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Abstract The structures of fully active cyclin-dependent
kinase-2 (CDK2) complexed with ATP and peptide sub-
strate, CDK2 after the catalytic reaction, and CDK2 inhibited
by phosphorylation at Thr14/Tyrl5 were studied using
molecular dynamics (MD) simulations. The structural details
of the CDK2 catalytic site and CDK2 substrate binding box
were described. Comparison of MD simulations of inhibited
complexes of CDK2 was used to help understand the role of
inhibitory phosphorylation at Thr14/Tyr15. Phosphorylation
at Thr14/Tyr15 causes ATP misalignment for the phosphate-
group transfer, changes in the Mg®" coordination sphere,
and changes in the H-bond network formed by CDK2
catalytic residues (Aspl27, Lys129, Asnl132). The inhibi-
tory phosphorylation causes the G-loop to shift from the
ATP binding site, which leads to opening of the CDK2
substrate binding box, thus probably weakening substrate
binding. All these effects explain the decrease in kinase
activity observed after inhibitory phosphorylation at Thr14/
Tyrl5 in the G-loop. Interaction of the peptide substrate,
and the phosphorylated peptide product, with CDK2 was
also studied and compared. These results broaden hypoth-
eses drawn from our previous MD studies as to why a basic
residue (Arg/Lys) is preferred at the P,, substrate position.
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Introduction

The cyclin-dependent kinases (CDKs) (EC 2.7.1.37) are the
catalytic subunits of a large family of heterodimeric serine/
threonine protein kinases, which are important for regula-
tion of many biologically critical processes in eukaryotic
cells (for example, CDK1, CDK2, and CDK4 are involved
in cell cycle regulation) [1, 2]. Early studies in Schizo-
saccharomyces pombe demonstrated that Cdc2 (CDKI)
Tyrl5 phosphorylation directly regulates entry into mitosis
and, therefore, is an important element in the control of the
unperturbed cell cycle [3, 4]. In human cells, the mecha-
nism of inhibition of CDKl/cyclin complexes by phos-
phorylation is conserved and plays a major role in cell cycle
control across the G2/M phase [5]. Similarly, CDK2 is
phosphorylated on Thrl4 and Tyrl5 during S and G2
phases by human Weel-like kinase (WeeHu), and is
dephosphorylated by Cdc25 [6—8]. In general, protein
phosphorylation in eukaryotes is probably the most impor-
tant regulatory event because many enzymes are switched
“on” or “off” by phosphorylation and dephosphorylation.
Therefore, it is not surprising that the eukaryotic protein
kinase family is one of the largest gene families in all
eukaryotes, accounting for 2—4% of all genes [9]. Kinase
activities are substantially altered in many cells, e.g. cancer
cells, thus explaining why insights into the mechanism of
cell cycle regulation are so important to the understanding
of deregulation and the consequent origin of several
diseases. Due to this observed deregulation in many serious
human diseases, CDKs are promising biological targets for
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the design of new inhibitors in human medicine. CDK
inhibitors have been tested for the treatment of many
human diseases such as cancer, neurodegenerative disorders
(e.g. Alzheimer’s disease, amyotrophic lateral sclerosis and
stroke), diabetes, cardiovascular disorders (e.g. atheroscle-
rosis and restenosis), viral infections (e.g. HCMV, HIV and
HSV), etc. [10, 11].

The majority of kinases contain a 250-300 amino acid
residue catalytic domain whose structure and, in particular,
key catalytic residues are highly or absolutely conserved
within the protein kinase family [12]. The residues that are
conserved in all protein kinases are Lys33, Glu51, Asp127,
Lys129, Asnl32, and Aspl45 (numbering according to
human CDK?2). This domain comprises a binding pocket
for ATP (less frequently GTP—guanosine-5’-triphosphate).
The catalytic function of CDKs is phosphorylation of a
substrate protein via transfer of the y-phosphoryl group of
ATP (the ATP is bound as a complex with a Mg?" ion) to a
threonine or serine of the target protein substrate (Fig. 1).

