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Abstract In the current work, CDK5/p25 complexes were
pulled apart by applying external forces with steered
molecular dynamics (SMD) simulations. The crucial inter-
actions between the kinase and the activation protein were
investigated and the SMD simulations showed that several
activation-relevant motifs of CDK5 leave p25 in sequence
during the pulling and lead to an apo-CDK2 like CDK5
structure after separation. Based on systematic examination
of hydrogen bond breaking and classical MD/molecular
mechanics-generalized Born/surface area) (MM-GBSA)
calculations, a CDK5 activation mechanism by p25 is
suggested. This is the first step towards the systemic
development of CDK inhibitors and the mechanism
proposed could lead to a better understanding of the
protein–protein recognition characteristics between the
kinase and its activator.
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Introduction

Cyclin dependent kinases (CDKs) constitute a family of
serine/threonine kinases. They play a central role in the

coordination of eukaryotic cell cycles and their activity is
usually regulated by binding with cyclins [1–7]. CDK5,
however, is a unique member of this family. CDK5 is not
involved in cell cycle regulation but plays an indispensable
role in the central nervous system (CNS). The kinase was
discovered in the early 1990s [8], and great progress has
been made since then in characterizing this multifunctional
protein. The best known role for CDK5 is in regulating the
cytoarchitecture of the CNS [9], but there is also evidence
linking CDK5 activity to the regulation of the cytoskeleton,
axon guidance, membrane transport, synaptic function,
dopamine signaling and drug addiction [8, 10, 11]. 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. [12–16].

The human p25 and CDK5 proteins were recently
coexpressed and crystallized [10, 17]. X-ray diffraction
studies have shown that the subunit of the kinase shares a
very similar three-dimensional (3D) structure with CDK2
[18]—a very well investigated family member—as
reflected in their 60% sequence identity. Both kinases are
folded into a typical bi-lobal conformation, comprising an
N-terminal domain composed largely of a β-sheet with one
helix, the C helix (PSAALRE; PSTAIRE in CDK2)—
whose correct orientation is important for catalysis, and a
larger C-terminal domain composed of mostly α-helices. A
deep ATP-binding cleft (the catalytic site) resides between
the two domains. The crystal structure also displays a
similar topology for p25 complex with CDK5. Although
the activator protein of CDK5, p25, does not share
detectable sequence similarity with the cyclins [10] and
binds CDK5 with exquisite selectivity, it does not bind
appreciably to or activate other members of the CDK
family. It presents a cyclin-box fold domain, which is the
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structural motif found in the cyclins. The position of this
domain relative to CDK5 closely resembles that occupied
by cyclin A when bound to CDK2. Interestingly, in spite of
all the structural and topological similarities, CDK5 and
CDK2 have distinct activation mechanisms [10]. Normally,
CDKs are activated by a two-step mechanism, namely,
binding of cyclins confers basal kinase activity and
phosphorylation of specific amino acids on the activation
loop (T-loop) results in full activity [18, 19]. CDK5 is,
however, fully activated only by binding of the activating
proteins with the T-loop via extensive interactions [10, 20].
The activation loop in free CDK2 cris-crosses the entrance
of the catalytic cleft, rendering the ATP inaccessible to the
protein substrate [18].

In cyclin A-bound CDK2, the loop stretches away from
the entrance of the cleft and stays close to cyclin A. The new
conformation substantially relieves the steric hindrances at
the entrance to the ATP-binding cleft. The crystal structure of
the CDK2/cyclin A complex has contributed to a general
model for cyclin binding and CDK activation [18–20].

Because of its high amino acid sequence similarity with
CDK2, it is assumed that CDK5 has a similar inactive
structure as CDK2 and that the activation mechanism of the
kinase by p25 follows that of CDK2 by cyclin A [10, 20].
Despite an abundance of information on CDKs and CDK/
activator complexes [21–24], little is known about the
dynamic process governed by adhesive interactions during
the binding or unbinding of the activators with the kinases.
No crystallized apo-CDK5 structures are yet available.

