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vity to the AKR1B10 and aldose
reductase (AR): insight from molecular dynamics
simulations and free energy calculations†

Ping Lin*ab and Yuzhen Niu *ac

AKR1B10 is over-expressed in many cancer types and is related to chemotherapy resistance, which

makes AKR1B10 a potential anti-cancer target. The high similarity of the protein structure between

AKR1B10 and AR makes it difficult to develop highly selective inhibitors against AKR1B10.

Understanding the interaction between AKR1B10 and inhibitors is very important for designing

selective inhibitors of AKR1B10. In this study, Fidarestat, Zopolrestat, MK184 and MK204 bound to

AKR1B10 and AR were used to investigate the selectivity mechanism. The results of MM/PBSA

calculations show that van der Waals and electrostatic interaction provide the main contributions of

the binding free energy. The hydrogen bonding between residues Y49 and H111 and inhibitors plays

a pivotal role in contributing to the high inhibitory activity of AKR1B10 inhibitors. The p–p stacking

interaction between residue W112 and inhibitor also plays a key role in the stability of inhibitors and

AKR1B10, but W112 should keep its natural conformation to stabilize the inhibitor–AKR1B10 complex.

Highly selective AKR1B10 inhibitors should have a bulky moiety like a phenyl group, which can change

its binding with ABP in binding with AR and cannot change its binding with AKR1B10. The free energy

decomposition shows that residues W21, V48, Y49, K78, W80, H111, R298 and V302 are beneficial to

the stability of the inhibitor–AKR1B10. Our work will provide an important in silico basis for

researchers to develop highly selective inhibitors of AKR1B10.
1. Introduction

AKR1B10 (human aldo-ketoreduce family1, Member 10)1 and
AKR1B1 (human aldo-ketoreduce family1, Member 1, also
named aldose reductase, AR)2 are two members of the AKR1
subfamily B, and the homology between AKR1B10 and AR is
70.89%.3 The human AR is the key enzyme of the polyol
pathway, which catalyzes the reduction of glucose to sorbitol
with high glucose concentration.4 The overexpression of AR is
related to the secondary complications of diabetes,5,6 and it is
expressed in various tissues of the human body, so AR inhibi-
tors are mainly used to treat the complications related to dia-
betes at present.7 However, the overexpression of AKR1B10 in
various human tissues is obviously selective.8,9 For example,
AKR1B10 is over-expressed in 70% of pancreatic cancer and
tumor-like lesions in pancreatic epithelium.10 AKR1B10 is also
over-expressed in erosive epithelium of esophagus and Barrett's
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epithelium, and further deterioration of this can lead to the
occurrence of esophageal cancer.11,12 In addition, AKR1B10 is
also expressed in the small intestine and colon,13 but at a low
level in the liver, prostate, testis and thymus, while it is basically
not expressed in most other normal human tissues.14 Therefore,
AKR1B10 has become a potential target of anti-tumor drugs in
recent years, and the research of its inhibitors has also brought
new opportunities for tumor treatment.1 Moreover, AKR1B10
inhibitors can also affect the sensitivity of tumor cells to
chemotherapeutic drugs, which can nd a new way to improve
the effect of tumor chemotherapy.15 Therefore, with the in-
depth study of AKR1B10 and its inhibitors, nding efficient
and selective AKR1B10 inhibitors will certainly bring new hope
for the diagnosis and treatment of tumors.16–18

