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Abstract A cyclin-dependent kinase (CDK) 5 inhibitory
peptide (CIP) from p25 was recently reported to inhibit
CDKS5/p25 activity in vitro but had no effect on endoge-
nous cdc2 kinase activity. This may lead to a specific
CDKS5 inhibition strategy in the treatment of neurodegen-
eration. However, the mechanism of the inhibition remains
unclear. In this work, molecular dynamics simulations and
energy decomposition calculation models were set up to
investigate the deregulation mechanisms of CIP on CDKS
activity. The results show that truncation of the N, and C
terminals of p25 introduces important conformational
changes into a hydrophobic pocket that is crucial for
accommodating Ile153 on the activation loop of CDKS5.
In addition, such truncations lead to distortion and
displacement of the activation loop and consequently affect
binding of the substrate peptide. New inhibition sites for
selectively inhibiting the activity of CDKS5 are also
suggested.

Keywords Molecular dynamics simulations -
Cyclin-dependent kinase - Inhibition - Energy decomposition

Introduction

Cyclin-dependent kinases (CDKs) constitute a family of
serine/threonine kinases. Their activity is regulated by
interaction with activator proteins [1-6]. These protein
kinases catalyze the phosphoryl transfer of the y-phosphate
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group of ATP to serine, threonine, or tyrosine residues
of protein substrates to trigger a series of downstream con-
sequences [7—13]. According to reported crystallographic
[14, 15] and theoretical structures, these CDKs have very
similar three-dimensional (3D) structures as reflected in
their very high sequence similarity. They all possess a fold
comprising an N-terminal domain composed largely of a
[3-sheet with one helix, and a larger C-terminal domain
composed of mostly «-helices. Although most CDKs in
this family have been implicated in the regulation of the cell
division cycle and are activated by cyclins, emerging
evidence suggests that CDKS5 is a unique member of this
group. Unlike another important member of the family,
CDK2, which plays a critical role in cell division cycle
related diseases (e.g. cancer [3, 16, 17]), CDKS5 has an
indispensable role in the central nervous system. Deregu-
lation of CDKS activity by proteolytic conversion of p35 to
p25 has been implicated in neurodegenerative diseases such
as Alzheimer’s disease, Parkinson’s disease, etc [18-22]. In
the past decades, many ATP-competitive inhibitors of cell
cycle control related CDKs have been suggested [23-27],
and several of them have progressed to clinical trials
targeting diverse types of cancer. Within the CDK group
of kinases, CDK inhibitors fall into three classes: those that
are not selective for any specific CDK, those that inhibit
CDK1, 2 and 5, and those that are selective for CDK4 and
6. Although specific inhibition of a protein kinase is highly
desirable, it remains a challenge in drug design [26, 28-30].
No inhibitor that is selective for a single CDK has yet been
discovered, probably due to the high degree of conservation
of the amino acids lining the CDK ATP-binding pocket
[31, 32].

The 20 important amino acids in the active sites of
CDKI1 and CDK2 are all the same, and 18 of these 20
amino acids are also found in CDKS5, implying that most of
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the known inhibitors share similar binding patterns in these
CDKs. New methods or mechanisms to explore new types
of inhibitors with good selectivity are, therefore, considered
highly desirable.

Normally, CDKs are activated in a two-step regulation
[14, 33], namely, the binding of cyclins confers basal kinase
activity, and phosphorylation of specific amino acids on the
activation loop (T-loop) results in full activity. CDKS is,
however, fully activated only by binding of the activating
proteins p35 or p39 with the T-loop via extensive
interactions [15].

