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ABSTRACT: Despite the very similar 3-dimensional structures as reflected by the more than 60% identity
in amino acid sequences, CDK2 and CDK5 have very different functions and characteristics. Phospho-
rylation on a conserved Thr14 can inhibit activities of both the kinases, but phosphorylating another
conserved Tyr15, however, can lead to totally opposite inhibition and stimulation consequences in CDK2
and CDK5. Our molecular dynamics (MD) simulations suggest a similar inhibition mechanism of
phosphorylation on the Thr14 as in the CDK2 system. In both the systems, the kinase activities are inhibited
by the phosphorylation because it causes ATP phosphate moiety misalignment and changes in the Mg2+

ion coordination sphere, which have been proven to be critical for the phosphate group of the ATP
transferring to the hydroxyl group on the serine in the substrate peptide. The calculations indicate that
ATP adopts a more favorable conformation and location in the phosphorylated Tyr15 complex to facilitate
the interactions with the substrate and the Mg2+ is wrapped more strongly by the phosphate group than
in the unphosphorylated system, which might be favored by the transfer reaction.

Cyclin-dependent kinase 5 (CDK5), also known as neu-
ronal CDK2-like kinase, is a unique member of the small
serine/threonine CDK1 family, in which most of the family
members play a central role in the control of the eukaryotic
cell division cycle (1-3). CDK5 was discovered in the early
1990s (4), and since then, great progress has been made in
identifying this multifunctional kinase. The best known role
for CDK5 is in regulating the cytoarchitecture of the central
nervous system (CNS), but there is also evidence that links
CDK5 activity to the regulation of the cytoskeleton, axon
guidance, membrane transport, synaptic function, dopamine
signaling, and drug addiction (4, 5). Recent investigations
have revealed that CDK5 is involved in biological pathways
important for several diseases, such as Alzheimer’s disease,
amyotropic lateral sclerosis (ALS), Parkinson’s disease, etc.
(6-10).

Structures of CDK5 determined to date by X-ray diffrac-
tion studies show that, as with other CDKs (11-15), CDK5
possesses a fold comprising an N-terminal domain composed
largely of aâ-sheet with one helix, the C helix (residues
PSAALRE), whose correct orientation is important for
catalysis, and a larger C-terminal domain composed of mostly
R-helices. Close to the C helix is an inhibitory loop, the
glycine-rich loop (G-loop), whose primary sequence includes
three highly conserved glycine residues. The G-loop plays

an important role in the CDK activity regulation and forms
the “ceiling” of the ATP-binding site, which is also called
the catalytic site. The site is at the domain interface with
residues important for ATP binding contributed from both
domains and residues important for substrate peptide binding
located almost exclusively in the C-terminal domain. These
eukaryotic protein kinases catalyze the phosphoryl transfer
of the γ-phosphate group of ATP to the serine, threonine,
or tyrosine residue of protein substrates, which include the
neuron-specific cytoskeletal proteins Neurofilament and Tau,
the L1S1 and Dynein-associated protein Nudel, etc. (16-
24). Phosphorylation of the target protein can have dramatic
downstream consequences, leading to conformational re-
sponse, activation or inhibition of catalytic activity, associa-
tion or dissociation of complexes, and translocation to
different cell compartments (25).

As with other CDKs, active CDK5 is also a proline-
directed kinase that phosphorylates in vitro serines and
threonines immediately upstream of a proline residue (5).
In addition to an absolute requirement for proline in the+1
postion (26, 27), CDK5 shows a marked preference for a
basic residue in the+3 position and phosphorylates the
consensus sequence (S/T)PX(K/H/R), where S or T is the
phosphorylatable serine or threonine, X is any amino acid,
and P is the proline residue in the+1 position. In this family,
both CDK1 and CDK2 have an identical substrate specificity
to that described for CDK5 (28). Like other CDKs, mono-
meric CDK5 shows no enzymatic activity and requires
association with a regulatory partner for activation (5).

Normally, activities of CDKs are regulated by multiple
mechanisms that include inhibitory or activated phosphory-
lation of conserved residues in the inhibition loop (G-loop)
and/or activation loop (T-loop) (29-30). The G-loop has two
possible phosphorylation sites, Thr14 and Tyr15. Phospho-
rylation of both the residues by the dual specificity kinase

* Corresponding author. Tel: 65-6516 8808. Fax: 65-6779 1459.
E-mail: mpetanbc@nus.edu.sg.

‡ Zhejiang University.
§ National University of Singapore.
† This work was supported by the Ministry of Education, Singapore

(Grant R265000245112).
1 Abbreviations: CDK, cyclin-dependent kinase; MD, molecular

dynamics; G-loop, glycine-rich loop; T-loop, activation loop; HB,
hydrogen bonding; pT14/CDK5/p25/ATP/HHASPRK or pT14, phos-
phorylated-Thr14/CDK5/p25/ATP/HHASPRK; pY15/CDK5/p25/ATP/
HHASPRK or pY15, phosphorylated-Tyr15/CDK5/p25/ATP/HHASPRK.

