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Abstract

Cyclin-dependent kinase 1 (CDK1) is essential for cell-cycle progression. While dependence of CDK activity
on cyclin levels is well established, molecular mechanisms that regulate their binding are less understood.
Here, we report for the first time that CDK1:cyclin-B binding is not default but rather determined by the
evolutionarily conserved catalytic residue, lysine-33 in CDK1. We demonstrate that the charge state of this
lysine allosterically remodels the CDK1:cyclin-B interface. Cell cycle-dependent acetylation of lysine-33 or
its mutation to glutamine, which mimics acetylation, abrogates cyclin-B binding. Using biochemical
approaches and atomistic molecular dynamics simulations, we have uncovered both short-range and long-
range effects of perturbing the charged state of the catalytic lysine, which lead to inhibition of kinase activity.
Specifically, although loss of the charge state of catalytic lysine did not impact ATP binding significantly, it
altered its orientation in the active site. In addition, the catalytic lysine also acts as an intra-molecular
electrostatic tether at the active site to orient structural elements interfacing with cyclin-B. Physiologically,
opposing activities of SIRT1 and P300 regulate acetylation and thus control the charge state of lysine-33.
Importantly, cells expressing acetylation mimic mutant of Cdc2/CDK1 in yeast are arrested in G2 and fail
to divide, indicating the requirement of the deacetylated state of the catalytic lysine for cell division. Thus,
by illustrating the molecular role of the catalytic lysine and cell cycle-dependent deacetylation as a
determinant of CDK1:cyclin-B interaction, our results redefine the current model of CDK1 activation and cell-
cycle progression.

© 2019 Elsevier Ltd. All rights reserved.

Introduction Cdc2 and Cdc28), CDK2, CDK4 and CDKG6 orches-
trate cell-cycle progression. As CDKs are constitu-

Cyclin-dependent kinases (CDKs) are evolution-  tively expressed, binding to cyclins that have cell-
arily conserved protein kinases, which play key roles cycle phase-dependent expressions is essential for
in eukaryotic cell division cycles, differentiation and CDK activation [1]. Our current understanding of the
transcription [1,2]. Among these, CDK1 (or yeast = temporal control of CDK activity is based on the
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inhibitory and activatory phosphorylations, brought
about by a regulatory loop involving other kinases
and phosphatases [3].

Several reports have investigated structural deter-
minants and the impact of phosphorylations in
stabilizing either the inactive or active kinase confor-
mations [4—6]. Uniquely in CDKs, and unlike in other
kinases, binding of cyclin induces the movement of
PSTAIRE-/C-helix to bring together a set of catalytic
triad residues (lysine, aspartate and glutamate), which
are otherwise far apart in apo-CDKs to form a
competent kinase active site [5,7]. Given the essen-
tiality of cyclin binding for CDK activation and hence
cell-cycle progression, physiologically relevant molec-
ular mechanisms that determine complex formation
remain to be addressed. Specifically, deterministic
residues within CDKs that may regulate cyclin binding/
unbinding, and therefore contributing to cell division,
have not been explored. It is important to emphasize
that the binding of cyclins to CDKs has been generally
thought to be default in the field.

Eukaryotic protein kinases (EPKSs), including CDKs,
have been reported to be acetylated [8—14]. CDK2,
CDKS5 and CDK9 are acetylated at their catalytic lysine
and acetyl-mimic mutations (lysine to glutamine) led
to a complete loss of kinase activity [9-11,15,16].
However, none of these studies have provided insights
on the molecular mechanisms by which lysine
acetylation led to a loss in protein function. Specifically,
if and how acetylation-dependent masking of the
positive charge on the catalytic lysine impacts the
CDK—cyclin complex remains unknown.

Here, we have investigated the importance of
acetylation and hence the charge state of catalytic
lysine-33 in CDK1/Cdc2 in regulating its functions.
CDK1 (Cdc28 or Cdc2 in yeast) is an essential kinase
for G2-M transition and mitosis, whose structure in
complex with cyclin-B was only recently resolved [17].
We show for the first time that perturbing the charge
state of catalytic lysine allosterically impairs the ability
of CDK1 to bind with cyclin-B, which is generally
thought to be default. In addition to illustrating that
lysine-33 acetylation is dynamically regulated across
the cell cycle, we clearly demonstrate that mutation
to acetyl-mimic glutamine in Cdc2 affects cell-cycle
progression and survival. Taken together, this study
identifies the charge state of catalytic lysine to play a
pivotal role in cyclin-B binding and deacetylation as a
novel regulatory mechanism for activation of CDK1.

Results

SIRT1 and P300 regulate acetylation of the
conserved catalytic lysine in CDK1

Given that CDKs are acetylated, if and how
acetylation impinges on their structural and functional

states is poorly understood. Specifically, the impact of
lysine acetylation on CDK1 function, which in general
cannot be compensated by any of the other CDKs
[18], has not been addressed thus far. In this context,
we probed CDK1 acetylation in mammalian cells, and
indeed found immunoprecipitated CDK1-HA to be
acetylated (Fig. 1a). Based on our global LC-MS/MS
analyses of the acetylated sub-proteome, we mapped
lysine-33 as the sole acetylation site in endogenous
CDK1 (Fig. 1b), as reported earlier [8]. To further
characterize the importance of this acetylation, we
generated antibodies specific to the lysine-33 acety-
lated peptide sequence *°VAMKA°KIRLESE*° in
CDK1 (a0-CDK1-K33Ac/a-K33Ac). This region is
largely conserved across CDKs and specifically in
CDK1 from yeast to humans (Fig. S1a—c). Immuno-
affinity-purified a-K33Ac antibodies were able to
detect endogenous CDK1 acetylation at lysine-33
(Fig. 1c) and did not react with CDK1-K33R mutant
(Fig. S1d). Furthermore, we could detect acetylated
species of CDK1 using both pan-acetyl-lysine and o-
K33Ac antibodies (Fig. 1c). These clearly corroborat-
ed the LC-MS/MS results vis-a-vis acetylation of
CDKT1 at lysine-33.

