
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tbsd20

Journal of Biomolecular Structure and Dynamics

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tbsd20

Computational simulation studies on the binding
selectivity of Wee1 and Checkpoint kinase 1 by
molecular dynamics simulation combined with
free energy calculations

Yaping Li , Xingyong Liu , Shuqun Zhang , Liangliang Wang , Li Zhang & Zhili
Zuo

To cite this article: Yaping Li , Xingyong Liu , Shuqun Zhang , Liangliang Wang , Li Zhang & Zhili
Zuo (2020): Computational simulation studies on the binding selectivity of Wee1 and Checkpoint
kinase 1 by molecular dynamics simulation combined with free energy calculations, Journal of
Biomolecular Structure and Dynamics, DOI: 10.1080/07391102.2020.1823882

To link to this article:  https://doi.org/10.1080/07391102.2020.1823882

Published online: 05 Oct 2020.

Submit your article to this journal 

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tbsd20
https://www.tandfonline.com/loi/tbsd20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/07391102.2020.1823882
https://doi.org/10.1080/07391102.2020.1823882
https://www.tandfonline.com/action/authorSubmission?journalCode=tbsd20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tbsd20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/07391102.2020.1823882
https://www.tandfonline.com/doi/mlt/10.1080/07391102.2020.1823882
http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2020.1823882&domain=pdf&date_stamp=2020-10-05
http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2020.1823882&domain=pdf&date_stamp=2020-10-05


Computational simulation studies on the binding selectivity of Wee1
and Checkpoint kinase 1 by molecular dynamics simulation
combined with free energy calculations

Yaping Lia,b,c,d, Xingyong Liua, Shuqun Zhangb,c,d, Liangliang Wangb,c,d, Li Zhanga

and Zhili Zuoa,b,c,d

aSchool of Chemical Engineering, Sichuan University of Science & Engineering, Zigong, China; bState Key Laboratory of Phytochemistry and
Plant Resources in West China, Kunming Institute of Botany, Chinese Academy of Sciences, Kunming, PR China; cYunnan Key Laboratory of
Natural Medicinal Chemistry, Kunming, PR China; dUniversity of Chinese Academy of Sciences, Beijing, PR China

Communicated by Ramaswamy H. Sarma

ABSTRACT
Wee1 kinase and Checkpoint kinase 1 (Chk1) kinase, which are well known to be involved in cancer,
are promising targets for cancer therapy. Most of developed Wee1 inhibitors can inhibit activity of
Chk1 kinase to different degrees as well. The poor selectivity brought side effects and selective inhibi-
tor is needed. However, the selective mechanisms of Wee1 versus Chk1 are not clear. Therefore, the
design of selective Wee1 and Chk1 inhibitors would provide a meaningful starting for the develop-
ment of anticancer drugs with optimal efficacy. In this study, Wee1 inhibitors with different selectivity
over Chk1 were chosen to analyze the selectivity mechanism by means of molecular docking, molecu-
lar dynamics simulations and binding free energy calculations. Two key residues of Wee1 kinase and
two critical residues of Chk1 were mutated to detect their effect on ligand binding into protein. The
results indicated that these residues play a pivotal role in the binding interactions of ligands to recep-
tors through hydrogen bond and hydrophobic interaction with inhibitors. This may provide a better
understanding of the selective mechanism of Wee1 and Chk1. It would be beneficial to the discovery
and optimization of selective Wee1 and Chk1 inhibitors.

Abbreviations: APE: aspartate-proline-glutamate; ATM: ataxia-telangiectasia mutated; ATR: ataxia-tel-
angiectasia-related; Chk1: Checkpoint kinase 1; DFG: aspartate-phenylalanine-glycine; GAFF: general
AMBER force field; HRD: histidine-artinine-aspartate; MD: Molecular dynamics; MM: Merck Mechanisms;
MM-PBSA: Poisson-Boltzmann surface area; P-loop: glycine-rich loop; SAR: structure-activity relationship;
spc: simple point charge
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1. Introduction

The deregulation of cell cycle kinases is usually associated
with aberrant division and uncontrolled proliferation of can-
cer cells (Lapenna & Giordano, 2009). Many cell cycle kinases
are studied as targets in anticancer drug discovery. Wee1
and Checkpoint kinase 1 (Chk1) are key regulators of cell
cycle progression and coordinate the DNA damage response
(Lapenna & Giordano, 2009; Matheson, Backos, et al., 2016).
Overexpression of both kinases has been reported in many
cancer cells.