10841Biochemistry2007,46, 10841-10851

10.1021/bi700890t CCC: $37.00 © 2007 American Chemical Society
Published on Web 08/22/2007



Wee1 and Myt1 normally inhibits CDK activity, whereas
phosphorylation of Thr160 in the T-loop of CDK2 (or Thr161
of CDK1) by the CDK-activiated kinase (CAK) is necessary
for maximal activation (31). However, in spite of the very
similar 3-dimensional structures as reflected in their sequence
identity of 60% between CDK2 and CDK5, the latter has
different regulation mechanisms. Although Tyr15 is well
conserved in CDK5, it cannot be phosphorylated by Weel1
in vitro (32); instead, it is phosphorylated by c-Abl, and this
phosphorylation is enhanced by association of CDK5 with
an Abl-binding adaptor protein called Cables (33). Unexpect-
edly, phosphorylation of CDK5 on Tyr15 is stimulatory and
increases CDK5 kinase activity, which is totally contrary to
what happens in CDK1 and CDK2.

Recently, the crystal structure of phosphor-CDK2/cyclinA
in complex with Mg2+ ADP, nitrate, and a heptapeptide
substrate was determined to study the catalytic mechanism
by using both structural and kinetic studies (34). The results
support the notion that the protein kinase reaction proceeds
through a mostly dissociative mechanism with a trigonal
planar metaphosphate intermediate. Ba´rtová et al. (35, 36)
and Endicott et al. (37) explained the mechanisms of
inhibition of phosphorylation of Thr14 and Tyr15, theoreti-
cally and experimentally, respectively. It was proposed that
inhibitory phosphorylation of Thr14 causes ATP misalign-
ment and a shift of the magnesium ion. This leads to an
increase in the Ser-ATP distance (35, 36). According to
Endicott et al. (37), the mechanism of inhibition phospho-
rylation on the Tyr15 is quite different from that of the Thr14.
Their crystal structure shows that the phosphorylated Tyr15
side chain adopts a “swung out” conformation so that the
phosphate group is exposed to the solvent and sterically
blocks the binding of the peptide substrate and consequently
reduces the CDK2/substrate binding affinity.

The objective of this work is to study the dynamics of the
unphosphorylated CDK5/p25/ATP/HHASPRK, phosphory-
lated-Thr14/CDK5/p25/ATP/HHASPRK (pT14/CDK5/p25/
ATP/HHASPRK or pT14), phosphorylated-Tyr15/CDK5/
p25/ATP/HHASPRK (pY15/CDK5/p25/ATP/HHASPRK or
pY15), in particular, the interactions of CDK5 with ATP and
with peptide substrate. Findings from our simulations will
be compared with the behaviors of the CDK2 systems
inhibited by phosphorylation in the inhibitory sites Thr14
and Tyr15 to shed light on the different inhibition/activation
mechanisms in CDK2 and CDK5 systems.

It is worthy of note that there are different conformations
of the unphosphorylated Tyr15 side chain in some CDK2
crystal structures (34, 37, 38), and the “swung out” phos-
phorylated Tyr15 can give strong evidence of the inhibition
mechanism for CDK2. Considering the similarities between
3D structures of CDK2 and CDK5, if the phosphorylated
Tyr15 in CDK5 also adopts a flipped-out conformation like
that in the CDK2 complex, one might also imagine a similar
interaction mode between the phosphate group on the residue
and the substrate peptide, which might imply a similar
inhibitory mechanism. However, as mentioned previously,
Tyr15 in CDK5 cannot be phosphorylated by the protein
Wee1 (32), which normally phosphorylates Tyr15 in CDK2.
Instead, it is phosphorylated by c-Abl. Thus, it can be
speculated that conformations of Tyr15 can be adjusted when
it is being phosphorylated because of the different interac-
tions between phosphorylation proteins and the CDKs. In

the present work, phosphate groups are simply added onto
the original Thr14 and Tyr15 to present the phosphorylations
due to lack of experimental data showing any possibility of
the change of the Tyr15 before or after phosphorylation.

MATERIALS AND METHODS

Molecular Dynamics Simulations.Molecular dynamics
simulations were carried out using the SANDER module of
AMBER 8.0 with the Cornell et al. all-atom force field (39).
Prior to the MD simulations, the values for some of the force
field parameters for the ligands had to be developed because
of the lack of reported data. Optimization of the ligands was
first achieved with the Gassuian98 package at the HF/6-31G*
theoretical level. Electrostatic potentials (ESP) were then
generated with Merz-Singh-Kollman van der Waals pa-
rameters (40). Fitting of the charges to the ESP was
performed with the RESP program (41) of the AMBER
package. GAFF (42) force field parameters and RESP partial
charges were assigned using the ANTECHAMBER module.