Because of the high similarity of amino acid sequences of
AKR1B10 and AR, the three-dimensional structure of them is
also similar, which means that commonly developed inhibitors
can both bind to AKR1B10 and AR. Selectivity is one of the most
important factors affecting side effects in drug design,19 and it is
extremely difficult to obtain selectivity in protein which belongs
to the same family and has high sequence similarity.20 There-
fore, considering the selective expression of AKR1B10 and AR in
different tissues, it is necessary to improve the specicity of
AKR1B10 inhibitors for anti-cancer by targeting AKR1B10. At
present, relevant research on selective inhibitors of AKR1B10 is
RSC Adv., 2023, 13, 26709–26718 | 26709
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Fig. 1 Chemical structures and biological activity to AKR1B10 and AR of inhibitors studied in this work.
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View Article Online
still scarce, and the researchers try to use AR inhibitors to
inhibit the activity of AKR1B10. Fidarestat (1) and Zopolrestat
(2) are AR inhibitors21,22 (Fig. 1), which are used to treat diabetic
neuropathy clinically. However, the inhibitory activities of these
two compounds on AKR1B10 and AR have no obvious differ-
ence. MK184 (3) and (4) are two only compounds with high
selectivity to AKR1B10 reported to date.23,24 The crystal struc-
tures of Zopolrestat binding with AKR1B10 and AR, Fidarestat
combined with AR and MK184 binding with AKR1B10 have
been determined by X-ray crystallography. Although this struc-
tural data is necessary to clarify the inhibition mechanism, the
data obtained from the crystal structure is limited, because the
crystal structure can only provide a single instantaneous
conformation of the complex. Therefore, it is necessary to
further clarify the interaction in the kinetic complex of protein
or protein–inhibitor complex. Molecular dynamics (MD) simu-
lations, which can be used to observe the dynamic behavior of
biomolecules, studies not only the stable snapshot interaction,
but also includes the dynamic interaction between the residues
and inhibitors and to clarify the mechanism of inhibitor
selectivity.

Therefore, in this work, we have carried out MD simulations
to study the binding of four compounds (Fidarestat, Zopolre-
stat, MK184 and MK204) to AKR1B10 and AR, and calculated
the binding free energy of the equilibrated parts of MD trajec-
tories to clarify the key binding characteristics of compounds
with high selectivity to AKR1B10. We got the stable conforma-
tion of MK204 binding to AKR1B10 and AR from MD simula-
tions, and strengthened the difference of binding modes
between them. We identied the key residues of AKR1B10 and
AR contributed to inhibitors binding and estimated the differ-
ence of their impact to the binding free energy. Finally, we
summarized the binding characteristics of AKR1B10 inhibitors
with high selectivity. There is only a few activity test data of
AKR1B10 and AR at present, and we believe that our work will
provide an important data for researchers to develop highly
selective inhibitors of AKR1B10.
26710 | RSC Adv., 2023, 13, 26709–26718
2. Materials and methods
2.1 Molecular docking

The crystal structures of Fidarestat/AR, MK184/AR and MK204/
AR complexes were not found in PDB database, so we tried to
get the initial poses for the four complexes by molecular dock-
ing. The molecular docking was performed with Glide in
SchrÖdinger 2015 (SchrÖdinger, LLC, New York, NY, USA). The
crystal structure of Zopolrestat/AR complex (PDB ID: 4JII25) was
used to dene the docking grid box for AR protein, while the
MK184/AKR1B10 was used to dene the docking grid box for
AKR1B10, and the ligands were docked into the dened docking
pocket using Glide with standard precision (SP) and extra
precision (XP). The docking pose with the highest score was
selected as their initial binding pose for further evaluation.

Induced Fit Docking (IFD)26,27 was performed in SchrÖdinger
2015 to get more accurate initial pose. The proteinmolecule was
minimized with an RMSD cutoff of 0.2 Å, and then was gener-
ated the centroid of the residues automatically. The initial
docking for each ligand was carried out with Glide. The residues
within 5.0 Å of the ligand position are restricted to optimize the
side chain. The ligand is strictly docked into the protein struc-
ture suitable binding pocket, and as a result, the IFD score of
each output posture is generated.
2.2 Molecular dynamics (MD) simulations

2.2.1 Complex setup. The starting structure of the
Zopolrestat/AKR1B10, Zopolrestat/AR, Fidarestat/AKR1B10,
MK184/AKR1B10 and MK204/AKR1B10 complexes were ob-
tained from the RCSB Protein Data Bank (PDB ID code is 4JII,25

2DV0,28 1PWM,29 5LIX23 and 5LIY,23 respectively). The missing
residues were added and aligned together using SchrÖdinger
2015. Then the structure of the complexes was prepared by the
Protein Preparation Wizard, including adding side chain of
residues, hydrogen atoms, assigning protonation states, and
relaxing the amino residue side chains of the proteins. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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starting structure of Fidarestat/AR, MK184/AR and MK204/AR
were obtained using the Glide.