Wee1 belonging to the Ser/Thr family of protein kinases
plays a crucial role in the G2/M cell cycle checkpoint that
prevents entry into mitosis in response to cellular DNA dam-
age (Matheson, Backos, et al., 2016). In the presence of DNA
damage, ataxia-telangiectasia mutated (ATM) protein kinase
or ataxia-telangiectasia-related (ATR) protein kinase pathways
are initially activated (Do et al., 2013). ATR can phosphorylate
and activate Chk1, which then phosphorylates Wee1 and,
thereby both activating Wee1 kinase activity and inactivating

CDC25C phosphatase activity (Mak et al., 2014). Then, Wee1
phosphorylates and inactivates the CDK1-cycline B complex
on Tyr15, resulting in cell cycle arrest in G2, allowing time
for DNA repair (Vriend et al., 2013; Zhu et al., 2017). Chk1, a
key mediator in the cell cycle, was firstly discovered in fission
yeast by Nancy Walworth (N Walworth et al., 1993). It is
highly conserved in its structures and function. It also is a
Ser/Thr protein kinase involved in checkpoint regulation for
DNA damage (Sanchez et al., 1997). It can activate Wee1 and
relay the DNA damage signals from upstream ATM and ATR
kinases. It was demonstrated that Chk1 is overexpressed in
many cancer cells. Taken together, these results indicate that
Chk1 plays a critical role in repairing DNA damage of
cell cycle.

A major challenge of developing kinase inhibitors is the
selectivity against kinases. These inhibitors are usually
designed to target ATP binding pocket of kinase and cross-
inhibited other kinases in a kinome (Matheson, Backos, et al.,
2016; Smyth & Collins, 2009). The reserved ATP binding
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pocket includes glycine-rich loop (P-loop), the catalytic histi-
dine-artinine-aspartate (HRD) motif, aspartate-phenylalanine-
glycine (DFG) motif and aspartate-proline-glutamate (APE)
motif in the activation segment domains (Matheson, Backos,
et al., 2016). Inhibitors that affect the activity of some kinases
could improve the anticancer efficacy by a multi-targeted
effect compared to an inhibitor targeting one kinase (Krug &
Hilgeroth, 2008). However, kinase selectivity is desirable to
evaluate the activity of a special kinase and to limit the off-
target effects and toxicities unrelated to the target inhibition
(Matheson, Backos, et al., 2016).

A number of studies were performed to develop Wee1
and Chk1 inhibitors, and a series of Wee1 and Chk1 inhibi-
tors have been identified (Matheson, Venkataraman, et al.,
2016; Palmer et al., 2005, 2006; Smaill, Baker, et al. 2008;
Smaill, Lee, et al., 2008; Zhu et al., 2017). Wee1 most closely
resembles serine/threonine kinases such as Chk1 kinase in
sequence and structure (Squire et al., 2005). They are
expressed at high levels in various cancer types (Matheson,
Backos, et al., 2016; Zhang & Hunter, 2014). Since they have
23% identities in the kinase domain, many Wee1 inhibitors
show the high activity against Chk1 (Palmer et al., 2006;
Smaill, Baker, et al. 2008; Smaill, Lee, et al., 2008). The pyrro-
locarbazole PD0407824 is a representative dual inhibitor of
both Wee1 and Chk1 (Wee1 IC50 ¼ 97 nM and Chk1 IC50 ¼
47 nM) (Palmer et al., 2006). But if it was used as Chk1 inhibi-
tor and Wee1 inhibitor, the effect would be limited because
its non-selectivity in low concentration. AZD1775 (previously
MK-1775) is the first-in-class selective Wee1 inhibitor which
has been studying in clinical trials (Hirai et al. 2009; Qi et al.,
2015). AZD1775 has an IC50 value of 5.2 nM in Wee1 kinase
assays. Among 223 kinases in the Upstate Kinase Profiler
panel, only 8 kinases were inhibited by >80% with 1 mM
AZD1775 (Hirai et al. 2009). However, no pyrrolocarbazole
compounds advance into clinical trials as Weel inhibitors.
This might be the results of broad-spectrum kinase activity,
and its core structure resembles that of the broad-spectrum
kinase inhibitor staurosporine (Matheson, Backos, et al.,
2016). UCN-01, in clinical trials, is a potent Chk1 inhibitor
that abrogates the G2/M checkpoint (Zhao et al., 2002). UCN-
01 was reported to be a potent inhibitor with 2685 fold
selectivity more than that for Chk1 relative to Wee1 (Graves
et al., 2000). The highly selective kinase inhibitors can be
used at higher concentrations to enhance the chemotherapy
increase-sensitivity of the malignancies and the effect of

