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Wei Wang & Xiaoning Cao & Xiaolei Zhu & Yongliang Gu

Received: 11 August 2012 /Accepted: 4 March 2013 /Published online: 23 March 2013
# Springer-Verlag Berlin Heidelberg 2013

Abstract Molecular docking, molecular dynamics (MD)
simulations, and binding free energy analysis were performed
to reveal differences in the binding affinities between five
2-aminothiazole inhibitors and CDK5. The hydrogen bonding
and hydrophobic interactions between inhibitors and adjacent
residues are analyzed and discussed. The rank of calculated
binding free energies using the MM-PBSA method is
consistent with experimental result. The results illustrate
that hydrogen bonds with Cys83 favor inhibitor binding.
The van der Waals interactions, especially the important
contact with Ile10, dominate in the binding free energy
and play a crucial role in distinguishing the different
bioactivity of the five inhibitors.
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Introduction

The cyclin-dependent kinases (CDKs) are catalytic units of
a large family of serine/threonine kinases that control the
eukaryotic cell cycle [1–5]. Most CDKs play crucial roles in
apoptosis [6], the control of transcription, DNA replication,
and postmitotic processes [7]. They are also considered as
important targets in cancer treatment [8, 9]. It is well known
that monomers of CDKs are inactive, and activation requires
binding to cyclins, whose levels change during the cell cycle

[10]. So far, 13 cyclin-dependent kinases (CDK1–CDK13)
have been found and investigated. Among these members,
CDK1, 2, 3, 4, and 6 regulate the cell cycle directly, while
CDK7 controls the cycle by activating other CDKs [7,
11–14]. According to reported crystallographic structures
[15], these CDKs have very similar three-dimensional
(3D) structures, as reflects their high sequence similarity.
Although most CDKs have been implicated in the regulation
of the cell division cycle, some evidence further indicates
that CDK5 is a unique member of this group [16].

CDK5 was discovered in the early 1990s. Since then,
great progress has been made in identifying its functions
[17]. Despite sequence identity of 60 % between CDK2 and
CDK5, CDK5 is not involved in cell proliferation and its
activity is restricted mainly to the central neurons system
[18–21]. Moreover, there is other evidence for CDK5 activ-
ity in cellular processes such as neuronal migration, cell
adhesion, and axonal transport [20, 22, 23]. CDK5 also
plays an important role in learning and memory, dopamine
signaling, and drug addiction [24–26]. Similar to other
CDKs, monomeric CDK5 demonstrates no kinase activity
and needs to bind an activating partner—p35 or p39—for its
complete activation [27]. Both these non-cyclin activators of
CDK5 have little sequence similarity to classical cyclins
[20]. Normally, CDKs are activated in two steps [15, 28],
namely, the binding of cyclins confers basal kinase activity,
and phosphorylation of specific amino acids on the T-loop
results in full activity. However, CDK5 is fully activated
only by binding of the activating proteins p35 or p39 with
the T-loop [29]. It has been shown that calcium-activated
calpain cleaves p35 and p39 to p25 and p29, respectively.
The cleavage of p35 to p25 by calpain under pathological
conditions results in the deregulation of its activity [30, 31].
This deregulation of CDK5 has been implicated in neuro-
degenerative diseases such as Alzheimer’s disease (AD) and
Parkinson’s disease, amyotrophic lateral sclerosis (ALS),
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and ischemia [32–35], making CDK5/p25 (simplified here-
after as CDK5) a target for inhibitor research in neurode-
generative diseases [36].