The starting geometries for the simulations of all the
complexes were generated from X-ray structures obtained
from the Protein Data Bank (PDB ID code: 1UNL, 1QMZ,
respectively). Phosphorylations of the Thr14 and the Tyr15
were derived from manual modifications of the crystal
structure of CDK5/p25/roscovitine (1UNL). ATP and
HHASPRK are generated from the crystal structure of
CDK2/cyclinA/ATP/HHASPRK.

All simulations are at neutral pH. Lys and Arg residues
are positively charged, and Asp and Glu residues are
negatively charged. The default His protonation state in
Amber8 is adopted. Counterions were added to maintain the
eletroneutrality of all the systems. Each system was immersed
in a 10 Å layer truncated octahedron periodic water box.
The layer of water molecule in all cases contained around
11,000 TIP3P (43) water molecules in each of the complexes.
A 2 fs time step was used in all the simulations, and long-
range electrostatic interactions were treated with the particle
mesh Ewald (PME) procedure (44) using a cubic B-spline
interpolation and a 10-5 tolerance for the direct-space and
with a 12 Å nonbonded cutoff. Bond lengths involving
hydrogen atoms were constrained using the SHAKE algo-
rithm (45). All systems were minimized prior to the
production run. The minimization, performed with the
SANDER module under constant volume condition, consists
of 4 steps. All heavy atoms in both proteins and ligands were
restrained with degressive forces of 500, 100, 5 kcal/mol,
respectively. In the first 3 steps, minimization of the solvent
molecules and hydrogen atoms of the systems involved 250
cycles of steepest descent followed by 250 cycles of
conjugate gradient minimization. All systems were then
relaxed by 500 cycles of steepest descent and 1000 cycles
of conjugate gradient minimization in the last step. Then,
after a 2 ps molecular dynamics relaxation under NPT
conditions, the whole system was heated to 300 K in steps.
The system was first heated to 100 K during 10 ps and then
to 200 K during the next 10 ps, and then to 250 K in another
10 ps. Finally, it was heated to 300 K in the last 20 ps. The
production parts of all the systems took 5 ns in the NPT
ensemble at 300 K with Berendsen (46) temperature coupling
and constant pressure (1 atm) with isotropic molecule-based
scaling (46).
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MM-PBSA Calculations.Binding free energies and energy
decomposition of all the systems were analyzed using the
MM-PBSA (molecular mechanics Poisson-Boltzmann/
surface area) (47) approach to highlight the electrostatic and
van der Waals contributions in the binding of ATP, substrate
and ion with the kinase.

The binding free energies(∆Gbind) were computed as

The sum of molecular mechanical energies,∆Egas, can be
divided into contributions from internal energy (∆Eint),
electrostatic potential (∆Eele), and van der Waals (∆Evdw)
potential. The solvation free energy (∆Gsolv) is composed of
two parts: polar solvation free energy (∆GPB) and nonpolar
salvation free energy (∆Gnonpolar). All energies are averaged
along the MD trajectories. The snapshots of each system were
sampled from the last 3 ns single trajectory with an interval
of 20 ps. The single trajectory approach is applied to estimate
the energies. Estimation of energies in this manner has
proven successful in our previous (48, 49) and many other
studies (50-52). Part of the reason for the success of this
approach is the cancellation of errors that hides the effect of
incomplete sampling. A better approach may be the use of
separate trajectories of protein-ligand complex, free protein,
and free ligand. Unfortunately, due to sampling limitations,
the separate trajectory approach appeared to be significantly
less stable.Egaswas obtained using SANDER, and estimation
of ∆GPB was conducted with a built-in module, PBSA in
AMBER. Gnopolar was determined from eq 5,

whereA is the solvent-accessible surface area estimated using
Sanner’s algorithm (53) with a solvent probe radius of 1.4
Å and the PARSE atomic radii parameters (54). γ andb are
empirical constants and are set to 0.00542 and 0.92 kcal/
mol, respectively.

RESULTS

Compared with the initial structures, no major structural
changes are found in the kinases during all the simulations,
except for some minor ones in the inhibition loop (G-loop)
of the p15Y/CDK5/p25/ATP/HHASPRK. However, obvious
conformational changes or displacement of ATP are observed

during the first 1.5 ns of the three simulations compared with
the conformation in the crystal structures as indicated by
deviations in the root-mean-square from both the initial
structure (Figure 1) and the time-averaged structures over
our 5 ns simulations (Figure 2).

Important dihedral angles and distances in the averaged
and the initial structures are listed in Table 1 to show the
ATP conformational changes, the displacement of the ATP
phosphate group, and the coordination bonding network
around the Mg2+ ion during the simulations (see Scheme 1
for atom labeling). The dihedral angle between the adenine
and ribose moieties, C6-N1-C5-C4, is used to depict the
whole conformation change by revealing the relative posi-
tions of the long phosphate group and the adenine part. The
other dihedral angles are employed to describe the conforma-
tion of the ATP phosphate group. The distances between
the phosphorus atoms indicate the displacement of the ATP
phosphate group during the simulations.γP-Oser denotes
the distance between the terminal phosphorus on the ATP
phosphate group and the hydroxyl oxygen atom on the serine
of the peptide substrate. All the distances involving Mg2+

are used to define the coordination environment around the
ion.