DNA damaging agents, allowed to achieve high affinity and
low toxicity. Since Wee1 kinase and Chk1 kinase was identi-
fied as new molecular targets for different tumor, few highly
selective Wee1 and Chk1 inhibitors were developed in previ-
ous studies. Moreover, the molecular mechanism for the
selectivity of Wee1 and Chk1 is still not clear, hindered the
rational design of selective Wee1 inhibitors.

To explain and elucidate the selective mechanisms of
Wee1 versus Chk1, the AZD1775 (selective Wee1 inhibitor),
UCN-01 (selective Chk1 inhibitor) and PD0407824 (dual
Wee1/Chk1 inhibitor) were chosen for the following studies.
It is important to analyze the specific binding mode and
structure-activity relationship (SAR). Molecular dynamics (MD)
simulations, which were used to simulate the dynamic
behavior of the system, were used to explore the structural
difference of complexes. In addition, the binding free energy
calculation and free energy decomposition provided some
meaningful information to find key residues and interaction
relative to the selectivity of Wee1 versus Chk1.

In this study, it demonstrated that the important parts
included glycine-rich loop and gatekeeper would be respon-
sible for the selectivity of inhibitors to Wee1. Two critical res-
idues Asn376 and Ile305 may contribute to the activity and
selectivity for Wee1. Two key residues Glu91 and Ser147
would make contribution to the binding affinity and selectiv-
ity of inhibitors to Chk1. The binding free energy analysis
and residues mutation also provided some vital information
and support to find the pivotal parts that closely related to
the selectivity of inhibitors to kinases. The results help to rea-
sonably design and develop potent and selective Wee1 and
Chk1 inhibitors.

2. Material and methods

2.1. Preparation of protein and ligands

Selective Wee1 inhibitor AZD1775 (PDB entry: 5V5Y) (Zhu
et al., 2017), dual Wee1-Chk1 inhibitor PD0407824 (Wee1
PDB entry: 1X8B) (Squire et al., 2005) and selective Chk1
inhibitor UCN-01 (PDB ID: 1NVQ) (Zhao et al., 2002) were
chosen and taken from Protein Data Bank (https://www.rcsb.
org/). The complex structure of PD0407824 with Chk1 was
obtained by molecular docking. The information of Wee1
and Chk1 inhibitors, included structures and IC50 values, was
shown in Figure 1 and Table 1. The structures of protein

Figure 1. Chemical structures of Wee1 and Chk1 inhibitors.
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were prepared using Prepare Protein module from Discovery
Studio 4.0 software (Accelrys, San Diego, USA). Missing resi-
dues were repaired and all crystallographic water molecules
were removed. Small molecules were minimized and then
were used as the initial structures of MD simulations.

2.2. Molecular docking

The inhibitor PD0407824 was docked into the active pocket
of Chk1 for binding mode analysis. The crystal structure of
Chk1 in complex with the UCN-01 (PDB code: 1NVQ) was
used for the molecular docking by using the GOLD software
(version 5.2.2) with ChemPLP scoring function. The active
pocket of Chk1 was defined by using the UCN-01 as a refer-
ence ligand. The GA runs was set as 50 times and other
parameters were set to the default values. From the gener-
ated conformations, the optimal one was selected in term of
the docking scores.

To evaluate the reliability of the GOLD method and
ChemPLP scoring function, the co-crystal ligand UCN-01 in
1NVQ was extracted from this crystal structure and re-docked
back to the same active pocket of Chk1. The method of
Molecular docking was considered meaningful if the root-
mean-square deviation (RMSD) value of the optimum con-
formation is lower than a given threshold of 2.0 �Å from the
conformation of co-crystal ligand (Chen et al., 2006).