Classical molecular dynamics (MD) methods can only
be used to simulate systems under equilibrium conditions
[25–29]. For those molecules under non-equilibrium con-
ditions, caused, for example, by tensile force, classical MD
would need enormously long computational times to
achieve the same effect, or the effect would not be observed
at all [30]. To be able to simulate processes such as binding
or unbinding, the classical method requires the implemen-
tation of new algorithms. Steered molecular dynamics
(SMD) allows for the application of a time-dependent
external force to manipulate biomolecules [30–33]. This
can facilitate the unbinding of ligands from proteins and
also provides full atomistic details of the process that are
not usually available from experimental techniques, such as
details of geometry changes [34–39].

In this work, unbinding of p25 from CDK5 is first
performed by applying a force with different spring
constants. The conformational changes in CDK5 during
unbinding are explored by investigating interactions be-
tween crucial activation components involved in both
CDK5 and p25. By comparing with the results from
molecular mechanics-generalized Born/surface area (MM-
GBSA) energy decomposition, an unbinding sequence of
different parts of the kinase from the activator can be

suggested. Finally, a CDK5 activation mechanism is
deduced based on all the available unbinding information.

Methods

MD and SMD simulations

Both conventional and SMD simulations were carried out
using the AMBER9 program package [40] with the all-
atom force field of Cornell et al. [41] on an HP Xeon Two
Sockets Quad-Core 64-bit Linux cluster. The starting
geometries for the simulations of the complexes were
generated from X-ray structure obtained from the Protein
Data Bank (PDB ID code: 1UNL). 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 Amber9 was adopted. Counter ions
were added to maintain the electroneutrality of all the
systems. The classical and SMD systems are immersed in
10 Å and 30 Å layers, respectively, of truncated octahedron
periodic boxes of TIP3P water molecules [42]. A 2 fs time
step was used in all the simulations and long-range
electrostatic interactions were treated with the particle mesh
Ewald (PME) [43] procedure using a cubic B-spline
interpolation and a 10−5 tolerance for the direct-space and
with a 12 Å non-bonded cutoff. Bond lengths involving
hydrogen atoms were constrained using the SHAKE
algorithm [44]. All systems were minimized prior to the
production run. The minimization, performed with the
SANDER module under constant volume condition, con-
sisted of four steps. All heavy atoms in both proteins and
ligands were restrained with c forces of 500, 100, 5 kcal
mol−1, 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
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, the systems were heated to 300 K in three steps.
The systems were 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, they were heated to 300 K in the last
20 ps.

The production parts of classical MD took 5 ns in the
NPT ensemble at 300 K with Berendsen [45] temperature
coupling and constant pressure (1 atm) with isotropic
molecule-based scaling [45]. A 150 ps equilibrium run was
followed by SMD simulations. Three different spring
constants of 1, 10 and 40 kcal mol−1Å−2 were applied
between CDK5 and p25 to test the effects of different force
increments on the protein structures during the unbinding
process. The complexes were separated at a speed of 4 m s−1
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until the distance between the proteins reached 40 Å, which
means the SMD simulation took 1 ns. To keep computational
time practicable, the pulling speed was much faster than
those used in atomic force microscopy experiments. How-
ever, speeds were limited by the computational cost but were
still within the reasonable range used in many reported SMD
simulations [46–51]. The mass centers of the major atoms
that form intermolecular interactions between CDK5 and p25
were specified to be pulled as shown in Fig. 1. The process
of the unbinding phenomenon is considered to be dependent
on the direction of pulling. However, the direction of pulling
itself can be defined in numerous ways, and there is no
previous report on the unbinding of CDK5/p25 complex as
far as we know. The pulling direction in the current system
was assigned on all hydrogen bonding contributor pairs
between the kinase and the activator protein for effective
separation of the complex.

MM-GBSA calculations

The energy decomposition of the CDK5/p25 complex was
analyzed using the MM-GBSA [52] approach to highlight
the electrostatic and van der Waal contributions to the
binding of the kinase to the activator.