The activity of these enzymes is controlled by reversible
protein phosphorylation, as well as synthesis and degradation
of activator and inhibitor subunits. CDK?2 is inactive as a
monomer (Fig. la), in which an activation segment—a
region of the protein called the T-loop (residues 152—170)—
blocks the active site. CDK2 activation is a two-step process.
The first step is binding of cyclin A or cyclin E, which
causes the T-loop to move out of the active site resulting in
partial activation of CDK2. Cyclin also decreases the
flexibility of the T-loop [13], which could explain observa-
tions that phosphorylation at Thr160 is cyclin-dependent in
vitro [14]. The critical CDK/cyclin complexes for cell cycle
function are CDK2/cyclin E, which drives the cell across
the G1/S-phase border, and CDK2/cyclin A, which
mediates DNA replication. The second step of the CDK2
activation process comprises phosphorylation of CDK2 by
CDK-activating kinase [CAK; CDK7/cyclin H(/Matl)
complex] at a specific threonine residue in the T-loop
(Thr160 in CDK2), which fully activates the enzyme by
changing the shape of the T-loop, thus improving the
ability of the enzyme to bind its protein substrate [1, 15]
(Fig. 1b). Phosphorylation of Thr160 by CAK stabilises
the substrate binding site [16—18]. Thr160 phosphorylation
leads to reconfiguration of the activation segment and,
following this conformational change, the binding pocket
for the substrate proline (from the P.; substrate position,
where subscripts denote amino acid positions in the
substrate numbered from the phosphorylation residue P,
with numbers increasing toward the C-terminus) is created
[19].

Analysis of peptide libraries for CDK2 substrate prefer-
ence has determined the sequence X_|(S/T)oP;  X* 2(K/R)3
to be an optimal substrate. Here, S or T (serine or
threonine) are phosphorylation residues, P denotes proline
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Fig. 1 a Illustration of the structure of human cyclin-dependent
kinase-2 (CDK2) in complex with ATP in various activity states.
Monomeric CDK2, in which the T-loop blocks the active site cleft, is
inactive and its activation requires cyclin binding. For complete
activation, CDK2 requires phosphorylation by CDK-activating kinase
(CAK) at Thr160 in the T-loop. The substrate peptide (HHASPRK)
binds between the T- and G-loops. b View of the substrate binding site
of the fully active CDK2 (pT160-CDK2/cyclin A/ATP). The pThr160
activation site is located in the T-loop (vellow secondary structure).
The G-loop, which partly forms the ATP binding site, is shown in
blue. The Thr14 and Tyrl5 inhibitory phosphorylation sites located in
the G-loop are shown in licorice representation

at the P, substrate position, (K/R) is lysine or arginine at
the P.; substrate position, and X is any amino acid, but K/R
(X*) is favoured at the P,, substrate position [20, 21]. Such
comparative studies indicate that long aliphatic amino acids
or a positively charged residue at the X*,, site contribute to
the efficiency of peptide substrate phosphorylation. The
functional/structural reason for these preferences remains
unclear, because structural studies have not provided clear
insights. The basic residue arginine at the X*,, position
(denoted as residue R,,) in the X-ray crystal structure of
fully active CDK2 (pT160-CDK2/cyclin A/ATP) in com-
plex with the substrate peptide (HHASPRK) (PDB ID:
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1QMZ) makes no contacts with CDK2 and directs contact
to the solvent. On the other hand, the lysine at the P.j
substrate position (denoted as K,3) is H-bonded to the
pThr160 phosphate and to the main-chain oxygen of
residue 11e270 on cyclin A; these interactions explain the
specificity for a basic residue at this position. The structure
of fully active CDK2 in complex with the substrate peptide
(HHASPRK) also explains other basic features of peptide
binding to CDK2 [19]. The substrate peptide binds in an
extended conformation across the catalytic site, and its
binding site is located close to the active site on the C-
terminal lobe surface. Some parts of the binding site are
formed by the G-loop and T-loop of CDK2 (Fig. 1b). The
T-loop forms a suitably shaped pocket to accept the
substrate proline P, residue that lies next to the phosphor-
ylation serine residue (Sy). CDKs display an absolute
requirement for proline in the substrate P, position, hence
the common reference to these enzymes as proline-directed
kinases.