Inhibition Mechanism of Phosphorylation on the Thr14.
Dramatic conformational changes and reorientation of ATP
occurred in the pT14 complex within the pT14/CDK5/p25/
ATP/HHASPRK. From Table 1, it can be seen that distances
between theRP, âP, andγP of the ATP in the initial and
averaged structures are 3.49 Å, 5.03 Å, and 4.14 Å,
respectively, implying an obvious shift of the phosphate
group toward the margin of the ATP-binding cleft. The
reorientation of the phosphate group also results in a 2.78 Å
shift (Mg2+

I-Mg2+
A) of the Mg2+ ion position. The rotations

of torsion angles C2-C1-O10-RP and âP-O6-γP-O3

make O7 and O8 on theRP and O2 and O3 on theγP approach
the relocated Mg2+ to establish a stronger four-oxygen
coordinated network instead of the three-oxygen (O2, O8,
and O6) coordination sphere in the initial structure. The
displacement of the phosphate group causes a loss of OD1

coordination by Asn144 (distance between the ion and the
OD1 increases from 1.85 Å to 4.97 Å), and no other
contributors, such as water molecules or residues, are
detected around the ion to offer the sixth coordination
interaction.

Structural Analyses of p15Y/CDK5/p25/ATP/HHASPRK
and CDK5/p25/ATP/HHASPRK Systems.A periodical move-
ment of G-loop is detected in our simulations, but only in
the unphosphorylated complex. No conformational change
of the G-loop has been reflected during the p14T/CDK5/

FIGURE 1: The root-mean-square deviations from starting structures for CDK5/p25 and ATP in the unphosphorylated (UP, UATP), the
pT14 (T14P, TATP) and the pY15 (Y15P, YATP) complexes.

∆Gbind ) ∆G(complex)- [∆G(protein)+ ∆G(ligand)] (1)

∆Gbind ) ∆Egas+ ∆∆Gsolv - T∆S (2)

∆Egas) ∆Eint + ∆Eele + ∆Evdw (3)

∆Gsolv ) ∆GPB + ∆Gnonpolar (4)

∆Gnopolar) γA + b (5)
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p25/ATP/HHASPRK simulations. In contrast to the pT14
complex, both the Thr14 and the pY15 present a much more
stretched conformation in the pY15/CDK5/p25/ATP/
HHASPRK system, and the G-loop moves away from the
PSAALRE direction as shown in Figure 3a. In comparing

the positions of the pT15 and the Thr14 in the averaged
structure with those in the initial structure, it is measured
that the hydroxybenzene group moves (outward and down-
ward) by 4.03 Å with the CB atom of the Thr14, 6.72 Å
moving along the same direction as the pY15, as shown in

FIGURE 2: Superimposed initial and averaged structures of ATP and coordination sphere of Mg2+ in the pY15 (a), the unphosphorylated
(b), and the pT14 systems (c). All the hydrogen atoms are omitted for clarity. All the oxygen atoms in the averaged and initial structure of
ATP are colored light blue and red, respectively; phosphorus, pink and light green, respectively; carbon, dark green and yellow, respectively;
ion, light gray and red, respectively.
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Figure 3a. However, the movements of the residues are
terminated when strong hydrogen bonds (HB) are formed
between the pY15 phosphate group and the NZ of the Lys33
(Table 2), similar to what happens between the O3P on the
pT14 and the NZ on the Lys33 in the pT14 complex. From
Table 2, it can be seen that strong HBs are established
between the O4, O5 on theâP in the ATP phosphate group
and the N or OG1 on the Thr14 almost throughout the whole
simulation. Thus, together with the displacement of the
Thr14, theâP is also pulled 2.51 Å away from the original
position in the pY15 complex. Consequently, the dramatic
movement of theâP affects the conformation of the rest of
the phosphate group. By looking at the variations of the
values of the torsion anglesâP-O6-γP-O3 and C1-O10-
RP-O8, from -99.4° to -179.8°, and from 65.8° to 156.4°,
respectively, it is clear that both theRP and theγP moieties
rotated to the new conformations. As a result, the O2, O3 on
the γP and the O7, O8 on the RP move close enough to
strongly coordinate with Mg2+. Together with the coordina-
tion contributions from the Asn131 and Asn144, the Mg2+

eventually achieves a stable hexacoordinated sphere. Also,
due to the rotation of theγP moiety, the O1 on theγP points
directly to the substrate serine, and form a very strong HB
(the bond length is only 2.60 Å) with the hydroxyl group.
In comparison with the distance of 5.37 Å forγP-Oser in
the CDK5/p25/ATP/ HHASPRK system, theγP-Oser dis-
tance is only 4.21 Å in the p15Y/CDK5/p25/ATP/HHASPRK
complex.