Protein acetylation is regulated by activities of
lysine acetyltransferases (KATs) and lysine deace-
tylases (KDACs). Hence, to identify the acetyltrans-
ferase responsible for acetylating CDK1 at lysine-33,
we expressed CDK1-HA along with KATs: P300,
PCAF and GCN5. As can be seen from Fig. 1d,
CDKT1-acetylation was significantly enhanced in
response to P300 expression when compared to
PCAF and GCN5. Moreover, P300 was able to
acetylate CDK1 in vitro (Fig. S1e). These results are
consistent with earlier reports showing CDK1-P300
interaction and CDK1-mediated phosphorylation of
P300 [19].

To identify the KDAC, we treated cells with
nicotinamide (NAM) and Trichostatin A, which non-
overlappingly inhibit sirtuins (NAD*-dependent
deacylases) and non-sirtuin KDACs, respectively.
We found that there was a robust increase in CDK1
acetylation following NAM treatment, clearly indicat-
ing an involvement of sirtuins (Fig. 1e). Moreover,
CDK1 and SIRT1 have been shown to interact with
each other ([20] and Fig. S1f), although the biological
relevance of this interaction has not been investi-
gated. Given this, we indeed observe that SIRT1
overexpression led to a reduction in CDK1 acetyla-
tion (Fig. 1f and g). Taken together, these results
clearly illustrate that P300 is the major KAT for CDK'1
at lysine-33 and that SIRT1 is involved in its
deacetylation.

Acetylation of CDK1 at lysine-33 impairs its
kinase activity

Evolutionarily conserved lysine-33 lies in the cata-
lytic pocket of CDK1 where ATP binds, and analogous
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Fig. 1. Invivo CDK1 acetylation at lysine-33 is regulated by opposing actions of P300 and SIRT1. (a) Immunoprecipitated
CDK1-HA was probed with a-pan-acetyl lysine antibody to reveal acetylation. (b) Identification of lysine-33 as the site of
acetylation in CDK1 by LC-MS/MS analysis. (c) 2D-PAGE of immunoprecipitated endogenous CDK1 from HEK 293T cells
and immunoblot with a-pan-acetyl-lysine or a-CDK1-K33Ac antibodies confirms acetylation. (d—e) Probing for acetylation
of immunoprecipitated CDK1-HA from cells (d) co-transfected with P300, PCAF or GCN5, shows P300 as the major KAT and
(e) treated with KDAC inhibitors indicates NAM-sensitive acetylation. (f-g) Probing for acetylation of immunoprecipitated
CDK1-HA from cells co-transfected with P300 or P300/SIRT1 shows SIRT1 mediated attenuation of P300-dependent CDK1
lysine-33 acetylation. Representative immunoblot (f) and quantification of pixel intensities (g) from panel . Error bars represent
SEM for n = 3 technical replicates from a representative experiment.

active-site lysines in other CDKs and in fact all other
kinases have been implicated in kinase activity
[9-12,16,21-28]. Hence, to check the importance
of lysine-33 acetylation for CDK1 function, we
employed K33R and K33Q mutants of CDK1, which
have typically been used as deacetylation and
acetylation mimics, respectively. In vitrokinase assays
of CDK1-WT and -K33Q, immunoprecipitated from
G2/M synchronized cells co-expressing cyclin-B1
(Fig. S2b), showed that K33Q mutation completely
abrogated the CDK1 activity (Fig. 2a and b). Incubat-
ing CDK1:cyclin-B with P300 and acetyl-CoA led to
acetylation of CDK1 in vitro, and this resulted in
reduced kinase activity (Fig. S2e—g). The decrease

was small, which is possibly due to only a minor
fraction of CDK1 being acetylated by P300 under
the conditions of the assay. However, as with other
acetylated proteins, it is difficult to draw a direct
correlation between stoichiometry of acetylation and
enzymatic activity particularly when assaying a mixed
pool of acetylated and un-acetylated proteins, as
would be the case in vivo. This nevertheless indicated
that P300 could acetylate CDK1 in complex with
cyclin-B and raises the possibility of acetylation-
dependent dissociation of cyclin-B, possibly post-
metaphase during mitosis. Future studies would likely
reveal if this acts as a regulatory modification that
ultimately leads to cyclin-B degradation. Interestingly,
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CDK1-K33R also abolished kinase activity despite
retaining the charge state (Fig. S2a), as with other
kinases with similar arginine substitutions [12,23—28].
It is important to note that although mutations of the
catalytic lysine have been shown to abolish CDK
activity, the underlying molecular mechanism is still
unknown [9-11,15,16,22]. Notably, these results
indicated that both the lysine side-chain and its charge
state are essential determinants of kinase activity.
Mutations of tyrosine-15 and threonine-161 (inhibi-
tory and activatory phosphorylation sites, respectively)
or aspartate-146 (in DFG motif) in CDK1 affect cell-
cycle progression [21,29-33]. Unlike these mutants,
overexpression of CDK1-K33Q did not lead to a
dominant negative phenotype (Figs. S2c and d).
Possibly owing to the kinase dead CDK1-K33Q
mutant, we could not generate a cell culture system
to assay for the acetyl-mimic mutant in a background
wherein the endogenous wild-type CDK1 was absent.
In this context, it is important to note that mutating an
orthologous lysine residue to the acetyl-mimic gluta-
mine (K40Q) in Cdc28 results in lethality [8]. Therefore,

we resorted to using ectopically expressed CDK1-
K33Q mutant to dissect out the molecular mechanism
of loss of kinase activity.

Inhibitory phosphorylation at tyrosine-15 prevents
precocious activation and is an indicator of inactive
CDK1. Upon assaying for phospho-tyrosine-15, we
did not find any significant difference between CDK1-
WT and -K33Q (Fig. 2c and d). This clearly rules out
inhibitory phosphorylation as causal for inactivation
of CDK1-K33Q mutant. Along with comparable levels
of expressed wild-type and mutant CDK1, similar
extents of inhibitory phosphorylation indicate that the
mutations do not lead to destabilization of the protein.
Moreover, this motivated us to investigate a hitherto
unknown mechanism of CDK1 activity regulation that
is dependent on the catalytic lysine residue.