The binding free energies (ΔGbind) are computed as:

ΔGbind ¼ ΔG complexð Þ � ΔG proteinð Þ þΔG ligandð Þ½ �
ð1Þ

ΔGbind ¼ ΔEgasþΔGsolv� TΔS ð2Þ

ΔEgas ¼ ΔEintþΔEeleþΔEvdw ð3Þ

ΔGsolv ¼ ΔGGBþΔGnonpolar ð4Þ
The sum of molecular mechanical energies, ΔEgas, can be

divided into contributions from internal energy (ΔEint),
electrostatic potential (ΔEele) and van der Waals (VDW;
ΔEvdw) potential. The solvation free energy (ΔGsolv) is
composed of two parts: polar solvation free energy (ΔGGB)
and nonpolar salvation free energy (ΔGnonpolar). All energies
are averaged along the MD trajectories. The snapshots are
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 and many other studies [25–28, 53,
54]. Part of the reason for the success of this approach is the
cancellation of errors that mask the effect of incomplete
sampling. A better approach is 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
in numerical study. Egas is obtained using SANDER, and
estimation of ΔGGB was conducted with a built-in module,
GBSA in AMBER. Gnonpolar was determined from Eq. 4,

ΔGnonpolar ¼ gAþ b ð5Þ
where A is the solvent-accessible surface area (SASA)
estimated using Sanner’s algorithm [55] with a solvent probe
radius of 1.4 Å and the PARSE atomic radii parameters [56].
γ and b are empirical constants and are set to 0.00542 and
0.92 kcal mol−1, respectively.

Results and discussion

Influences of different spring constants on unbinding

Different spring constants were applied between CDK5 and
p25 to explore the influences of different force increments
on the conformations of the proteins during the unbinding
processes. The rupture force vs time, the root mean square
deviation (RMSD) values of the CDK5/p25 complexes, the
CDK5 and p25 units, and the C-helix and T-loop parts of
CDK5 generated from the three sets of SMD simulations
are shown in Fig. 2. According to Bell’s model (Eq. 6) of
specific adhesion under applied force FR [33, 57–59], when
the pulling speed is fixed, within the same time span, a
larger spring constant means a faster time-dependent
increase in rupture force during a pulling manipulation, as
described in Fig. 3.

FR ¼ kBT

xb
ln

F 0xb
kBTkoff

ð6ÞFig. 1 Pulling sites of CDK5/p25. All pulled motifs are highlighted in
yellow
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Here, kB is Boltzmann’s constant, T is absolute temper-
ature, xb is the distance between the bound state and the
energetic maximum, F′=kv is the loading rate (where k is
the spring constant and v is the velocity), and koff is the
kinetic rate of binding dissociation at equilibrium.

Comparing the curves of the RMSD data of CDK5, p25
and the C-helix, from Fig. 2a–c reveals that the pulling
operations with spring constants of 1 and 40 kcal mol−1Å−2

introduce relatively big fluctuations of the CDK5 unit, as

reflected by the larger oscillations in the RMSD curves. For
example, as shown in Fig. 2d and Fig. 3, when the spring
constant is 1 kcal mol−1Å−2, both the separation of CDK5
and p25 and the unbinding force increase more slowly than
the other two simulations. Snapshots of the SMD simulations
at 330 ps (when the spring constant is 10 kcal mol−1Å−2) and
620 ps (1 kcal mol−1Å−2), respectively, are extracted and
shown in Fig. 4. The figure shows that when the structures
are superimposed, there is very little change in the positions

Fig. 2 The root mean square deviation (RMSD) values of CDK5, p25, the C helix when the spring constants (k) are a 1 kcal mol−1Å−2, b 10 kcal
mol−1Å−2 , and c 40 kcal mol−1Å−2 , respectively. d, e RMSD curves of the CDK5/p25 complex and the T-loop for different spring constants
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of the α5 helix of p25 from one snapshot to the other but
obvious differences in the rest of the activator. Furthermore,
as can be seen in Fig. 2a,b, the RMSD values of p25 at the
620 ps and 330 ps are around 2.75 Å and 1.25 Å,
respectively. This means a much slower displacement of
the α5 helix and a bigger distortion of p25 when the spring
constant is smaller. The same fluctuation of CDK5 happens
when the force constant is increased to 40 kcal mol−1Å−2