Our 5 ns simulations of the CDK5/p25/ATP/HHASPRK
system also detected a 1.5 ns time scale periodical motion
of the G-loop. However, the movement of the loop is not
very obvious, and the RMSD value of the loop during the
whole simulation time fluctuates between 0.5 Å and 1.4 Å,
as shown in Figure 4. In Figure 3b, it is clear that the
averaged G-loop only shifts slightly from the original position
due to a small shift of the Thr14. The small shift of the Thr14
makes the apex of the loop move up slightly in comparison
to the initial structure. Similar to what happens in the pY15
complex in the unphosphorylated combination, the OG1 and
N in the Thr14 form strong HBs with the O4 and O5 on the
âP, and the strong HBs lead to a rotation of the torsion angle
âP-O6-γP-O3 as well. This changes the conformation of
the γP moiety. As a result, theγP moiety adopts a similar
conformation to that in the pY15 combination. So the O2

and O3 on the γP can also coordinate with the Mg2+.
However, the slight movement of the Thr14 cannot influence
the conformation of theRP moiety very significantly. The
O7 atom, therefore, cannot be rotated to the position as that
in the pY15 complex to coordinate with the ion. Instead, a
water molecule is detected around the ion to contribute the
sixth coordination site. A 5 ns residence time of the water
was traced during the simulation, and the averaged distance
between the water molecule and Mg2+ is only 1.95 Å,
indicating that the coordination of water is strong and
stable.

Energetic Properties of All the Complexes.Considering
the impracticality of normal mode calculations for the large
size of these complexes and the uncertainties in the entropic
calculation, entropic effects of the solute are not explicitly
taken into account. For a series of compounds with similar
structures and binding modes, the entropy contribution can
be omitted if one is only interested in the relative order of
binding affinities (55). Detailed information of the forces
involved in ATP binding can be obtained by analyzing the
MM-PBSA energy contributions, which are listed in Table
3 for all the systems. The total electrostatic interactions
(ELEtot) in the pY15, the pT14, and the unphosphorylated
systems, which are composed of the gas phase (ELEg) and
the solvation electrostatic (ELEs) contributions, are-181.57,

Table 1: Geometrical Parameters in All the Complexes

initial structure pY15 unphosphorylated pT14

C2-C1-O10- RPa -137.4 -170.4 -173.2 -147.1
âP-O6- γP-O3 46.9 130.8 141.4 124.8
C1-O10-RP-O8 65.8 156.4 -128.6 75.1
γP-O9-âP-O4 -99.4 -179.8 -109.7 -66.3
O9-âP-O6-γP 159.3 116.2 69 56.6
C6-N1-C5-C4 -59 -72.4 -92.2 -103.9
RP-RPb 1.27 1.50 3.49
âP-âP 2.51 1.35 5.03
γP-γP 2.82 1.78 4.14
Mg2+

I-Mg2+
A

c 1.49 0.75 2.78
Mg2+-O2 2.25 1.67 1.79 1.75
Mg2+-O3 1.69 1.79 1.77
Mg2+-O6 2.12
Mg2+-O7 1.79 1.81
Mg2+-O8 2.07 1.74 1.84 1.79
Mg2+-OAsn131 1.25 1.90 2.12 1.94
Mg2+-OAsn144 1.85 1.96 4.97
Mg2+-NAsn144 1.85
Mg2+-OWAT 1.95
γP-Oser 3.68 4.21 5.37 5.30

a Unit: degree (°). b Unit: angstrom (Å).c I ) initial structure,A ) averaged structure.

Scheme 1: Structure of ATP with Atom Labeling Used in
This Article
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-102.10, and-72.24 kcal/mol, respectively. The electro-
static contributions to the solvation energy of the pY15 and
the unphsophorylated complexes are close to each other
(1213.12 and 1280.74 kcal/mol, respectively), and both are
higher than that of the pT14 combination.

To understand the importance of the water molecule in
the CDK5/p25/HHASPRK system and the individual coor-

dination contribution from each factor in the coordination
sphere in both the p15Y and the unphosphorylated com-
plexes, binding energies between the ion and the rest of the
complex are calculated separately by including and excluding
the water molecules. As given in Table 3, it is clear that the
ELEs (665 kcal/mol and 678 kcal/mol, respectively) and the
VDW/nonpolar (34.84 kcal/mol and 30.22 kcal/mol, respec-

FIGURE 3: Superimposed initial (green) and averaged (yellow) structures of the pY15 (a) and the unphosphorylated (b) systems. CDK5 and
the substrate peptide are schemed with solid ribbon. Conformations of Thr14, Tyr15, and Lys33 are presented by stick, and ATP, ball and
stick.

10846 Biochemistry, Vol. 46, No. 38, 2007 Zhang et al.



tively) contributions are similar when the water molecule is
included or excluded; therefore, it seems the biggest differ-
ence of the binding affinities is mainly from the difference
of the ELEg contributions. In the CDK5/p25/ATP/HHASPRK
complex, it can be seen that, with and without the coordina-
tion from the water molecule, the binding energies (E) are
-341.62 kcal/mol and-262.42 kcal/mol, respectively,
indicating a contribution of about-80 kcal/mol from the
water molecule. Meanwhile, it is noticed that the ELEg

contributions, when the water molecule is included and
excluded, are-1041.62 kcal/mol and-971.09 kcal/mol,
respectively, which means around-70 kcal/mol energy
difference out of the-80 kcal/mol contributes from the gas
phase electrostatic interactions.