2.3. Binding pocket analysis

To investigate the binding mode differences of inhibitors
would be meaningful to understand the selective mechanism
of ligands binding to Wee1 or Chk1. In order to categorize
the interaction pocket into sub-regions characterized by their
properties, the analyses of binding pocket were performed
on complexes of Wee1-AZD1775 (PDB ID: 5V5Y, resolution:
1.9 �Å) (Zhu et al., 2017), Wee1-PD0407824 (PDB ID: 1X8B,
resolution: 1.81 �Å) (Squire et al., 2005), Chk1-UCN-01 (PDB ID:
1NVQ, resolution: 2 �Å) (Zhao et al., 2002) and Chk1-
PD0407824 using the View Interactions program of Discovery
Studio software. The protocol of Ligand Interactions was
used and shown the first interaction shell of the ligand with
receptor. The protocol of Analyze Ligand Poses can create a
ligand monitor for analyzing interactions and show the inter-
action of the ligand with the receptor.

2.4. Molecular dynamics simulations

On the basis of the molecular docking, four complex system
(Wee1-AZD1775, Wee1-PD0407824, Chk1-UCN-01 and Chk1-
PD0407824) were subjected to MD simulations by using the
GROMACS 5.0.2 software (Van Der Spoel et al., 2005). Initially,

the Wee1 and Chk1 protein structures were prepared with
AMBER ff99SB force field (Hornak et al., 2006). The input top-
ology files of compounds were generated using AMBER pro-
gram with the general AMBER force field (GAFF) (Wang et al.,
2004). Each complex was added a dodecahedron box and
solvated with a simple point charge (spc216) water model
(Berendsen et al., 1981; Itteboina et al., 2017). Then the each
system was neutralized by replacing some water molecules
with Cl- or Naþ ions. Afterwards, the energy of whole system
was minimized with the steepest descent algorithm. The
above steps were all executed by conjugate gradient mini-
mization from 0 to 300 K over 100 ps under NVT conditions,
followed by equilibration under NPT conditions for 1000 ps
at 300 K (Ma et al., 2018). Finally, production runs for 30 ns
MD simulations were performed under a constant tempera-
ture of 300 K in the NPT ensemble with periodic boundary
conditions for each system.

Moreover, a comparative analysis of wild type Wee1 pro-
tein versus two Wee1 mutants (N376A and I305A) with muta-
tions at the position of Asn376 and Ile305 was performed by
MD simulations to get deep insight into crucial residues,
which have a vital impact on selectivity. The inhibitor
AZD1775 was used as the ligand in two mutants. Similarly,
residues Glu91 and Ser147 of Chk1 were mutated into ala-
nine. Then two Chk1 mutants (E91A and S147A) were per-
formed 30 ns MD simulations. The inhibitor UCN-01 was used
as the ligand in two mutants. The alanine was chosen for
mutation because of its side chain. It has a tiny impact on
the structure of protein.

2.5. Binding free energy calculations

After the MD simulations, the stability of each system was
evaluated in terms of RMSD values for the backbone atoms.
After each system was equilibrated, the last period of 10 ns
was chose for each systems to calculate the binding free
energy using a g_mmpbsa tool implemented in GROMACS
5.0.2 software (Kumari, Kumar & Lynn 2014). The method of
Molecular mechanics Poisson-Boltzmann surface area (MM-
PBSA) was used in this study (Homeyer & Gohlke, 2012).

In general terms, the binding free energy of the protein
with ligand in solvent can be shown in the following equa-
tion (Gilson & Honig, 1988; Kollman et al., 2000):

DGbinding ¼ Gcomplex � ðGprotein þ GligandÞ
Where, Gcomplex is the total free energy of the protein-lig-

and complex and Gprotein and Gligand are total free energies of
the isolated protein and ligand in solvent, respectively.

Each term can be estimated as follows:

DGbinding ¼ DGMM þ DGsol � TDS

DGMM ¼ DGvdw þ DGele

DGsol ¼ DGpolar þ DGnonpolar

Where DGMM is the average molecular mechanics poten-
tial energy, DGsol is the solvation free energy, and TDS repre-
sents the entropy term.

The potential energy, DGMM, includes the energy of both
bonded as well as non-bonded interactions, and it is

Table 1. The IC50 values for Wee1 and Chk1 inhibitors.

Inhibitor Wee1 IC50 (mM) Chk1 IC50 (mM) Ratioa

AZD1775 0.0052 >0.3162 >60
PD0407824 0.097 0.047 0.48454
UCN-01 18.8 0.007 0.00037
aRatio of Chk1 IC50 to Wee1 IC50.
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calculated based on the Merck Mechanisms (MM) Force Field
parameters (Hornak et al., 2006; Lindorff-Larsen et al., 2010).