(Fig. 2c). It seems, from the above observations, that a
different force constant introduces a different force increase
when the pulling speed is fixed; however, when the
unbinding force increases too slowly, the unbinding process
needs more time to separate the complex, which probably
leads to bigger distortion of the proteins. On the other hand,
when the unbinding force increases too fast, the unbinding
might happen in less time, but results in bigger distortion. In

the present unbinding system, the spring constant 10 kcal
mol−1Å−2 showed a reasonable value to give a balance
between proper force increase and stability of the simu-
lations, and was therefore chosen for subsequent SMD data
collection.

Conformational changes of the C helix and the T-loop

Obvious conformational changes in the C helix and the T-
loop were observed during the unbinding processes
(Fig. 2b,e). As shown in Fig. 5, the C helix, together with
the loop preceding the helix (hereafter, p-loop) apparently
displaces from its original location towards the p25 side.
The distances between the CA carbon atoms of the tip
amino acid of the p-loop (Gly43) and the starting amino
acid of the C helix (Ser46) before and after pulling are

Fig. 5 CDK5 (yellow) and p25 (blue) after pulling and the original
CDK5 (green). The distorted and the original T-loops are colored blue
and red, respectively, for clarity. The amino acids Ser46, Ser47 and
Cys157 in the stretched and original CDK5 are highlighted in blue and
red, respectively. In this picture, the snapshot of p25 leaving CDK5 at
the last moment is adopted to illustrate the departure of the activator

Fig. 4 Superimposed snapshots at 330 ps (CDK5 is in yellow; p25,
blue; k=10) and 620 ps (CDK5, purple; p25, green; k=1)

Fig. 3 Force vs time curves for different spring constant (k) settings
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14.15 Å and 7.23 Å, respectively. This displacement of the
C helix brings it back to a location very similar to that of
the conformation of its counterpart in apo-CDK2 (Fig. 6).
Instead of the stretched conformation in the initial CDK5/
p25 combination, the T-loop adopts a curled appearance,
tilting up toward the ATP-binding cleft side, which again
resembles the T-loop topology and conformation in apo-
CDK2 [18]. The distance between the alpha carbon atoms
of Cys157 on the T-loop before and after the unbinding is
9.74 Å.

Hydrogen bonding analyses during the unbinding process

Hydrogen bonding (HB) drives strong noncovalent inter-
actions. The analyses of the crystal structures of CDK5/p25
[10] probe extensive electrostatic and VDW interactions
between the β sheet and a small loop following the C helix
(hereafter, f-loop) of CDK5 and the α5 helix of p25 (the
motifs of p25 are named and labeled according to reference
[10]). Important HB and distances between the crucial
amino acids of CDK5 and p25 during unbinding are traced
and listed in Table 1. Several selected distances are also
described in Fig. 7. From the figure, it is evident that some
of the distances appear very stable at the beginning of the
pulling and just start increasing abruptly, and almost
linearly, after some time (Fig. 7a,b); the phenomenon

involves only the HB distances listed in Table 1. The
sudden increase in the distances implies the breaking of HB
between the amino acids. The two curves, representing
distances of Ser46/Ile241 and Ser47/Ile241 (Fig. 7c), show
an interesting trend during unbinding. They reveal that the
serines located at the end close to the p-loop of the C helix
establish stable HB interactions with Ile241 in tandem
during a time span of about 500 ps when the complex is
being pulled apart. The total duration time of the two HBs
is clearly longer than that of the other HBs. Additionally,
the curve in Fig. 7d, which marks the changes in distance
between the p-loop of CDK5 and the α3–α4 loop of p25,
displays a relatively slow and smooth increase. This is
likely due to the fact that flexible loop–loop interactions
normally afford bigger conformational distortions. In this
case, the p-loop is dragged away slowly from its original
position towards the p25 pulling direction.

