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CDK2 and CDK4: Cell Cycle Functions Evolve Distinct, Catalysis-
Competent Conformations, Offering Drug Targets
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Cyclin-dependent kinases (CDKs), particularly CDK4 and  Flexibility ~H-bond stability ~R-spine stability

CDK2, are crucial for cell cycle progression from the Gap 1 (G1) to the 5a
. . . =) ATP [} P
Synthesis (S) phase by phosphorylating targets such as the Retinoblastoma > S A :@f S )
Protein (Rb). CDK4, paired with cyclin-D, operates in the long G1 phase, § Ve "«s;‘ & 3
while CDK2 with cyclin-E, manages the brief G1-to-S transition, enabling =
CDK4 >CDK2  CDK4 < CDK2 CDK4 < CDK2

DNA replication. Aberrant CDK signaling leads to uncontrolled cell
proliferation, which is a hallmark of cancer. Exactly how they accomplish CDK - cyclin interaction  Allosteric regulation
their catalytic phosphorylation actions with distinct efficiencies poses the

fundamental, albeit overlooked question. Here we combined available
experimental data and modeling of the active complexes to establish their =1
>
X

conformational functional landscapes to explain how the two cyclin/CDK
complexes differentially populate their catalytically competent states for cell CDK4 < CDK2 of cyclin-D N-terminus
cycle progression. Our premise is that CDK catalytic efficiencies could be

more important for cell cycle progression than the cyclin-CDK biochemical binding specificity and that efficiency is likely the prime
determinant of cell cycle progression. We observe that CDK4 is more dynamic than CDK2 in the ATP binding site, the regulatory
spine, and the interaction with its cyclin partner. The N-terminus of cyclin-D acts as an allosteric regulator of the activation loop and
the ATP-binding site in CDK4. Integrated with a suite of experimental data, we suggest that the CDK4 complex is less capable of
remaining in the active catalytically competent conformation, and may have a lower catalytic efficiency than CDK2, befitting their
cell cycle time scales, and point to critical residues and motifs that drive their differences. Our mechanistic landscape may apply
broadly to kinases, and we propose two drug design strategies: (i) allosteric Inhibition by conformational stabilization for targeting
allosteric CDK4 regulation by cyclin-D, and (ii) dynamic entropy-optimized targeting which leverages the dynamic, entropic aspects
of CDK4 to optimize drug binding efficacy.

GI cell cycle phase, G1/S transition, cyclin-dependent kinases (CDKs), allosteric drug discovery, cancer, ligand binding,
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synthesis occurs.” Cyclin-D/CDK4 partially phosphorylates
the retinoblastoma (Rb) protein, releasing the E2F tran-
scription factors. The freed E2F enables the transcription of S
phase-related genes, predominantly cyclin-E. Cyclin-E then
binds to CDK2, further phosphorylating Rb in a positive
feedback loop, and fully activates E2F in the canonical model.*

Recent research has expanded the understanding of cell
cycle control. Cells depend on sustained mitogen signaling and
CDK4/6 activity to maintain CDK2 activity and Rb protein
phosphorylation in a feed-forward loop, demonstrating that
until mitosis, the decision to proliferate is reversible.” The
temporal integration of mitogenic signaling throughout the

We ask: how exactly the catalytic phosphorylation of CDK4/
cyclin-D was optimized by nature for the long G1 phase, whereas
that of CDK2/cyclin-E, for the brief G1-to-S transition? That is,
how do the two homologous complexes accomplish their
catalytic actions with distinct efficiencies, tuned for their
distinct functional roles in the cell cycle? The mammalian cell
cycle is regulated by two protein families: the cyclins and the
cyclin-dependent kinases (CDKs)." Proper progression
through the cell cycle hinges on kinase activities of specific
CDKs, which are primarily modulated by their interactions
with cyclins. In the presence of their cyclin partners, CDKs
function as serine/threonine kinases, regulating cell cycle

progression by phosphorylating critical substrates such as the February 15, 2024
retinoblastoma protein (Rb).> CDK4/6 in conjunction with D- April 8, 2024
type cyclins (D1, D2, and D3) controls the early G1 phase, May 6, 2024
while the late G1 is controlled by CDK2 in conjunction with May 14, 2024

E-type cyclins (E1 and E2), resulting in a carefully orchestrated
transition from the Gl phase to the S phase, where DNA
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mother cell cycle can influence the daughter cell proliferation.’
These findings extend significantly the understanding of cell
cycle commitment beyond the textbook model and suggest
that the strength and duration of the mitogen signal have a
profound influence not only on cell cycle commitment but also
on the fate of the daughter cells.

Whereas the CDK levels are relatively constant throughout
the cycle, the subcellular localization and concentrations of
cyclins vary significantly, which facilitates selective activation of
specific CDKs.” The cellular levels of cyclins can impact the
rate and extent of CDK activity and signal transduction. For
instance, in many cancers, such as ovarian, breast, uterine, and
gastroesophageal, overexpression of cyclin-E and cyclin-D leads
to overactivity of CDK complexes, which ultimately leads to
hyperproliferation of cells.® While the differential expression
and degradation of cyclins, their subcellular localization along
with that of CDKs, mediated substrate specificity, and
activation of different CDK complexes are crucial for cell
cycle progression, they may not be the key essential element.”
Rather, it is the catalytic activity level of the CDKs that is more
important for cell cycle progression.'”"" In regulating substrate
phosphorylation, the cyclin acting in the G1 to S transition
(especially cyclin-E) is influenced more by activity thresholds
than by cyclin-substrate specificity.'” Such findings are
consistent with the understanding that CDK2 activity
synchronizes cell cycle commitment and G1/S transition
timing, and that high CDK2 activity is required to initiate the
CDK2—-Rb positive feedback loop, whereas CDK4/6 activity
initiates E2F activity.'” This challenges the conventional
understanding that the inherent biochemical specificity of
cyclin/CDK complexes is the prime determinant of substrate
phosphorylation. More importantly, these findings highlight
the critical role of the level of CDK catalytic activity in
regulating the cell cycle. However, the paramount question of
exactly how evolution tuned and optimized the different
cyclin/CDK complexes to modulate their corresponding phase
of the cell cycle through their distinct catalytic activities was
overlooked. However, resolving it is critical for understanding
the principles underlying adapting catalytic activity to function,
with vast biological as well as industrial implications.

Like other kinases, the catalytic activity of CDKs is
influenced by both intrinsic and extrinsic factors."* Intrinsically,
key factors include the spatial arrangement of amino acid
residues, the stability of the hydrophobic core, which includes
the catalytic spine (C-spine), the regulatory spine (R-spine),
and shell residues. The C-spine is composed of conserved
hydrophobic residues that align with the adenine ring of ATP,
playing a crucial role in ATP binding and orientation. The R-
spine, also formed by hydrophobic residues, is parallel to the
C-spine and is essential for stabilizing the active conformation
of the kinase. Shell residues, bridging these spines, further
contribute to the structural integrity of the kinase by
interacting with both spines, supporting their proper alignment
and stability."”” The flexibility of dynamic regions like the
activation loop (A-loop) plays integral roles in substrate
recognition, ATP binding, and phosphoryl transfer. Kinases
exist in equilibrium between active and inactive conforma-
tions,'* and extrinsic binding of regulatory molecules or
proteins can allosterically shift this equilibrium,'” enhancing,
or dampening their activity.'®'? Among these, are p21 and p27
intrinsically disordered proteins that can inhibit or activate
CDK2 and CDK4 depending on their phosphorylation state.”
The catalytic activity of the kinase is a result of the integration
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of various inputs at the allosteric sites, such as the binding of
regulatory domains and substrates, and the effect of post-
translational modifications, such as autophosphorylation.”"
The crystal structures of the cyclin-E/CDK2 complex show
the active conformation with cyclin-E contacting both the N-
and C-lobe of CDK2 (Figure 1),”* whereas early structures of
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Figure 1. Cell cycle progression and cyclin-dependent kinase (CDK)
complex structures. Upper panel illustrates the phases of the cell cycle,
including G1, G1/S transition, and S, G2, and M phases, annotated
with their corresponding cyclin and CDK complexes. The bottom
panels display in silico modeled structures of the active cyclin-D/
CDK4 and cyclin-E/CDK2 complexes, which are crucial for driving
the cell cycle through the G1 and G1/S transition phases, respectively.
ATP binding sites and structural features relevant to their kinase
activity and regulatory mechanisms are labeled. Their sequence
alignments are shown in Figure S1, which reveal high sequence
similarity between CDK4 and CDK2, while low sequence similarity
between cyclin-D and cyclin-E, yet their structural conformations in
complex with their respective kinases are notably similar.