2.6. Per residue free energy decomposition analysis

In order to understand protein-ligand association at molecu-
lar level, the protein residues that interact with the ligand
were determined. The g_mmpbsa tool decomposes total
binding energy into the contribution made by each residue
enabling a comparison of the relative contribution of resi-
dues to the overall binding energy. In this study, we calcu-
lated per residue energy contributions from the last 10 ns of
MD trajectory. The decomposition was performed only for
molecular mechanics and solvation energies but not
for entropies.

3. Results and discussion

3.1. Binding pockets comparison

Selectivity of inhibitors can be impacted by small spatial var-
iations in residues surrounding binding pockets of proteins.

In order to compare the binding sites of Wee1 and Chk1 kin-
ase, both crystal structures of Wee1 and Chk1 were aligned
by structure similarity, as shown in Figure 2. Two protein
structures were almost overlapped with a RMSD value of
1.654 �Å. The sequence alignment of Wee1 and Chk1 was per-
formed by UniProt (https://www.uniprot.org/). Several major
structural differences around the ATP binding pocket were
detected and analyzed for studying the selective mechanism
of Wee1 inhibitors. In sequences, several crucial differences
were found in the binding site of Wee1 and Chk1. Ile305,
Asn376 and Phe433 of Wee1 correspond to Leu15, Leu84
and Leu137 of Chk1, respectively.

In structures, a difference existed in the P-loop of Wee1
(residues 306-311), which is closer than the conformation of
Chk1. The sequence of P-loop is highly conserved in all pro-
tein kinases (Narayana et al., 1997). UCN-01 binding slightly
opens the P-loop (residues 13–24) of Chk1 and causes some
conformational changes in the side chains.

The presence of a small gatekeeper residue can generate
a large cavity. It was reported that targeting a kinase with a
small gatekeeper by placing a substituent in the large back
cavity may have the dual effect of increasing potency and
increasing selectivity over those kinases that have a large
gatekeeper and hence a small back cavity (Zuccotto
et al., 2010).

The gatekeeper residues of Wee1 and Chk1 are Asn376
and Leu84, respectively (Zhu et al., 2017; Zuccotto et al.,
2010). The medium sized side chain of the Leu84 results in a
large back cavity. Moreover, the position of Asn376 and
Leu84 is close to the inhibitors in the active pockets. The
conserved DFG motif at the beginning of the activation loop
was highlighted for analysis. Intriguingly, there is an obvious
difference. For the Wee1 structure, a DLG motif was founded
(Asp463, Leu464 and Gly465), not a DFG motif (Asp148,
Phe149 and Gly150) in Chk1. In Wee1 the activation segment
includes 25 residues (residues 462-486). Its conformation is
very similar to that active segment of Chk1 (residues 148-
175) (Chen et al., 2006).

To investigate the molecular structure basis for the differ-
ences in the specificity of inhibitors for Wee1 and Chk1, the
molecular models were generated for the analysis of interac-
tions between inhibitors and binding site.

It has been reported that the gatekeeper residue of kinase
can impact the binding ability of inhibitors (Zhu et al., 2017).
The interaction modes between Asn376 and inhibitors were
analyzed, as shown in Figure 3. A hydrogen bond was
formed between Asn376 and the AZD1775, with a distance

Figure 2. The stereoscopic superposition of Wee1 (wheat) and Chk1 (pale
green). The P-loop is in magenta, the DFG (or DLG) is in green, the catalytic
segment is in cyan, the activation segment is in light blue and the linker is in
red. The gatekeeper residue is shown in a stick presentation: yellow for carbon
atoms, blue for nitrogen atoms and red for oxygen atoms.

Figure 3. The gatekeeper residue Asn376 in Wee1 contributes to inhibitor specificity. (a) AZD1775 with Asn376. (b) PD0407824 with Asn376. (c) UCN-01 with
Asn376. The gatekeeper residues are shown in yellow for Wee1 kinase.
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of 3.07 �Å. In addition, the PD04074824 also formed one
hydrogen bond with Asn376 (Distance: 3.24 �Å). By contrast,
the UCN-01 formed no hydrogen bond with Asn376. It indi-
cates that the gatekeeper Asn376 may play a critical role in
determining the selectivity and affinity of the inhibitors to
targets. These results were supported by latter binding free
energy calculations.

3.2. Analysis of structural flexibility and stability

MD simulations have been successfully finished for the dur-
ation of 30 ns for eight systems, including two Wee1 com-
plexes (Wee1-AZD1775 and Wee1-PD0407824), two Wee1
mutant complexes (N376A and I305A), two Chk1 complexes
(Chk1-UCN-01 and Chk1-PD0407824) and two Chk1 mutant
complexes (E91A and S147A).