Energy decomposition of crucial interacting motifs
of CDK5

From the crystal structure [10], the C helix, β sheet and T-
loop of CDK5 are found to be the central motifs interacting
with p25. MM-GBSA energy decomposition was carried
out to investigate the binding properties and the unbinding
behaviors of the different parts of the kinase. Both the
electrostatic and VDW energy contributions from the
crucial amino acids of the motifs of CDK5 are listed in
Table 2. The total energy contribution, including the effect
from solvent water molecules, are also given as references.

From the table, it can be observed that the VDW and
electrostatic contributions from the T-loop (21 residues
145–165), −495.47 kcal mol−1, are much weaker than that
of the C helix (11 residues 45–55)/β sheet (9 residues 65–
73) part, −711.59 kcal mol−1, during the interaction with
p25. This means that unbinding of the T-loop area from p25
is easier than from the helix/sheet motifs area. The
interaction energy of the T-loop of CDK5 and CDK2 with
p25 and cyclin A, respectively, has been implied as being
crucial to the binding of both the kinase and activation
proteins [20]; our calculations seem to support those
conclusions and further indicate that the loop of CDK5 is
not the tightest binding motif with p25. Compared with the
energy contributions from the 21 residues of the T-loop,
interactions offered by the nine amino acids of the β sheet
(−318.65 kcal mol−1) are apparently tighter. However, when
compared with the energy contributions from the β sheet
and the C helix, the data reveal the tightest binding with a
value −392.94 kcal mol−1 contributed from the latter. If the
interaction from the p-loop is also taken into account, the
−415.01 kcal mol−1 energy contribution of C-helix/p-loop
could clearly indicate the last segment departing from p25
during unbinding.

Fig. 6 Superimposition of the original CDK5 (purple), the stretched
CDK5 (green, the T-loop is highlighted in red), and the apo-CDK2
(T-loop in blue)
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A deduced activation mechanism of CDK5 by p25

The HB analyses and the energy decomposition results
seem to suggest that the T-loop, the β sheet and the C helix
are the crucial domains of CDK5 interacting with p25, and
also imply an orderly displacement of the three different
motifs from p25. The T-loop, as a weak interacting part,
leaves p25 first, almost at the beginning of the pulling. The
HB interactions between the Cys157 on the T-loop and the
Asn239 on the α3–α4 loop of p25, however, still initiate an
obvious conformational change of the loop, resulting in a
conformation similar to the T-loop in apo-CDK2. With
further pulling, rupture of HBs between the rigid β sheet of
CDK5 and the α5 helix of p25 occurs. The HBs experience
rapid breaking when the pulling extends about 200–300 ps
(10–15 Å), which indicates a separation of the sheet from
p25. The C helix/p-loop (CDK5) and α3–α4 loop (p25)
interactions turn out to be the last group of unbinding
elements between the proteins, which introduce a large
displacement of the C helix and make the helix adopt a
position and conformation very similar to that of its
counterpart in apo-CDK2 (Fig. 6). Comparing with the
whole structure of apo-CDK2, it seems that the total
unbinding of p25 leads to an inactive CDK2-like CDK5
structure. Based on all the unbinding information, a
reversed process of unbinding is hereby proposed as the
activation mechanism of CDK5 by p25.

When p25 approaches CDK5 from the direction depicted
in Fig. 5, the α3–α4 loop first interacts with the Ser46
located at the starting section of the C helix to make the
first anchor between the two proteins. At the same time, the
interactions between the α3–α4 loop and the p-loop, for
instance, the VDW interactions between the side chain of

Ile241 (p25), and the Gly43, push the p-loop preceding the
C helix away from its original position to shift towards the
ATP-binding pocket side. Along with the continuous
displacement of p25, the HB between the Ser46 and the
Ile241 is slowly elongated and consequently impaired
before it finally breaks. The Ile241 is, however, now close
enough to form a stable HB with the next anchor point—
Ser47 on the C helix. The HBs in Fig. 7 illustrate clearly
that it is during the transition from the breaking and
establishment of Ser-Ile HBs (∼200–320 ps) that the HB
network between the f-loop and the β sheet and the α5
helix of p25 starts to become organized (∼100–300 ps). The
time overlap of the ∼200–320 ps and the ∼100–300 ps
indicates that the α5 helix, together with the other
components of p25, has arrived at the right position to
push the C helix into the catalytic cleft. This is further
supported by the big drop in the RMSD curve of the helix,
which descends around 300 ps in Fig. 2b. Subsequently, in
the presence of the driving force from p25 and the
relocation of the p-loop, translation and rotation of the C
helix toward the catalytic site is achieved.