When combined with geometrical parameters in Table 1,
the ELEg andE coordination interactions from the O8 (about
-181 kcal/mol and-40 kcal/mol, respectively) can be
calculated easily by comparing the electrostatic contribution
and the binding energy in the pY15 with that in the water-
excluded CDK5/p25/ATP/HHASPRK system. If we assume
that these are averaged ELEg andE contributions from the

oxygen atoms on the ATP phosphate group, the total ELEg

andE contributions from the two residues, about-428 kcal/
mol, -231 kcal/mol, respectively, thus, can be determined.
That means the averaged ELEg andE contributions from the
residue are around-214 kcal/mol and-165 kcal/mol.
Accordingly, the ELEg andE contributions (-724 kcal/mol
and -160 kcal/mol) from the four oxygen atoms on the
phosphate group, which are around 63% and 45% out of
the total ELEg andE (-1194 kcal/mol and-352 kcal/mol)
from all the coordination interactions, indicate a very strong
chelation.

Binding of Substrate Peptide.The HHASPRK peptides
are tightly bound to the substrate binding box throughout
all the simulations. However, obvious and periodical oscil-
lation of the RMSD curves of the peptides is detected during
the simulations, as shown in Figure 5. To look into the
interactions and dynamic properties of the peptide during
the simulations, distances between the R side chain and the
G-loop are traced to monitor the movement of the side chain
in the CDK5 complexes. Our simulations suggest that the
long side chain does not simply approach the negatively
charged groups; instead, it keeps swinging during the
simulations (Figure 5).

DISCUSSION

Inhibition Mechanism of Phosphorylation on the Thr14.
Simulations from Ba´rtová and his co-workers (35, 36)
suggested that the CDK2/cyclinA/ATP/HHASPRK system
is inhibited by phosphorylation on the Thr14 because the
phosphorylation causes ATP phosphate moiety misalignment
and changes in the Mg2+ ion coordination sphere. It also
causes the G-loop to shift away from the ATP binding site.
Our calculations propose a similar inhibitory mechanism of
phosphorylation on the G-loop Thr14 of CDK5. Considering
the short distance (1.81 Å) between two big negatively
charged phosphates groups on the phosphorylated Thr14 and
ATP, respectively and possibly due to both the strong
electrostatic repulsion and steric clashes between them in
the initial structure, the occurrence of the dramatic confor-
mational changes and reorientation of ATP in the pT14
complex during the simulations is understandable and
reasonable. Except for the loss of the coordination by the
Asn144, no water molecules are discovered around the ion
to offer the sixth coordination interaction. It is possible that
the rotation of the O7 repels water molecules which originally
can coordinate with the Mg2+ as shown in the crystal
structure. All the analyses imply that the correct hexacoor-

Table 2: Properties of Hydrogen Bonds in All the Complexes

complex hydrogen bond duration

mean
distance

(Å)

mean
angle
(deg)

pY15 O4(ATP)‚‚‚HN(Thr14) 95.97 2.90 23.16
O4(ATP)‚‚‚HOG1(Thr14) 91.66 2.73 18.02
O5(ATP)‚‚‚HN(Gly16) 85.24 3.02 18.31
N3(ATP)‚‚‚HN(Asn144) 74.37 3.05 28.06
O1(ATP)‚‚‚HOG(Ser) 72.25 2.60 13.72
O5(ATP)‚‚‚HN (Thr14) 44.42 2.94 43.49
O5(ATP)‚‚‚HOG1 (Thr14) 18.25 3.08 38.19
O3P(pY15)‚‚‚HZ1NZ(Lys33) 34.20 2.84 23.24
O3P(pY15)‚‚‚HZ3NZ(Lys33) 21.69 2.88 29.00
O3P(pY15)‚‚‚HZ3NZ(Lys33) 18.93 2.86 25.40
OE2(Glu51)‚‚‚HN3(ATP) 56.17 2.97 28.32

unphosphorylated N4(ATP)‚‚‚HN(Cys83) 97.97 3.07 16.48
O5(ATP)‚‚‚HOG1(Thr14) 88.54 2.72 17.22
O5(ATP)‚‚‚HN (Thr14) 86.93 2.82 25.28
O4(ATP)‚‚‚HOG1(Thr14) 16.84 2.86 17.40
O4(ATP)‚‚‚HN (Thr14) 37.56 3.05 30.24
O(Glu81)‚‚‚HN3(ATP) 99.18 2.96 23.02
O(WAT6959)‚‚‚HO13(ATP) 81.32 2.70 14.92

pT14 O2P(pT14)‚‚‚HZ1NZ(Lys33) 91.22 2.80 20.87
O2P(pT14)‚‚‚NH(Gly146) 92.21 2.98 29.28
N3(ATP)‚‚‚HZ2NZ(Lys33) 64.46 2.89 22.57
O1P(pT14)‚‚‚HZ1NZ(Lys33) 15.63 3.32 47.08
O(WAT18742)‚‚‚HO13(ATP) 63.23 2.72 14.93
ND2(Asn144)‚‚‚HN3(ATP) 59.52 3.15 21.49
O(WAT1577)‚‚‚HN3(ATP) 55.60 3.06 35.82