Modeling and simulations of WT, K33Q and
K33Ac CDK1:cyclin-B:ATP complexes

Next, we investigated how lysine-33, its acetylation
or the mutation to acetyl-mimic glutamine affected
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Fig. 2. CDK1 acetylation at lysine-33 inhibits kinase activity. (a—b) H1 phosphorylation by CDK1-K33Q expressed
relative to the activity of CDK1-WT shows lysine-33 mutation abrogates kinase activity. Error bars represent SEM forn = 3
technical replicates for two experimental repeats. (c—d) Immunoprecipitated CDK1-WT-HA or -K33Q-HA probed with
a-phospho-tyrosine-15 CDK1 (CDK1 Y15p) antibodies reveals no change in inhibitory CDK1-Y 15 phosphorylation. Error
bars represent SEM for n = 3 technical replicates from a representative experiment.
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CDK1:cyclin-B:ATP active complex, through model-
ing and computational analyses. To this end, we
used the PDB ID: 4Y72 complex [17] and docked an
ATP molecule into the catalytic pocket. Given that
a very recent study reported structures for other
inhibitor bound complexes [34], we compared these
with the 4Y72 complex and found them to be nearly
overlapping (Fig. S3a—b). We generated the wild-
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type CDK1:cyclin-B:ATP ternary complex model and
validated it using the ATP bound CDK2:cyclin-A
crystal structure (Fig. 3a), given their active site
structural similarities. We also generated models for
CDK1-K33Q and CDK1-K33Ac (lysine-33 replaced
with acetyl-lysine) (Supplementary table S1). We
would like to point out that the initial binding mode
of ATP for all three models was the same. The
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Fig. 3. CMD simulations for WT, K33Q and K33Ac-1,-2,-3 CDK1:cyclin-B:ATP ternary complexes. (a) Workflow

depicting modeling of WT, K33Q and K33Ac-1,-2,-3 CDK1:cyclin-B:ATP ternary complexes. (b—|

k) Structures for WT,

K33Q and K33Ac-1,-2,-3 CDK1:cyclin-B:ATP ternary complexes obtained from 200-ns NVT CMD simulations. (b—f) show
CDK?1 (multi-color) and cyclin-B (orange) in secondary structure representation and ATP bound at the CDK1 active site is
shown in atomic van der Waals spheres representation. (g—k) View of the active site showing key catalytic triad residues:
lysine-33 (K33)/g|utam|ne -33 (Q33)/acetyl-lysine (K33Ac), glutamate-51 (E51) and aspartate-146 (D146) interacting with
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atomistically detailed models were solvated, equili-
brated at standard temperature (300 K) and pressure
(1 bar), and subjected to 200-ns classical molecular
dynamics (CMD) simulations to relax the complexes
to their native ternary form. Importantly, given that
acetylated lysine is bulkier than lysine (Fig. S3c),
we employed three different equilibration protocols
to study the impact of K33Ac on CDK1:cyclin-B:ATP
complex. Specifically, we obtained three distinct
structurally relaxed conformations of the ternary
complex after equilibration: CDK1-K33Ac-1 (ATP,
E51 both constrained during equilibration), CDK1-
K33Ac-2 (ATP unconstrained, E51 constrained
during equilibration), and CDK1-K33Ac-3 (ATP con-
strained, E51 unconstrained during equilibration)
(Fig. 3b—f and Fig. S3d-h). We stress that no
constraints were employed in the 200-ns production
simulations. In the case of CDK1-K33Ac-1, but not
in others, the acetyl-lysine residue flipped out of
the active-site pocket during production runs. In
CDK1-K33Ac-2 and -K33A-3, the uncharged residue
was observed to interact with the ATP nucleobase
(Fig. 3g—k and Fig. S3i—m).

Catalytic lysine in CDK1 plays distinct roles in
stabilizing ATP and influencing interactions with
cyclin-B

We examined, in silico, the effect of lysine-33
perturbations on ATP binding in terms of the following
two measures: (a) Solvent accessibility of ATP in
the catalytic pocket relative to its accessibility in
free solution (relative SASA), and (b) non-bonded
(electrostatic and van der Waals) interaction energy
of ATP with residues in the catalytic pocket (Fig. 4b).
As shown in Fig. 4a, more than 60% of the ATP
surface area is buried in the active site in all five
complexes (CDK1-WT, -K33Q, and the three -K33Ac
models). Although in the CDK1-K33Ac-2 model,
we observed transient fluctuations in the relative
SASA for ATP during the 200-ns MD trajectory, the
averaged values over the entire timescale show
that ATP is buried in the active site as in the other
models. Nevertheless, we found that with the loss of
electrostatic interactions of ATP tail with lysine-33, as
in CDK1-K33Q and -K33Ac complexes, the confor-
mation adopted by ATP was different when com-
pared to CDK1-WT (Fig. 4d). We further assessed
the non-bonded interaction energy (Exg) of ATP with
residues of the active-site pocket within a 3- to 7-A
radius around the ATP. In the wild-type complex, for
residues within 3 A, Eyg was close to —400 kcal/mol
and become slightly more favorable (to around
—450 kcal/mol) when residues up to 5 A were included
(Figs. 4b and S3n). In CDK1-K33Q and -K33Ac
complexes, the ATP Eyg values were comparable to
each other but less favorable (by about 100-200 kcal/
mol), vis-a-vis CDK1-WT for interactions with residues
within a 3- to 7-A radius. Moreover, our analyses

clearly suggested that interactions of ATP with
residues beyond 5 A appear to be insignificant, leading
to negligible changes in Eyg for both CDK1-WT and
mutant complexes.

