cell extracts without or with added Csk1, respectively 10, and support the notion that
distinct pathways of activation could by themselves account for the order of cyclin A-CDK
binding events in vivo.

We next tested robustness of the model in predicting the behavior of CDKs and cyclins in
mammalian cells, by varying Vmnax of monomeric Cdk1 phosphorylation from 0 (as in the first
simulation) to 50% of V5 0f Cdk2 monomer phosphorylation (Figure 2A). The model
predicted a strong preference by cyclin A for Cdk2 even when the rate of Cdk1 phosphorylation
was set at 10% that of Cdk2 phosphorylation—almost certainly an overestimate, because we
have not detected phosphorylation of monomeric Cdk1 by human CAK under any conditions
10, 34 We also evaluated the potential importance of the equilibrium binding constant K4 and
its component on- and off-rates (Kfgrward @Nd Kreverse, respectively) in determining the predicted
specificity of CDK-cyclin binding. Upon varying either the on- or off-rate of Cdk1/cyclin A
complex formation while holding the other parameter constant, we observed that the preference
of cyclin A for Cdk2 was maintained as long as we enforced at least a 100-fold difference in
the rate of association, but was relatively insensitive to changes in dissociation rate (Figure
2B). In an extreme example, a simulation in which K4 for Cdk1 was only 10-fold higher than
that for Cdk2 still produced “normal” temporal profiles of Cdk2 and Cdk1 activation if we
maintained a 1,000-fold faster association rate for Cdk2 relative to Cdk1 while setting the rate
of Cdk2/cyclin A dissociation 100 times faster than that of Cdk1/cyclin A. This makes intuitive
sense—a high on-rate for Cdk1-cyclin A interaction would increase the likelihood that Cdk7
can phosphorylate Cdk1 and thereby stabilize the complex (i.e., diminish the off-rate)—but
will require experimental validation.

We need not invoke a similar mechanism to account for the behavior of cyclins B and E, which
bind nearly exclusively to Cdk1 and Cdk2, respectively, in vivo 10. Despite their scarcity in
wild-type cells, Cdk2/cyclin B complexes form readily from purified components in vitro, and
can be detected in vivo when Cdk1 protein levels are decreased by RNAI or when Cdk1
complex formation is disrupted by CAK inhibition 19 50, This indicates that endogenous Cdk2
is competent to bind cyclin B when Cdk1 is unavailable or unable to form stable complexes.
Moreover, it suggests that the high ratio of Cdk1-to-Cdk2 monomer concentration observed
in multiple human cell lines 19: 45 is likely to be important for normal cyclin B pairing fidelity.
The restriction of cyclin B expression to later times in the cell cycle, when most Cdk2 is already
bound to cyclin E or A, would also serve to reinforce “selectivity” for Cdk1 in vivo.

The nearly exclusive binding of cyclin E to Cdk2, on the other hand, might be a simple function
of relative affinities. A comparison of Cdk2 co-crystal structures with cyclin E or A revealed
similar interfaces, but more extensive contacts with cyclin E (~14% increase in buried surface
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area relative to Cdk2/cyclin A), consistent with a tighter complex 51. Only relatively minor
steric clashes occurred when a modeled structure of Cdk1 was substituted for Cdk2 in the co-
crystal with cyclin E, and these could be relieved by small adjustments of Cdk1 conformation
51 cdk1 and cyclin E do interact productively, but transiently, in vitro: cyclin E can facilitate
phosphorylation of Cdk1 by Cdk7 but cannot form a stable binary complex with Cdk1, even
after Cdk1 T-loop phosphorylation 11. Nevertheless, Cdk1/cyclin E complexes can accumulate
in cells lacking Cdk2 22: 52, by an unknown mechanism. One possibility is that removal of
Cdk2 permits Cdk1/cyclin E assembly assisted by an accessory factor such as p21CiP1 or
p27KiPL hoth of which can promote assembly of intrinsically unstable Cdk4/cyclin D pairs
53, This puzzle may remain unsolved at least as long as no actual structure of Cdk1 is available.

Just-in-time CDK assembly and activation: keys to a normal S phase?

The ability of Cdk2 to exclude Cdk1 from complexes with cyclins E and A helps establish a
temporal hierarchy of CDK assembly and activation in vivo. Recently, another mechanism for
delaying Cdk1 function was uncovered in MEFs, where ablation of Chk1l—an essential kinase
with roles in normal cell cycle progression and the DNA damage checkpoint—Ied to premature
activation of Cdk1/cyclin A during S phase. Complex assembly was not advanced in time,
arguing against an effect mediated through CAK or Cdk2. Instead, inhibitory phosphorylation
of Cdk1 on Tyr15 was lost prematurely, apparently due to increased levels of the Tyr15-specific
phosphatase Cdc25A, which is destabilized during a normal S phase by Chk1-mediated
phosphorylation 54,

Therefore, reinforcing mechanisms ensure that activation of Cdk2/cyclin A precedes that of
Cdk1/cyclin A 10: 54 The order of CDK activation may be important for S-phase coordination;
normally late-firing origins initiated replication early in S phase when Chk1 was inactivated
in MEFs and in cells engineered to express a constitutively active Cdk1-cyclin A fusion protein
54 The authors proposed a model in which Cdk2/cyclin A triggers initiation only from the
early-firing subset of origins, whereas Cdk1/cyclin A can activate most or all origins, regardless
of their normal replication timing (Figure 3) 4. This resembles the division of labor between
budding yeast S-phase cyclins; both Clb5 and Clb6 can activate Cdkl1 to trigger replication at
early-firing origins, but CIb5 is specifically required at late-firing origins °° as Cdk1 appears
to be in mammalian cells. It remains to be determined what effects, if any, the loss of this
coordination will have on long-term cell survival and genomic integrity.