Materials and methods

Molecular dynamic (MD) simulations of fully active pT160-
CDK2/cyclin A/ATP and pT160-CDK2/cyclin A/ATP/
HHASPRK (active CDK2 in complex with peptide substrate
HHASPRK), CDK2 inhibited by phosphorylation at the
Thr14 or Tyrl5 G-loop inhibitory sites (pT14pT160-CDK2/
cyclin A/ATP, pT14pT160-CDK2/cyclin A/ATP/HHASPRK,
pY15pT160-CDK2/cyclin A/ATP, and pY15pT160-CDK2/
cyclin A/ATP/HHASPRK), and the CDK2—peptide substrate
complex after the catalytic reaction has taken place (pT160-
CDK2/cyclin A/ADP/HHApSPRK) (Table 1) were carried
out using the SANDER module of the AMBER software
package [22] with the parm99 forcefield [23]. The starting
geometries for simulations were prepared from available X-
ray structures (PDB code: 1JST, IQMZ, and 1GY3), and the
Thr14 and Tyrl5 residues were phosphorylated in silico
using InsightIl [24]. ATP is bound as a complex with Mg*"

and Mn®" in the IQMZ and 1JST crystal structures. Mn*"
was replaced by Mg®" in the 1JST crystal structure. The MD
simulation protocol was as follows: first, the protonation
states of all histidines were checked by WHATIF [25] to
create an optimal H-bond network. All hydrogens were
added using the Xleap program from the AMBER software
package [26]. The structures were neutralised by adding CI™
counterions (see Table 1). Each system was inserted into a
rectangular water box with a layer of water molecules equal
to 10 A. Then, each system was energy minimised prior to
the production part of the MD run, which was carried out as
follows: the protein was frozen and the solvent molecules
with counterions were allowed to move during a 1,000-step
minimisation and a 2 ps long MD run under NpT conditions.
Then, the side chains were relaxed by several consequent
minimisations with decreasing force constants applied to the
backbone atoms. After relaxation, the system was heated to
250 K for 10 ps and then to 298.15 K for 40 ps. The
production phases were run for 60 ns in total for all studied
systems. The size of the studied systems, in which CDK is in
complex with cyclin A, was ~60,000 atoms and the
simulation period was chosen as a compromise between
the quality of configuration space sampling and the
calculation length. The 2 fs time integration step and
particle-mesh Ewald (PME) methods for treating electrostat-
ic interactions were used. All simulations were run under
periodic boundary conditions in the NpT ensemble at
298.16 K and at a constant pressure of 1 atm. The SHAKE
algorithm with a tolerance of 10 A was applied to fix all
bonds containing hydrogen atoms. A 10.0 A cutoff was
applied to treat non-bonding interactions. Coordinates were
stored every 2 ps. All analyses of MD simulations were
carried out by the CARNAL, ANAL, and PTRAJ modules
of AMBER-8.0 [22], and by GROMACS [27]. Parameter-
isation of the phosphorylated threonine, serine, and tyrosine
residues was prepared according to the standard scheme of
Cornell et al. [28]. The MD simulation protocol and
parameterisation of the phosphorylated tyrosine residue are
described in detail elsewhere [29, 30].

Table 1 Summary of molecu-
lar dynamics (MD) simulations
performed on cyclin-dependent

System

PDB t
structure used  (ns)

Number of
CI” counterions

kinase-2 (CDK2) complexes

pT160-CDK2/cA/ATP*  Fully active 1JST 2.5 15
pT160-CDK2/cA/ATP/  Fully active CDK2 in complex with 1QMZ 15 17
HHASPRK HHASPRK
pT14- and pY15pT160-  Fully active CDK2 phosphorylated 1IST" 2x3 13
CDK2/cA/ATP on inhibitory sites in the G-loop
pT14- and pY15pT160- Fully active CDK2 phosphorylated ~ 1QMZ" 2x10 15
*Cyclin A is denoted as cA CDK2/cA/ATP/ on inhibitory sites in the G-loop
°1JST and 1QMZ crystal struc- HHASPRK
tures were modified by in silico pT160-CDK2/cA/ADP/  CDK2-HHASPRK complex after 1GY3 15 8
phosphorylation at Thrl4/ HHApSPRK phospho-group transfer

Tyrl5 in the G-loop
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Results and discussion
Fully active CDK2

