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Abstract

Cyclin-dependent kinase 2 (CDK2) is the most thoroughly studied of the cyclin-dependent kinases that
regulate essential cellular processes, including the cell cycle, and it has become a model for studies of
regulatory mechanisms at the molecular level. This contribution identifies flexible and rigid regions of
CDK2 based on temperature B-factors acquired from both X-ray data and molecular dynamics sim-
ulations. In addition, the biological relevance of the identified flexible regions and their motions is
explored using information from the essential dynamics analysis related to conformational changes of
CDK2 and knowledge of its biological function(s). The conserved regions of CMGC protein kinases’
primary sequences are located in the most rigid regions identified in our analyses, with the sole excep-
tion of the absolutely conserved G13 in the tip of the glycine-rich loop. The conserved rigid regions are
important for nucleotide binding, catalysis, and substrate recognition. In contrast, the most flexible
regions correlate with those where large conformational changes occur during CDK2 regulation pro-
cesses. The rigid regions flank and form a rigid skeleton for the flexible regions, which appear to
provide the plasticity required for CDK2 regulation. Unlike the rigid regions (which as mentioned are
highly conserved) no evidence of evolutionary conservation was found for the flexible regions.
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The dynamic motions of proteins are being intensively
studied by structural biologists. These motions are known
to play essential roles (inter alia) in protein folding,
enzyme catalysis, recognition processes, and signaling
(Iakoucheva et al. 2002; Daidone et al. 2003; Daniel et al.
2003; Teague 2003; Yuan et al. 2003; Chen et al. 2005;
Eisenmesser et al. 2005; Hung et al. 2005; Schlessinger
and Rost 2005; Olsson et al. 2006). This implies that
proteins must have appropriate dynamics, and sufficient
flexibility, to fulfill their biological functions. If so, pro-
teins’ flexibility is presumably subject to selective pres-

sures. Similar pressures are generally accepted to have
led to the evolutionary conservation of the structure and
sequence of homologous proteins, allowing us to assign
proteins to homologous families, construct homology
models, etc. (Lesk and Chothia 1980; Chothia and Lesk
1986; Russell et al. 1997; Wood and Pearson 1999). Thus,
we can further hypothesize that certain aspects of protein
dynamics that are related to key functions may be con-
served in homologous proteins. This hypothesis is
explored in the study presented here.

To test the hypothesis we have identified flexible and
rigid regions in human cyclin-dependent kinase-2
(CDK2), assigned biological roles to these regions, and
analyzed the primary sequences of CMGC protein kinases
(see next paragraph) to identify putatively correlated
regions of conserved primary sequences. CDK2 (Fig. 1A)
was chosen for the study because (i) its regulation and
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functions have been intensively investigated (see next
paragraph), (ii) major structural changes appear to be
essential for the successful execution of its biological
functions (Tobi and Bahar 2005), (iii) structural changes
involved in its regulation correlate with its intrinsic dynam-
ics (Tobi and Bahar 2005), and (iv) the evolutionary
conservation of primary sequences and structures in the
PK family of proteins have been thoroughly examined
(Kannan and Neuwald 2004).

CDK2 is a cyclin-dependent kinase (CDK), and hence a
member of the CMGC subfamily of protein kinases
(PKs), which includes CDKs, MAPK, GSK, and Cdc-like
(CLK) kinases (classification according to Hanks and
Quinn) (Hanks and Quinn 1991; Manning et al. 2002).
The best-characterized members of CDKs are involved in
controlling progression through the cell cycle (Morgan
1997; Malumbres and Barbacid 2005). The kinase activ-
ity of cell cycle-controlling CDKs is tightly regulated
during the course of the cell cycle at several levels,
including interactions with activation subunits (cyclins)
(Morgan 1995; Otyepka et al. 2006; Zhang et al. 2006),
binding to negative protein regulators (CDK inhibitors
or CKIs) (Sielecki et al. 2000; Knockaert et al. 2002;
Fischer et al. 2003; Meijer and Raymond 2003),

(de)phosphorylation (Russo et al. 1996b; Brown et al.
1999; Johnson and Lewis 2001; Bártová et al. 2004;
Bártová et al. 2005), and subcellular localization (Dhavan
and Tsai 2001; Mapelli and Musacchio 2003). The
mechanism of CDK2 regulation has been investigated
in many structural (De Bondt et al. 1993; Morgan 1996;
Russo et al. 1996a; Russo et al. 1996b; Johnson et al.
1998; Johnson and Lewis 2001), mutational (Grant et al.
1996; Hemmer et al. 1997; Sharma et al. 1999), and
theoretical studies (Bártová et al. 2004; Barrett and
Noble 2005; Bártová et al. 2005; De Vivo et al. 2006)
and is now widely used as a model of CDK activation.
Full activation of CDK2 requires both binding of cyclin A
or cyclin E and phosphorylation of residue T160 in the
activation segment (also known as the T-loop) by the
CDK-activating kinase (CAK) (Fig. 1C; Russo et al.
1996b). In the absence of these features, it has negligi-
ble activity because the residues that form the cata-
lytic and substrate-recognition sites are disordered (De
Bondt et al. 1993). The structure of cyclin A (Brown
et al. 1995) does not change significantly during
CDK2 activation, but many of the CDK2 residues are
realigned toward their active configuration (Jeffrey
et al. 1995).