In order to examine the dynamic stability of each system
and validate the rationality of MD simulations, the RMSD val-
ues of backbone were calculated and analyzed for each sys-
tem, as shown in Figure 4. It shows that the whole systems
have reached equilibrium after 10 ns of MD simulations after
initial fluctuations. Therefore, it was meaningful to calculate
the binding free energy and energy decomposition of each
residue for the last 10 ns. Overall, the mutant complexes
have comparatively larger fluctuations than the wild Wee1

and Chk1 complexes. It indicates that the mutation of resi-
dues can impact the stability of systems and the mutant pro-
teins could have an unstable binding mode with inhibitors.

The flexibility of each residue was analyzed by root-mean-
square fluctuation (RMSF). Figure 5 shows similar fluctuations
for each Wee1 complex, which indicates that inhibitors have
similar binding modes against Wee1. The residues with
higher fluctuation values indicate that they are more flexible
during the MD simulations. As shown in Figure 6, the resi-
dues of each Chk1 system show similar flexibility fluctuation.

3.3. Binding free energy analysis

To compare the binding affinities of three inhibitors against
Wee1 and Chk1, the method of MM-PBSA was used for the
calculation of binding free energy. The last 10 ns of MD tra-
jectories for each system were used for the binding free
energy calculation, which are expected to reflect the bind-
ing affinities.

Table 2 shows the binding free energies of each system
and IC50 values. Overall, the results indicate that the ten-
dency of binding free energy is in keeping with the experi-
mental activities for each complex. The Wee1 selective
inhibitor AZD1775 possesses lower predicted binding free
energy for Wee1 (-119.97 kcal/mol) than the dual Wee1-Chk1
inhibitor PD0407824 (-94.53 kcal/mol), responding to the IC50
values of 5.2 nM and 97 nM, respectively. The mutant N376A
(-113.22 kcal/mol) shows a higher predicted binding free
energy than that of AZD1775 binding to the wild type Wee1
because of the loss of a hydrogen bond interaction. This
indicates that the gatekeeper residue Asn376 makes a

Figure 4. Plots of RMSD for backbone atoms for each system.

Figure 5. RMSF of each residue of Wee1 systems obtained from the last 10 ns
MD simulations.

Figure 6. RMSF of each residue of Chk1 systems obtained from the last 10 ns
MD simulations.

Table 2. Binding free energies of all systems using MM-PBSA method.

Complex

Energy (kcal/mol)

DGvdw DGele DGpolar DGnonpolar DGpreðbindÞ IC50(nM)

Wee1-AZD1775 �242.04 �30.76 175.42 �22.68 �119.97 5.2
Wee1-PD0407824 �170.34 �7.17 98.41 �15.39 �94.53 97
Chk1-UCN-01 �283.55 �42.42 139.76 �19.47 �205.74 7
Chk1-PD0407824 �167.03 �38.81 90.02 �15.25 �131.02 47
N376A �252.45 �17.71 180.97 �23.91 �113.22 –
I305A �203.27 �28.41 154.02 �20.01 �95.88 –
E91A �216.31 �63.48 101.20 �16.65 �195.21 –
S147A �262.815 �38.488 125.20 �18.38 �194.56 –
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favorable contribution toward Wee1and inhibitors complexes.
Similarly, the binding free energy of mutant I305A
(-95.88 kcal/mol) is more positive than the wild type Wee1. It
suggests that the inhibitor AZD1775 binds more loosely into
mutants N376A and I305A than the wild type Wee1. The

residues Asn376 and Ile305 are connected tightly with the
binding affinity of AZD1775 against Wee1. The binding free
energy values of UCN-01 (-205.74 kcal/mol) and PD0407824
(-131.02 kcal/mol) binding to Chk1 are in accord with the
activities of UCN-01 and PD0407824. The binding free energy
values of mutants E91A and S147A are much higher than
the wild type Chk1. This results show that residues Glu91
and Ser147 make a contribution to the binding affinity of
UCN-01 against Chk1.