During the simulation of fully active CDK2, the conforma-
tion of the ATP phosphate moiety changes but the key
features required for catalysis remain intact [29, 31]. The
conformational change leads to a shift of « and f3
phosphate moieties while the y phosphate, which is
transferred to a substrate, remains in its position (Fig. 2).
This orientation of the ATP phosphate moiety to the S,
hydroxyl group is suitable for the catalytic reaction. The
average distance Sy—O,...P,—ATP between the ATP termi-
nal y-phosphate group (P,) and the phosphorylation serine

D127

ADP

K129

Fig. 2 The catalytic site of CDK2 in complex with substrate and in
the transition state (TS) mimetic form. a ATP, Sy serine from the
peptide substrate, Aspl127, Asnl132, and Lys129 are shown in licorice
representation coloured by element (C atoms in green) from a
snapshot of the end of the MD simulation of fully active CDK2.
Wires represent the same region of the crystal structure of the fully
active CDK2 in complex with the substrate peptide (PDB ID 1QMZ)
[19]. The crystal structure of the TS mimetic complex of pT160-
CDK2/cyclin A with Mg?"-ADP, nitrate and peptide substrate (PDB
ID 1GY3) [34] is shown in licorice representation coloured by
element (C atoms in blue). b Conformation and orientation of the
ADP-Mg”", Aspl27, Lys129, Asnl32, peptide substrate pSo, and
arginine R, from the end of the MD simulation of the CDK2-peptide
substrate after phospho-group transfer
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hydroxyl group (terminal O, atom) of the peptide substrate
is 3.7+0.7 A, which agrees well with the same distance
measured in the X-ray crystal structure (PDB code 1QMZ
[19]), i.e. 3.7 A. The Mg®" ion is hexacoordinated by
oxygen atoms from the ATP phosphate moiety (Og2, Ogi,
and O,, atoms), Asnl32 Ogs; and Aspl45 Os oxygen
atoms, and one water molecule oxygen during the whole
production part of the MD simulation. Reconformation of
ATP during the MD simulation leads to a change in the
Mg?" coordination sphere, when the initial coordination of
the Mg*" ion by the ATP Og; atom is replaced by the ATP
Op atom.

Recently, De Vivo et al. [32] published a computational
study dealing with the phosphoryl transfer reaction cata-
lysed by the CDK2 enzyme, and identified deprotonation of
the hydroxyl group of the S peptide substrate side chain as
a requisite chemical step during this catalysis. All protein
kinases have a conserved catalytic aspartate residue in the
C-terminal domain (Asp127 in CDK?2), which is considered
as the key residue playing the role of general base in the
catalysis. A computational study by Cheng et al. [33]
proved that the conserved aspartate serves as the general
base in the catalytic reaction of cAMP-dependent protein
kinase (PKA). The calculations of De Vivo et al. [32]
indicated that Asp127 is deprotonated in the active form;
however, these results do not directly support a role for
Aspl27 as the general base during the reaction mechanism,
because it is too far from the catalytic site region to be
involved as the general base in the reaction. These authors
point out that Aspl27 does not assist substrate serine
hydroxyl group deprotonation, and they suggest an alter-
native associate mechanism, where protons are transferred
from the substrate hydroxyl group to the ATP y-phosphate
in a concerted fashion with the phosphoryl transfer. In our
MD simulations of active CDK2 in complex with the
peptide substrate HHASPRK, the distance between
Aspl127-Os, and O, — Sy measured from the end of the
MD simulation is equal to 5.0£0.5 A, ie., beyond the
threshold for an H-bond (Fig. 2a). During the MD
simulation of the CDK2-peptide substrate, Asp127 Og /2
is H-bonded to the conserved lysine, Lys129 N¢ (Table 2).
The measured distance between Lys129-Ng...Osy-Asp127
during the production part of the MD simulation is equal to
2.8+0.1 A. Lys129 N¢ remains H-bonded to Asp127 Os; in
the CDK2-peptide substrate complex after the phosphoryl
transfer reaction with the same average distance value. In
this system (after reaction) the Lys129 side-chain forms
additional H-bonds to the threonine Thr165 hydroxyl and to
the pSy phosphate group. The mean distances Lys129-Ng
...0,1-Thr165 and Lys129-Ng¢...O,-pS, are equal to 2.9+
0.1 A and 2.8+0.1 A, respectively. In the X-ray structure of
the CDK2—substrate complex (PDB code: 1QMZ [19]) and
crystal structure of the transition state (TS) analogue of this
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Table 2 H-bond network in the CDK2 active site. Occupancy of observed hydrogen bonds, when H-bond distance is below the value of 3.50 A,
is shown in percent and average distances of H-bond contacts are shown in Angstroms