Figure 1. Cartoon representation of the CDK2/ATP complex with ATP in licorice housed by the active site. (A) Secondary-structure

elements are colored according to their B-factors, from highly flexible red regions, through moderately flexible yellow and green

regions, to rigid blue regions. The G-loop covers the ATP phosphate moiety-binding site. The PSTAIRE helix is the CDK contact site

for regulatory subunits. The activation segment, known as the T-loop, is labeled. CDKs (and MAPK, GSK, and Cdc-like kinases)

contain the CMGC insert. CMGC-specific residues form the contact site between the CMGC insert and the T-loop. (B) Schematic

representation of secondary structure elements of cyclin-dependent protein kinase-2; a-helixes in red and b-strands in yellow.

This scheme illustrates the structure of human CDK2 in complex with ATP in various activity states. The monomer CDK2, where the

T-loop blocks the active site cleft, is inactive, and its activation requires cyclin binding. When cyclin A (cA) binds, the PSTAIRE helix

rotates to the active conformation and the ATP phosphates obtain a proper orientation for catalytic reaction (Morgan 1996). (C) CDK2

requires for its complete activation phosphorylation by CAK at Thr160 in the T-loop. The substrate peptide (HHASPRK) binds

between T- and G-loops.
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Results

Dynamics from X-ray data

Some information about the flexibility of the studied sys-
tems can be acquired from temperature B-factors obtained
from the X-ray data and their differences among the
studied systems (Fig. 2A). The highly flexible residues
13–15 (Fig. 2A, peak a) belong to the glycine-rich loop
(G-loop), which has been identified as an inhibitory seg-
ment of CDK2 roofing the ATP-binding site (Bossemeyer
1994). The flexibility and motion of this loop are depen-
dent on phosphorylation of this region, and this has been
discussed elsewhere (Bártová et al. 2004, 2005). The peak
at residue 25 (Fig. 2A, peak b) corresponds to the loop
between the b2 and b3 strands (Fig. 1B) in the N-terminal
lobe and creates a hinge between these secondary struc-
ture elements. The B-factor value of this residue corre-
sponds to the flexibility of the G-loop. Residues 36–42
(Fig. 2A, peak c) in the loop preceding the a1-helix (C-
helix or PSTAIRE helix in CDK2) provide the flexibility
of the a1-helix required to allow its shift during activa-
tion, i.e., after binding of the regulatory subunit (Russo
et al. 1996b; Kannan and Neuwald 2004). The high
flexibility of this loop is observed in the X-ray structures
of the active CDK2, and its flexibility in the noncom-
plexed CDK2 is underlined by the fact that it is disor-
dered in several X-ray crystal structures (for example,
1AQ1, 1CKP, 1HCK, 1HCL). Residues 71–76 (Fig. 2A,
peak e) form another flexible loop between strands b4
and b5 of the N-terminal lobe. This region contacts the
regulatory subunit and presumably also CDK2 substrates.
Residues 95–98 (Fig. 2A, peak g) correspond to the loop
between the a2 and a3 helices. The flexibility of this loop
increases when CDK2 is in complex with cyclin A, while
a3-helix flexibility is decreased after cyclin A binding
(Bártová et al. 2004). Residues 150–158, corresponding
to the activation segment (T-loop), are extremely flexible
in CDK2 that is not bound to cyclin but not in any of the
CDK2–cyclin complexes. In cases where cyclin A is pres-
ent, this peak vanishes because of the intensive inter-
action between the T-loop and cyclin A (Jeffrey et al.
1995). In contrast, the regions spanning residues 177–180
(Fig. 2A, peak i) and 220–260 (Fig. 2A, peak j) are highly
flexible, according to the X-ray structures, in all of the
inactive, semi-active, and active forms of CDK2 examined.
The highly flexible 220–260 region includes nearly all of
the highly mobile CMGC insert (also called the ‘‘CDK
insert’’ region: residues 219–251), the flexibility of which
has been recently discussed (Barrett and Noble 2005).

Dynamics from molecular dynamics simulations

Molecular dynamics (MD) simulations provide detailed
information about the motions and dynamics of the

system studied (Table 1). Analyses of trajectories from
MD simulations allow us to calculate temperature B-
factors from time-averaged atomic fluctuations. Although
these B-factors are not directly comparable with the X-ray
B-factors, as they are averaged over space, they provide
information about flexibility. In addition, MD provides
valuable data about long-range motions and correlated