In recent years, the design and synthesis of potent small
molecule inhibitors to target CDK5 have been the topics of
many important experimental studies [37–40]. For example,
Daniel et al. [37] discovered a series of paullones derivatives
that can inhibit various protein kinases including CDK5 in
terms of the COMPARE algorithm and enzyme assay
methods. Anne et al. [38] synthesized novel 5-substituted
indirubins as protein kinase inhibitors, with the aim of
improving their pharmacological properties. They also
investigated the effect of these inhibitors on CDKs
(CDK1, CDK5) and GSK-3. Mahendra et al. [39]
disclosed a novel clubbed triazolyl thiazole series of
CDK5 inhibitors, which are potentially useful for the
treatment of Alzheimer’s disease. Nassima et al. [40]
synthesized 2, 6, 9-trisubstituted purines and investigated
their kinase inhibitory activities and antiproliferative
effects. Their results demonstrate that they exhibit potent
inhibition of CDK5 and CDK1. Besides, Scott et al. [41]
discovered that 4-acylamino-1, 3-thiazoles derivatives are
potential CDK5 inhibitors. Recently, Christopher et al. [42]
developed a series of potent and selective 2-aminothiazole
inhibitors to CDK5 that are potential therapeutic agents for
the treatment of Alzheimer’s disease and other neurodegener-
ative disorders. Results suggest that slight changes of sub-
stituents or positions can significantly affect the biological
activities of inhibitors. However, few related theoretical
studies are reported. So far, the detailed interactionmechanisms
of the inhibitors mentioned above with CDK5, which would be
very important and significant for accelerating experiment
studies, are not clear. Molecular dynamics (MD) simulation is
a powerful tool for understanding binding mechanisms in
CDK5/inhibitor complexes.

Herein, in order to obtain detailed information about the
binding of inhibitors to CDK5, molecular docking, MD
simulations, and binding free energy calculations were ap-
plied successfully to reveal the binding mechanism between
five 2-aminothiazole inhibitors and CDK5. The major find-
ings of this work can be summarized as follows: (1) the five
2-aminothiazole inhibitors tend to locate in the ATP-binding
site; (2) hydrogen bonds and hydrophobic interactions favor
the stabilization of CDK5/inhibitor binding sites; (3) the
ranking of calculated binding free energies is consistent with
the experimental inhibiting constants of inhibitors; and (4)
the main driving force for the binding of inhibitor to CDK5
is van der Waals energy. Cys83 and Ile10 may be two key
residues in distinguishing the inhibitory potency of the five
inhibitors. The current work provides a better structural
understanding of how inhibitors bind to CDK5 at an atomic
level and will be significant for the rational design of new
inhibitors to CDK5.

Computational details

Initial structure preparation

The X-ray crystal structure of CDK5 was obtained from the
protein data bank (PDB code 1UNL, resolution 2.20 Å)
[43]. The crystal structure of CDK5 comprises two similar
sub-chains. One chain [44] was used for the molecular
docking and MD simulations performed here. In this work,
the five inhibitors (2-aminothiazole derivatives) were
constructed by 3D graphical software, and optimized at the
B3LYP/6-31G(d) level using the Gaussian 09 program [45].
The structures of the five inhibitors are shown in Fig. 1.

Molecular docking

Molecular docking was carried out by the Autodock4.0 pro-
gram using the Lamarckian genetic algorithm [46]. Before
docking, polar hydrogen atoms were added to CDK5 and
Kollman all-atom charges were assigned to the enzyme [47].
During the docking process, CDK5 is set to be rigid while
all torsional bonds of inhibitor are kept free. A total of 200
independent runs were performed with maximum of energy
evaluations to 25,000,000 and a population size of 300. The
grid map was centered on the ATP side of CDK5, and the
three dimensions of the grid were 100×100×100 points
with a 0.375-Å spacing value. The structures with the lowest
mean binding energy and the largest number of conforma-
tions were chosen as the preferred docking conformations.

Molecular dynamics simulation

The MD simulations were carried out using the AMBER10
software package [48]. The missing hydrogen atoms in
CDK5 were added with the leap module in the AMBER10
software. The standard AMBER force field (ff03) [49] and
general AMBER force field (gaff) [50] were applied to
describe the potentials of proteins and ligands, respectively.
The partial atomics charges on the ligands were calculated
with the RESP method [51] at the B3LYP/6-31G(d) level.
Counterions (Na+ ions) were added to each protein-ligand
complex to neutralize the system. Each system was im-
mersed in a truncated octahedron periodic box with TIP3P
[52] water model, and the minimum distances between each
complex and the box walls were taken as 10 Å. Prior to MD
simulations, in order to remove conflicting contacts, energy
minimizations were employed on the solvent (the complex
is set to be kept fixed) and the whole system with the
steepest descent method for 2,000 steps followed by the
conjugated gradient method for 2,000 steps using AM-
BER10. After that, the position restrained dynamics simu-
lation was performed on each system. Proteins, ligands, and
water molecules were coupled separately to a temperature
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bath of 300 K with a coupling time of 0.1 ps. Finally, 20 ns
MD simulations were carried out with the NPT ensemble.
The time step was 2 fs. During the MD simulation process,
the particle mesh Ewald (PME) method was applied to treat
long-range electrostatic interactions [53], and all covalent
bonds containing hydrogen atoms were constrained using
the SHAKE algorithm [54].