FIGURE 4: RMSD of G-loop in all systems.
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dination of the Mg2+ ion observed by a structural study has
been changed. It has been suggested that the proper
coordination, together with the appropriate orientation and
conformation of ATP phosphate group, is crucial for the
phosphate transfer reaction between ATP and the serine
hydroxyl on the substrate (34-36). As a result, the loss of
the kinase activity after the Thr14 phosphorylation in the
CDK5 system can be explained similarly as that with the
CDK2 complex.

Structural Analyses of p15Y/CDK5/p25/ATP/HHASPRK
and CDK5/p25/ATP/HHASPRK Systems.The glycine-rich
loop (G-loop) enables CDKs to adopt a wide range of
backbone conformations. The significance and functional
importance of this domain in cAMP-dependent protein
kinases have been described in detail (25, 35, 36, 56-58).
Our results show that, although the pT14 group pushes the
ATP phosphate group to a new position in the active site in
the p14T/CDK5/p25/ATP/HHASPRK complex, no obvious
influence has been found in the group itself and the
conformation of the G-loop. This is probably because the
strong HB interaction between the O3P on the pT14 and the
NZ on the Lys33 (Table 2) anchors the phosphorylated
threonine to its original position. The G-loop in the pY15
system has an obvious change compared to the pT14
complex (Figure 3a). This is illustrated by investigating the
interactions from the environment around the pY15. The big
phosphate group on the pY15 points into a relatively small
cavity enclosed by twoâ-sheets (residues 66-71 and 75-
81, respectively) and the PSAALRER-helix in the initial
structure. Thus, it is likely that strong electrostatic and steric
interactions emerge between the pY15 and the small cavity.
Consequently, the pY15 might be pushed out of the cavity.
The movement of the pY15 and the Thr14 during the
simulations affects not only the conformation of the G-loop
but also the conformation of the ATP phosphate group and
the coordination of the ion in the pY15 complex, and
eventually leads to a more stable hexacoordinated sphere of
the Mg2+, which is, as mentioned above, crucial for the
phosphate transfer to the substrate serine. It is worthy of note
that the displacement of the Thr14 and the shift of the ATP

phosphate group might be larger if not for the fixation of
the pY15 by the Lys33 in the pY15 system. Consequently,
the coordination network may not be organized correctly.
Also, because of the conformational change of theγP moiety,
the γP-Oser in the pY15 complex is largely shortened
compared to that in the unphosphorylated system, and a very
strong HB with the serine hydroxyl group is established. Both
the γP-Oser distances in the two complexes are within the
reasonable phosphate transfer reaction range (5.7 Å) (34).
The significant decrease in the distance will undoubtedly
facilitate the occurrence of the transfer reaction.

For the unphosphorylated complex, the phosphate group
also adjusts to new conformations to form a new coordination
sphere due to the small displacement of the Thr14 (Table
1). As with the p15Y/CDK5/p25/ATP/HHASPRK complex
and the previous crystal structural investigation, oxygen
atoms of Asn131 and Asn144 can also offer coordination
interactions correctly except for the 3 coordinations from
ATP. Since the water molecule gives rise to a strong and
stable coordination, Mg2+ has an accurate hexacoordination
sphere in the CDK5/p25/ATP/HHASPRK system. This is
crucial for the phosphate group transfer. The importance of
the water molecule will be discussed later.

Energetic Properties of All the Complexes.The negative
electrostatic (ELEtot) values in the binding energies of all
the complexes indicate that the electrostatic interactions are
favorable in the association between ATP and the receptors,
and the gas phase electrostatic contributions (ELEg) are more
dominant. Observing theEvdw + ∆Gnonpolarcontributions, it
is clear the van der Waals/nonpolar interactions also facilitate
the binding of the substrate to the kinase, although the
interactions are relatively weaker. The smaller ELEs value
of the pT14 complex is possibly caused by the displacement
of the ATP phosphate group. The displaced group is closer
to the edge of the active site, comparing with that in the
other two complexes, which means that less desolvation
energy is needed during the process of ATP entering into
the active site. As a result, the ELEtot of the pT14 system is
lower than that of the unphosphorylated complex although
the gas phase electrostatic contribution in the pT14 complex
(-1232.84 kcal/mol) is obviously weaker than those of the
pY15 and the unphosphorylated systems, which are-1394.69
and-1352.98 kcal/mol, respectively, due to the compensa-
tion of the ELEs contributions.