An analysis of ATP interactions with the core catalytic
triad (residue-33, aspartate-146, and glutamate-51)
showed that lysine-33 was one of the major contribu-
tors in terms of binding energetics (Fig. 4c). However, it
should be noted that despite the loss of favorable non-
bonded interactions, as in the case of CDK1-K33Q and
-K33Ac, the overall interactions (Eng < —200 kcal/mol)
of ATP with the residues of active-site pocket remain
highly favorable (Fig. 4b). In summary, ATP appears
to be stably bound, albeit with different binding
modes in CDK1-WT, -K33Q and - K33Ac complexes.
In particular, we find that the Mg?* coordination
sphere, which includes oxygens of ATP, acidic
residues at the active site and water molecules to be
different for CDK1-WT, -K33Q and -K33Ac com-
plexes (Fig. 4d). Based on these results on lysine-33
perturbations in CDK1 and the previous report of
lysine-72 mutations in PKA [28], we propose that
the catalytic lysine may be dispensable for stable
ATP binding in EPKs. Nevertheless, our analyses
raise the possibility of lysine-33 playing a key role in
the phosphoryl-transfer reaction, which needs to be
addressed in the future.

Interactions between the catalytic residues lysine
and glutamate on N-lobe-83 and C-helix, respec-
tively, have been proposed to be important for kinase
activity in almost all EPKs [35,36]. Specifically in
CDKs, cyclin binding induces a salt-bridge interac-
tion between the catalytic lysine and PSTAIRE-/C-
helix glutamate [6,17,37]. Importantly for CDKs, the
impact of the loss of lysine charge state on salt
bridge with glutamate and PSTAIRE-/C-helix interac-
tions has not been investigated. In this regard, for
CDK1-WT, we found that lysine-33 interacted
with both glutamate-51 and ATP during the time
course of the simulations, showing more prominent
interactions with the latter (Fig. S30—q). The change
in the lysine-33 charge state caused a small rotation
of the PSTAIRE-helix axis by ~5° in the CDK1:
cyclin-B interfacial plane (Fig. S4a and b), and also
changed the position and conformation of the T-loop
(activation segment) in the CDK1 catalytic domain
(Fig. S4c and d). However, we did not find any
movement of either the PSTAIRE-/C-helix or
glutamate-51 toward the ATP because of the loss
of lysine-33 charge state (Fig. S3r-t), unlike what
was recently reported for PKA [28]. This indicates
that the catalytic lysine, while being indispensable,
plays differential roles in rendering kinases active
across EPKs.

Mutational analyses and structural evidences have
indicated that PSTAIRE-/C-helix in CDK1 is involved
in binding to cyclin-B, similar to CDK2:cyclin-A
[5,6,17,38]. However, the forces/interactions that
stabilize the CDK:cyclin complex remain unclear. In
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solution) obtained during 200-ns NVT CMD trajectories for WT, K33Q and K33Ac CDK1:cyclin-B:ATP systems are
compared. (b) Comparison of non-bonded interaction energies (Eng) of ATP with surrounding active-site residues within a
3-to 7-A radius in WT, K33Q and K33Ac CDK1:cyclin-B:ATP systems. Error bars represent SD. (c) A comparison of non-
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relative to WT.

our attempts to examine the consequences of loss
of lysine-33 charge state, we discovered a striking
change in the distribution of center-of-mass (COM)
distances between CDK1 and cyclin-B proteins in
the CDK1-K33Q and -K33Ac complexes relative to
the CDK1-WT. As can be clearly seen in Fig. 4e, the
distribution of CDK1:cyclin-B COM separations
for the mutant lysine-33 complexes (CDK1-K33Q,
-KB83Ac-1 and -K33Ac-2) distinctly shift to larger
values relative to CDK1-WT. For CDK1-K33Ac-3,

while there is no significant shift in peak COM values,
the distribution broadens significantly, indicating
higher flexibility in the binding geometry of the
two proteins. In fact, the widths of distribution of the
inter-protein separations along our MD trajectories
are the smallest for CDK1-WT. These observations
suggest that the perturbations of lysine-33 could be
involved in remodeling the CDK1:cyclin-B interface,
which was unknown thus far. Furthermore, since
the lysine is an active-site residue, far removed from
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the CDK1:cyclin-B interface (Fig. 3a), its influence in
remodeling the protein—protein interface is allosteric
in nature.

To summarize, our in silico structural analyses using
multiple CDK1:cyclin-B:ATP ternary complexes led

us to hypothesize that (a) while the charge state of
lysine-33 in the catalytic pocket was necessary for
orienting ATP, it may be dispensable for its binding,
and (b) perturbing lysine-33 could allosterically influ-
ence CDK1 interactions with cyclin-B. We therefore
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set out to validate these hypotheses using biochemical
approaches.

Catalytic lysine-33 is dispensable for ATP binding

To check if lysine-33 is required for ATP binding,
we used the following approaches: (a) binding of
5'-(4-fluoro-sulfonyl-benzoyl)-adenosine (FSBA), an
analog of ATP and (b) ATP-agarose in which ATP
is conjugated to the beads in different orientations.
Consistent with previous reports from CDK9 [9] and
Cdc2 [39], CDK1-K33Q and -K33R mutants had
reduced FSBA binding (Fig. 5a). FSBA covalently
binds to the active-site lysine with high affinity [40].
Moreover, unlike FSBA, ATP is non-covalently
coordinated in the catalytic pocket. Thus, FSBA
binding that is equivalently affected in CDK1-K33Q
and -K33R does not reveal the importance of lysine in
ATP binding.

We found that CDK1-WT bound 6-AH ATP-beads
(ATP conjugation via C6 of adenine base with a
linker) better than the others and were used for
further analyses (Fig. S5a). Next, we assessed the
relative binding efficiency of CDK1-WT, -K33Q and
-K33R to the ATP-conjugated beads. In contrast
to our results with FSBA, we found that steady-state
ATP binding is not affected by these mutations in
CDK1 (Fig. 5b and ¢ and Fig. S5b and). Neverthe-
less, in binding competition assays using ATP in
solution, we found small differences between CDK1-
WT, -K33Q and -K33R (Fig. S5d and e). These
results clearly indicate that the catalytic pocket lysine
or its charge state is dispensable for steady-state
ATP binding and importantly corroborate our predic-
tions based on the in silico analyses.