cyclin-D/CDK4 showed the inactive conformation with cyclin-
D contacting only the N-lobe of CDK4,” leading to the
expectation that CDK4 may require additional factors to reach
the active state. Recently, the crystal structure of the active
conformation of cyclin-D3/CDK4, in which cyclin-D3 contacts
both the N- and C-lobes of CDK4, was resolved, showing
significant differences from the early inactive conformations of
cyclin-D/CDK4.>*** One reason for the difference is that the
cyclin N-terminus was not truncated prior to the crystal-
lization, which was postulated to be the determining factor.”*
This suggests that even slight structural and conformational
dynamical differences can lead to significant variations in how
cyclin-D/CDK4 and cyclin-E/CDK2 activate, interact with,
and modify their target substrates. Molecular dynamics (MD)
simulations, with their ability to model protein motions and
map allosterically cou}z)led residue groups, have been especially
useful in this context.”

Here, we focus on the active conformations of CDK2 and
CDK4 in complex with cyclins E and D, respectively, and seek
to understand how the two cyclin/CDK complexes differ-
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entially populate their catalytically competent states. The role
of enzyme dynamics is a long-standing question that traces
back 40 years,”® but still lacks clarity on the specific
conformational changes that correlate to functional activities.
Here, we find that upon activation, the cyclin-E/CDK2
complex has a greater ability to maintain the active features
for catalysis. This includes CDK2 having a more compact
nucleotide-binding site to stabilize ATP, a more stable R-spine,
and more extensive contact with cyclin-E compared with the
cyclin-D/CDK4 complex. Notably, full activation of cyclin-D/
CDK4 requires additional stabilization of the A-loop by the N-
terminus of cyclin-D, a requirement that is absent in the cyclin-
E/CDK2 complex. This provides an additional obstacle to
maximizing cyclin-D/CDK#4’s activity. Protein kinases that
have a greater ability to maintain a stable hydrophobic core
and stabilize ATP may offer a more efficient and conforma-
tionally favorable scenario.

In this work, we implemented a comprehensive computational
approach to contrast the dynamic behaviors and stability of cyclin-
E/CDK2 and cyclin-D/CDK4 complexes, with a focus on ATP
binding site stability, regulatory spine dynamics, protein—protein
interaction profiles, and allosteric regulation mechanisms in the
context of their roles in cell cycle regulation. Starting with MD
simulations, we constructed the active conformations of these
complexes. To quantify ATP-binding stability, we utilized potential
of mean force (PMF) calculations to quantify the stability of ATP
binding based on the key relevant active site interresidue distances,
further backed by ATP-CDK interaction energies calculation,
Principal component analysis (PCA), and pairwise residue distance-
based calculation elucidated the major C- and N-lobe motions
affecting the ATP-binding cleft. To quantify the overall stability of
these kinases, a bioinformatics approach surveyed all available PDB
structures of well-documented kinases, integrated with our MD
simulations to delineate R-spine stability. Their stability and dynamic
distinctions also reside in the CDK-cyclin binding interface. Binding
free energy calculations allowed us to evaluate differences in the
binding interactions between the two complexes, highlighting distinct
interaction profiles. To build on that, alanine scanning calculations
identified critical binding hotspots, indicating the structural
determinants that are important for CDK-cyclin interaction
specificity. This interaction specificity is further unraveled by chemical
shift perturbation (CSP) analysis, which highlights the greater
dependency of cyclin binding for the activation of CDK4, especially
on the A-loop region. To further understand how CDK4 is
allosterically activated, we mapped the influence of the cyclin-D N-
terminus on the active site of CDK4 using dynamical network analysis
via the Weighted Implementation of Suboptimal Paths (WISP)
methodology. Ramachandran analysis of the DFG motif further
supported these findings. Using these integrated approaches, we
illustrate how these computational methods provide insights into the
structural and dynamical determinants of kinase activity and
regulation.

We modeled the conformations of the complexes of CDK2 and
CDK4 in their cyclin-bound states in the presence of ATP. The initial
coordinates for the active cyclin-E/CDK2 and cyclin-D/CDK4 were
taken from the crystal structures of the Protein Data Bank (PDB) with
codes 1W98 and 7SJ3, respectively. Both structures are phosphory-
lated on the active site on the A-loop (pT172 on CDK4, and pT160
on CDK2). The inactive intermediate conformation of cyclin-D/
CDK#4 is modeled after the PDB code 2W9Z. All missing loops were
added using the CHARMM package. We also simulated the active
conformations of both CDK4 and CDK2 monomers as well as
unphosphorylated A-loop from their crystal structures listed above for
reference. ATP is docked into the active site in all these structures by
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aligning an ATP-bound crystal structure (PDB code: 1FIN) to the
PDB structures and removing the protein in 1FIN. The solvent was
modeled using the TIP3P model with at least a 15 A shell of water in
each direction. The charge states of all titratable groups were set to
reflect a neutral pH environment with acidic side chains represented
in their negatively charged forms and basic side chains in their
positively charged forms. We tabulate the simulation systems in Table
S1. We used the TIP3P water model and added Na* and CI” to
neutralize the solvated systems and maintain a physiological salt
concentration of 150 mM.

We utilized molecular dynamics (MD) simulations in accordance with
the methodologies detailed in our previous publications.”” ' These
simulations were executed in several steps. Initially, we undertook
10,000-step energy minimizations via the conjugate gradient
minimization method to optimize the systems, which was important
in removing undesirable atomic contacts. Subsequently, for every
system, we conducted three 2 us all-atom explicit-solvent MD
simulations under the NPT ensemble (constant number of atoms,
pressure, and temperature) and 3D periodic boundary conditions for
each system. We used the NAMD 2.14 package®” for the production
runs with the updated CHARMM?® all-atom force field (version
36m).>* We employed the Nosé—Hoover Langevin piston control to
sustain the pressure at 1 atm and the Langevin thermostat to maintain
the temperature constant at 310 K. The SHAKE algorithm was
applied to constrain the covalent bonds involving hydrogen atoms,
and a 2 fs time step was used in the simulations. The long-range
electrostatic calculation was performed using the particle mesh Ewald
(PME) method (grid spacing of 1.0 A), and the short-range
interactions were calculated using the switching functions for proximal
van der Waals (vdW) interactions (twin-range cutoff at 12 and 14 A).
To ensure continuity in the potential energy function, nonbonding
energy terms were gradually reduced to zero by implementing a
smoothing factor starting at a distance of 12.0 A.