Binding free energy calculation

The binding free energy and energy decomposition were
analyzed by applying the molecular mechanics Poisson-
Boltzmann/Generalized Born solvent accessible surface area
(MM-PB/GBSA) method [55] of AMBER10. All energies
were averaged for the MD trajectories. A total of 200 snap-
shots of the ligand, receptor, and the corresponding complex
extracted from the last 10 ns of MD trajectory of the ligand–
protein complex were used to estimate the binding free ener-
gies, ΔGbind, based on the following equations [56, 57]:

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

ΔGbind ¼ ΔEgas þΔGsol � TΔS ð2Þ

ΔEgas ¼ ΔEele þΔEvdW ð3Þ

ΔGsol ¼ ΔGpolar þΔGnonpolar ð4Þ

ΔGnonpolar ¼ g SASAð Þ þ b ð5Þ
where the gas-phase energies, ΔEgas, include contributions
of the van der Waals energy (ΔEvdw) and the electrostatic
energy (ΔEele) (Eq. 3). The solvation free energy, ΔGsol, can
be partitioned into two parts (Eq. 4): the polar contribution
(ΔGpolar) and nonpolar contribution (ΔGnonpolar). The non-
polar contribution (ΔGnonpolar) to the solvation free energy
was calculated from the solvent-accessible surface-area
(SASA) in terms of Eq. 5. The probe radius of the solvent
was set to 1.4 Å. The corresponding solvating parameters g
and β are 0.00542 kcal/(molÅ) and 0.92 kcal mol−1, respec-
tively. In our calculations, the dielectric constant was set to
1.0 for the interior solute and 80.0 for the exterior solvent. In
the current work, the conformational entropy (ΔSbind) [58]
was neglected. If the ligands are of similar structure, the
entropy contributions are not remarkably different for
ligands binding to a same protein site [59]. Furthermore,
the interaction energies between protein and ligand were

Fig. 1 Molecular structures of
five 2-aminothiazole inhibitors

M1 M2                       M3

=

M4 M5

Fig. 2 Most favorable docking
conformations of CDK5/inhibitor
complexes (cyan p25). Carbon
atoms of M1–M5 are colored blue,
yellow, green, orange, and
magenta, respectively
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further decomposed on per residue based on the MM-
GBSA method [55, 60].

Results and discussion

Five 2-aminothiazole inhibitors were docked to CDK5 and
the most favorable docking structures are shown in Fig. 2.
Obviously, their binding modes are similar and they locate
in the ATP binding pocket, which is between the N and C
terminal lobes of the kinase. The detailed binding modes for
five CDK5/inhibitor complexes are represented in Fig. 3. As
shown in Figs. 2 and 3, the five inhibitors position them-
selves inside a similar hydrophobic pocket formed by resi-
dues Ile10, Ala31, Val64, Phe80, Cys83, Phe82, Gln85, and
Leu133 of CDK5, in which the substituent at the 2-position

points to the solvent while the substituent at the 5-position is
located in the hydrophobic pocket. Furthermore, as depicted
in Fig. 3, some hydrogen bonds are established between the
inhibitors and CDK5.

System stability and residue flexibility during MD
simulations

In this work, 20 ns MD simulations were performed for each
of the five systems. To examine the dynamic stability of the
five complexes, the root-mean-squared deviations (RMSDs)
relative to their starting structures of the backbone Cα atoms
for the unliganded and liganded CDK5 were computed. As
shown in Fig. 4, in all cases, the RMSDs increased rapidly
during the first 5 ns, and became stable after ∼6 ns. There-
after, the RMSDs of the stimulated systems fluctuated

Fig. 3 Detailed binding mode of five CDK5/inhibitor complexes after molecular docking. a CDK5/M1, b CDK5/M2, c CDK5/M3, d CDK5/M4,
e CDK5/M5. Dotted black lines Polar interactions or hydrogen bonds
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around ∼1.5 Å, which implies that the generated MD tra-
jectories of these complexes are stable.