It has been reported that the activator protein p35 of
CDKS5 does not share detectable sequence similarity with
the cyclins [15]. p35 binds CDKS5 with exquisite selectivity
but does not appreciably bind to or activate other members
of the CDK family. A recent CDK5/p25 crystal structure
[15] showed that p25, the truncated form of p35, presents a
cyclin-box fold domain—the structural motif in the cyclins.
The position of this domain relative to the kinase closely
resembles that occupied by cyclin A when bound to CDK2.
Recently, Pant et al. [34, 35] found that a further truncation
of p25 (145-293) yields a CDKS5 inhibitory peptide (CIP,
154-279) that can specifically inhibit CDKS5/p25 activity
by reducing the phosphorylation of tau in HEK293 cells. It
has a higher binding affinity than p25 but does not affect
the activity of CDK2. This suggests that CIP may act as a
specific CDKS inhibitor. The mechanism of inhibition
remains unclear. In this work, the influences of the terminal
truncations on p25 and CIP are investigated first by molec-
ular dynamics (MD) simulations. Both MD simulations and
molecular mechanics-Poisson-Boltzmann/surface area
(MM-PBSA) energy decomposition are then established to
help understand the properties of the CDKS/CIP/ATP/
HHASPRK complex, because it has been reported that
CDKS5 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 are the phosphorylatable
serine or threonine, X is any amino acid and P is the proline
residue in the +1 position. By comparing with our previous
MD simulations of the CDK5/p25/ATP/HHASPRK com-
plex and other reported results, the mechanism of inhibition
of CIP is elucidated and suggestions for specific inhibition
and the development of new selective peptide inhibitors with
respect to CDKs are offered.

Methods
Molecular dynamics simulations
Molecular dynamics simulations were carried out using the

SANDER module of AMBER 9.0 with the Cornell et al.
all-atom force field [36]. Prior to the MD simulations, the
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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 parameters [37].
Fitting of the charges to the ESP was performed with the
RESP program [38] of the AMBER package. GAFF [39]
force fields parameters and RESP partial charges were
assigned using the ANTECHAMBER module.

The starting geometry of p25 was generated from X-ray
structures obtained from the Protein Data Bank (PDB ID
code: 1UNL) [40]. CIP was obtained by truncating both
ends of p25 in Accelrys Discovery Studio (Accelrys
Discovery Studio v2.0.0.7264, Accelrys Software, http:/
accelrys.com/). CDKS5/CIP/ATP/HHASPRK was derived
from structure superimposition by sequence alignment with
the Accelrys Discovery Studio software suite. To reflect
actual experimental conditions, we docked the averaged
structure of CIP together with CDK5/ATP/HHASPRK to
investigate the influence of CIP on phosphate transfer
reactions. ATP and HHASPRK were generated from the
crystal structure of CDK2/cyclinA/ATP/HHASPRK. All
simulations were performed at neutral pH. Lys and Arg
residues were positively charged and Asp and Glu residues
were negatively charged. The default His protonation state
in Amber9 was adopted. Counter ions were added to
maintain the electroneutrality of all the systems. Each
system was immersed in a 10 A layer truncated octahedron
periodic water box. In all cases, the layer of water
molecules contained around 11,000 TIP3P [41] 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 [42] using a cubic B-spline interpolation
with a 107 tolerance for the direct-space and a 12 A non-
bonded cutoff. Bond lengths involving hydrogen atoms
were constrained using the SHAKE algorithm [43]. All
systems were minimized prior to the production run. To
further verify the calculations, MD simulations of CIP and
CDKS5/CIP/ATP/HHASPRK were carried out with two
different minimization and heating strategies (set 1 and 2)
to generate different starting configurations of the protein
systems for the production computations to investigate the
influence of the truncations. The minimization steps of
simulation set 1 of CIP and CDK5/CIP/ATP/HHASPRK,
performed with the SANDER module under constant
volume conditions, consisted of four steps. All heavy
atoms in both proteins and ligands were restrained with
degressive forces of 500, 100, and 5 kcal mol ' A1,
respectively. In the first three steps, minimization of the
solvent molecules and hydrogen atoms of the systems
involved 250 cycles of steepest descent followed by 250
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cycles of conjugate gradient minimization. All systems
were then relaxed by 500 cycles of steepest descent and
1,000 cycles of conjugate gradient minimization in the last
step. Then, after a 2 ps MD 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. p25 was preprocessed with the set 1 minimization
and heating strategy.