The binding free energies of each system were decom-
posed into independent binding free energy components.
The energies of intermolecular van der Waals (DGvdw), the
electrostatic interactions (DGele) and the nonpolar solvation
energy (DGnonpolar) are favorable for the binding of inhibitors
against protein. However, the polar solvation energy (DGpolar)
contributes an unfavorable contribution to inhibitors binding
to protein. The analysis of binding free energy decompos-
ition shows that the van der Waals interactions, electrostatic
interactions and nonpolar solvation energy may contribute
to the inhibitor binding and the selectivity of inhibitor
against protein.

3.4. Free energy decomposition analysis for per-residue

To further examine the critical residues related to the select-
ivity of inhibitors binding to protein, the binding free ener-
gies were decomposed into the contribution of each residue.
The contributions of binding free energies for key residues
were calculated and shown in Table 3 and Table 4. Usually,
the residues are regarded as the critical part for inhibitors
binding if the decomposed energy of one residue is more

Table 3. Energy decomposition of each residue around the binding pocket
of Wee1.

Energy (kcal/mol)

Wee1 Wee1-AZD1775 Wee1-PD0407824

Ile305 �9.63 �4.99
Val313 �8.84 �5.98
Ala326 �3.98 �3.65
Asn376 �2.39 0.25
Glu377 2.36 2.45
Tyr378 �6.74 �2.84
Cys379 �6.63 0.76
Phe433 �10.43 �9.03

Table 4. Energy decomposition of each residue around the binding pocket
of Chk1.

Energy (kcal/mol)

Chk1 Chk1-UCN-01 Chk1-PD0407824

Leu15 �7.46 �7.18
Val23 �10.94 �5.04
Ala36 �3.33 �2.81
Leu84 �6 �5.78
Glu85 3.98 0.45
Tyr86 �6.39 0.51
Cys87 �5.23 �0.93
Glu91 �7.95 �1.41
Leu137 �17.38 �8.06
Ser147 �2.25 1.37

Figure 7. The binding free energy decomposition of per residue for all complexes.
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negative than �1.0 kcal/mol (Huang et al., 2013). The
Asn376, Tyr378 and Cys379 from the linker, Phe433 from
catalytic segment, Ile305 from b1 closed to P-loop, Val313
from b2, and Ala326 from b3 of Wee1 protein contribute
predominant sections for binding free energies. Similarly, the
Leu15 from b1, Val23 from P-loop, Ala36 from b3, Leu84-
Cys87 from linker, Glu91 from b6, Leu137 from b7 and
Ser147 from b9 near to the DFG motif favorably contribute
to the inhibitors binding to Chk1.

To rationalize the binding affinity of AZD1775 and
PD0407824 against Wee1, a comparison analysis of binding
free energy is performed for critical residue. As shown in
Table 3, Ile305 (-9.63 kcal/mol) of Wee1 has larger contribu-
tion in Wee1-AZD1775 complex than Ile305 (-4.99 kcal/mol)
in Wee1-PD0407824. A total difference of 4.64 kcal/mol of
Ile305 in the two complexes is discovered, which may con-
tribute to the selectivity mechanism of inhibitors against

Wee1. The Asn376 has favorable contributions to the com-
plex Wee1-AZD1775 (-2.39 kcal/mol) but unfavorable contri-
butions to the complex Wee1-PD0407824 (0.25 kcal/mol).
Hydrogen bonding and p-p stacking are the major interac-
tions of inhibitors binding to Wee1. Phe433 (-10.43 kcal/mol)
has a bigger contribution in Wee1-AZD1775 complex than in
Wee1-PD0407824 complex (-9.03 kcal/mol). The Cys379 forms
stronger hydrogen bond interactions in the Wee1-AZD1775
complex (-6.63 kcal/mol) than that in the Wee1-PD0407824
complex (0.76 kcal/mol). In addition, the Tyr378 of Wee1
shows more favorable hydrophobic interactions with
AZD1775 (-6.74 kcal/mol) than that with PD0407824
(-2.84 kcal/mol).

For the Chk1, most critical residues, found to have contri-
butions for UCN-01 binding to Chk1, are also favorable for
PD0407824 binding to Chk1. However, Glu91 and Ser147
were found to have valuable contributions in the Chk1-UCN-
01 complex (-7.95 kcal/mol and �2.25 kcal/mol), not found in
the Chk1-PD0407824 complex (Figure 7). Therefore, the
selectivity of UCN-01 for Chk1 would be potentially regulated
these critical residues. The selectivity mechanism of Chk1
would be interpreted in detail below based on the binding
modes of inhibitors with Chk1.