It is well known that the gyration radius (Rg) is a function
of molecular size [61]. The gyration radii of the unbound
and bound CDK5 were computed in order to examine their
sizes. As shown in Fig. 5, the average value of all complexes
was 23.50±0.09 Å, which is close to that of free CDK5. The
similar size of unliganded and liganded CDK5 further con-
firms that the structures of all complexes are stable. Further-
more, our calculated values were consistent with previous
experimental values (23.60±0.08 Å) determined by X-ray
diffraction [29].

The residue flexibility of bound CDK5 was examined by
analyzing the root mean square fluctuation (RMSF) of the Cα
atoms of each residue. Clearly, systems with the different
inhibitors have similar RMSF profiles (Figs. 6 and SI-1). This
is due to the fact that the binding modes between five
inhibitors and CDK5 are similar overall. Moreover, for all
five systems, the residues of CDK5 around the binding
sites indicated by arrows in Fig. 6 and Fig. SI-1 exhibit
rigid behavior [47]. However, as shown in Fig. 6, the
residues with higher flexibilities distribute near the N
terminal fold region (Glu25-Hie27), the PSTAIRE helix
(Arg36-Gly43) and C terminal loop (Leu110-Gln130).

Binding mechanism of CDK5/inhibitor complexes
and inhibitory potency of inhibitors

To understand the binding mechanism of CDK5/inhibitor
complexes and the different biological activities of the five
inhibitors, the program LIGPLOT[62] can be used to gen-
erate 2D schemes of protein–inhibitor complexes from MD

simulations, and examine the hydrogen bonding and hydro-
phobic interactions. Figure 7a shows the interaction features
and binding mode between M1 (see Fig. 1) and CDK5. As
shown in Fig. 7a, three stable hydrogen bonds exist between
M1 and its adjacent residues in the CDK5/M1 complex. One
hydrogen bond forms between the nitrogen atom (N5) in the
thiazole ring of M1 and the backbone nitrogen atom of
Cys83, and the other two hydrogen bonds are established
between the urea nitrogen atoms (N10 and N13) of M1 and
carbonyl oxygen atom of Cys83. The distances associated
with these three hydrogen bonds with time evolution are
shown in Fig. 7b. Hydrogen bonds observed and their
occupancies during the 20 ns simulation are displayed in
Table 1. As shown in Fig. 7b and Table 1, the three hydro-
gen bonds are stable during the whole MD simulation, with
average lengths of 0.31, 0.28, and 0.30 nm for N5(M1)-N
(Cys83), N10(M1)-O(Cys83) and N13(M1)-O(Cys83), re-
spectively. The occupancy percentages of these three hydro-
gen bonds are 95.97 %, 99.98 %, and 98.95 %, respectively.
These stable hydrogen bonds result in stronger electrostatic
interactions between M1 and CDK5. In addition, we also
note that there are several hydrophobic contacts between the
cyclobutyl ring/8-isoquinolyl ring of M1 and residues
(Ile10, Ala31, Val64, Phe80, Asp86, Ala143). The stabilities
of the hydrophobic interactions between CDK5 and M1
may be estimated by examining the time dependences of
the related mass-center (CM) distances. As shown in Fig.
7c, D1 represents the distances between the 8-isoquinolyl
ring of M1 and the main chain of Ile10. D2, D3, and D4
display the distances between the cyclobutyl ring of M1 and
the main chains of residues (Ala31, Val64, and Phe80),
respectively. The dynamic stability of the interatomic dis-
tances reveals that these hydrophobic interactions are also
favorable to the stabilization of binding of M1 to CDK5.
Figure 8a depicts the binding mode between the M2 and
CDK5. As shown in Fig. 8a, we find that there only two
stable hydrogen bonds are formed between M2 and CDK5
with the occupancy percentages of 99.62 % and 95.49 %,
respectively. It is worth noting from Fig. 8a,c that residue