Considering the structural similarities and differences in
the binding of ATP in the CDK5/p25/ATP/HHASPRK and
the p15Y/CDK5/p25/ATP/HHASPRK combinations, analy-
ses of binding energy and energy decomposition were also
carried out to illustrate the mechanism of CDK activation
by phosphorylation on the Tyr15. Hydrogen-bonding interac-
tions between ATP and the protein in all the systems are
compared by combining a gas phase electrostatic contribution
analysis. As presented in Table 2, the number of HBs
between ATP and kinase with duration longer than 50% in
the p15Y/CDK5/p25/ATP/HHASPRK, CDK5/p25/ATP/
HHASPRK, and p14T/CDK5/p25/ATP/HHASPRK combi-
nations are 5, 5, and 4, respectively, with averaged bond
lengths of 2.86 Å, 2.85 Å, and 2.95 Å. This means that, after
ATP entered into the active site, there are more and stronger
electrostatic interactions in the former two complexes than
in the third. As reflected by the values given in Table 3, the
ELEg contributions in the p15Y, unphosphorylated, and the

Table 3: Energy Contributions of ATP, Mg2+ Binding with the
Receptorsa

ATP Binding

pY15 unphosphorylated pT14

ELEg -1394.69 -1352.98 -1232.84
VDW -8.09 -12.73 -6.94
ELEnonpolar -4.33 -4.39 -4.12
ELEs 1213.12 1280.74 1130.73
E -193.99 -89.36 -113.17

Mg2+ Binding

unphosphorylated

pY15 water included water excluded pT14

ELEg -1152.08 -1041.62 -971.09 -1194.78
VDW 40.29 35.37 30.64 39.30
ELEnonpolar -0.42 -0.43 -0.42 -0.42
ELEs 720.93 665.05 678.45 803.34
E -391.29 -341.62 -262.42 -352.56

a ELEg: gas phase electrostatic interaction. VDW: gas phase van
der Waals interaction. ELEnonpolar: nonpolar contribution to the solvation
energy. ELEs: electrostatic contribution to the solvation energy. Unit:
kcal/mol.
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p14T systems are-1394.69 kcal/mol,-1352.98 kcal/mol,
and-1232.84 kcal/mol, respectively. This suggests that the
misalignment of the phosphate group in the ATP-binding
cleft severely impairs the hydrogen-bonding environment in
the complex.

The coordination sphere and the contributions from groups
around the ion are explored to illustrate the importance of
the correct coordinating environment from an energy point
of view. As discussed above, the ion shares different
coordination environments in these three complexes. In the
p14T system, it is pentacoordinated (Figure 2c); in the p15Y
complex (Figure 2a), a hexacoordination exists; and in the
unphosphorylated combination, it is also hexacoordinated
(Figure 2b) but occurs with different coordination contribu-
tors in comparison with that in the p15Y complex. By
calculating the binding energies between the ion and the rest
of the complexes when the water molecule is included or
excluded, it is clear that about-80 kcal/mol energy
contribution is from the water molecule, which makes it an
important coordination factor. Hence, a missing coordinated
water molecule in the coordination environment might cause
very serious consequences to the transfer reaction.

Taking into account the strong chelation between the
oxygen atoms on the phosphate group, it is not surprising
why the misalignment of the phosphate group can also pull
the Mg2+ along with its displacement and so cause an obvious
shift of the ion in the pT14 complex.

Binding of Substrate Peptide.According to Bártováet al.
(35, 36), the insertion of the negatively charged phosphate
group at the Thr14 or the Tyr15 position causes the positively
charged R side chain in the CDK2 systems to interact with
this group. However, different behaviors of the side chain
are detected in our simulations. As seen in Figure 5, the shape
of the distance curve describing the side chain movement is
similar to the peptide RMSD curves, suggesting that the
RMSD oscillation mainly results in the movement of the R
side chain, even though the reason of the swinging remains
unclear.

Due to the structural differences between cyclinA and p25,
some clashes exist between the terminal K side chain and
the R3-R4 loop when the initial structures were generated.
Consequently, the K side chain has to adjust its conformation
or position to eliminate the clashes to keep the peptide in
the substrate binding box during the simulations. The side
chain can stretch either toward the cleft sandwiched by the
CDK5 and p25 or toward the outside of the cleft. Our
simulations, however, give both possibilities; in the p14T

complex, the side chain points into the cleft, and in the other
two combinations, it extends to the outside of the cleft. By
looking into the binding energy contribution from three
crucial residues (Asn387, Glu388, and Ile389) on p25
interacting with the lysine, it is found that the residues
contribute similarly to the binding even if they interact with
the different conformations of the lysine side chain. In the
p15Y, p14T, and unphosphorylated systems, the contributions
from the 3 residues are-140.19 kcal/mol,-126.34 kcal/
mol, and-133.74 kcal/mol, respectively, indicating that the
conformation of the residue has minor influence on the
peptide binding with the p25 part.
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