Customized CDK activation pathways: one size does not fit all, but why not?

Cdk1 and Cdk?2 defy the naive expectation that they would follow the same path to full
activation % 10, The structures of Cdk4 complexes suggest requirements beyond cyclin D-
binding and T-loop phosphorylation for maximal activity 31: 32, Indeed, it is beginning to look
as if each CDK/cyclin pair might be handled in its own unique way by the activation machinery
—versatility accomplished, in the case of Cdk1 and Cdk2, without evolving separate CAKS.
Cdk4 regulation might represent another variation on the same theme; although the kinase
responsible for activating Cdk4 in vivo has not been identified conclusively, Cdk7 is capable
of phosphorylating Cdk4/cyclin D complexes in vitro, and removal of Cdk7 from mouse cell
extracts abolished their ability to activate added Cdk4°6. Cdk4 was also a target of Cdk72
identified by radiolabeling with a substrate analog in HeLa nuclear extracts ®. Recent work
suggests that Cdk4 T-loop phosphorylation may be coupled to mitogenic signaling through the
CDK inhibitor (CKI) p27KiP158-60 | response to growth-promoting signals, Cdk4-bound
p27KiPl js phosphorylated at Tyr residues in its 3—10 helix motif, neutralizing its inhibitory
activity both directly, by dislodging the helix from the active site of the kinase °9; and indirectly,
by reversing a CKI-mediated block to Cdk4 T-loop phosphorylation 61, Only a mammalian
CAK, the Cdk7 complex, was sensitive to this modification, whereas a heterologous CAK from
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S. pombe, Csk1, could phosphorylate the T-loop of Cdk4 bound to phosphorylated or
unphosphorylated p27KXiP1 equally well 61,

Thus, mechanistic studies of CDK regulation continue to elucidate how CDKs and their
activators co-evolved to coordinate mammalian cell division. Seemingly subtle distinctions
between Cdk1 and Cdk2—in their affinities for different cyclins, recognition by CAK and
dependence on T-loop phosphorylation for cyclin-binding 11+ 29 34 —have turned out to be
important determinants of their cyclin-specificity and activation timing in vivo % 10, All the
more reason, then, to dig deeper and ask why two CDKSs so similar in primary structure are
processed so differently inside the cell. There are still gaps in our basic knowledge of these
enzymes, the most glaring perhaps being a structure of Cdk1—either active or inactive—from
any organism. A series of Cdk1 structures, analogous to the available snapshots of Cdk2 in
monomeric 62 and cyclin A-bound forms 28: 63, could explain why T-loop phosphorylation is
required for complex stability. The structure of a Cdk1 monomer could also reveal why its T-
loop is incompetent for phosphorylation by Cdk7. Then again it might not, given that the T-

loop of monomeric Cdk2 is accessible to CAK in solution but not solvent-exposed in the crystal
62

Insight into the differential regulation of Cdk1 and Cdk2 is also likely to come from a better
understanding of CAK-CDK interactions. How Cdk7 finds its CDK substrates is still an open
question. We know how it doesn’t work—through direct recognition of protein sequence
surrounding the phosphorylation site—based on T-loop swaps between a CDK that is a natural
Cdk7 target (Cdk?2) and one that is not (Cdk?7 itself) 4. In vitro, CAK appears to bind Cdk2/
cyclin A stably and turn it over slowly to yield free, phosphorylated Cdk2/cyclin A 28: 57, 65,
A structure of the complex between Cdk7/cyclin H/Matl and Cdk2/cyclin A would help define
the determinants of their interaction, but our recent data suggest this might not be the most
physiologically relevant intermediate. We should now add a complex of CAK with monomeric
Cdk2 to the structural wish list—a tall order, perhaps, because of the likely contribution by
cyclin A to CAK-Cdk2 binding affinity 10. To date the only Cdk7 structure available is of an
inactive monomer 56, That was the basis for a model of Cdk2 docked to Cdk7 67, which might
illustrate how the two CDKs are able to phosphorylate one another %4, but clearly more actual
structures—preferably of active complexes—are needed to validate any proposed model of the
Cdk2-Cdk7 interaction.