Figure 2. (A) Comparison of temperature B-factors from the X-ray crystal

structures; 1hck (free CDK2) is shown in red, 1fin (CDK2/cyclin A/ATP)

in blue, 1jst (pT160-CDK2/cyclin A/ATP) in green, and 1qmz (pT160-

CDK2/cyclin A/ATP/HHASPRK) in black. (B) Comparison of temperature

B-factors calculated from the MD simulations; 1hck (free CDK2) is shown

in red, 1fin (CDK2/cyclin A/ATP) in blue, 1jst (pT160-CDK2/cyclin A/

ATP) in green, and 1qmz (pT160-CDK2/cyclin A/ATP/HHASPRK) in

black. (C) Theoretical B-factors calculated using oGNM; 1hck (free

CDK2) is shown in red, 1fin (CDK2/cyclin A/ATP) in blue, 1jst (pT160-

CDK2/cyclin A/ATP) in green, and 1qmz (pT160-CDK2/cyclin A/ATP/

HHASPRK) in black. Regions discussed in the text are labeled by small

letters: ‘‘a’’ identifies residue 15, ‘‘b’’ residues 25 and 26, ‘‘c’’ residues 38

and 39, ‘‘d’’ residue 57, ‘‘e’’ residue 73, ‘‘f’’ residue 84, ‘‘g’’ residues 95

and 96, ‘‘h’’ residue 162, ‘‘i’’ residue 178, and ‘‘j’’ residue 234. The evo-

lutionarily conserved residues in primary sequences of the CMGC group of

kinases are marked above the residue number scale: The residues marked

in blue sticks represent the identical entities in the CMGC group, residues

in red sticks are semi-conserved residues in the CMGC group, and residues

in green sticks represent the conserved residues in the CMGC group.
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motions, and it allows thermal fluctuations and long-
period motions to be distinguished (Garcia 1992; Cui and
Bahar 2006).

The B-factors calculated from MD generally correlate
well with the B-factors determined from X-ray data. The
Spearman correlation coefficients are equal to 0.60, 0.49,
0.46, and 0.73 for 1HCK, 1FIN, 1JST, and 1QMZ, respec-
tively, and all coefficients are statistically significant at
the a ¼ 0.05 level of significance. They identify the same
flexible regions: the G-loop (Fig. 2B, peak a), the b2/b3-
loop (Fig. 2B, peak b), the loop preceding the a1-helix
(Fig. 2B, c), the b4/b5-loop (Fig. 2B, e), the a2/a3-loop
(Fig. 2B, g), the b6/b7-loop (residues 135–141), the T-
loop (Fig. 2B, h), the aL12/a4-loop (residues 173–183)
(Fig. 2B, i), and a large region (residues 169–260)
including part of the CMGC insert (residues 220–235)
(Fig. 2B, j). The B-factors obtained from the MD sim-
ulations indicate that the flexibility of the a1-helix and its
preceding loop is reduced, while that of the G-loop and
the b2/b3-loop is increased, by cyclin A binding (Fig. 2B,
peak c). A corresponding reduction can be seen in the X-ray
–based B-factors for the a1-helix but not for the preceding
loop, which is disordered in the X-ray structures of the free
CDK2. Furthermore, no high B-factors were detected for
the T-loop region in free CDK2 corresponding to those
obtained from the X-ray data. This apparent discrepancy
may be explained by the existence of two or more con-
formations of the T-loop preventing a clear electron density
in X-ray analysis. On the other hand, the MD simulations
fluctuate around one local conformation at the available
nanosecond timescale, and large conformational changes
may occur beyond this timescale.

The B-factors calculated from the MD simulations
were also used to define the rigid regions of CDK2.
The N-terminal b-sheet formed by five strands (b1–b5)
is highly rigid. The N-terminal domain forms the ATP-
binding site (b3), the nucleotide-binding site (b4), and
the hinge region (residues 80–83). Ile10 (located in the C
terminus of the b1 strand) and Val18 (located in the b2 N
terminus) are both highly rigid. These residues interact
with the ATP adenine moiety and flank the highly flexible
G-loop. The Lys33 in the middle of the b3 strand is also
highly rigid. This residue interacts with ATP and plays an
important role in proper alignment of the ATP phosphate
moiety for the g-phosphate transfer reaction. A high
degree of rigidity is also observed at the catalytic loop
(residues 125–132) and b7–aL12 region, where residues
involved in the ATP g-phosphate transfer to the peptide
substrate are localized. Helices forming the C-terminal
helical bundle (namely, the large a3 and a4 helices) and
the other regions with a-helical secondary structure are
also very rigid. Residues forming the proline pocket (e.g.,
V164) also belong to elements with high degrees of
rigidity. The highly rigid region (residues 80–83) forms

a rigid hinge that is important for mutual motions of the
N- and C-terminal lobes of CDK2 (Otyepka et al. 2002)
and makes a wall for the ATP active site.

Normal modes calculated by the Gaussian network
model (GNM)

The B-factors calculated by the GNM method identify the
same flexible regions as MD (Fig. 2C) with an only
exception in the G-loop (Fig. 2C, peak a). The flexibility
of the G-loop depends on the rc cutoff parameter used.
In general, the flexibility of the G-loop increases with
decreasing cutoff distance. The cutoff distance consid-
erably influences the GNM results as shown recently in
Sen and Jernigan (2006). The authors conclude that it
would be useful to introduce a special amino acid type
based spring. In general, the GNM results correlate more
tightly with MD than with X-ray results as documented by
the Spearman correlation coefficients between B-factors
calculated from GNM and MD being equal to 0.55, 0.88,
0.87, and 0.84 for 1HCK, 1FIN, 1JST, and 1QMZ, respec-
tively. The same correlation coefficients calculated from
GNM and X-ray data are 0.36, 0.50, 0.49, and 0.68 for
1HCK, 1FIN, 1JST, and 1QMZ, respectively. It is obvious
that the GNM rapidly evaluates system flexibility. On the
other hand, the MD simulations reflect precisely a unique
environment for each residue, and in general these should
provide more detailed information about system flexibil-
ity. But the price is high because of computer time
demands required by MD runs at timescales suitably long
to acquire converged results.