To quantitatively evaluate the affinity and specificity of the
interactions between cyclin-D/CDK4 and cyclin-E/CDK2 complexes,
we determined the binding free energies between cyclin-D and cyclin-
E with CDK4 and CDK2, respectively, employing molecular
mechanics energies combined with the generalized Born surface
area (MM/GBSA) method. This calculation was performed using the
CHARMM package.”® The protocol adhered to established
procedures from our previous works,””** ensuring consistency in
our analysis.

The total binding free energy (AG,) for the cyclin-CDK complexes
is calculated as the sum of the gas-phase molecular mechanics energy
(AEyp), the solvation energy (AG,,), and the entropy contribution
(—TAS), where T represents the temperature in Kelvin:

(AGy) = (AEyp) + (AGyy) — TAS

The ensemble average, indicated by angle brackets, aggregates
these contributions over the last 1 us configurations from the MD
simulations. The gas-phase contribution, AEy;,,, comprises internal
energy (AHi,,), electrostatic interactions (AH,..), and van der
Waals interactions (AH,gy):

AEy = AH,

inter

+ AH,,. + AH 4y

lec

The solvation-free energy, AG,,, integrates both the electrostatic
and the nonpolar components. These are calculated using the
generalized Born approximation with the generalized Born with a
simple switching (GBSW) model within CHARMM:*

+ AG nonpolar

'sol

AGSOI — AGSelec

ol

Entropy contributions to the binding free energy are dissected into
translational (TAS,,,,.), rotational (TAS,,,), and vibrational (TAS,;)
components. These terms are estimated from the principal moments
of inertia (for translational and rotational entropy) and calculated
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Figure 2. Differential ATP binding site dynamics between active CDK4 and CDK2 complexes suggest distinct catalytically competent states.
(Upper panel) Structure of the active CDK4 (A) and CDK2 (B) complex in the active site. It shows some key structural determinants influencing
ATP-binding dynamics: (i) Adenosine-CDK interaction: Adenosine ring of ATP forms hydrogen bonds with the hinge region of CDKs, which is
important for ATP orientation and stability. (ii) Hydrophobic Val and Leu residues (V20 and L147 for CDK4; V18 and L134 for CDK2) on the
top and bottom of adenosine ring in ATP; their proximity is linked to the ATP binding site’s open or closed conformation. (iii) G-loop enclosure:
(G-loop) caps the ATP binding site, providing another layer of stabilization on ATP. (iv) Phosphate stabilization: Lysine on 3 (K35 for CDK4;
K33 on CDK2) interacts with a/f-phosphate and Glu on the aC-helix, further securing ATP in its binding site. (Middle panel) Hydrogen bond
stability: CDK2 exhibits a higher hydrogen bond occupancy with ATP, indicative of enhanced ATP stabilization compared to CDK4. (Middle
panel) G-loop dynamics: the G-loop of CDK4 is more dynamic, suggesting a propensity to assume an open conformation. (Lower panel) Potential
of mean force landscapes for two reaction coordinates—the distance between nitrogen on Lys (Lys-N) and a-phosphate (Pax) of ATP, and the
distance between the valine and leucine residues. Both distances are consistently greater in CDK4 indicating that CDK4 has a broader range of
accessible conformations when it binds to ATP, suggesting greater conformational flexibility. In contrast, ATP-bound CDK2 shows a more
constrained energy landscape. Specifically, the larger Val—Leu distance suggests that the ATP binding site tends to adopt a more open and flexible
conformation, while the shorter Lys-N—Pa distance suggests an enhanced ATP stabilization and potentially efficient phosphoryl transfer. The
contour maps illustrate the energy profiles along these coordinates, showing that CDK4 has a shallow energetic barrier than does CDK2 for their
ATP-bound states.

using the quasiharmonic approximation (for vibrational entropy) in shifts provide insight into the local electronic environments of specific
the VIBRAN module of CHARMM: nuclei, revealing conformational dynamics in solution. SHIFTX2
_ precisely calculates the chemical shift changes of the diamagnetic 'H,

TAS = T(ASyns + ASpoe + AS,) BC, and "N atoms in protein residues. This accuracy is achieved
Finally, the net change in binding free energy due to complex using a substantial, high-quality database of training proteins,
formation AG, is determined by subtracting the sum of the binding advanced machine learning techniques, and by considering a wide
free energies of the unbound proteins (CDK and cyclin) from that of array of factors including 2 and 3 angles, solvent accessibility,
the bound complex: hydrogen-bond geometry, pH, and temperature. CSPs were analyzed

to identify the environmental changes around nuclei that are
indicative of conformational transitions upon cyclin binding. The
trajectories of active CDK2 and CDK4, both free and in complex with
their respective cyclins (cyclin-D for CDK4 and cyclin-E for CDK2),

AGb — AGﬁomplex _ (AGEDK + AGl:ycli.n)

To investigate the conformational changes of CDK2 and CDK4 upon were used for the chemical shift calculation. CSPs were subsequently
binding to their respective cyclins, we calculate the chemical shifts and determined by comparing the chemical shifts of the kinase in its free
chemical shift perturbations (CSPs) using SHIFTX2,*” analogous to form with those in the cyclin-bound form. For each residue, we
nuclear magnetic resonance (NMR) spectroscopy. The chemical calculate the CSP (AS) between the CDK monomer and its cyclin-
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bound state using the formula: AS = \/A61_2I + (0.154 X Ady)?,
where Ady and Ady are the changes in the chemical shift of proton
and nitrogen on the backbone of an amino acid, respectively, and
0.154 is the scaling factor.*>3®

Result analyses were carried out using the CHARMM, VMD,*
MDAnalysis,** python, SHIFTX2,*>” PyMOL,*' WISP,* FoldX,* and
ProteinsPlus.** To ensure the reproducibility and statistical robustness
of our simulations, a uniform protocol was adhered to across all
systems. Each system was subjected to three independent simulations
to account for the variability. The convergence of these simulations
was monitored through several parameters: the potential energy,
electrostatic energy, and root-mean-square deviation (RMSD) of the
Ca atoms of the proteins. These metrics were used to evaluate the
stability and consistency of our trajectories. For a more reliable
statistical analysis, we utilized data from the final 1 us of each
simulation, ensuring that the system had reached equilibrium and that
transient effects had diminished.