The partial charges of the four ligands were computed at the
HF/6-31G(d) level of theory and xed using the RESP
methodology.30–32 Each receptor–ligand construct was nally
parameterized using the AMBER14SB33 and GAFF force elds.
Then, the complexes were solvated with TIP3P water models34 in
a 10 Å cubic box using Leap, and Na+ ions were added to
neutralize the net charge of the complex.

2.2.2 Equilibration and production runs. All of the MD
simulations were performed with the Amber20 simulation
package. The specic parameter settings refer to our previous
work. Particle Mesh Ewald (PME) algorithm35 was employed to
treat long-range electrostatic interactions, while the cutoff for
the short-range non-bonded interactions were set to 10 Å. All
bonds involving hydrogen atoms were restrained using the
SHAKE algorithm,36 and the time step was set to 2 fs. 1000 ns
MD simulations at a temperature of 310 K and a pressure of 1
atm were carried out without any restrain. During the sampling
process, the coordinates of each complex were saved every 10 ps.
2.3 MM/PBSA binding free energy calculations and residue
decomposition

The Molecular Mechanics with Poisson–Boltzmann/Surface
Area (MM/PBSA) method,37,38 widely used in estimating
receptor and ligand interaction binding, was employed to esti-
mate the binding free energies for the receptor and ligand
interaction.39–46 In MM/PBSA method, the binding free energy
Fig. 2 Comparison of the amino acid sequence (A) and the protein struc
SP: specificity pocket.

© 2023 The Author(s). Published by the Royal Society of Chemistry
can be decomposed into several terms, including the bond,
angle, torsion, van der Waals, and electrostatic terms. In MM/
PBSA calculations, 2000 snapshots were extracted from the
last 200 ns MD trajectory (take one at every 10 snapshots) for the
free energy calculations. The binding free energy can be calcu-
lated as follows:

hDGbindihDEbondi + hDEanglei + hDEtorsi + hDEvdwi + hDEelei +
hDGPBi + hDGSAi − ThDSMMi (1)

where hDGbindi is the calculated average free energy, and the
polar contribution of solvation (hDGPBi) was calculated based on
Poisson–Boltzmann (PB) model.47 The nonpolar contribution of
solvation (hDGSAi) was determined by solvent accessible surface
area (SASA) using the LCPO method: DGSA = 0.0072 × DSASA.
The conformational entropy contribution (−ThDSi) upon ligand
binding is calculated using normal-mode analysis48 in
AMBER20. All steps of minimizations and normal-mode calcu-
lation were performed with a distance-dependent dielectric
function 4Rij (the distance between two atoms) to mimic solvent
screening. The structures were further minimized with no
cutoff for non-bonded interactions by using conjugate gradient
and then Newton–Raphson minimizations until the RMS of the
elements in the gradient vector was less than 10−4 kcal (mol−1

Å−1). Due to the high computational cost in the entropy calcu-
lation, only 50 snapshots were extracted from the last 200 nsMD
trajectory was used to calculate the entropic contribution (take
one at every 400 snapshots).
ture between AKR1B10 and AR (B) and (C). ABP: anion binding pocket;

RSC Adv., 2023, 13, 26709–26718 | 26711
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3. Results and discussion
3.1 Summary the structural characteristics of AKR1B10 and
AR

As is shown in Fig. 2, AKR1B10 and AR share an (a/b)8-barrel
core motif, which are conserved in metabolic enzymes. Resi-
dues Y49, K77, H111 and W112 dene a geometrically rigid
“anion binding pocket (ABP)” with the nicotinamide moiety of
NADP+, which is the conventional binding site of AKR1 inhib-
itors. Sequence alignment of AKR1B10 and AR shows 71%
amino acid identity, and superposition of the 3D structures of
AKR1B10 and AR shows that the differences mainly come from
the three-segment loop regions, including loop A (residues 110–
138), loop B (residues 210–232) and loop C (residues 292–316).
The three external and highly variable loops contribute to
protein plasticity, substrate specicity and inhibitor selectivity.
Meanwhile, there is another specicity pocket (SP) near ABP,
which is composed of residues W112, T114 and F123 from loop
A and C299, A300, L301, L302, S303 and Y310 from loop C.
W112 occupies the hinge area with privileged position between
the anion binding pocket and allosteric binding pocket.