Essential motions of inactive CDK2

Essential dynamics analysis finds the long-period
motions of biological significance. Porcupine plots illus-
trate the motions exhibited by the first several eigenvec-
tors from the MD simulations of free CDK2 and the
CDK2/ATP complex (Fig. 3). In both cases, the first
motion is localized to the b3/a1- and b4/b5-loops in the
N-terminal lobe (Fig. 3A), which form the binding site for
the CDK2 regulatory subunit. These loops were found to
be flexible in both the X-ray and MD analyses. The first
concerted motions are further spread over the T-loop and
some parts of the C-terminal lobe CMGC insert and aL14
helix with adjacent loops (residues 238–242 and 244–
249). The T-loop motion is directed toward the entrance
to the active site. The next (Fig. 3B) motion is localized to
loops forming the ATP-binding site and the T-loop and
leads to the ATP-binding site opening. The first three
motions of the CDK2/ATP complex (Fig. 3C) are situated
near the site where cyclin binding occurs. These motions
lead to the opening/closure of CDK2’s lobes, like the
opening or closure of a seashell’s aperture.

Functional flexibility of CDK2
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Essential motions of semi-active CDK2

The motions of the semi-active CDK2 (i.e., the CDK2/
cyclin A/ATP complex) are mainly localized to the b4/
b5-loop, T-loop, and CMGC insert, where cyclin-activat-
ing kinase (CAK) binds. These motions seem to facilitate
access of CAK to the T-loop phosphorylation site (T160
in CDK2) (Fig. 4A,B). The first essential motion is spread
over the same parts of the CDK2/ATP and CDK2/cyclin
A/ATP complexes but has opposite directions in the two
cases.

Essential motions of active CDK2

The first essential motion of the active CDK2 (pT160-
CDK2/cyclin A/ATP) is localized to the b2/b3- and b3/
a1-loops in the N-terminal lobe, the a2/a3-loop, and the
CMGC insert in the C-terminal lobe (Fig. 5A). The first
and third motions also affect the part of the active site
where a peptide substrate binds (Fig. 5A,B). This motion
provides a ‘‘rocking’’ of the N- and C-terminal domains
that coordinate mutual movements of both lobes causing
active site opening/closing. A hinge of the motion goes
from a1-helix N terminus to a2-helix C terminus and
crosses the active site in the proximity of catalytic loop.

A similar motion has been identified in previous simula-
tions of CDK2 (Otyepka et al. 2002; Barrett and Noble
2005) and also in PKA (Lu et al. 2005). This motion may
assist access or binding of the substrate to the active site.
The third motion is spread over residues forming the sub-
strate-binding site.

The most significant essential motions are localized in
CDK2 segments that form the peptide substrate-binding
site in the pT160-CDK2/cyclin A/ATP/HHASPRK com-
plex (Fig. 5C). The probable effect of these motions is
to press the peptide substrate toward the ATP phosphate
moiety, which may facilitate the transfer of the ATP
g-phosphate group to the serine of the peptide substrate
HHASPRK. The second significant motion involves the
G-loop, which also interacts with the peptide substrate.
When a substrate peptide is present, this loop has
increased flexibility and moves toward it.

Essential motions of CDK2 inhibited by phosphorylation
in the G-loop

The most significant essential motions of the pT14,pT160-
CDK2/cyclin A/ATP complex are spread over the active
site, the regions adjacent to it, and the CMGC insert.
Additional essential motions accompany movement of the
G-loop away from the ATP-binding site. Such motions open
the active site and broaden the substrate-binding site. Sim-
ilarly, the most significant motions of the pY15,pT160-
CDK2/cyclin A/ATP complex cause the active site to open,
accompanied by opening of the substrate-binding box (Fig.
6A). The other essential motions are located to flexible

Figure 3. (A) ‘‘Porcupine’’ plots illustrating the motions represented by

the first eigenvector and the second eigenvector (B) from the free CDK2

and the first three motions of CDK2/ATP (C) simulations. In both cases,

the first motion is localized in the N-terminal lobe, where the binding site

for the CDK2 regulatory subunit (cyclin) is formed (A, C). (B) The next

motions lead to the ATP-binding site opening.

Figure 4. (A, B) ‘‘Porcupine’’ plots illustrating the motions represented by

the first two eigenvectors from the semi-active CDK2 (i.e., CDK2/ATP/

cyclin A complex) simulations. (A) The most significant motions are

localized at sites where cyclin-activating kinase (CAK) binds.

Bártová et al.
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loops of the N-terminal lobe, namely, the CMGC insert
(Fig. 6A). The significant essential motions of the triply
phosphorylated system (pT14,pY15,pT160-CDK2/cyclin
A/ATP) are similar to those observed for the systems
inhibited by phosphorylation in the G-loop. Similar essen-
tial motions were also identified for systems where the
substrate peptide HHASPRK is present (Fig. 6B,C).