Non-default binding of cyclin-B to CDK1 is
determined by the charge state of catalytic lysine

Having ruled out all known possible mechanisms
that led to CDK1 inactivation due to the alterations of
catalytic lysine and motivated by our in silico results,
we wondered if cyclin-B binding itself is affected. To

test this, we probed for the interaction of CDK1-WT,
-K33Q and -K33R with cyclin-B1 by reversible co-
immunoprecipitations. Remarkably, we found that
CDK1-K33Q, which takes away the lysine-33 charge
and is typically used as an acetylation mimic, showed
reduced interaction with cyclin-B1 (Fig. 5d—g). On the
contrary, CDK1-K33R, which retains the lysine-33
charge state and mimics constitutively deacetylated
state, remained bound to cyclin-B1 (Fig. S5f and g).
Given that we found endogenous CDK1 lysine-33
to be acetylated, which would naturally mask its
charge state, we wanted to assess if acetylation is
a determinant of cyclin-B binding in a cell cycle-
dependent manner. Despite our best attempts,
we could not map differential acetylation of endog-
enous CDK1 during different phases of cell cycle
using a-K33Ac antibodies. As is known for most
posttranslational modifications, including key regu-
latory phosphorylations [41,42], stoichiometry of
protein acetylation has been shown to be relatively
low [43—-45]. Therefore, our inability to quantitatively
estimate cell cycle-dependent changes in acetyla-
tion could be due to low abundance of acetylated
CDK1 combined with the low sensitivity of a-K33Ac
antibodies. Nevertheless, using over-expressed
CDK1, we investigated if the acetylation and deace-
tylation potential was indeed regulated in a cell cycle-
dependent manner. As shown clearly in Fig. 5h
and h, we found hypoacetylated CDK1 in G2/M
synchronized cells when compared to cells arrested
in G1/S. Importantly, overexpression of cyclin-B1,
which increases G2/M population, also resulted in
reduced CDK1 lysine-33 acetylation (Fig. 5i). This
was consistent with our hypothesis of deacetylation
of catalytic lysine as a determinant of cyclin-B
binding. We further assayed for CDK1:cyclin-B1
complexes under conditions, which led to increased
CDK1 lysine-33 acetylation, by immunoprecipitation.
As anticipated, we found that hyperacetylated
CDK1 showed significantly less cyclin-B1 associa-
tion (Fig. 5j). Together, we have found CDK1:cyclin-B
interaction to be regulated, which was hitherto
unknown. Importantly, our findings establish that

Fig. 5. CDK1 acetylation at lysine-33 does not affect ATP binding but reduces cyclin-B1 interaction. (a) Probing FSBA-
labeled CDK1-WT/-K33Q/-K33R-HA immunoprecipitates with a-FSBA antibodies revealed reduced binding upon K33
mutation. (b) Probing for CDK1-WT-HA and -K33Q-HA binding (pull-down) by ATP-conjugated agarose beads (6-AH
beads having ATP conjugation via C6 of adenine base with a linker) shows no change in steady-state binding. Coomassie
staining of total bound proteins was used for normalization. (c) Quantification of ATP binding in panel b. Error bars
represent SEM for n = 5 technical replicates from two experimental repeats. (d—g) Reversible co-immunoprecipitations of
CDK1-WT-HA or -K33Q-HA and Myc-cyclin-B1 shows reduced CDKT1:cyclin-B1 binding upon K33Q mutation.
Immunoprecipitation of complexes with a-HA (d) and a-Myc antibodies (e). (f and g) Quantifications of results presented
in panels d and e, respectively. “Marks the IgG heavy chain. Error bars represent SEM for n = 3 technical replicates from a
representative experiment. (h) Probing for acetylation in immunoprecipitated CDK1-HA shows reduced CDK1 lysine-33
acetylation in G2/M-synchronized cells as compared to G1/S phase. Phospho-H3 S10 (H3-S10p) was used as a marker
for G2/M population. (i) Immunoprecipitated CDK1-HA shows negative correlation between CDK1 lysine-33 acetylation
and CDK1:cyclin-B1 complexation on probing with a-K33Ac and a-Myc antibodies. (j) Probing immunoprecipitated CDK1-
HA with a-K33Ac and a-Myc antibodies from cells transfected with Myc-cyclin-B1 or Myc-cyclin-B1/P300 shows enhancing
lysine-33 acetylation reduces cyclin-B1 binding.
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the positive charge of catalytic lysine-33 in CDK1 is
essential for cyclin-B binding and its loss either by
acetylation or a mutation to glutamine abrogates the
interaction.

Electrostatic tethering of catalytic lysine-33
dictates surface interactions between CDK1
and cyclin-B

Next, we investigated the mechanistic underpin-
nings of lysine-33-dependent association of CDK1
and cyclin-B proteins. Examining the structure of
ternary WT CDK1:cyclin-B:ATP complex revealed
that residues 40-60 of CDK1 interface directly with
cyclin-B. Specifically, in addition to the PSTAIRE-helix
(residues 45-58), which has been previously de-
scribed [5,17], we found that the random coil segment
(residues 40—44) in CDK1 also interacts with cyclin-B,
as implicated in CDK2:cyclin-A [5]. Importantly, the
random coil segment is contiguous with the N-lobe-33
(residue 28-36), containing lysine-33. It should be
noted that combination mutants of residues in each of
these segments in CDK1 have been shown to reduce
cyclin-B binding [4]. However, the forces that orient
these segments and help in stabilizing interactions
between the proteins are still unknown.