Fig. 6 Root-mean-squared fluctuations (RMSFs) of the backbone
atoms versus residue number of the CDK5/M1 complex. Arrows
Residues surrounding binding sites

0 5 10 15 20

23.5

24.0

24.5

25.0

Time(ns)

R
ad

iu
s 

o
f 

g
yr

at
io

n
(Å

)  CDK5        CDK5/M1
 CDK5/M2  CDK5/M3 
 CDK5/M4  CDK5/M5  

Fig. 5 Time dependence of gyration radius for bound and unboundCDK5
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for five CDK5/inhibitor complexes
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Ile10 has considerable hydrophobic interaction with the
substituents of M2. As shown in Fig. 8c, the stable
interatomic distances related to the hydrophobic interactions
for CDK5/M2 illustrate that van der Waals interactions play
a dominant role in the binding of CDK5 and M2. It can be
noted from Fig. SI-2 that all these 2-aminothiazole deriva-
tives have hydrogen binding interactions with Cys83. On
the other hand, there are hydrophobic interactions between

the substituents at the 5-position as well as the 2-position
of the thiazole ring in the inhibitors and their surround-
ing residues. As shown in Fig. SI-3, in the case of
CDK5/M5 complex, only one hydrogen bond is formed
between the nitrogen atom (N4) of the thiazole ring of
M5 and the backbone nitrogen atom of Cys83, and the
hydrophobic interactions between M5 and its surrounding
residues are relatively weaker, which may result in a

Table 1 Hydrogen bonds formed between inhibitors and CDK5 during molecular dynamics (MD) simulationsa

System Donor Acceptor Occupancy (%) Distance (Å) Angle(゜)

CDK5/M1 :83@O :M1@H9-:M1@N10 99.98 2.837(0.10) 18.063(8.82)

:83@O :M1@H10-:83@N13 98.95 2.981(0.16) 29.80(8.57)

:M1@N5 :83@H-:83@N 95.97 3.097(0.14) 25.39(13.19)

:M1@O12 :11@H-:11@N 7.71 3.150(0.19) 41.10(10.81)

CDK5/M2 :83@O :M2@H2-:M2@N6 99.62 2.945(0.14) 15.85(8.41)

:M2@N4 :83@H-:83@N 95.49 3.120(0.14) 27.49(13.06)

CDK5/M3 :83@O :M3@H2-:M3@N6 99.27 2.973(0.15) 15.24(8.24)

:M3@N4 :83@H-:83@N 95.54 3.116(0.14) 27.40(13.32)

CDK5/M4 :83@O :M4@H9-:M4@N9 96.43 2.947(0.16) 16.65(9.02)

:M4@N4 :83@H-:83@N 92.40 3.169(0.14) 27.55(12.56)

CDK5/M5 :M5@N4 :83@H-:83@N 95.46 3.108(0.15) 25.46(12.14)

a Hydrogen bonds are determined by acceptor/donor atom distance of less than 3.5 Å and acceptor/H–donor angle of great than 120°

Fig. 7 a Two-dimensional (2D) representation of the hydrogen bond
and hydrophobic interactions generated by LIGPLOT program analy-
ses. Dashed lines Hydrogen bonds; spiked residues form hydrophobic
interactions with M1. b Interatomic distances associated with hydrogen
bond interaction of M1 in the binding site of CDK5 with time evolu-
tion. L1 and L2 represent the distances between the urea nitrogen
atoms (N13 and N10) of M1 and carbonyl oxygen atom of Cys83;

L3 displays the distance between the nitrogen atom (N5) at the thiazole
ring of M1 and the backbone nitrogen atom of Cys83. The curves of L1
and L3 are shifted upward by 0.5 Å and 1.0 Å, respectively. c Mass-
center distances associated with hydrophobic interactions between
CDK5 and M1 at the binding site of CDK5 versus MD simulation
time. The curves of D1, D2, D3 and D4 are shifted upward by 0.5, 5.0,
2.0 and 2.5 Å, respectively
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decrease in bioactivity. The results mentioned above suggest
that differences in hydrogen binding and hydrophobic

interactions could be major reasons for the bioactivity vari-
ance of M1(or M2) and M5.