X-ray structures MD structures

Fully active CDK2 in
complex with HHASPRK

CDK2 CDK2 CDK2 after
phosphorylated at phosphorylated at phospho-group
Thr14 Tyrl5 transfer

H-bond network in the 1IQMZ 1GY3 (TS) pT160-CDK2/cA/ATP/
CDK2 active site HHAS,PRK*®
Occupancy [%]
Average distance [A]
K129 N¢...Og1 /2 D127 84.9
2.8+0.1
K129 N¢...O51 N132 0.3
3.0+0.2
N132 Ng...0 D127 50.7
2.9+0.1
N132 Ng,...041 /2 D127 x° 45
3.0+0.2
N132 N...O K129 92.7
3.0+0.1
T165 Oy...0512 D127 X 97.5
2.7+0.1
T165 Oy;...Ng K129 X 19.3
2.9+0.1
T165 Oz D127 60.2
3.0+0.2
So Oy... Og12 D127 X x (Asub.) O
So Oy... Ng K129 X X 2.3
3.0+0.1

K129 N¢...pS, O, —

pT14pT160-CDK2/ pY15pT160-CDK2/ pT160-CDK2/cA/

cA/ATP/ cA/ATP/ ADP/
HHAS PRK HHAS,PRK HHApS PRK
77.3 79.8 97.8
2.8+0.1 2.9+0.2 2.8+0.1
89.3 76.3 23.5
2.840.1 2.840.1 2.940.1
26.8 19.8 73.2
3.0+0.2 2.9+0.2 2.9+0.1
97.5 83.5 8.2
2.9+0.1 2.9+0.1 2.9+0.2
99.4 95.6 94.3
2.9+0.1 2.9+0.1 2.9+0.1
19.5 27.0 479
2.7+0.2 2.7+0.1 2.840.2
1.5 7.8 61.8
3.0+0.2 3.0+0.2 2.940.1
15.3 19.5 81.7
3.1£0.2 3.0+0.2 3.0+£0.2
0 42.0 —°
2.6+0.1
1.4 7.0 —_—
3.0+0.2 3.0+0.2
— — 97.9
2.8+0.1

#Bold face indicates residues that were phosphorylated or dephosphorylated in studied systems

®H-bond that occurs in the X-ray structure
¢ Corresponding H-bond does not occur

complex (PDB code: 1GY3 [34]), the S, hydroxyl is
positioned, by the conserved catalytic aspartate Asp127 and
the lysine residue Lys129, via two H-bonds to Asp127 Os;
and Lys129 Ne¢. The distance between the Asp127 O; atom
and the S, hydroxyl is equal to 2.7 A in both subunits of the
1QMZ crystal structure, and 2.7 A and 3.5 A in the A and
C subunits of the 1GY3 crystal structure, respectively. In
the 1QMZ crystal structure, the Asp127 side-chain is in a
suitable orientation to assist the catalytic reaction (likely as
the general base), while Lys129 may assist in stabilising the
negative charge of the transition state, as proposed for
phosphorylase kinase (PhK) [35]. Combining all available
data does not lead to a clear consensus about the role of the
conserved aspartate, and more attention should be paid to
this issue.

The lysine at the P,; position of the peptide substrate
HHASPRK is H-bonded to the pThr160 phosphate group

during the whole simulation; the Arg (R,,) side chain at the
P., position moves toward the ATP phosphate moiety at
~2.8 ns, and its conformation then remains stable during the
rest of the MD simulation. The preference of CDK2 for a
basic residue (R/K)., observed from kinetic experiments
and crystallographic analysis cannot be deduced from the
crystal structure, because R,, makes no contact with the
protein, having its side chain pointing towards the bulk
solvent. In contrast, the R, side chain position observed in
the MD simulation offers a possible explanation for this
preference. The alternative R,, conformation enables a
direct interaction of R, with the ATP phosphate moiety
and, consequently, it can also contribute to appropriate ATP
alignment prior to the catalytic reaction. Another possible
explanation is that the R, side chain could interact with the
product pS, phosphate group after the phospho-group
transfer, and could assist in product dissociation, preventing
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pSo phosphate group interactions with CDK2 active site
residues (see Fig. 2b).