These observations prompted us to investigate if
the local electrostatic interactions of catalytic lysine-
33 impinge on interface interactions of CDK1 with
cyclin-B. Specifically, we carried out a statistical
analysis of salt-bridge interactions in CDK1-WT,
-K83Q and -K33Ac ternary complexes (Supplemen-
tary Table S2) during the initial (first 1 ns) stages
of our 200-ns MD trajectory (Fig. 6¢). We chose the
1-ns period of the trajectory since destabilization of
the CDK1:cyclin-B interface, as assessed by inter-
protein COM separations, occurred early in our MD
production runs in CDK1-K33Q and -K33Ac sys-
tems. Our analysis clearly shows that the number
of interfacial salt bridges is halved in the case of
CDK1-K33Q and -K33Ac complexes, as compared
to CDK1-WT, during the initial phase of our
MD simulations (Fig. 6a), presaging the increase
in inter-protein separations (Fig. 4e). Furthermore,
we quantified the distributions of Eyg of interfacial
salt bridge forming residues of CDK1 and cyclin-B
(Supplementary table S2). Interestingly, we found
the Eng values to be significantly lower (by ~150—
200 kcal/mol) and also highly variable when the
charge state of lysine-33 is lost (Fig. 6b). Moreover, a
more detailed analyses revealed that interfacial salt-
bridge interactions involving both, acidic (D/E) and
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Fig. 6. Loss of CDK1 lysine-33 charge state affects surface electrostatic interactions with cyclin-B. (a) Reduction in the
number of interfacial salt bridges between CDK1 and cyclin-B in CDK1:cyclin-B:ATP K33Q (top panel) and K33Ac systems
(bottom panel) relative to WT. (b) Reduction in non-bonded interaction energies between acidic and basic residues at
CDK1:cyclin-B interface in CDK1:cyclin-B:ATP K33Q (top panel) and K33Ac systems (bottom panel) relative to WT.
(c) View of the CDK1:cyclin-B interface and its connectivity to the active site with catalytic triad residues (K33, D146, E51)
and ATP. Key acidic and basic residues at the CDK1:cyclin-B interface are also shown. In this representation, we show
only residues 30—148 and 250—280 in CDK1. (d) Comparison of non-bonded interaction energies (Eyg) of key acidic and
basic residues of CDK1 with salt-bridge partner residues of cyclin-B shows maximum contribution by E41, which is
dependent on K33 charge state. Error bars represent SD. The analysis is for data from the beginning of first 1 ns of NVT
production runs for WT and mutant systems before CDK1—cyclin COM-COM separations increase for the latter.
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basic (K/R) residues of CDK1 (Fig. S6a), as well as
side-chain backbone salt bridges (Fig. S6b) were
reduced in K33Q and K33Ac CDK1:cyclin-B:ATP
complexes.

Our comprehensive analysis further demonstrated
that, upon perturbing lysine-33, the largest changes
in Eng were observed for residue glutamate-41
(by ~100 kcal/mol) at the CDK1:cyclin-B interface
(Fig. 6d). Interestingly, we found negligible perturba-
tions in salt-bridge interactions formed by acidic
and basic residues in the PSTAIRE-helix (arginine-50
and glutamate-57). Specifically, our results illustrate
that the effects mediated by catalytic lysine-33 on
glutamate-41 in the N-lobe-B3/C-helix linker loop of
CDK1 may play a deterministic role in enabling CDK1:
cyclin-B interactions. These findings are also illustrated
in the form of movies (Supplementary Movies S1-S5).

Cdc2/CDK1 lysine-33 mutation blocks cell-cycle
progression in Schizosaccharomyces pombe

To better understand physiological consequence
of lysine-33 acetylation for CDK1 function, we turned

to fission yeast, S. pombe, which shares the cell-
cycle regulatory mechanisms with higher eukaryotes
including humans [46,47] and is one of the best
studied system for mitotic control. Indeed the first
human CDK gene was cloned based on its ability to
compliment a temperature-sensitive mutation in cdc2
gene, cdc2-33 [46]. Unlike mammalian cells, the
fission yeast cell cycle is controlled by a single CDK,
Cdc2, which drives both G1/S and G2/M transitions,
making it a simple model to study cell-cycle
progression [48-50]. Moreover, a single CDK/cyclin
pair (Cdc2p/Cdc13p) is sufficient to drive progression
through the different phases of cell cycle [51].

We wanted to check if perturbing Sirtuin function
in yeast would lead to any alteration in G2-M
progression, possibly caused by hyperacetylation
of Cdc2. Hence, we used hst4 mutants, which has
been associated with cell-cycle progression [52].
Furthermore, a previous report indicated that hst4
mutants had elongated cells, similar to cdc mutants
[52]. On scoring for mitotic entry and progression in
the absence of hst4, we found that while mitotic entry
seems to be marginally affected, there was a slight
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Fig. 7. Cdc2/CDK1 lysine-33 mutation blocks cell-cycle progression in S. pombe and fails to compliment cdc2 ts
mutants. (a) Schematic representation of cell length observed in fission yeast temperature-sensitive cdc2 mutants at
permissive temperature (normal cell-cycle progression) and restrictive temperature (cell-cycle arrest). (b) Representative
images of DAPI and aniline blue co-stained cells of fixed samples after 16 h of induction, before (top panel) and after
(bottom panel) shift at restrictive temperature for 4 h. Cells fixed after 4 h incubation at 36 °C. (c) Quantification of cell
length measurements observed in cdc2-33 and cdc2-L7 strains over-expressing indicated plasmids at restrictive
temperature for 4 h. Measurement indicates mean cell length and SEM for three independent experiments where n = 500
for each sample. (d) Plate growth assay after 16 h of induction. Samples were 1:4 serially diluted, and plates were

incubated at indicated temperature for 4-5 days.
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but significant delay in progression through mitosis
(Fig. S7a). These results are indeed interesting
and could point toward a possible effect mediated
by enhanced Cdc2 acetylation. However, loss of a
deacetylase could impinge on several other factors,
besides Cdc2, which might also be involved in G2-M
progression, and further studies will likely provide
novel insights into the role of Hst4 in mitotic
progression. Thus, to check if the catalytic lysine in
Cdc2 and its charge state indeed affected cell-cycle
progression, we cloned cdc2 K33Q and K33R
mutants for further analyses.