The interplay of protein dynamics and function has been a key
theme in the literature.*” The CDK and cyclin families are an
excellent example of this, wherein the subtleties of molecular
interactions and signaling strength dictate cellular functional
outcomes.*® The ability of kinases to stabilize ATP molecules
is necessary but not sufficient for a kinase to catalyze the
phosphoryl transfer reaction. To evaluate the ATP binding
stability, we first examine several structural and dynamic
differences in and near the ATP binding site for both cyclin-D/
CDK4 and cyclin-E/CDK2 complexes, as follows: (i) the
hydrogen bonds between the hinge region and the adenosine
ring in the ATP, (ii) the dynamics of the glycine-rich loop (G-
loop, GxGxxG motif) that serves as a lid to anchor the ATP,
(iii) the distance between the hydrophobic residues at the top
and bottom of the ATP (Val—Leu distance, V18 and L134 for
CDK2; V20 and L147 for CDK4), and (iv) the distance
between the a-phosphate (Pax) of the ATP and the nitrogen
atom on the side chain of the lysine (K35 for CDK4; K33 for
CDK2) on the /33 strand (Lys-N—Pa distance). An example is
shown for CDK4 in complex with cyclin-D (Figure S2). Based
on these criteria, we found that CDK4 has a less stable
hydrogen bond interaction with ATP and large fluctuations in
the G-loop (Figure 2A). In contrast, CDK2 has a more stable
hydrogen bond interaction with ATP, showcased by its higher
hydrogen bond occupancy and more stable G-loop con-
formation (Figure 2B). This observation aligns with the
broader observations that kinase inhibitors often form stable
hydrogen bonds with the hinge region to outcompete
ATP.*”** A dynamic ATP site can influence the substrate
turnover rates. The dynamics involved in opening and closing
the nucleotide lid can be a rate-limiting step in catalysis, a
concept previously discussed in relation to other kinases.*’
Earlier studies emphasized the role of the G-loop in various
kinases, actin§ as a crucial component to stabilize the ATP
binding site.”” CDK4’s G-loop further confirms it, displaying
tendencies to adopt open conformations, suggesting that
potentially modulating ATP turnover rates in that open G-loop
conformation is less likely to sufficiently stabilize the ATP for
efficient catalysis. Root mean square fluctuations (RMSFs) of
the G-loop show greater fluctuations in CDK4 compared to
CDK2 (Figure S3). To quantitatively evaluate the stability of
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ATP in the binding site, we calculated the potential of mean
force (PMF) along two reaction coordinates, Val—Leu and
Lys-N—Pa distances. The Val and Leu residues, part of the C-
spine, are selected due to their significance in the hydrophobic
interactions that stabilize the kinase. These hydrophobic
interactions play a crucial role in the orientation and
stabilization of ATP within kinases.> Similarly, the Lys-N—
Pa distance was chosen due to the lysine residue’s role in
stabilizing the a- and f-phosphates of ATP.>" This interaction
is pivotal for securing ATP in its binding site. This specific
distance can be indicative of the strength of ATP binding,
which influences the kinase’s catalytic potential.

CDXK4 has a broader and more varied free energy surface in
the PMF (Figure 2A), whereas CDK2 has a more restricted
free energy surface in the PMF (Figure 2B), indicating a more
stable and possibly a more rigid ATP-binding conformation.
Such stability could be reflective of CDK2’s precise and
efficient catalytic activity in the G1/S transition. Specifically,
Val-Leu distance provides information about the spatial
dynamics of the loose or compact ATP binding site,””> while
Lys-N—Pa distance informs about the ATP interaction and
phosphoryl transfer potential. The PMF analysis revealed that
these distances are consistently greater in CDK4 compared to
CDK?2, signifying a broader range of accessible conformations
for CDK4 when bound to ATP. In contrast, the shorter Lys-
N—Pa distance in CDK2 points toward an enhanced ATP
stabilization within its binding site, which could lead to a more
accurate and efficient phosphate transfer. This characteristic of
CDK2 could be critical for its role in the precise regulation of
the G1/S transition. The larger Val—Leu distance observed in
CDK4 implies that its ATP binding site tends to adopt a more
open and flexible conformation. Overall, the ATP-bound state
of CDK2 presents a more constrained energy landscape,
suggesting a more precise and targeted mechanism of action
for its ATP-bound state and its ability to maintain a potentially
more catalytically competent state than that of CDK4. It is
consistent with the stronger interaction energy between ATP
and cyclin-E/CDK2 as compared to that of the CDK4 complex
(Figure S4), which is also consistent with the in vitro
experiments of the IC50 values of ATP with CDKs.™

To further reaffirm the stability of the ATP binding site in
these two complexes, we also evaluate the opening and closing
of the active cleft by examining the distance between Gly (G1S
for CDK4; G13 for CDK2) on the G-loop in the N-lobe and
Gly (G160 for CDK4; G147 for CDK2) of the DFG motif in
the C-lobe (Figure SS). It shows that the ATP binding site of
CDK#4 has a greater fluctuation in the active site than that of
CDK2. This is further confirmed by principal component
analysis (PCA) (Figure S6). CDK4 explores a greater range of
conformational spaces than CDK2. The first principal
component (PC1) derived from the PCA is the predominant
motion observed in both CDK4 and CDK2 complexes,
characterizing the opening and closing of the N- and C-lobes
of these kinases. This motion reflects the dynamic changes of
the active site, thereby influencing the binding and potentially
the catalytic efficiency of the kinases.””>> The DFG motif is a
critical element in kinase and plays an essential role in ATP
binding and catalysis. Its conformational state can significantly
influence catalytic readiness. By examining the Ramachandran
plot for this motif and comparing it to the catalytically primed
structure of CDK2, we can assess how its flexibility or rigidity
contributes to the overall functionality of the kinase. Our
analysis reveals that the DFG motif of CDK4 occupies a larger
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Figure 3. R-spine stability reveals CDK2’s enhanced propensity for an active and assembled conformation. Stability of the R-spine is quantified by
monitoring the distance between key residues, RS1, histidine (in the HRD-motif) and RS2, phenylalanine (in the DFG-motif), within the R-spine.
(A) R-spine dynamics: for CDK4, the R-spine occasionally adopts unstable conformations deviating from the canonical, fully assembled state. To
quantify the stability of the R-spine, we monitored the distance between the center of mass of the imidazole ring in histidine and the phenyl ring in
phenylalanine residues within the spine. (B) CDK2 consistently, in contrast, maintains a more stable and fully assembled R-spine conformation
throughout the simulations. (C) Likelihood for both CDK4 and CDK2 to adopts either a fully assembled or an unstable R-spine conformation. (D)
Distances between Phe and His for all available PDB structures of CDK2 from the Protein Data Bank in Angstrom (A). The criteria for R-spine
stability are based on the histidine-phenylalanine distance with the critical cutoff distances derived from an analysis of all publicly available PDB
structures of CDK2 and CDK4, as well as numerous well-documented human kinases, including both inactive and active conformational states
(Figure S11). Each data point represents a PDB structure. Through simulation data and PDB structure analysis, we identified a cutoff distance for
R-spine stability: configurations are unstable above 7 A and stable below it.

phase space compared to CDK2 (Figure S7). This suggests substrates during the G1/S transitions. Post-translational
that CDK4 has greater conformational flexibility within the modifications such as phosphorylation at the active site the

D_FG region. The DFG mot‘if (_’f CDK2 faligns re}atively closely of A-loop (T172 for CDK4; T160 for CDK2) can also stabilize
with the conformation seen in its catalytically primed structure, Lo

4. . . . the complex, as shown in Figures S7 and S8. Taken together,
indicating a propensity to maintain a state conducive to

efficient catalysis. This may be a key factor in the ability of the our results show that CDK2 has a greater ability to stabilize
cyclin-E/CDK2 complex to effectively phosphorylate its ATP, which provides favorable conditions for cyclin-E/CDK2
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Figure 4. Differential interaction profiles between CDKs and their respective cyclins highlight CDK2’s robust interface with cyclin-E. Contacting
residue maps on the top row offer a dynamic representation of residue-wise interaction propensities between the CDKs and their partnering cyclins.
It captures both transient and persistent contacts formed between the proteins. (A) CDK4 and cyclin-D interaction dynamics: CDK4 primarily
forms persistent contacts with cyclin-D at residues 149 and G48 of the loop” . Notably, the A-loop of CDK4 engages in extensive interactions
with the N-terminus of cyclin-D, a distinct structural feature that underscores the specificity of their interaction. (B) CDK2 and cyclin-E interaction
dynamics: CDK2 exhibits a more extensive interaction profile with cyclin-E, especially within the loop®*© region. (C) CDK cyclin binding free
energies AG, for both CDK4 and CDK2 complexes. The box indicates 25—75% range, the whisker depicts the mean +1.5 SD, and the labels show
the mean binding free energies. Cyclin-E/CDK2 complex has a lower binding free energy than that of cyclin-D/CDK4. We further identify
loop”“© and the A-loop in CDK2 as contributing significantly to the lower binding affinity of CDK2 complex, compared to that of the CDK4
complex using alanine scanning in Figure S12.