In simulation set 2, all the heavy atoms of CIP and
CDKS5/CIP/ATP/HHASPRK were restrained with forces of
100 and 5 kcal mol', respectively. The systems were
minimized with 250 cycles of steepest descent followed by
250 cycles of conjugate gradient minimization. All systems
were then relaxed by 1,000 cycles of steepest decent and
1,500 cycles of conjugate gradient algorithms. Finally, they
were heated directly to 300 K in 30 ps.

The production parts of all the systems took 10 ns
(except for CDK5S/CIP/ATP/HHASPRK in simulation set 2,
which spanned 12.5 ns) in the NPT ensemble at 300 K with
Berendsen [44] temperature coupling and constant pressure
(1 atm) with isotropic molecule-based scaling [44].

MM-PBSA calculations

Binding free energies and energy decomposition of all
systems were analyzed using the MM-PBSA [45] approach
to highlight the electrostatic and van der Waals contribu-
tions to the binding of ATP, substrate and ion with the
kinase.

The binding free energies (AGpqg ) Were computed as:

AGying = AG(complex) — [AG(protein) + AG(ligand)]

(1)
AGing = AEgs + AAGo, — TAS 2)
AEgas = AEjy; + AEgie + AEygw (3)
AGsoly = AGpb + AGronpolar (4)

The sum of molecular mechanical energies, AEg,,, can
be divided into contributions from internal energy (AE;,),
electrostatic potential (AE,) and van der Waals (AE,qy)
potential. The solvation free energy (AGy,y) is composed
of two parts: polar solvation free energy (AGpg) and
nonpolar salvation free energy (AGponpolar). All energies
are averaged along the MD trajectories. The snapshots
of each system were sampled from the last 8 ns single

trajectory with an interval of 50 ps. The single trajectory
approach was applied to estimate the energies. Estimation
of energies in this manner has proven successful in our
previous [46—48] and many other studies [49—51]. Part of
the reason for the success of this approach is the
cancellation of errors, which masks the effect of incomplete
sampling. A logically better approach is the use of separate
trajectories of protein—ligand complex, free protein and
free ligand. Unfortunately, due to sampling limitations, the
separate trajectories approach appeared to be significantly
less stable in numerical studies [49]. E,,s was obtained
using SANDER, and estimation of AGpg was conducted
with a built-in module, PBSA, in AMBER. Gygpoiar Was
determined from Eq. 5,

AGnopolar =yA+ b (5)

where A is the solvent-accessible surface area estimated
using Sanner’s algorithm [52] with a solvent probe radius
of 1.4 A and the PARSE atomic radii parameters [53]. In
Eq. 5, v and b are empirical constants and are set to
0.00542 kcal mol ™' A2 and 0.92 kcal mol ™', respectively.

Results and discussion
Influence of truncation of p25 on the conformation of CIP

CIP (154-279) is a N- and C-terminal-truncated form of
p25 (145-293). According to the crystal structure of the
CDK5/p25 complex and our previous MD simulations [47,
54], intensive and stable hydrophobic interactions exist
between the N terminal (Thr148, Leu299, Leu300), C
terminal (Phe282, Val285, Phe286, Leu289) and «2
(Pro198, Alal99, Val202, Tyr205) helices of p25 (helices
named according to Tarricone et al. [15]). These stabilize
the conformation of the protein during the long-term
dynamic process. Truncation of p25 to CIP might lead to
severe impairment of these interactions. Therefore, CIP, p25
and CDKS5/CIP/ATP/HHASPRK were entered into long-
time MD simulations to investigate the influence of these
truncations on the conformation. To show that the simula-
tion results are not overly sensitive to the initial config-
urations, different preprocessing strategies were employed
to give different initial configurations of CIP and CDKS5/
CIP/ATP/HHASPRK for the production run. Initially, the
conformation of the proteins was analyzed to explore the
effect of the truncations. Similar behavior of a motif in CIP
were detected in both the simulation sets.