Table 2 Binding free energy components for the protein–inhibitor complexes using the molecular mechanics Poisson-Boltzmann solvent
accessible surface area (MM-PBSA) methoda

Componentb CDK5/M1 CDK5/M2 CDK5/M3 CDK5/M4 CDK5/M5

Mean SDc Mean SDc Mean SDc Mean SDc Mean SDc

ΔEele −12.52 2.80 −12.35 3.42 −11.28 2.77 −14.90 2.23 −9.65 2.64

ΔEvdW −38.28 2.47 −37.41 2.50 −34.74 2.15 −33.27 1.96 −35.38 1.74

ΔEgas −50.81 2.99 −49.76 3.57 −46.02 3.12 −48.17 2.71 −45.04 2.74

ΔGpol 27.35 3.04 28.14 4.05 25.25 2.84 28.12 2.87 27.23 3.80

ΔGnonpolar −5.11 0.10 −4.92 0.12 −4.60 0.10 −4.36 0.12 −4.73 0.08

ΔGsol 22.24 3.03 23.22 4.01 20.65 2.84 23.76 2.84 22.50 3.78

ΔGbind −28.56 −26.54 −25.36 −24.41 −22.53

IC50
d 0.005 0.007 0.064 0.321 1.150

a All values are given in kcal mol−1

b Components:ΔEele: electrostatic energy in the gas phase;ΔEvdW: van der Waals energy;ΔEgas: total gas phase energy, which is the sum ofΔEele

and ΔEvdW; ΔGpol: polar solvation free energy; ΔGnonpolar: nonpolar solvation free energy; ΔGsol: sum of nonpolar and polar contributions to
salvation; ΔGbind : final estimated binding free energy calculated from the terms mentioned above
c Standard deviation of mean values
d All values are given in μM

Fig. 8 a 2D representation of hydrogen bond and hydrophobic interac-
tions generated by LIGPLOT program analyses. Dashed lines Hydrogen
bonds; spiked residues form hydrophobic interactions with M2. b L1 and
L2 represent the distances between atoms (N4 and N6) ofM2 and nitrogen
atom and carbonyl of Cys83, respectively. The curve of L1 is shifted
upward with 0.5 Å. c Mass-center distances associated with hydrophobic
interactions between CDK5 and M2 at the binding site of CDK5 versus

MD simulation time. D1, D2 and D6 account for the distances between
residue Ile10 and cyclobutyl ring, 5-benzimidazole group, as well as
thiazole ring of M2, respectively; D3 displays the distance between the
cyclobutyl group and residue Phe80; D4 depicts the distance between the
5-benzimidazole group and residue Phe82; D5 shows the distance between
thiazole ring ofM2 and residue Leu133. The curves of D1, D4, and D6 are
shifted upward by 1.0, 1.0, and 1.0 Å, respectively
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To further examine the interactions between inhibitors and
CDK5, the binding free energies for five CDK5/inhibitor
complexes using the MM-PBSA method were calculated as
mentioned above. The results of estimated free energies and
energy components of each complex are listed in Table 2.
Entropy calculation is extremely time-consuming for large
systems. Therefore, the entropic contribution (TΔS) to the
ΔGbinding was not considered in current work. Estimation of
energies in this manner has proven successful in previous
work [63]. As shown in Table 2, the ranking of our calculated
binding free energies is in approximate agreement with the
experimental bioactivity data (IC50 values) [42]. In order to
understand more deeply which energy term has more impact
on the binding of CDK5/inhibitor complexes, it is necessary to
compare the four individual energy components (ΔEele,
ΔEvdW, ΔGpol, ΔGnonpolar). It is clear from Table 2 that the
van der Waals energy term (ΔEvdW) is dominant in the total
binding free energy (ΔGbind), revealing that the van der Waals
energy term is mainly responsible for differentiating the bind-
ing affinity of five inhibitors. However, the polar solvation
energy term (ΔGpol) is considerably unfavorable for binding
in the five complexes. The gas phase electrostatic energy term

(ΔEele) makes a favorable contribution to binding, it still
cannot completely cancel the negative effect caused by the
polar solvation free energy (ΔGpol) [64, 65]. Thus, the net
electrostatic contribution (ΔEele+ΔGpol) is unfavorable to the
binding of the five complexes. Nonpolar solvation free ener-
gies (ΔGnonpolar) slightly drive the binding.