Wild-type fission yeast cells grow to a length of
about 14 pm before dividing. Temperature-sensitive
(ts) cdc2 mutants that undergo cell-cycle arrest at G2
and are unable to divide or form colonies, continue to
grow when incubated at the restrictive temperature
of 36 °C producing abnormally elongated cells with a
single nucleus (Fig. 7a). Two independent ts alleles
of cdc2, cdc2-33 (A177T) and cdc2-L7 (P208S),
[48,53] arrest as elongated mononucleate cells
when incubated at restrictive temperature of 36 °C
(Fig. 7b and c and Fig. S7b—e), and fail to form viable
colonies (Figs. 7d and S7f). Expressing wild-type
cdc2 gene under moderate-strength thiamine-
repressible promoter (pnmt41) rescues the cell-
cycle arrest in these mutants. These cells grow and
divide at wild-type length distribution and are viable at
the restrictive temperature of 36 °C (Fig. 7b—d and
Fig. S7b—f). Unlike the cells rescued with Cdc2-WT,
inducible expression of both Cdc2-K33Q and Cdc2-
K33R failed to compliment the two cdc2 ts mutants.
These cells were elongated, arrested in G2 and also
failed to form viable colonies (Fig. 7b—d and Fig. S7b—).
Although an earlier study in Saccharomyces cerevisiae
had also shown that Cdc28-K40Q and Cdc28-K40R
failed to complement cdc28 null cells vis-a-vis viability
[8], the effect on cell cycle was not addressed.
Importantly, the findings described in the current
study are consistent with our hypothesis about the
significance of the catalytic lysine-33, which is evolu-
tionarily conserved, in rendering CDK1/Cdc2 kinase
competent, and hence its role in cell-cycle progression.

Discussion

Investigations into mechanisms that activate CDKs
in general and CDK1 in particular are instrumental in
our understanding of one of the most fundamental
processes of eukaryotes, that is, cell division. In
this study, we establish that the binding of cyclin-B
to CDK1, which is essential for kinase activation, is
allosterically regulated by the charge state of catalytic
lysine-33 in CDK1. Besides providing mechanistic
insights into structural changes, which impact cyclin-B
binding upon acetylation, we demonstrate that a loss
of positive charge on catalytic lysine-33 leads to cell-
cycle arrest and lethality.

Our results establish catalytic lysine-33 as a
molecular determinant of activity of CDK1. Mutating
this lysine abolished CDK1 activity, which was
independent of ATP binding and other regulatory
inputs such as via Wee-1-mediated phosphorylation.
In addition to pointing out a novel mechanism, these
results also ruled out the possibility of gross structural
perturbations that could have led to inactive CDK1
observed in the case of K33Q mutant. We would like
to highlight that these are consistent with previous
reports on CDK2, for example, which is very similar to
CDK1.

Protein acetylation has been largely shown to
occur on lysine residues and is now well established
to act as a key regulatory modification [45,54,55]. In
this context, our results show that the acetylation of
CDK1 is negatively associated with cyclin-B binding
and also that it is regulated in a cell cycle-dependent
manner. Although acetyl mimic mutant of CDK1
was inactive, overexpression of CDK1-K33Q in the
background of endogenous CDK1 did not lead to a
dominant negative effect, unlike the phosphorylation
defective mutants [31]. In our attempts to unravel the
importance of the charge state of lysine-33, we
discovered its importance in cyclin-B binding, which
explains the lack of a dominant negative phenotype.
Therefore, our results provide a novel mechanism for
control of CDK1 activity and function.

With a few exceptions, almost all eukaryotic proteins
kinases are known to possess a set of catalytic triad
residues consisting of an N-lobe-f33 lysine, a C-helix
glutamate and a DFG motif aspartate. Several reports,
including most recent ones on PKA, have tried to
dissect out both common and distinct mechanisms
that render kinase competent conformations, which
is dependent on the orientation of the catalytic triad
residues [28]. It is important to note that uniquely in
CDKSs, binding of cyclins moves the C-helix containing
catalytic glutamate, thereby bringing together the
catalytic triad residues [5]. Hence, while cyclin binding
is essential, whether this interaction is regulated and
structural determinants that enable complexation are
still unknown. In this context, using both biochemical
and high-resolution computational analyses, we es-
tablish that the charge state of lysine-33 in CDK1,
which is lost upon acetylation, plays a pivotal role in
stabilizing intra-molecular tethers at the active site that
are required for facilitating cyclin-B binding.

Although previous reports have shown that CDKs
are acetylated and this inhibits their kinase activity,
mechanistic insights are lacking [9—11,15,16]. In this
context, we now show that the catalytic lysine in
CDK1 exerts a dual control, orienting the ATP in the
active-site pocket and allosterically facilitating cyclin-
B binding. In addition, we have also addressed the
importance of CDK1 acetylation or loss of the charge
state of catalytic lysine on G2-M progression using
the acetyl-mimic mutant of Cdc2/CDK1 in S. pombe.
We note that CDK1 knockdown has been shown to
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have variable effects on mammalian cells [56].
Therefore, using the yeast model not only eliminates
possible compensatory roles of CDK2 [57] but
also shows that the novel mechanism of acetyla-
tion-based regulation of cyclin binding uncovered
here is evolutionarily conserved. As stated earlier
and well established in the field, Cdc2 and CDK1
are highly conserved both at structural and func-
tional levels [46]. Highlighting the physiological
relevance of catalytic lysine and its charge state,
we illustrate that mutating Cdc2 lysine-33 leads
to cell-cycle arrest and reduces the viability in
S. pombe.

In conclusion, our study highlights how local
perturbations involving a key catalytic residue have
long-range effects on protein—protein interactions.
Importantly, our results suggest that acetylation
of CDK1 prevents cyclin-B binding and therefore
highlight deacetylation, which naturally unmasks the
charge state of lysine-33, as a key determinant of
CDK1:cyclin-B binding. Considering that other
CDKs and EPKs are also acetylated at similar
active-site lysines, impact of acetylation on binding
to cognate partners or substrates remains to be
uncovered.