L133, L134, 1135, 1192, M196 in CDK2), shell residues
(residues V72, F93, L91 in CDK4; V64, F80, L78 in CDK2),
and regulatory spine (R-spine, residues RS1-H138, RS2-F159,
RS3-L60, RS4-L74 in CDK4; RS1-H125, RS2-F146, RS3-L55,
RS4-L66 in CDK2) providing the rigidity and stability needed
for efficient transfer of the y-phosphate (Py) of ATP.*® The R-

to maintain a catalytically preprimed state and thus potentially
greater efficiency in catalysis than cyclin-D/CDK4.

Kinase functionality hinges on multiple structural elements and
their dynamics. Among them, the hydrophobic core typically

consists of the catalytic-spine (C-spine, residues V20, A33,
1146, L147, V148, 1100, 1203, M207 in CDK4; V18, A31, L87,

spine stands out. Previous studies have underscored its role in
modulating kinase activity and shed light on how alterations in
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Figure 5. Differential roles of cyclin partners in A-loop stabilization highlight cyclin-D’s importance in CDK4 activity regulation. We evaluate the
chemical shift perturbations (CSPs) for active CDK complexes when their cyclin partners bind. (A) CDK4’s chemical shift landscape: CSPs for
active CDK4 are evaluated with key peaks annotated to map to specific structural features. The A-loop region of CDK4 showcases more residues,
exhibiting pronounced chemical shifts. The magnitudes of these shifts are indicative of the role cyclin-D plays in stabilizing CDK4’s activation loop.
(B) In contrast to CDK2’s chemical shift landscape, active CDK2 displays fewer and relatively diminished CSPs in its A-loop region. This suggests
a comparatively subdued role for cyclin-E in stabilizing CDK2’s A-loop, highlighting the unique regulatory dynamics between the two CDK-cyclin

pairs. The red lines indicate the average CSP across all residues.

the R-spine can dictate conformational transitions between the
active and inactive states.’”*® In our simulations, we observed
distinct R-spine dynamics between CDK2 and CDK4 in their
respective complexes. CDK4 sporadically displays unstable R-
spine conformations, deviating from the fully assembled state
(Figure 3A). In contrast, CDK2 maintains a more stable and
fully assembled R-spine conformation compared with CDK4,
suggesting a tendency toward a preorganized state for substrate
binding and catalysis. Such dynamics modulate the kinase’s
affinity to substrates and influence its catalytic ability.”” The R-
spine of CDK4 stays fully assembled 76.8% of the time, while
for CDK2, it is assembled almost the entire time (99.9%)
(Figures 3B and S10B). This phenomenon is a common
characteristic observed in many kinases. Based on the crystal
structures of various kinases, it is evident that active kinases
exhibit a preference for the well-assembled RS1-RS2
configuration of the R-spine, whereas inactive kinases prefer
to adopt a disassembled RS1-RS2 (Figure S11). Furthermore,
our analysis of other well-characterized kinases confirms a
general trend: an active state correlates with a shorter RS1-RS2
distance, and an inactive state generally correlates with a longer
RS1-RS2 distance (Figure S11). However, it is critical to
recognize that some inactive kinases bound to small molecule
inhibitors also exhibit a shorter RS1-RS2 distance. The
pronounced stability of CDK2’s R-spine can be one factor
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driving its elevated catalytic activity,">” a finding that may be

significant within the broader cell cycle regulatory mechanisms.

Cyclins are key regulators that promote the activation of
CDKs. The interfaces between the kinases and cyclins,
characterized by specific interaction profiles, provide insights
into their functional modalities. Previous studies have
hlghhghted the importance of these interfaces in kinase
activity.”” To explore the contrasting interaction profiles of
cyclin-D/CDK4 and cyclin-E/CDK2, we examined the residue
contact map, which represents the probability that two residues
are in contact across all trajectories. We define two residues as
contacting each other if the atoms of these residues, excluding
hydrogen atoms, are within 3.5 A of each other. We observed
that the more extensive interaction profile on the CDK2
complex (Figure 4A) than the CDK4 complex (Figure 4B)
appears to be potentially optimized for its efficient activation
and phosphorylation, as evidenced by the more persistent
contacting residues for the CDK2 complex (see more dark red
squares in the figure). This is consistent with the stronger
interaction between cyclin-E and CDK2 than cyclin-D and
CDK4 (Figure 4C), detailed in Materials and Methods section
2.3. Comparing the interacting residues on the N-lobe of
CDK2 and CDK4 with their respective cyclins, we observed
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Figure 6. Cyclin-D’s N-terminus acts as an allosteric regulator, governing the activation loop and ATP binding site conformation in CDK4. (A) N-
terminus interactions with A-loop: the N-terminus of cyclin-D and the A-loop of CDK4 form a f-strand and hydrogen bonds with the A-loop,
suggesting a structural interdependence critical for maintaining CDK4’s active conformation. (B) Influence on the ATP binding site conformation:
By evaluating the distance distribution between residues V20 and L147, we contrast the conformational behavior of the active cyclin-D/CDK4
complex with that of its counterpart, cyclin-D*N"*"/CDK4 (cyclin-D lacking the N-terminus). Notably, the absence of cyclin-D’s N-terminus results
in a pronounced shift in the ATP binding site’s dynamics. This is evident from the diminished probability of the complex assuming a closed ATP
binding site conformation, as indicated by the vanishing peak near the 13.5 A mark in the red curve. (C) Allosteric pathways between the N-
terminus of cyclin-D (R14 and R1S5) and V20 of CDK4. The source residues are either R14 or R1S in cyclin-D, and the sink residue is V20 in
CDK4. Red beads represent the source and sink residues, while green beads denote the allosteric signal nodes. The blue lines represent the optimal,
shortest allosteric pathway; lines of other colors indicate suboptimal allosteric pathways. The residue labels on the left-hand side identify the
residues involved in the optimal allosteric pathway. This pathway shows that the source residue (R14) transmits the allosteric signal first through A-
loop residues (L171, A170, M169, and R163) and then aC-helix residues (R5S, and ES6), followed by K35 on the 3-strand, and finally reaches
V20, a component of the C-spine. The residue labels with orange text indicate cyclin-D residues, while black text indicates CDK4 residues.

that only two residues on the loop”* of CDK4 (L49 and motifs for both complexes. Further, these contacting motifs
G48) form persistent contacts with cyclin-D, suggesting that exhibit more significant energy changes in the CDK2 complex
the stable region of the interface is relatively small. In contrast, than in the CDK4 complex, in both the number of contacting
the loop”>*“ of CDK2 forms more extensive interactions with residues and the magnitude of energy changes, with these
cyclin-E. The A-loop of CDK4 in the C-lobe forms persistent changes accounting for most of the interface energy variations
contacts with the N-terminus of cyclin-D. To identify key in the alanine scanning, indicating their significance in
residues critical for binding affinity and specificity, we conduct contributing to the binding affinity between CDK and cyclin.
alanine scanning analysis using FoldX* to evaluate the binding This finding is consistent with the lower binding free energy of
energetics between CDK2/CDK4 and their cyclins (Figure the CDK2 complex. The contacting residue maps in Figure 4
S12). Our alanine scanning results align with our contacting provide a dynamic view of the protein—protein interface,
residue maps, showing nearly identical contacting residues and detailing the probability of residue contacts over time. This
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dynamic perspective enhances the static analysis offered by
alanine scanning, which evaluates the effect of alanine
substitutions on binding affinity at a fixed point and identifies
the binding hotspot. Integrating these methods allows us to
capture both the dynamic and static elements of CDK-cyclin
interactions, providing a more complete understanding of the
conformational and energetic factors driving the specificity and
stability of CDK-cyclin binding.