Figure | (a,b) shows that both sets of simulations with
the two different strategies reflect some degree of fluctua-
tion of the CIP conformation. Comparing the averaged
structures from MD simulations of CIP and that of p25
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reveals an obvious displacement of o«6. The relatively
oscillatory RMSD curves of the helix in CIP (Fig. 1) and
the flat curve of a6 in p25 (Fig. 1c) seem to indicate that
fluctuation of the helix is one of the causes of the CIP
motion. The curves in Fig. 1a,b show that it is very hard for
«6 to remain in its original position as in p25, and that part
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of the helix unfolds into a small coil in the absence of
stabilizing forces from the interactions between the C/N
termini and C-terminal/x2 helix. However, when combined
with CDKS5 in CDKS5/CIP/ATP/HHASPRK, «6 presents a
stable conformation in the complex after an initial obvious
displacement and fluctuation. As seen in Fig. 1d and e, the
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Table 1 Energy contribution of the T-loop and the «-helix of cyclin-dependent kinase (CDK) 5 to the binding of CDK5/p25/ATP/HHASPRK and

CDKS5/CIP/ATP/HHASPRK. Values are in kcal mol™

U VDW van der Waals, ELE electrostatic, TOT total

T-loop «-helix
Interactions VDW ELE TOT VDW ELE TOT
CDKS5/p25/ATP/HHASPRK —66.44 —371.63 -212.3 —58.16 —285.84 —412.94
CDKS5/CIP/ATP/HHASPRK —63.36 —332.17 —203.54 =70.71 —414.02 —426.06

results of the different simulation sets reveal similar
changes in the helix; after an apparent movement in each
production run, the helix slowly adopts a stable position
and conformation after about 6 ns (0.3—6.3 ns in simulation
set 1, Fig. 1d, 4.2-10 ns in set 2, Fig. le). The relatively
long duration of fluctuations of o6 might be due to the very
flexible coil at the end of the helix. Hence, from both MDs
it seems that some interactions from CDK5 with CIP could
maintain the helix in a steady environment. Considering the
very similar displacement and conformational changes seen
in MDs with different initial configurations of CIP and CDKS5/
CIP/ATP/HHASPRK, the following discussion, which is
based on results from simulation set 1, can also be applied
to other configurations.

In the CDKS5/CIP/ATP/HHASPRK combination, it was
found that amino acids Glu274, Asn276 and Asp278 shift
toward the «3 direction by 6.82 A, 6.55 A and 8.46 A,
respectively, due to displacement of x6. This means that the
6 and « helix (45-51) of CDKS are much closer together
than they are in the CDK5/p25/ATP/HHASPRK complex,
and that more electrostatic interactions occur between «6
and the helix (45-51). The energy decomposition calcu-
lations also show that the interactions contributed from the
o helix (45-51) are larger than those in the CDK5/p25/
ATP/HHASPRK complex (Table 1).

Influence of truncation on the hydrophobic pocket
accommodating Ile153

The hydrophobic binding pocket lined by residues Alal99,
Met237, 1le275, Ala277, Pro279 and Phe282 of p25 has
been reported [15] to be very important for accommodating
Ile153 on the CDKS5 activation loop (the T-loop) that is
crucial for the activation of CDKs. The recognition and
binding of Ile153 may contribute to the stabilization of the
T-loop and the selectivity of CDK5/p25. In CIP, however,
Pro279 and Phe282 are truncated from the N terminus, so
their interactions with Ilel53 are missing. Ile275 and
Ala277 are displaced away from their original locations
due to the displacement of «6 and, consequently, the helix
displaces slightly from its original position due to the lack
of strong interactions between the N/C terminals and the «2
helix. The displacement causes a 5.14 A shift of Ala199