To gain insight into the difference in binding modes of the
five complexes, binding free energy decomposition was
performed to analyze the contribution of each residue to the
binding. The total energies per inhibitor–residue pair of two
complexes (CDK5/M2 and CDK5/M5 complexes) based on
the MM-GB/SA method are shown in Fig. 9 (for others, see
Fig. SI-4). Fig. 9a shows that the binding affinity of the potent
inhibitor M2 depends mainly on residues I10, V18, F80, F82,
C83, and L133, However, M5 has strong interactions with
residues I10, V18, F80, F82, C83, Q85, and L133 as shown
in Fig. 9b. It can be concluded from the difference of the
inhibitor–residue van der Waals interaction spectra between
the two inhibitors (Fig. SI-5) that residue I10 is a key residue
for the different bioactivity of M2 and M5. It is worth noting
from Fig. 9 and Fig. SI-4 that only nine residues (I10, V18,
A31, V64, F80, F82, C83, Q85, L133) contribute significantly
to total binding free energies of inhibitors with CDK5, and that

I10 V18 A31 V64 F80 F82 C83 Q85 L133
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the contributions from other residues can be ignored, which
implies that it is necessary to design new 2-aminothiazole
derivatives with extended substituents to interact with those
“unimportant” residues to obtain stronger binding in future
studies.

To confirm the detailed binding mechanism of 2-
aminothiazole inhibitors with CDK5 as mentioned above, the
contributions of the major residues of each complex were
compared using the MM-GB/SA method (Fig. 10). Compari-
son of these five systems revealed the energy differences
among them. The inactive inhibitor M5 forms the same strong
interactions with Ile10, Val18, Val64, Phe80, Gln85, Leu133 as
inhibitor M1, but the binding contribution of M5 with residues
Phe82, Cys83 tends to decrease significantly compared with
inhibitor M1. For inhibitor M2, it has strong interactions with
most of the same residues as inhibitor M1, weaker interactions
with Phe82 and Cys83 than M1, and the strongest interaction
with Ile10 compared with others. In CDK5/M1 complex, M1
has the largest electrostatic interaction with Cys83 in all sys-
tems because of the three stable hydrogen bonds established
between M1 with Cys83. The energy distributions of M3 and
M4 are similar except for some obvious differences in binding
with residues Ile10, Val18, and Phe82. Also, the five inhibitors
possess at least one stable hydrogen bond with residue Cys83.
As displayed in Fig. 11, the gas phase electrostatic interactions
(ΔEele) of inhibitors with the polar residue Cys83 vary greatly
among the five complexes, and reveal residue Cys83 to be
important for distinguishing the inhibitory potency of the five
inhibitors. If we include the polar solvation contributions
(ΔGpol), the net electrostatic contribution (ΔEele+ΔGpol) of
the polar residue Cys83 in CDK5/M1 complex is favorable for
the total binding free energy. However, for complexes
CDK5/M2–M5, they are almost equivalent and slightly favor-
able to binding, which is caused by unfavorable contributions
from polar solvation energies.

Conclusions

In summary, molecular docking, MD simulation, and binding
free energy analysis were carried out on five CDK5/inhibitor
complexes to gain some insights into the conformations and
interactions for binding of the five inhibitors to CDK5. The
binding free energies of the CDK5/inhibitor complexes illus-
trate that binding of the five inhibitors to CDK5 is energetically
favored; the computed binding free energies of CDK5/inhibitor
complexes are approximately consistent with the experimental
inhibitory potency of the five inhibitors. Our results demon-
strate that hydrogen bonds with Cys83 favor binding, and that
van der Waals energy dominates in the total binding free
energy. However, the polar solvation energy is considerably
unfavorable for binding in the five complexes. The gas phase
electrostatic energy term (ΔEele) has a positive effect on

binding, but cannot completely cancel out the unfavorable
contribution generated by the polar solvation free energy, i.e.,
the net electrostatic contribution is unfavorable to binding for
the five complexes. Importantly, residues Cys83 and Ile10 are
mainly responsible for distinguishing the inhibitory potency of
five inhibitors. The current work may be helpful for the future
design of novel CDK5 inhibitors.
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