Essential motions of CDK2 complexes with
small-molecule inhibitors

The first essential motion of the CDK2/roscovitine com-
plex is localized to the T-loop. The direction of this
motion is away from the ATP-binding site, leading to
the opening of the substrate-binding site (Fig. 7A). The
other essential motions are spread over segments near the
ATP-binding site, but the directions of these motions
resemble those of explosive or somewhat chaotic motions
(see, for instance, Fig. 7B). The first essential motion of
the CDK2/olomoucine II complex is localized to flexible
loops of the C- and N-terminal lobes and the T-loop
(Fig. 7C). The second one affects the T- and G-loops

with directions away from the ATP-binding site. The
other essential motions are difficult to describe because
they resemble chaotic motions, and the essential motions
of the CDK2/bohemine complex are even more difficult
to characterize since they all appear to be chaotic
(Fig. 7D). Only the second essential motion of the
CDK2/isopenthenyladenine complex can be easily de-
scribed and interpreted since it is localized to the flexible
N-terminal loop, namely the G-loop, and causes the ATP-
binding site to open (Fig. 7E). The other essential
motions of the complex can be characterized as chaotic.
The connection between binding of CDK2 inhibitors
and motions in G- and T-loops has been also reported
by Park et al. (2004).

Positional changes during activation processes

We can now identify regions where the most significant
conformational changes during the course of CDK2
regulation processes occur, using both the X-ray and
MD simulations data. A positional shift of a residue can

Figure 6. (A) ‘‘Porcupine’’ plots illustrating the motions represented

by the first several eigenvectors from the simulations of the CDK2

inhibited by phosphorylation of the Y15 residue in the G-loop (i.e.,

pY15,pT160-CDK2/cyclin A/ATP complex). Similar essential motions

were identified after phosphorylation at T14 (i.e., pT14,pT160-CDK2/

cyclin A/ATP/HHASPRK complex) (B) and after phosphorylation at Y15

residues (i.e., pY15,pT160-CDK2/cyclin A/ATP/HHASPRK complex) (C)

in the system where the substrate peptide is bound to CDK2. The most

significant motions in these systems lead to the substrate-binding site

opening.

Figure 5. ‘‘Porcupine’’ plots illustrating the motions represented by the

first eigenvector (A) and the third eigenvector (B) from the active CDK2

(i.e., pT160-CDK2/ATP/cyclin A complex). These motions are localized at

loops in the N-terminal lobe and the CMGC insert in the C-terminal lobe.

These parts of CDK2 are important for formation and stabilization of the

substrate-binding site. (C) The most significant essential motions are

localized on segments that also form the peptide substrate-binding site in

the CDK2/peptide substrate complex (i.e., pT160-CDK2/cyclin A/ATP/

HHASPRK complex).

Functional flexibility of CDK2
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be easily measured as the mean distance between Ca atom
coordinates of the same residue in two superimposed
structures. The plot (Fig. 8A) of the positional changes
between inactive (1HCK, CDK2/ATP) and semi-active
CDK2 (1FIN, complex CDK2/cyclin A/ATP) indicates
that the largest positional shifts between these forms are
in the T-loop, the a1-helix, and its preceding loop. These
changes occur during the course of cyclin A binding, in
which the T-loop moves toward the cyclin and the a1-
helix rotates, thereby maximizing its contacts with the
cyclin. Activating phosphorylation of Thr160 (from 1FIN
to 1JST, pT160-CDK2/cyclin A/ATP complex) causes
rearrangements in the T-loop conformation accompa-
nied by minor changes in other CDK2 regions. The short
peptide substrate binding (from 1JST to 1QMZ, pT160-
CDK2/cyclin A/ATP/HHASPRK complex) does not sig-
nificantly change the CDK2 structure in comparison with
previous changes. Nonetheless, binding of peptide sub-
strates (short peptides from E2F and p53 proteins) may
induce positional changes in the G-loop, the b2/b3-loop,
the loop preceding the a1-helix and the b4/b5-loop i.e.,
regions where the substrate touches the CDK2 surface
(Fig. 8C). Some pronounced structural changes also occur
following inhibitory phosphorylations of T14 and/or Y15
(Fig. 8B), not only in the phosphorylated G-loop, but sur-
prisingly also in the CMGC insert.

Discussion

The flexibility of the studied CDK2 systems was explored
using thermal B-factors, obtained from both MD simu-
lations, GNM model and X-ray data, and essential
dynamics analyses. The B-factors calculated by all
approaches correlate well and identify the same flexible
regions, except that the T-loop is highly flexible accord-
ing to the X-ray data but not according to the MD
simulations. However, the reason for this apparent dis-
crepancy may be that the T-loop flexibility only appears
in timescales that are beyond the range of the nanosecond
simulations currently available in classical MD. This
well-known limitation of classical MD is called the local
conformational trap; it is being intensively investigated,
and many techniques with more robust phase-space
sampling are being developed to overcome it (Elber and
Karplus 1990). The GNM method provides a useful alter-
native to describe protein flexibility with a relatively low
cost.