The structure characterization (from empirical data and
molecular docking of AKR1B10 and AR in combination with
specic inhibitors) has allowed to identify two key differences
between AR and AKR1B10. The rst one corresponds to
a different conformation of the residue W112, andW112 adopts
natural conformation through a hydrogen bond network, which
includes residues Q114 and S304 located in loop C in AR, but
Fig. 3 The docking poses of four ligands Fidarestat (A), Zopolrestat (B),

26712 | RSC Adv., 2023, 13, 26709–26718
this network cannot be established in AKR1B10 (Fig. 3A and C).
The reason why the conformation of W112 in Fig. 3B and C as
the same is that the structure is that these conformations are
obtained by the IFD method. Another difference is that the
residues located in loop C, such as Q(S)303 and S(C)304. The
residue W112 also forms p–p stacking interaction in AKR1B10
and AR binding the inhibitors Zopolrestat, MK184 and MK204,
but cannot be established in Fidarestat binding AKR1B10 and
AR. It is worth mentioning that we can't get the complex
structure of MK204 binding AR by Glide docking, but by IFD.
The reason may be that the volume of MK204 is too large to
accommodate the binding sites of AR, so we tried to obtain the
stable conformation of MK204 binding to AR by using long
distance MD.

3.2 Evaluation of inhibitors binding to AKR1B10 and AR
from MD simulations

3.2.1 MD simulations. Accuracy and reliability of four
inhibitors docking poses with AKR1B10 and AR were accessed
by all atom explicit solvent MD simulations, and a total of 1 ms
simulation trajectories was collected. The RMSD of the eight
complexes were observed by monitoring their values computed
on the backbone atoms of protein and the heavy atoms of ligand
in the simulation process. As shown in the Fig. S1,† aer ∼800
ns, both the heavy atoms of the inhibitor and the residues
within 5 Å of binding pocket have experienced relatively small
conformational changes (RMSD < 1 Å), which indicated that
each complex reached an equilibrium state. However, the
MK184 (C) and MK204 (D) with AKR1B10 and AR.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Monitoring the fluctuations of RMSF of the protein of backbone in MD simulations.
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backbone atoms of the protein have been uctuating greatly,
which is oen related to the loop region in the protein structure.
In addition, we also computed the RMSF values of the backbone
eight complexes, and extracted the average structure of the
complex from the last 200 ns. As shown in Fig. 4, the three-
segment loop regions (loop A, loop B and loop C) show great
uctuations in all complexes. In order to observe the changes of
the bindingmode of inhibitor and protein during the whole MD
process, we superimposed the average structure deriving from
the last 100 ns in MD trajectory and the initial pose (Fig. S2†).
For the compounds in com4, com6, com7 and com8, the largest
conformation change is due to the deviation of carboxyl cation
from the original binding site due to the change of carbon atom
(marked in red in Fig. 1) conformation, which is also the reason
for the great uctuation of the heavy atoms of ligand and the
residues within 5 Å of binding pocket in RMSD monitoring.
Table 1 Binding free energy predicted by MM/PBSA method