The N-terminal substrate peptide moiety (HH residues at
positions P_, and P_3) is flexible during the MD simulation;
nevertheless, the H., makes an H-bond to the Asp206 side
chain of the conserved CDK GDSEID motif. The glycine-
rich loop (G-loop), whose residues are crucial for appropriate
ATP alignment for phosphorylation [36], moves periodically
during the MD simulation, causing gentle opening and
closing of the substrate binding box. On the other hand, this
movement does not affect the ATP conformation and
orientation to the S residue from the peptide substrate.

Inhibited CDK2

MD simulations of CDK2 inhibited by phosphorylation at
Thrl14 or Tyrl5 in the G-loop provided the first clear insight
into the structural aspects of CDK2 deactivation by
phosphorylation [29, 31]. The simulations show that, in
both cases, the inhibitory phosphorylation causes misalign-
ment of the ATP phosphate moiety, changes in the Mg>*
ion coordination sphere, resulting in loss of Mg>" ion
coordination by Asnl32 (a residue conserved in all protein
kinases), and G-loop shift (~5 A) away from the ATP
binding site, which leads to opening of the substrate
binding box. ATP misalignment, which results in reconfor-
mation of the terminal phospho-group is demonstrated by
an increase in the So—O,...P,—ATP distance, whose average
value is equal to 8.8£2.2 A and 6.6+1.5 A for CDK2
inhibited by phoshorylation at Tyrl5 and Thrl4, respec-
tively. The lengths of Sy,-O,...P,—ATP distances below
3.9 A were calculated. The distance remains lower than the
threshold for 87.7%, 9.6%, and 5.8% of the simulation time
for the fully active CDK2 and CDK2 inhibited by
phosphorylation at Tyrl5 and Thrl4 residues, respectively
[31]. Changes in the CDK2 active site after CDK2
inhibition by phosphorylation in the G-loop, such as, e.g.,
reconformation of ATP and Asnl32, cause changes in the
H-bond network within the CDK2 active site (see Table 2).
The Asnl32 side chain creates a new H-bond to the
conserved Lys129 residue and to the catalytic Asp127 side
chain.

We have described the essential motions of several
CDK2 forms related to its regulation [13]; the significant
essential motions of CDK2 inhibited by phosphorylation at
the inhibitory sites are located in the G-loop and accompa-
ny a movement of the G-loop away from the ATP binding
site, which leads to opening of the active site and
broadening of the substrate-binding site (Fig. 3).

Phosphorylation of residue Tyrl5 causes the Ri,
positively charged side chain to interact preferably with
this group, and the interaction with ATP phosphates is lost
(Fig. 3). On the other hand, the inhibitory phosphorylation
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Fig. 3 G-loop shift and opening of the substrate binding box
following inhibitory phosphorylation of residue Tyrl5 in the G-loop.
The CDK2 structure is drawn in ribbon representation and is coloured
grey. The G-loop conformation is black in the inhibited pY15-CDK2
and red in the fully active CDK2 (MD equilibrated structure). pTyrl5,
pThr160, ATP, and peptide substrate (HHASPRK) are shown in
licorice representation for the inhibited CDK2, and in wire represen-
tation for the fully active CDK2 (MD equilibrated structure)

at Thrl4 or Tyrl5 does not affect the interaction of K.;
with the pThr160 side chain at the available time scale. The
phosphorylated Tyrl5 residue may also weaken substrate
binding or its correct alignment for ATP terminal phospho-
group transfer to the CDK2 substrate.