Materials and Methods

Cell culture and transfection

HEK293T, HelLa-TetOn and mouse embryonic
fibroblast cells were grown in DMEM high-glucose
medium (Sigma-D777) supplemented with 10% fetal
bovine serum (Gibco) or 10% newborn calf serum
(Gibco) and 1% antibiotic—antimycotic solution
(Gibco), and maintained under standard 5% CO.
conditions. Cells were transfected using Lipofectamine
2000 (Life Technologies) or Fugene 6 (Roche) as per
manufacturer's instructions. For inducible expression,
2 pg/ml doxycycline (Sigma) was added to the
medium as indicated. For inhibiting HDACs or Sirtuins,
cells were treated with 400 nM trichostatin A or
5 mM NAM, respectively, for 16 h. Sf21 (Spodoptera
frugiperda) insect cells (Thermo Fisher) were grown in
Graces' media containing antibiotic solution (Sigma)
and 10% fetal bovine serum (Gibco) at 25 °C.

Yeast and bacterial culture

S. pombe strains were transformed with pREP41
plasmid encoding wild-type or mutant cdc2 gene
using fast lithium acetate transformation method
[58]. All strains were cultured in YE or EMM (MP
Biomedicals) media with necessary supplements.
Thiamine (10 pM) in EMM was used to suppress the
nmt41 promoter. For induction, cells initially cultured
in EMM media containing thiamine were washed and

subsequently cultured in EMM media without thia-
mine at 25 °C. After 16 h of induction, the cultures
were shifted to restrictive temperature of 36 °C for
4 h. Escherichia coli DH5a cells were cultured in
LB media supplemented with 100 pg/ml ampicillin
for amplification of plasmids. Two percent agar was
used for solid media.

Cell synchronization

Cells plated at 50% confluency were treated with
150 uM mimosine (Sigma) for 16 h to synchronize
the cells in G1/S phase. To obtain cells synchronized
in different phases, mimosine-treated cells were
washed twice with PBS and released into fresh
medium. Cells collected at 2—-3, 5-6 and 7-8 h post-
release corresponded to S-phase, G2-phase and
G2/M-phase, respectively, as assessed by flow
cytometery and phospho-H3 (S10) levels. To syn-
chronize cells in G2 phase, 9 yM RO-3306 (Sigma)
was used for 16 h, and for G2/M synchronization,
cells were treated with Nocodazole (100 ng/ml) for
8 h after mimosine release.

FSBA labeling

CDK1-HA immunoprecipitates on beads were
treated with 50 yM FSBA (Sigma) in 0.1% PBS-
Triton-X-100 for 15 min at 30 °C with constant
shaking, washed four times with 0.5% PBS-Triton-
X-100 for5 minat4 °C on rotor and boiled in SDS gel
loading buffer to elute the bound proteins. Western
blotting was performed using a-FSBA antibodies and
normalized to the amount of immunoprecipitated
CDK1.

ATP binding and competition assays

The ATP binding assay was performed using the
ATP affinity kit (Jena Bioscience) as per manufac-
turer's protocol. Briefly, the TNN cell lysate was
dialyzed overnight at 4 °C against dialysis buffer
(PBS, 1 mM EDTA, 1 mM DTT) with two buffer
changes to remove the bound ATP-Mg®*. The
dialyzed lysate was diluted with the binding buffer
containing protease inhibitor cocktail and incubated
with equilibrated control or ATP beads for2 hat4 °C
on rotor. For ATP competition, increasing amount
of ATP was added in the dialyzed lysate before
incubation with equilibrated control or ATP beads.
The beads were washed thrice with the wash buffer
for 15 min at 4 °C on rotor and boiled in SDS gel
loading buffer to elute the bound proteins.

Modeling of CDK1:cyclin-B:ATP ternary
complexes

Our computational modeling studies were initiated
using a crystal structure of cyclin-B bound CDK1
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(PDB ID: 4Y72) solved by Brown and co-workers
[17]. Although an ATP-free CDK1:cyclin-B1 complex
(PDB ID: 4YC3) was also available, we ascertained
that the inhibitor-bound 4Y72 structure was a better
starting model for our simulation studies as it
presents a more catalytically competent active site
[17]. Furthermore, the active-site catalytic triad
conformations and the CDK-cyclin interface in
4Y72 are very similar (see Fig. S3a and b) to recently
reported CDK1:cyclin-B1 crystal structures (PDB
IDs: 6UG2, 6UG3, 6UG4) bound to other inhibitors
with a wide range of Ky values (32—950 nM) [34]. The
4Y72 structure was bound to an inhibitor as well as
the accessory protein CKS2, both of which were
removed. The resultant structure lacked ATP and
C-terminal residues (resid: 290—297) for CDK1. We
modeled the missing C-terminal CDK1 residues
(resid: 290-297) using the loop modeling module in
Modeller version 9 [59]. An ATP molecule was then
introduced in the active site of the CDK1:cyclin-B
binary complex using the crystal structure of CDK2:
cyclin-A:ATP ternary complex as a reference (PDB
ID: 1FIN) to create a WT CDK1:cyclin-B:ATP ternary
complex model. Specifically, we used the ATP
coordinates from the 1FIN structure and inserted it
at the active site of the CDK1:cyclin-B complex
retaining the same interactions of ATP with the
active-site aspartate-146 residue as in the 1FIN
structure. After this step, we created two more mutant
CDK1:cyclin-B:ATP complex models by replacing
the lysine-33 in the WT model with either glutamine
(K33Q) or acetyl lysine (K33Ac). For all three model
complexes (WT, K33Q, K33Ac), hydrogen atoms
were added using the psfgen utility in VMD [60]. Then
the modeled complexes were immersed in a large
rectangular water box (explicit solvent model) of
dimension 126 x 145 x 128 AS. The net charges
of the model complexes were +3 for WT and +2 for
K33Q/K33Ac. Therefore, 3 Cl ~ ions were added to
WT and 2CI~ ions to K33Q/K33Ac solvent boxes to
neutralize the systems.

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.jmb.2019.04.005.
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