compared to its position in p25. All these changes in the
positions of the residues result in changes in both the shape
and location of the hydrophobic pocket, as seen in Fig. 2.
The displacement and unfolding of the o6 helix also
cause the T-loop to be pushed away from its original
position in the CDKS5/p25/ATP/HHASPRK complex
(Fig. 2). Moreover, the conformation of the loop is also
distorted during the simulations. For instance, the displace-
ments of Ilel153 and Argl56 are 5.57 A and 5.65 A,
respectively. Due to the variations in the hydrophobic
pocket in p25, Ile153 cannot reside at its original location.
Instead, it remains outside the new pocket with a different
side chain conformation as shown in Fig. 2. All the changes
seem to impact the interaction between the T-loop and CIP.
For example, the van der Waals contribution from the side
chain of Ile153 in CDK5/p25/ATP/HHASPRK and CDK5/
CIP/ATP/HHASPRK is —3.64 and —1.71 kcal mol ', respec-
tively, and the electrostatic contributions from the side chain
of Ser159 in CDKS5/p25/ATP/HHASPRK and CDKS5/CIP/
ATP/HHASPRK are —11.17 and —1.77 kcal mol ', respec-
tively. Hence, with the distortion and displacement of the
T-loop, the contributions of the two important interacting
residues are apparently impaired. Energy decomposition
calculations of the contribution of the T-loop to the CDKS5/
p25 and CDKS5/CIP bonds are consistent with the results of
Ile153 and Serl59, as seen in Table 1. A comparison of the

Iled14 _'

.;‘J""';"" 5 Aia‘%}\i ré .

Fig. 2 Displacement of the T-loop and the hydrophobic pocket for
Ile153. The T-loop of CDKS5 and the hydrophobic pocket for Ile153 of
p25 and CIP in CDKS5/p25/ATP/HHASPRK and CDKS5/CIP/ATP/
HHASPRK are colored orange/yellow and green/blue, respectively.
Ile153s on the T-loops of CDK5/p25/ATP/HHASPRK and CDKS5/CIP/
ATP/HHASPRK are highlighted with orange and green, respectively
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van der Waals and electrostatic contributions of the T-loop in
both complexes shows that the T-loop does not bind as
tightly in CDK5/p25 as when binding with CIP. It seems that
truncation of the termini affects the shape and position of the
hydrophobic pocket binding with Ile153. As a result, Ile153
cannot recognize and fit snugly into CIP. It has been reported
that Tle153 is critical for association with p25 and could
contribute to the selectivity of the CDK5/p35 interaction,
and that the T-loop is crucial for the activation of CDKS.
Changes to the hydrophobic pocket might, therefore, affect
activation of the kinase.

According to our MD simulations, it seems there is no
other obvious conformational deviation apart from the
influence of the CIP on the T-loop. From the structure of
CDKS5/p25, it can be seen that two important motifs in
CDKS, namely the «-helix (45-51) and the T-loop (145—
165), contribute to the most important interactions with
p25. The energy decomposition calculations are listed in
Table 1. As mentioned previously and as shown in the
table, both the van der Waals and electrostatic contributions
from «-helix (45-51) are increased significantly due to
the displacement of «6, resulting in tighter interactions
between the two helices. According to experimental results,
CIP exhibits higher affinity for CDKS5 than p25. The decreased

Fig. 4 Left Original positions of ATP and HHASPRK peptide in
CDKS5/p25/ATP/HHASPRK, right original and displaced substrate
HHASPRK (purple/vellow), ATP (multicolored/dark gray) and mag-
nesium ion (red star shape) in CDKS5/p25/ATP/HHASPRK and
CDKS5/CIP/ATP/HHASPRK. The serine on the original and displaced
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binding affinity between the T-loop of CDKS5 and CIP
according to energy calculations seems to be compensated by
tighter binding with other parts of the kinase.