The conformational changes of kinases upon binding to ligands
can influence their catalytic activities. NMR spectroscopy,
particularly chemical shift changes, can capture these structural
dynamics in solution.’’ Chemical shift perturbations (CSPs)
can discern local environmental changes around specific nuclei,
often associated with conformational transitions.”” CSP studies
of kinases such as Abl, alpha-synuclein, and ERK, alongside
segmental labeling in NMR techniques for proteins such as
AKT and CDK2, have uncovered distinct mechanisms of
allosteric inhibition and activation, offering profound insights
that challenge and extend beyond traditional crystallography
ﬁndings.lg’(’s’64 Building on these studies, we used CSPs,
detailed in Materials and Methods Section 2.4, to elucidate the
differences in conformational changes of CDK2 and CDK#4 as
they bind to their respective cyclins. By plotting these CSPs
along the protein sequence, we can identify the regions or
specific residues that are most affected by cyclin binding. We
first confirm that our results are consistent with general kinase
NMR findings—an active kinase exhibits broadening of the
amide resonances associated with catalytically important
components such as the G-loop, DFG motif, and A-loop,*”
which translate into peaks. Next, we compare the regulatory
roles of cyclin-D for CDK4 and cyclin-E for CDK2 in the A-
loop dynamics. Here our results show that the A-loop CSPs of
CDK4 (Figure SA) have more peaks of magnitude higher than
those of CDK2 (Figure SB), indicating more significant
structural changes in the active conformation of CDK4 upon
cyclin binding. This is consistent with the experimental study
that highlighted the A-loop as part of a regulatory hub in kinase
activity.”* For CDK2, there is also a greater tendency toward
A-loop extended conformation.®* Cyclin-E induces smaller
conformational changes on the A-loop of CDK2 than cyclin-D
on the A-loop of CDK, suggesting that CDK2 may not require
its cyclin partner to the same extent as CDK4 to remain in the
active state and that cyclin-E/CDK2 has greater catalytic
efficiency. The amplitude of these shifts not only reflects the
important role of cyclin-D in A-loop stabilization but also
suggests its critical role in the allosteric fine-tuning of CDK4
activity.

The allosteric landscape of proteins is crucial for cellular
processes.” It is particularly relevant in the context of kinases,
where even subtle structural perturbations can elicit
pronounced functional alterations.”**® The aforementioned
observations suggest that CDK2 adopts a more robust
activation mechanism in the presence of the cyclin partner
compared to CDK4. A recent study introduced a distinct
cyclin-D/CDK4 complex (PDB code: 7SJ3) characterized by
increased contacts between the two proteins, a f-sheet formed
between the N-terminus of cyclin-D and the A-loop of
CDK4.”* This raises the question of whether CDK4
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encounters greater challenges in achieving full activation. To
test this hypothesis, we constructed alternative models of the
cyclin-D/CDK4 complex with and without the N-terminus of
cyclin-D based on the crystal structure and examined the
structural and dynamic variations of the N-terminus of cyclin-
D with the A-loop of CDK4. The N-terminus of cyclin-D not
only contributes to the stabilization of a p-strand by
establishing interactions with the A-loop of CDK4 but also
implies a structural dependence that is critical for maintaining
the active state of the kinase (Figure 6A). This is supported by
the study in which the N-terminus of cyclin-D3 enhances the
activation segment and plays a role in the transition to the
active conformation of CDK4.”* The distance between the
conserved hydrophobic residues Val20 and Leul47 at the top
and bottom of the adenosine ring of ATP, which are part of the
C-spine residues, shows a divergence between full-length and
truncated (without the N-terminus) cyclin-D in complex with
active CDK4 (Figure 6B). The conformational probability
distribution reveals that the absence of the N-terminus of
cyclin-D significantly reduces the propensity of the complex to
adopt a closed ATP-binding site conformation. To show how
the N-terminus of cyclin-D allosterically modulates the
conformations of the ATP-binding site of CDK4, we
conducted dynamical network analysis and constructed the
allosteric pathways using Weighted Implementation of
Suboptimal Paths (WISP) methodology in Figure 6C." We
uncover allosteric signaling pathways between the N-terminus
of cyclin-D and Val20 on the C-spine of CDK4. As shown in
Figure 2, Val20 is important for the conformation of the ATP
binding site. The distance between Val20 (in the N-lobe) and
Leul47 (in the C-lobe) indicates the opening and closing of
the ATP binding cleft. The optimal allosteric pathway (blue
lines in Figure 6C) shows a signal transmission mechanism. It
demonstrates that the N-terminus of cyclin-D transmits the
allosteric signal starting from the source residue (R14) first
through the A-loop (L171, A170, M169, and R163), then the
aC-helix (RSS, and ES6), followed by K3S on the f3-strand,
and finally reaches V20. The salt bridge formed between Lys35
and GluS6 upon activation is not only for the stabilization of
ATP but also for transducing an allosteric signal from cyclin-D.

Having established the allosteric effect of the N-terminus of
cyclin-D, we further show that the complex with the full-length
cyclin-D more effectively maintains the active state akin to the
catalytically primed kinase using Ramachandran analysis in
Figure S13. We find that the Asp residue’s positioning in the
DFG motif of CDK4 complexes undergoes significant changes
depending on whether cyclin-D is full-length or has its N-
terminus removed. In complexes with full-length cyclin-D, the
Asp residue aligns more closely with the catalytically primed
conformation (¢ ~ 60°, w =~ 80°), which shows the N-
terminus’ role in stabilizing the active state. However,
removing the N-terminus shifts the Asp residue’s positioning
to ¢ & —120° y = 90°, leading to increased conformational
space and decreased stability, highlighting the N-terminus’s
importance for maintaining enzymatic activity.

Based on these findings, our comparative and comprehen-
sive analysis validates the hypothesis that the N-terminus of
cyclin-D not only forms a f-sheet with the A-loop of CDK4
stabilizing the kinase but also has an allosteric effect on the
conformation of the ATP binding cleft as well as maintaining
the active conformation of CDK4. Thus, the N-terminus of
cyclin-D is another example of how allosteric regulation
mechanisms could affect kinase functionality. This finding also
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Figure 7. Differential conformational dynamics influence the stability of active cyclin-D/CDK4 and cyclin-E/CDK2 complexes and may affect their
catalytically competent state. Key features of cyclin-D/CDK4/6: ATP binding site dynamics: CDK4’s active state has a more expansive ATP
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binding site’s conformation.

accentuates the structural and functional importance of the A-
loop and aC-helix in kinase activity regulation. In the CDK,
they are important not only for substrate recognition, cyclin
binding, and ATP positioning but also for transducing
allosteric signaling.

The sequential activation and regulation of CDKs with their
respective cyclins for cell cycle progression is well-established.
But as to how specific cyclin-CDK pairs are differentiated in
their cell cycle regulation, other than the oscillating
concentration of their cyclins, and how they adapted to the
distinct requirements of each cell cycle phase is less clear. In
our previous work,”" we established the speed and steps of
activation of these two distinct CDK complexes. Our findings
demonstrated that cyclin-E/CDK2, with its faster activation
time, is particularly suited for the shorter G1/S transition,
whereas cyclin-D/CDK4, with a slower activation, aligns with

1921

the longer G1 phase requirements. Here we ask how active
cyclin-D/CDK4 in the GI phase and cyclin-E/CDK2 in the
G1/S transition phase have been optimized for their roles in
substrate phosphorylation and signal transduction in cell cycle
progression. We also ask what determinants regulate their
activities.