The essential dynamics analyses have identified the
movable regions and revealed correlations between their
movements. We have described the essential motions of
several CDK2 forms related to its regulation. The most
significant motions in the inactive CDK2 are localized in
the N-terminal lobe, which forms the binding site for the
CDK regulatory subunit. The motions in the free CDK2

Figure 7. ‘‘Porcupine’’ plots illustrating the motions represented by the

first two eigenvectors from the simulations of the CDK2 in complex with

roscovitine (A, B) and by the first eigenvectors from the simulations of

the CDK2 in complexes with: olomoucine II (C), bohemine (D), and

isopentenyladenine (E). The most significant motions in the complexes

of CDK2 with these inhibitors are located at the G- and T-loop, and lead to

the ATP-binding site opening. The other motions of these complexes can

be characterized as chaotic.
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are also spread over the T-loop and loops forming the
ATP-binding site. These motions correlate with CDK2’s
requirement to bind to the regulatory subunit (cyclin) and
phosphorylation in the T-loop in order to become active.
In the semi-active CDK2 (CDK2/cyclin A complex) the
motions were localized to the T-loop phosphorylation
site, and these motions may facilitate access of the CAK
to the CDK2 phosphorylation site. The most significant
motions in the fully active CDK2 seem to facilitate access
of the substrate peptide to its binding site on CDK2.
Inhibitory phosphorylation on the CDK2 G-loop initiates
motions that lead to the opening of the active site and the
substrate-binding site. The essential dynamics of CDK2 in

complex with purine-like inhibitors is characterized by
chaotic essential motions spread over all the flexible loops.

The analyses of positional changes identified regions
with the largest shifts in the course of CDK2 regulation
processes. Summarized results of all analyses have
identified movable regions of CDK2 and changes in their
motions during the regulation processes. The N-terminal
loops (G-loop, b3/a1-loop, and b4/b5-loop), T-loop, and
CMGC insert in the C-terminal lobe are the most flexi-
ble regions of CDK2. The largest structural changes also
occur in the same regions, which were identified as being
highly flexible. Recently, Tobi and Bahar (2005) identi-
fied similar correlations between structural changes and
intrinsic motions. It can be concluded here that the
identified flexible regions allow structural changes that
occur during the regulation processes of CDK2.

Since the structural changes in CDK2’s regulatory
machinery are crucial for the successful execution of its
biological functions, we can further deduce that the flex-
ibility of CDK2 is essential for its biological function.
CDK2 regulation involves both interactions with proteins
and post-translational modification. So, it is not surpris-
ing that the most flexible regions we identified are
exposed and involved in many recognition processes that
influence CDK2’s biological activities, e.g., interaction
with regulatory subunits, kinases, phosphatases, inhibi-
tory proteins, etc.

On the other hand, the identified rigid regions are
located deep in the CDK2 structure. They create both the
ATP-binding site and the substrate-binding box, they are
involved in the catalysis of ATP g-phosphate transfer to
its peptide substrates, and they mediate contacts to
the activation segment and the CMGC insert (Table 2).
Recently, several excellent papers concerned with evolu-
tionary conservation in the CMGC group and larger PK
families have been published (Manning et al. 2002;
Kannan and Neuwald 2004, 2005). These studies have
considered evolutionary conservation in the context of a
catalytic cycle i.e., ATP binding, substrate positioning,
and ATP g-phosphate-group transfer, and they have iden-
tified highly conserved regions responsible for ATP
binding and for alignment of the ATP g-phosphate-
group for catalytic transfer. Comparison of the primary
sequence conservation patterns clearly shows that highly
evolutionarily conserved regions of CMGC kinases are
spread over the rigid regions, with the sole exception of
Gly13, which is highly conserved although it is located at
the tip of the highly flexible G-loop. This exception can
be explained by the presence of three glycines in the
G-loop. The biological role of these conserved glycines has
been discussed in the literature many times (for examples,
see Hanks and Quinn 1991; Bártová et al. 2004).

The regulation of CDK2 is highly dependent on con-
formational changes that occur in its flexible, exposed

Figure 8. (A) Comparison of the changes in CDK2 Ca positions between:

cdk2/atp (1hck) and cdk2/cyclin A/ATP (1fin), cdk2/cyclin A/ATP (1fin)

and pT160-cdk2/cyclin A/ATP (1jst), and pT160-cdk2/cyclin A/ATP (1jst)

and pT160-cdk2/cyclin A/ATP/HHASPRK (1qmz). Comparison of the

changes in CDK2 Ca positions between the fully active CDK2 (i.e.,

pT160-CDK2/cyclin A/ATP complex) and CDK2 inhibited by phosphor-

ylation at T14 (denoted pT14), Y15 (denoted pY15), and T14/Y15

(denoted pT14pY15) residues altogether (B) and between fully active

CDK2 and CDK2 in complex with CKI (cyclin kinase inhibitors: E2F-1

and p53) (C). The most significant changes in the CDK2 Ca positions are

labeled in the plot, in which label ‘‘a’’ identifies residue 15, ‘‘b’’ residues

25 and 26, ‘‘c’’ residues 38 and 39, ‘‘d’’ residue 57, ‘‘e’’ residue 73, ‘‘f’’

residue 84, ‘‘g’’ residues 95 and 96, ‘‘h’’ residue 162, ‘‘i’’ residue 178, and

‘‘j’’ residue 234.