CIP inhibition of the phosphate transfer reaction

From both the crystal structure of pT160CDK2/cyclinA/
ATP/HHASPRK [55] and our previous MD simulations on
CDK5/p25/ATP/HHASPRK [47], a suitably shaped pocket
with an unfavorable Vall64 conformation of CDK2 or
CDKS is specific for a proline at the P+1 position. In the
present system, the shape of the valine pocket is intact
because of the displacement and distortion of the T-loop.
However, the pocket is displaced slightly from its original
position, which might affect how the proline is accommo-
dated. Consequently, the substrate peptide HHASPRK
cannot be properly held in the binding site. The displace-
ments of the o carbon atoms of the substrate residues
(HHASPRK) are 3.22, 2.08, 4.78, 6.47, 9.78, 10.91 and
13.58 A, respectively. This means that the movement of the
N-terminus of the substrate is smaller than that of the C-
terminus. The strong hydrogen bonding phosphate groups
of ATP(OP) continue to exist throughout the whole
dynamic process (Fig. 3). This might drag the peptide

HHASPRK %
CDKS/CIP

HHASPRK are also depicted on the right. Distances between O of
the serine and the yP of ATP in CDKS5/p25/ATP/HHASPRK and
CDKS5/CIP/ATP/HHASPRK and the displacement of the ion are 4.06,
3.25 and 3.63 A, respectively
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away from the binding site and, in addition, distort the
conformation of the phosphate group of ATP. At the same
time, a closer look at the topology of the substrate and the
CDKS/CIP structure shows that the C-terminus is the end
closest to CIP (Fig. 4), which probably indicates that
fluctuation of the truncated activator during MD simula-
tions affects the interactions between the substrate and CIP
itself. From Fig. 4, it is clear that both the long phosphate
side chain and the magnesium ion adopt new positions after
10 ns of MD simulations. The displacement of the yP and
the ion are 3.96 and 3.63 A, respectively, whereas the
CDKS part maintains a perfectly steady conformation. It
has been proven that the correct coordination around the
magnesium from amino acids Asnl31 and Asnl44 is
crucial for the phosphate transfer reaction [47, 54]. In
CDK5/p25/ATP/HHASPRK, the coordination between
ODI1 of Asnl31 and Asnl44 is 2.11 and 1.93 A, respec-
tively. However, after displacement of the ion, the distances
to the ion and the oxygen atoms are 5.29 and 7.00 A,
respectively, which means the ion has a different and
improper coordination environment due to displacement of
the phosphate group and the ion itself; consequently, the
phosphate transfer does not seem to happen.

Conclusions

In this work, the influence of N and C terminal truncations
of p25 on the binding of CDKS5 and the substrate peptide
HHASPRK was explored through MD simulations and
energy decomposition calculations. Interactions among the
N and C termini and the o2 helix of p25 were first
investigated. It turns out that, without the interactions, the
o6 helix of p25 fluctuates continuously during the dynamic
process, and, because of the truncation and fluctuations, the
hydrophobic pocket accommodating Ile153 from the T-loop
of p25 is also distorted and can no longer bind the
hydrophobic amino acid. Binding energy contributions
from the T-loop to the CDKS5/CIP complex are, thus, lowered.
However, energy decomposition calculations indicate that
reduction of the binding energy in the T-loop area can be
compensated by other enhanced interactions, for example, the
« helix (45-51) of CDKS5.

Due to the displacement of the a6 helix, the conforma-
tion of the T-loop of CDKS is distorted and pushed away
from its original position. As a result, the substrate peptide
HHASPRK cannot be held in the binding site. During the
displacement of the substrate, the strong hydrogen bond
formed between O and 0" also drags the phosphate
chain of ATP and the magnesium ion away from their
original locations. Without a proper coordination environ-
ment around the ion, the phosphate transfer reaction does
not seem to occur.

Our work leads us to suggest new ways to inhibit CDK5
by disrupting the interactions between the crucial hydro-
phobic interactions between Ile153 on the T-loop of CDKS5
and the activator to prevent complete activation of the
kinase. Groups or substituents impairing or replacing
those important hydrophobic interactions might selectively
inhibit CDK5 but without any influence on activity of
other CDKs.
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