All the effects mentioned above clearly explain the loss
of kinase activity following inhibitory phosphorylation of the
CDK2 G-loop, because correct coordination of the Mg”* ion
and appropriate orientation and conformation of the ATP
phosphate moiety are crucial for phospho-group transfer to
the serine (Sg) hydroxyl from the peptide substrate. Recently,
Welburn et al. [37] presented the X-ray crystallographic
analysis of CDK2/cyclin A phosphorylated on Tyrl5 and
Thr160 and thereby confirmed the main results of our MD
studies [29, 31]. Phosphorylation also leads to a dramatic
shift in the position of the y-phosphate, which loses many
important contacts for effective substrate phosphorylation.
The presence of the phosphate group on the Tyrl5 hydroxyl
results in a slight opening of the active site cleft. However,
crystallographic analysis shows that Tyrl5 phosphorylation
does not perturb the activation loop or the conformation of
residues Lys33, Glu51, Aspl27, Lys129, Asnl32, and
Aspl45 that are involved in the phospho-transfer reaction
[37]. On the other hand, the pY15pT160-CDK2 crystal
structure (PDB ID 2CJM) reveals that the inhibitory
phosphorylation at residue Tyrl5 affects the Mg®" ion
coordination sphere, resulting in the loss of Mg”" ion
coordination by Asn132 and Asp145 residues. In the 2CJM
crystal structure, the distance between Mg>"...05~Asn132
is equal to 6.1 A and distance between Mg®"...Og5,~Asp145
is equal to 5.8 A.
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Conclusions

A number of nanosecond-scale MD trajectories of differ-
ently active complexes of human CDK2 (fully active, and
CDK2 inhibited by phosphorylation on inhibitory sites in
the G-loop) and CDK2 in complex with peptide substrate
HHASPRK (CDK2-HHASPRK complex before and after
the phosphate transfer reaction) were produced and com-
pared to aid the structural understanding of the role of
Thr160 and Thr14/Tyr15 (de)phosphorylation in regulating
CDK activity and to understand the role of catalytic
(conserved) amino acids in the process of the catalytic
reaction. The mechanism of CDK2 inhibition by phosphor-
ylation on inhibitory sites in the G-loop was studied in
detail; MD simulations provided valuable insight into the
structural aspects of CDK2 deactivation. The catalytic
function of CDKs is phosphorylation of a substrate protein
via transfer of the y-phosphoryl group of ATP to a
threonine or serine (Py) on the target protein substrate.
Therefore, the correct coordination of the Mg”* ion and
appropriate conformation and orientation of the ATP
phosphate group to the CDK2 substrate are important for
ATP terminal phospho-group transfer. The position of the
ATP +y-phosphate and catalytic residues relative to the
serine at the Py phosphorylation site of the peptide substrate
in the active CDK2 is described and compared with
inhibited forms of CDK2. The inhibitory phosphorylation
causes ATP reconformation and misalignment for phos-
phorylation, changes in the Mg®" ion coordination sphere,
and changes in the H-bond network formed by the catalytic
residues within the CDK2 active site as well as a G-loop
shift away from the ATP binding site, which leads to
opening of the CDK2 substrate binding box [29, 31]. Such
changes might decrease the affinity of CDK2 to its
substrate or lead to the incorrect ATP orientation with
respect to the Sy, hydroxyl. The phosphorylated Tyrl5
residue likely weakens substrate binding or its correct
alignment for ATP terminal phospho-group transfer to the
CDK2 substrate. All these effects explain the 200-fold
decrease in kinase activity after phosphorylation at Tyrl5 in
the G-loop [37].

Interactions of specific residues required for substrate
(HHASPRK) binding to CDK2 were also studied with MD
simulations and compared with the CDK2-HHApSPRK
complex after phospho-group transfer. The MD structures
confirmed why a basic residue is preferred at the P.;
substrate position. This residue is H-bonded to the pThr160
phosphate during the whole production part of each studied
CDK2 complex. These results broaden hypotheses drawn
from our previous MD studies as to why a basic residue
(Arg/Lys) is preferred at the P, peptide substrate position.
The R,, either interacts with the ATP phosphate moiety
and, therefore, plays a role in appropriate ATP alignment

before the catalytic reaction [31] or, after the catalytic
reaction, the R, side chain interacts with the pS, phosphate
group and weakens the interaction of this moiety with
CDK. Consequently, it can facilitate product release from
the substrate-binding box of CDK.
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