Functional flexibility of CDK2
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regions. The flexible regions, which appear to provide
the plasticity required for CDK2 to fulfill its functions,
are flanked by other regions that form a rigid skeleton.
The rigidity of these regions is attributable to intense
intramolecular contacts within the CDK2 molecule and
intermolecular contacts with ATP-Mg2+ in the active site.
The analysis of the evolutionary conservation of the CMGC
kinases’ primary sequences in terms of CDK2 flexibility
indicated that the conserved residues are involved in
processes that evolved long ago connected with ATP bind-
ing and catalysis, i.e., functions common for the whole PK
family. These evolutionarily conserved residues are
imprinted in the identified highly rigid regions. To our
surprise, the flexible regions important for CDK2 function
(and probably also for the function of other CMGC kinases)
do not correlate with primary sequence conservation
patterns, with the sole exception of the glycine-rich loop.
We may also hypothesize that the flexibility is conserved in
an indirect way, i.e., the evolutionarily conserved residues
are important for proper fold with corresponding flexibility.
On the other hand, we may also ask whether the available
bioinformatics tools are capable to identify evolutionary
conservation of flexibility. So, we may conclude that the
catalytic function of PK is highly evolutionarily conserved
while the regulation strategy has evolved specifically for
the biological purpose of each PK and is not shared by other
PKs. Nonetheless, the question about flexibility and its
evolutionary conservation remains still open and should be
investigated at large in future.

Materials and Methods

Molecular dynamics simulations of all CDK2 systems listed in
Table 1 were carried out using AMBER 6.0 (http://amber.
scripps.edu) with the parm99 force field (Wang et al. 2000).
The starting structures were taken from the PDB database (PDB
codes 1HCK, 1FIN, 1JST, and 1QMZ), two CDK2/inhibitor
complexes were kindly provided by Prof. S.H Kim, and several
systems were prepared by (de)phosphorylation and modification
of the analogous structures (see Table 1). The MD simulation
protocol used was as follows (Bártová et al. 2004, 2005;
Otyepka et al. 2006). First, the protonation states of all histi-
dines were checked by WHAT IF (http://swift.cmbi.kun.nl/
whatif) to create an optimal H-bond network. Then, all hydro-
gens were added using the xLeap program from the AMBER 6.0
package (http://amber.scripps.edu). The structures were neutral-
ized by adding Cl– counter-ions for all systems. Each system
was inserted in a rectangular water box in which the depth of the
layer of water molecules was 10 Å. Then, each system was
minimized prior to the production part of the molecular
dynamics run in the following way. The protein was frozen
and the solvent molecules, and counter-ions, were allowed to
move during a 1000-step minimization followed by a 2-ps-long
molecular dynamics run under NpT conditions (p ¼ 1 atm, T ¼
298.15 K). Then, the side chains were relaxed by several
consequent minimizations with decreasing force constants
applied to the backbone atoms. After the relaxation, the system
was heated to 250 K for 10 ps and then up to 298.15 K for 40 ps.
The particle-mesh Ewald (PME) (Darden et al. 1993) method
for treating electrostatic interactions was used. All simulations
were run under periodic boundary conditions in the NpT
ensemble at 298.16 K by Berendsen temperature coupling
(Berendsen et al. 1984) and a constant pressure of 1 atm using
a 2-fs time integration step. The SHAKE algorithm (Ryckaert
et al. 1977) with a tolerance of 10�5 Å was applied to fix all

Table 1. Summary of simulations performed and the CDK2 forms investigateda

System PDB code and start setup Duration (ns)

Inactive CDK

Free CDK2 1HCL 10

CDK2/ATP 1HCK 1.2

Semi-active CDK

CDK2/cA/ATP 1FIN 2

Active CDK

pT160-CDK2/cA/ATP 1JST 2.5

pT160-CDK2/cA/HHASPRK/ATP 1QMZ 15

Inhibited CDK

pT14,pT160-CDK2/cA/ATP 1JST phosphorylated at T14 3

pY15,pT160-CDK2/cA/ATP 1JST phosphorylated at Y15 3

pT14,pY15,pT160-CDK2/cA/ATP 1JST phosphorylated at T14/Y15 3

pT14,pT160-CDK2/cA/HHASPRK/ATP 1QMZ phosphorylated at T14 10

pY15,pT160-CDK2/cA/HHASPRK/ATP 1QMZ phosphorylated at Y15 10

pT14,pY15,pT160-CDK2/cA/HHASPRK/ATP 1QMZ phosphorylated at T14/Y15 10

CDK2/roscovitine Kim and coworkers (De Azevedo et al. 1997)b 10

CDK2/olomoucine II Prepared from the X-ray structures of the CDK2/roscc 10

CDK2/bohemine Prepared from the X-ray structures of the CDK2/roscc 10

CDK2/isopentenyladenine Professor Kimb 10

a Cyclin A is denoted as cA, adenosine triphosphate as ATP, and HHASPRK is the substrate peptide of CDK in one-letter codes.
b The X-ray structures of the CDK2/roscovitine and CDK2/isopentenyladenine complexes were kindly provided by Professor S.H. Kim (University of
California, Berkeley, CA) (De Azevedo et al. 1997).
c Olomoucine II and bohemine were prepared by mutation of roscovitine in the X-ray crystal structure of the CDK2/roscovitine complex.
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bonds containing hydrogen atoms. A 10.0 Å cutoff was applied
to nonbonding interactions. Coordinates were stored every 2 ps.
The total duration of all production phases for all studied
systems was 0.11 ms. The size of the studied systems ranged
from 30,000 to 70,000 atoms.