3.5. Insight to the selectivity mechanism of PD0407824
and AZD1775 to Wee1

According to the results of binding free energy calculations,
the residues Ile305, Val313, Ala326, Asn376, Glu377, Tyr378,
Cys379 and Phe433 of Wee1 have favorable contributions to
PD0407824 and AZD1775. The overall complexes conforma-
tions of PD0407824-Wee1 and AZD1775-Wee1 have high
similarity according to the structural alignment. As shown in
Figure 8, a major difference around the active pocket is
observed in the P-loop which is in an “opened” conformation
(PD0407824-Wee1) and in a “closed” conformation
(AZD1775-Wee1). As shown in Figure 9, the PD0407824
makes no close contacts with the P-loop and is buried
deeply in the hydrophobic environment of active pocket.

Figure 8. The conformations of P-loop. The yellow represents the P-loop of Wee1-AZD1775. The orange represents the P-loop of Wee1-PD0407824.

Figure 9. The comparison of binding patterns between inhibitors and Wee1.
(a) AZD1775 and Wee1. (b) PD0407824 and Wee1.
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However, the AZD1775 is not completely buried in the bind-
ing pocket. The piperazine N-methyl group of AZD1775 is
exposed in the solvent, and it surrounds and interacts with
the P-loop residues, especially Ile305 and Gly306. The residue
Ile305 forms a carbon hydrogen bond with methylpiperazine
of AZD1775. The Pi-alkyl hydrophobic interaction is produced
between the Ile 305 and benzene ring of AZD1775. In add-
ition, the gatekeeper Asn376 has different behaviors in two
complexes, which is also reflected in the binding free energy
calculation. As shown in Figure 3 and Figure 9, the Asn376 is
closer to the ligand AZD1775 than the ligand PD0407824. It
means that there is a strong hydrogen bond between the
AZD1775 and Wee1. The analysis indicates that the residues
Ile305 and Asn376 as critical residues play crucial parts in
determining inhibitors’ selectivity toward Wee1.

3.6. Insight to the selectivity mechanism of PD0407824
and UCN-01 to Chk1

The inhibitor PD0407824 was docked into the active pocket
of Chk1. The interaction modes of Chk1-UCN-01 and Chk1-
PD0407824 complexes were analyzed and compared for a
better investigation to the binding selectivity of Chk1. As
shown in Figure 10, two inhibitors were bound into the ATP
active pocket of Chk1 in the similar way, and make direct
interactions with the residues Leu15, Val23, Glu85, Tyr86,
Cys87 Glu91, Leu137 and Ser147. Moreover, one hydrogen
bond was formed between the hydroxyl of UCN-01 and the
side chain of Ser147 in Chk1. The methylamine group of
UCN-01 formed the other hydrogen bond with the residue
Glu91 of Chk1. These two interactions are absent in the
Chk1-PD0407824 complex. This result was in accord with the
binding free energy analysis of per residue. The free energy
contribution of Glu91 in Chk1-UCN-01 complex (-7.95 kcal/
mol) was less than that in Chk1-PD0407824 complex
(-1.41 kcal/mol). The residue Ser147 (-2.25 kcal/mol) of Chk1-
UCN-01 complex has bigger contribution than that in Chk1-
PD0407824 complex (1.37 kcal/mol).

Therefore, the selectivity mechanism of UCN-01 toward
could be explained as the interactions between the inhibitor
and residues of Chk1, included Ser147 and Glu91.

3.7. Conclusion

In this study, a computational analysis strategy combining
molecular docking, MD simulations and binding free energy
calculation was employed to investigate the selectivity mech-
anism of inhibitors toward Wee1 and Chk1. A comparative
analysis of interactions was performed and it provided a
detailed perspective about the binding selectivity. The select-
ivity of Wee1 could be attributed to the P-loop (especially
Ile305) and gatekeeper residue Asn376, which led to the con-
formational change of protein. The free energy decompos-
ition analysis indicates the P-loop and gatekeeper residue
play a vital part in binding selectivity of Wee1. The additional
two hydrogen bonds formed between the UCN-01 and
Glu91 and Ser147 of Chk1 were responsible for its high affin-
ity and selectivity for Chk1. The binding free energy calcula-
tion demonstrated that the presence of Glu91 and Ser147
plays a crucial role by interacting with inhibitors directly.

This study will provide a better understanding of selective
inhibition mechanism of Wee1 and Chk1. It also would pro-
vide valuable guidelines for the rational design of highly
selective Wee1 and Chk1 inhibitors.
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