According to the RMSD curve of the T-loop, the largest
and most important distortion of the loop happens very
rapidly in a very short time (<200 ps). When checking the
HBs between the loop and p25, interactions between
Cys157 and Asn239 were detected, which seem to be
crucial for the conformational change. The HBs are built
later than the Ser47–Ile241 bonding (∼100–200 ps,
Fig. 7e), and could have been formed during the final
phase of the displacement of the C helix into the ATP-
binding cleft. The tip of the α3–α4 loop approaches the T-
loop to block the entrance of the binding site and construct
HBs with Cys157. Following this, the α3–α4 loop pulls the

Amino acid of CDK5 Location Amino acid of p25 Location

Asp39-OD2 p-loop Lys254-NZ α5 helix

Gly43-CA p-loop Ile241-CA α3–α4 loop

Ser46-OG C h Ile241-O α3–α4 loop

Ser47-OG C helix Ile241-O α3–α4 loop

Ser46-OG C helix Tyr243-N α3–α4 loop

Lys56-NZ C helix Asn266-OD1 α5 helix

Glu57-OE1 f-loop Ser270-OG α5 helix

Glu57-OE2 f-loop Ser270-OG α5 helix

Glu57-OE1 f-loop Ser269-OG α5 helix

Glu57-OE2 f-loop Ser269-OG α5 helix

His71-NE2 β sheet Glu255-OE1 α5 helix

His71-NE2 β sheet Glu255-OE2 α5 helix

His71-NE2 β sheet Asp259-OD1 α5 helix

His71-NE2 β sheet Asp259-OD2 α5 helix

Cys157-SG T-loop Asn239-ND2 α3–α4 loop

Cys157-O T-loop Asn239-ND2 α3–α4 loop

Table 1 Hydrogen bonding
(HB) analyses
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T-loop to a stretched conformation with the final motion of
p25. The extending loop might facilitate Ile153, the crucial
amino acid in recognizing a high hydrophobic site in p25 to
fit into its binding pocket. The intensive hydrophobic

interactions, as a result, complete the orientation of the T-
loop and the whole activation of CDK5. The conformation
of the T-loop in the apo-like CDK5 does not appear exactly
the same as that in the apo-CDK2 (Fig. 6), probably

Table 2 Energy decomposition results. VDW Van der Waals, ELE electrostatic, TGB total energy of the MM/GBSA energy contribution from the
amino acids of each motif. Values are in kcal mol−1

T-loop C helix β sheet C helix+p-loop C helix+β sheet

VDW+ELE −495.47 −392.94 −318.65 −415.01 −711.59
TGB −227.7 −177.78 −161.88 −444.46 −339.66

Fig. 7 Analyses of selected hydrogen bonds
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because, after the leaving of p25, there is no continuous
force to drag the loop up and also because the steric
interactions from the rest part of CDK5 hamper further
distortions.

Conclusions

Protein–protein recognition is deemed the cornerstone of
multiple cellular and pathological functions [60, 61].
However, the interaction systems are considered difficult
targets, due mainly to the relatively large, featureless
interaction surfaces between proteins and lack of starting
structures as references. Specific inhibition of a protein
kinase is still extremely desirable and remains a challenging
goal in inhibitor developments, particularly because of the
highly conservative ATP-binding site among the CDK
family members [62–64]. New methods or mechanisms to
explore new types of inhibitors with good selectivity for
CDKs are therefore required. The current work helps to
locate the important interaction motifs of CDK5 interacting
with p25. The non-equilibrium dynamics simulations and
the activation mechanism described here is the first of a
multistep development towards selective CDKs inhibitors.
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