MD trajectories were analyzed by the essential dynamics
(ED) technique (Amadei et al. 1996; de Groot et al. 1996; van
Aalten et al. 1997). The ED method separates large concerted
structural rearrangements from irrelevant fluctuations in a multi-
particle system. From the MD trajectory the covariance matrix
of the positional fluctuations of the Ca carbon atoms is built up
and diagonalized. The procedure yields new axes (eigenvectors),
representing the directions of the concerted motions, and eigen-
values representing the displacement variance of the respective
eigenvectors (Amadei et al. 1993). In other words, the eigen-
vectors are directions in a 3N-dimensional space (where N is the
number of atoms), and the motion along a single eigenvector
corresponds to the concerted displacement of groups of atoms in
Cartesian space. This characterizes the essential subspace of the
internal dynamics of the studied protein. The motions in the
essential space may be linked to the biological function(s) of the
protein.

The normal modes for CDK2 and its complexes were com-
puted using the oGNM tool. The oGNM is a web-based system
developed by Bahar and coworkers capable of calculating online
a protein dynamics employing the Gaussian Network Model
(GNM) (Yang et al. 2005, 2006). The GNM model is built on the
statistical mechanical theory for describing the fluctuation
dynamics of polymer networks (Flory 1976). Accordingly, the
structure is modeled as an elastic network with the nodes being
the Ca carbon of amino acids, and uniform springs of force

constant g connect the pairs of Ca carbon atoms located within
an interaction cutoff distance rc. The calculations were done on
structures taken from the PDB database (PDB codes 1HCK,
1FIN, 1JST, and 1QMZ), and an rc ¼ 20.0 Å cutoff was applied.
The 1FIN, 1JST, and 1QMZ unique monomers have been used
for calculation to avoid crystal contacts.

Temperature B-factors were calculated from the MD simu-
lations using the ptraj module of the AMBER package.
B-factors, also known as Debye–Weller factors or temperature
factors, describe the reduction in X-ray scattering intensity due
to the thermal motion of the atoms, or crystal disorder. A
B-factor indicates the true static or dynamic flexibility of an
atom and is given by

Bi = 8=3p2u2
i;

where u2
i is the mean square displacement of atom i.

Essential dynamics analyses of MD trajectories were per-
formed using the GROMACS suite of programs (http://
www.gromacs.org), and porcupine plots of essential motions
were acquired using the Dynamite web server (Barrett et al.
2004). In the porcupine plots, needles were drawn for
all residues corresponding to the implied movement of the
respective residues for a given eigenvector. Visualization of
system geometries and evaluation of protein secondary struc-
ture were performed using VMD (Humphrey et al. 1996).
Parameters of the phosphorylated tyrosine and phosphorylated
threonine residues were taken from a previous study (Bártová
et al. 2004).

Table 2. Summary of conserved residues (using CDK2 numbering) of protein kinases with assigned functions

Residue Location Function

G11, G13, G16 G-loop Phosphorylation site of cdk; substrate-binding site

V18 G-loop The ATP-binding pocket

A31 b3 strand The ATP base-binding pocket

K33 b3 strand Catalytic residue

R50 PSTAIRE (C-helix) Interaction with pT160 residue

E51 PSTAIRE (C-helix) Catalytic residue, the ATP stabilization

F80, E81 b5 strand The ATP-binding pocket

H125, D127 The HxD-motif histidine adjoining the catalytic loop Catalytic residue

K129 Loop between a3-helix and b6 strand Catalytic residue

P130 Loop between a3-helix and b6 strand Catalytic residue

N132 b7 strand Catalytic residue

D145 Loop between b8 strand and aL12 helix Catalytic residue

F146 Loop between b8 strand and aL12 helix Role is less clear; stabilization of the C-helix

G147 aL12 helix Flexibility of T-loop

L148 aL12 helix Proline pocket

A149 aL12 helix Proline pocket

V163, V164 Activation segment Plays a role in CMGC kinase activation, proline pocket

T165 Activation segment Proline pocket

L166 Activation segment P-2i-arginine, CDK specific role

W167 Activation segment P-3i-aromatic residue

R169 Activation segment CMGC specific residues; interactions with V164;

proline pocket

Y168, A170, P171, E172,

I173, Y180

Activation segment CMGC specific residues; plays a role in CMGC

kinase activation

D185, W187, G190, A194 a4-helix Interaction with catalytic loop

G220 CMGC insert Connection of CMGC insert to a5-helix

R274 Loop between a6- and a7-helix Salt bridge to E172

Functional flexibility of CDK2
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