We integrate our computational modeling with referenced
experimental validations, such as mutagenesis, biochemical
kinetics, X-ray crystal structures, and nucleotide affinity
profiling studies, and propose five key structural and dynamic
differences between the cyclin-D/CDK4 and cyclin-E/CDK2
complexes that may delineate the catalytic competence of these
complexes (Figure 7). These include (i) the stability of the
ATP-binding site, (ii) the ATP-CDK binding dynamics, (iii)
the integrity of the hydrophobic core, especially the R-spine,
(iv) the robustness of the CDK-cyclin interactions cyclins, and
(v) the allosteric regulation mechanism of cyclin-D exerted on
CDK4. Our findings, along with the referenced experimental
validations, led us to propose a novel perspective on the role of
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kinase structural stability, ATP stabilization capabilities, and
more robust interactions with their regulatory proteins in
maintaining their catalysis-primed states for effective substrate
phosphorylation.

Our study highlights the dynamic nature of proteins,
capturing CDK#4’s active site fluctuations on a nanosecond to
microsecond time scale through MD simulations. This suggests
that CDK4 has a more flexible active site than CDK2,
potentially affecting its ATP stabilization and phosphoryl
transfer efliciency. However, the dynamics involved in the
catalytic cycle—spanning ATP binding to product release—
extend beyond our simulation’s scope, particularly noting that
product release, often the rate-limiting step, and other key
transitions occur on a longer millisecond time scale. Insights
from adenylate kinase studies underline the significance of
micro- to millisecond domain motions in enzyme function-
ality,”” emphasizing that our findings may not fully capture
these critical longer-time scale dynamics that influence catalytic
efficiency. However, most important are the motions on the
microsecond time scale between the open and closed states
affecting the catalytic cycle that occurs on a much longer time
scale.”” Indeed, the active site of CDK4 shows a greater degree
of fluctuations between open and closed conformations than
that of CDK2 (Figure S4). Here, we propose that the excess
dynamics of the ATP binding site and hydrophobic R-spine
may negatively impact the kinase’s catalytic competency due to
its difficulty in stabilizing ATP effectively.

Among the factors influencing the kinetics of active CDK
complexes, the ability of kinases to stabilize bound ATP
molecules is one of the crucial determinants of their productive
catalytic reaction. A stabilized ATP facilitates y-phosphate
transfer from ATP to the substrate protein, which requires
precise coordination of the orientation and distance between
the donor and acceptor groups. Like all enzymes, a kinase has
single active and multiple inactive conformations. Higher
flexibility of the ATP-bound conformation implies less time in
the active, optimally coordinated conformation. We demon-
strated that the cyclin-E/CDK2 complex has a greater ability to
stabilize ATP than cyclin-D/CDK4, which may suggest that
the CDK2 complex has a greater propensity to be in the
catalytically competent state that may enable a faster
phosphorylation rate.

We show four structural and dynamical restraints serving to
fasten the ATP binding environment, providing all-around
tethers: (i) the hydrogen bonds between the hinge region of a
kinase and the adenosine ring of ATP. The conformational
dynamics of these regions with ATP showcase the coordina-
tion required for optimal catalytic activities.”® A quintessential
feature is the adenosine ring of ATP, which engages in
hydrogen bonding with the kinase’s hinge region, which is
critical for ensuring ATP orientation and stability.”® Type-I
kinase inhibitors are often optimized for robust hydrogen
bonding between the hinge region and the inhibitors to
outcompete ATP.*® (ii) On the “top” and “bottom” of the
ATP molecule, the conserved hydrophobic valine and leucine
residues, as part of the C-spine, form hydrophobic network
with the adenosine ring of ATP that stabilizes the entire kinase.
The formation of the C-spine is vital for the kinase stability.””
(iii) On the “lid” of the ATP molecule, the G-loop, which
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partially collapses onto the ATP, creates a more buried, less
solvent-exposed cavity, which can also contribute to kinase
selectivity.”’ The G-loop of the active CDK4 complex exhibits
significant dynamic states in contrast to the CDK2 complex.
This observation is in line with the experimental results that
CDK4 needs to have a G-loop sequence that mimics CDK6 for
crystallization.” Tt is also consistent with the observation that
the CDK4 f1 strand and the following G-loop are not present
in the p27-CDK4-cyclin-D1 trimer structure, indicating they
are disordered.”® The mechanism by which intrinsically
disordered p27 inactivates CDK4 involves disruption of the
CDK4 p1 strand and G-loop,”® pointing to the G-loop
maintaining CDK4 active state. (iv) Lastly, the conserved
lysine on the A3 strand interacts with glutamic acid residue on
the aC-helix, known to stabilize the kinase active conforma-
tion. It also binds to the a/fB-phosphate of ATP and plays an
important role in sensing ATP and enabling the transition of
the kinase from the open to the intermediate state.”"”" The
stability of ATP is necessary but not sufficient for the
catalytically competent state.

Experimental mutagenesis studies also provide compelling
support for our simulations, indicating that the stabilization of
ATP plays a crucial role in influencing the ATPase rate. For
instance, Coleman et al.”> demonstrated that mutations in
CDK4, specifically CDK4-MUT6 (K3SA on the f33-strand)
and CDK4-MUT13 (E94A, H95A in the hinge region), result
in a decreased affinity for cyclin-D1 association, subsequently
leading to reduced kinase activity. These mutations corrobo-
rate the insights that our simulation provides, with K35A
mutations disrupting the critical Lys N—Pa interaction and
mutations in the hinge region affecting hydrogen bonds with
ATP, thereby diminishing kinase function. Furthermore,
Persky et al.”” identified mutations in CDK4/6 that increase
drug resistance, pointing to the significance of residues in the
hinge region (CDK6-H100 or CDK4-H9S) and the hydro-
phobic residues (CDK6-L152 or CDK4-L147) in the C-spine
for ligand binding. Although this study primarily addresses
inhibitor binding, it highlights the critical role that these
residues play in ATP binding and suggests that alterations in
these areas could similarly impact ATPase activity.

Biochemical kinetics, nucleotide affinity profiling, and single-
cell experiments are also consistent with our findings and
provide quantitative insights into the kinetic properties of
cyclin-D1/CDK4 and cyclin-A/CDK2 complexes. The CDK4
complex shows a lower kinetic efficiency and a higher
Michaelis constant for ATP compared to the CDK2 complex,
which is compatible with our findings. Specifically, the
Michaelis constant (K,,) for ATP in the cyclin-D1/CDK4
complex was determined to be 418 uM, an unusually high
value in comparison to cyclin-A/CDK2, which exhibited a K,
of 23 uM.”* This latter value aligns closely with those reported
for most other regulatory protein kinases. In terms of turnover
values, both cyclin-D1/CDK4 and cyclin-A/CDK2 complexes
were estimated to have k., values of 3.4 and 3.9 min”},
respectively.”* A significant disparity in kinetic efficiency was
observed, with cyclin-D1/CDK4 demonstrating over an order
of magnitude lower efficiency (9.3 pM ™' min™") compared to
cyclin-A/CDK2 (170 pM™" min~").”* This finding directly
supports our proposition that the conformational dynamics of
CDK4 are less stable than those of CDK2. Similarly, in an in
vitro kinome-wide nucleotide affinity profiling study, the IC50
of ATP with CDK2 was identified as 66.9 uM, utilizing CZK2
kinobeads.”> While corresponding data for CDK4 is not
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available, the closely related kinase, CDK6, showed an IC50
value greater than 1000 xM. These values, derived from
noncycling cells, predominantly represent monomeric CDKs.
This aligns with previous findings suggesting that apo-CDK4
naturally adopts a closed ATP binding conformation and
requires cyclin-D binding to facilitate ATP binding site
accessibility.”' Experiments using live-cell sensors monitoring
CDK4/6 and CDK2 activities have shown that the rate of
increase in CDK2 activity from the cumulative plot of
activation is faster than that of CDK4/6 after mitogen
stimulation, which suggests that the kinetics of CDK2 may
be more efficient.''® Substrate phosphorylation can also be
influenced by other factors. For instance, the phosphorylation
of CDKI1 on its targets and substrate specificity is influenced by
the spatial arrangement and distances between multisite
clusters, the nature of docking connections, the ratio of serine
to threonine residues, etc.”