Concluding thoughts

Chemical-genetic dissection of CDK activation in mammalian cells yielded a confirmation and
a surprise, both of which have important implications for our understanding of cell-cycle
control. Selective inhibition of Cdk7 in vivo showed it to be a CAK for both Cdk1 and Cdk2,
needed at both G1/S and G2/M transitions, as suggested by biochemical data and genetic
evidence in lower organisms 25. Nonetheless, comparison of Cdk1- and Cdk2-activating
mechanisms in vivo uncovered two distinct pathways % 19, We expect deeper exploration of
CDK-regulatory pathways—both activating and inhibitory—to reveal more complexity of the
kind described here. For example, in both yeast and human cells, different CDK/cyclin pairs
are phosphorylated on inhibitory Tyr residues with different efficiencies by the same kinase
68,69 |t js likely that no two CDK complexes are regulated in quite the same way in vivo. This
need not involve different regulators, however, if the biochemical output of a pathway can be
modulated merely by re-ordering the steps. As in the example illustrated here, we should not
reflexively posit additional CAKs, just because two CDKSs appear to obey different rules when
it comes to T-loop phosphorylation in vivo.

A second lesson is that the multiple catalytic subunits of metazoan CDKSs are likely to perform
exclusive functions in vivo, even if Cdk1 can take over essential functions when other CDKs
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are lost. Cdk1 is by far the most abundant CDK in mammalian cells 10: 45, and can complement
the essential functions of Cdk1 in yeast 7% 71, so its latent ability to drive S phase by itself
should not come as a surprise. In wild-type cells, however, Cdk1 is excluded from complexes
with essential cyclins at decisive points in the cell cycle, by mechanisms that depend on the
presence of Cdk2 10 (and, perhaps, other CDKSs). Inevitably, Cdk gene knockouts and
knockdowns disrupt normal pairing, allowing the unnatural formation of some complexes (e.g.
Cdk1/cyclin E), and the premature or excessive activation of others (e.g. Cdkl/cyclin A).
Future chemical-genetic studies in cells expressing the normal complement of CDKs and
cyclins should deepen our understanding of cell-cycle coordination, and provide more accurate
models for discovery of anti-cancer drug targets.
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Figure 1. A mathematical model of CDK activation recapitulates CDK-cyclin binding preferences
observed in vivo

A model of ordinary differential equations was solved in Virtual Cell 4° using the values
indicated in the reaction schematic. We modeled accumulation of cyclin A to occur in linear,
time-dependent fashion. The intracellular concentrations of Cdk1, Cdk2, and Cdk7 were
calculated based on experimentally determined amounts of each CDK per gram of cellular
protein 4% 57 and the kinetic parameters of Cdk2 phosphorylation were derived from
experimentally determined values 0. Models (A) and (B) are identical, except that (B) is
modified to allow Cdk1 monomer to be phosphorylated by Cdk7 and dephosphorylated by a
phosphatase with kinetics identical to those measured or estimated for Cdk2. The kinetics of
phosphorylation of Cdk1 (which occurs only in model B) and Cdk1/cyclin A have not been
determined in vitro, so they were assumed to be equivalent to those determined for Cdk2 and
Cdk2/cyclin A, respectively. As the values of K4 have not been determined, they were
arbitrarily set to 10 nM for those complexes that readily form in vitro (Cdk2/CycA, Cdk2-P/
CycA, and Cdk1-P/CycA) and to 10 uM for those that do not (Cdk1/CycA). The kinetic
parameters used for CDK monomer dephosphorylation are estimates based on values typical
of phosphatases 72. We did not include phosphatases acting on CDK/cyclin complexes in the
model, because cyclin-binding generally blocks CDK T-loop dephosphorylation 43: 44,
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Figure 2. Modeling contributions of enzymologic parameters and binding affinities to proper CDK-

cyclin pairing in vivo

Simulations were performed in which (A) Vmax 0f the Cdk1 monomer phosphorylation reaction
or (B) binding affinities of cyclin A for unphosphorylated Cdk1 were varied from the limit
values set in Figure 1. In (B), the equilibrium binding constant K4 was varied by changes in
either on-rate Keorwarg (Kf, top row) or off-rate Keeyerse (Kr, bottom row), while holding the other

parameter constant.
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Figure 3. Sequential activation of Cdk2 and Cdk1: a way to order S phase?

A model of S-phase coordination by timed activation of Cdk2/cyclin A and Cdkl1/cyclin A.
Cdk2 has a competitive advantage in binding cyclin A conferred by its ability to be recognized
by Cdk7 as a monomer and to bind cyclin A when unphosphorylated. This largely excludes
Cdk1 from active complexes until Cdk2 is saturated with cyclin in mid- to lateS-phase 19.
Another, potentially reinforcing mechanism for delaying Cdk1 activation was recently
described: Chk1-mediated down-regulation of the CDK-activating phosphatase Cdc25, which
removes phosphates from the Tyr15 and Thr14 residues added by the inhibitory kinase Weel.
Loss of Chk1 led to premature activation of late-firing replication origins 4. We hypothesize
that advancing Cdk1/cyclin A assembly might have the same effect, and propose that the
normal temporal sequence, of Cdk2- followed by Cdk1-binding to cyclin A, is important for
orderly S phase progression.
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