The hydrophobic R-spine, whose integrity is essential for
kinase catalytic competency,”™**°*’ is significantly more
stable in active cyclin-E/CDK2 than cyclin-D/CDK4.
Assembling of R-spine is typically initiated by some activation
events such as cyclin binding in CDKs, such as the case for B-
Raf dimerization and A-loop phosphorylation. When stable,
the kinase often adopts an active conformation conducive to
substrate binding and phosphoryl transfer. Instability can
reduce the enzyme’s efficiency. The significance of the spines
in functionality is underscored by the oncogenic mutations,
like the T334l mutation in chronic myeloid leukemia which
reinforces the R-spine stability in the c-Abl kinase, leading to
constitutive activation and reduced susceptibility to imatinib.””
Similarly, B-Raf mutation LSOSF that enhances the hydro-
phobicity of R-spine has been shown to drive the assembly of
the spine resulting in a strong, constitutively active kinase that
does not need dimerization for activation.”® Our findings
highlight a key link between ATP binding stability and the
integrity of the R-spine in kinases, particularly CDK complexes.
The more stable ATP binding and robust hydrophobic R-spine
in cyclin-E/CDK2 suggest a greater propensity for the kinase
to remain in the active state and may lead to an enhanced
catalytically competent state compared to cyclin-D/CDK4.

In terms of intermolecular interactions, we discover that the N-
terminus of cyclin-D interaction with the A-loop allosterically
shifts the ensemble toward the active state, modulating the
ATP binding site conformation toward the closed conforma-
tion. Allostery is a common theme among kinases.’””’
However, this mechanism appears in contrast to cyclin-E,
which does not require observable structural arrangement to
engage with CDK2.”> CDK2 likely has a greater tendency to
stay active and more efficient catalytically than CDK4, due to
its less demanding need for S-strand formation with cyclin-E,
reducing conformational constraints on its catalytic domain.
We can contextualize this allosteric regulation of the N-
terminus of cyclin-D in CDK4 from two perspectives: (i) The
terminal tails of a kinase or its modulators can play an
important role in its activation and modulation. For example,
the C-tail of AGC kinases, most notably PKA, extends into the
ATP binding site and mediates hydrophobic interactions with
the bound nucleotide, stabilizing it,! >80 Additionally, the C-
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terminal helix of Rb and its exclusive interaction with cyclin-D/
CDK4/6 supports its vital role in substrate recognition, and
cell cycle progression, although structural details are
unavailable.”’ (ii) From the perspective of protein—protein
interaction, the formation of f-strand between cyclin-D’s N-
terminus and CDK4’s A-loop strengthens the interaction,
which can lead to the shift of the kinase ensemble toward the
active conformation, as in the case of mutant B-Raf (V600E
and V600 K). B-Raf V600 K homodimers have stronger dimer
interfaces than V600E. This results in more active dimers,
increasing V600 K tumor aggressiveness.82

We propose a novel drug design strategy, allosteric inhibition
by conformational stabilization, to target CDK4 by exploiting
the allosteric regulation exerted by cyclin-D.'*® Stabilization
(or destabilization) shifts the conformational ensemble and, as
such, is an inherently allosteric event. Here, this strategy aims
to inhibit CDK4 activation by stabilizing its inactive complex
with cyclin-D, a concept based on the discovery that the N-
terminus of cyclin-D allosterically modulates CDK4’s ATP
binding site. A crucial aspect of allosteric inhibition by
conformational stabilization is the utilization of a previously
unidentified drug-binding pocket within the inactive CDK4-
cyclin-D complex (Figure S14), which could allow for highly
selective inhibition. This pocket, revealed through our
simulations, is accessible only when CDK4 is in an inactive
state, characterized by the interaction of only CDK4’s N-lobe
with cyclin-D with conformational features like the aC-helix in
an OUT conformation and a collapsed A-loop. The strategy
focuses on disrupting the cyclin D’s N-terminus interaction
with CDK4’s A-loop, aiming to block the full activation of the
CDK4 by cyclin-D. Inspired by type III allosteric inhibitors
targeting CDK2 and Src,”>** allosteric inhibition by conforma-
tional stabilization seeks to extend this principle by targeting
the C-lobe of CDK4 to inhibit its activation or cyclin-D
binding. Our approach suggests a pathway to develop potent
CDK4 inhibitors by leveraging the allosteric regulation
mechanism exerted by cyclin-D.

In addition, we introduce another CDK4 drug design
strategy named dynamic entropy-optimized targeting, specifically
aimed at targeting the orthosteric binding pocket of the active
CDK4 complex (aC-IN, A-loop extended). In traditional drug
design, enhancing a lead compound’s affinity to the target is
typical but may not increase drug residence time due to
transitional state compensation. Traditional designs often focus
on enthalpic optimization based on static crystal structure and
overlook target flexibility and conformational entropy, which
are crucial in protein—ligand interactions.”> Amaral et al.
showed that entropically driven binding compounds exhibit
slower association/dissociation rates, indicating that targeting
protein dynamics enhances binding efficacy. Roscovitine, a
CDK2 inhibitor, has a lower dissociation constant with the
cyclin/CDK2 complex than monomeric CDK2,%* likely due to
the complex’s reduced flexibility. This observation aligns with
current drug design strategies, where optimization based on
static protein—ligand complexes from crystal structures may
favor compounds with a higher affinity for less flexible protein
states. This insight informs our strategy: for CDK4, targeting
its ligand-bound, flexible conformation could optimize drug
binding efficacy. Specifically, by incorporating entropic
considerations into ligand design and taking protein flexibility
upon binding into account, we can create more effective
inhibitors. For CDK4, this means designing ligands to take
advantage of the drug-bound state flexibility. Ultimately, this

https://doi.org/10.1021/jacsau.4c00138
JACS Au 2024, 4, 1911-1927


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00138/suppl_file/au4c00138_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

approach should balance enthalpic and entropic contributions,
emphasizing entropic gains for CDK4 on drug binding.

In conclusion, the cell cycle is a crucial regulator of cell
division, governing processes from physiologic proliferation to
oncogenic transformations, and abnormal differentiation in
neurodevelopmental disorders. Here, we aimed to understand
how its cyclin/CDK complexes evolved to achieve their
distinct, functionally optimized catalytic activities in the long
Gl phase and short G1/S transition. We merged structural,
conformational dynamics, and functional cell data to resolve
how structure and conformational dynamics in active CDK2
and CDK4 complexes can breed their respective catalytically
competent states and catalytic rates. Our findings provide a
fundamental mechanistic understanding of cyclins/CDKs and
their roles in cell cycle regulation, potentially transforming
therapeutic interventions.
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