Contribution
Fidarestat/
AKR1B10 Fidarestat/AR

Zopolrestat/
AKR1B10

Zopol
AR

DEele −23.25 � 0.17 −22.58 � 0.15 −8.38 � 0.24 −18.6
DEvdw −28.80 � 0.09 −27.57 � 0.10 −44.65 � 0.14 −47.0
DGSA −3.97 � 0.01 −3.58 � 0.01 −5.19 � 0.02 −5.0
DGGB 33.92 � 0.12 31.28 � 0.09 24.08 � 0.22 30.0
DGnonpolar

a −32.77 � 0.09 −31.15 � 0.14 −49.84 � 0.14 −52.1
DGpolar

b 10.67 � 0.21 8.70 � 0.17 15.70 � 0.37 11.4
DGTotal −22.10 � 0.11 −22.45 � 0.11 −34.14 � 0.15 −40.7
−TDS 17.73 � 3.65 17.79 � 4.67 24.14 � 4.71 24.9
DGBind −4.37 � 3.66 −4.66 � 4.68 −9.90 � 4.72 −15.7

a DGnonpolar = DEvdw + DGSA.
b DGpolar = DEele + DGGB.

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2.2 Proles of inhibitors binding free energies in
complex with AKR1B10 and AR. In order to explore the binding
of studied inhibitors binding to AKR1B10 and AR, we calculated
the binding free energy between receptors and ligands in eight
complexes and its various components contributing to the
binding free energy (DGbind) by MM/PBSA method. The calcula-
tion results are summarized in Table 1. Obviously, in all cases, van
der Waals interaction (DEvdW) and electrostatic interaction (DEele)
are the most important factors that promote the binding of
receptors and ligands. The nonpolar solvation free energy (DGSA)
is favorable for the formation of receptor and ligand, while the
polar solvation free energy (DGPB) is not conducive to the forma-
tion of complexes. Entropy (TDS) also opposes the binding of
inhibitors to receptor. As shown in Table 1, there is no apparent
difference in the calculated binding free energy between
Fidarestat/AKR1B10 and Fidarestat/AR complexes, but there are
restat/ MK184/
AKR1B10 MK184/AR

MK204/
AKR1B10 MK204/AR

1 � 0.23 −16.24 � 0.17 −9.92 � 0.11 −50.63 � 0.18 −5.59 � 0.15
5 � 0.13 −48.35 � 0.15 −46.62 � 0.14 −76.95 � 0.11 −50.39 � 0.12
8 � 0.01 −5.50 � 0.01 −4.71 � 0.01 −5.31 � 0.01 −4.67 � 0.01
1 � 0.22 29.51 � 0.14 22.8 � 0.16 87.40 � 0.16 17.75 � 0.25
3 � 0.13 −53.85 � 0.15 −51.33 � 0.14 −82.86 � 0.11 −55.06 � 0.12
0 � 0.31 13.27 � 0.22 12.88 � 0.19 36.77 � 0.24 12.16 � 0.29
3 � 0.11 −40.58 � 0.14 −38.45 � 0.12 −45.49 � 0.11 −42.90 � 0.14
7 � 2.55 20.14 � 3.93 21.30 � 6.46 19.23 � 4.39 23.23 � 6.18
6 � 2.56 −20.44 � 3.94 −17.15 � 6.47 −26.26 � 4.40 −19.67 � 5.72

RSC Adv., 2023, 13, 26709–26718 | 26713
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apparent differences between Zopolrestat/AKR1B10 and
Zopolrestat/AR complexes. The difference between them is mainly
manifested in the electrostatic component, which leads to a great
difference in the nal binding free energy (DGbind for Zopolrestat/
AR is obviously lower than that for Zopolrestat/AKR1B10). This
indicates that Fidarestat and Zopolrestat have no apparent selec-
tivity to AKR1B10 and AR, which is consistent with the experi-
mental data of inhibitory activity.

As compounds with apparent selective inhibitory effect on
AKR1B10, MK184 and MK204 have apparent difference in
binding AKR1B10 and AR. This difference is mainly reected in
the electrostatic component, and van der Waals' contribution to
the binding free energy also accounts for the main part, while
the entropy contribution has little change. The binding free
energy (DGbind) of MK184/AKR1B10 (−20.44 kcal mol−1) is lower
than that of MK184/AR (−17.15 kcal mol−1), which also is
agreement with the experiment data. MK204 is found to have
the highest selectivity to AKR1B10 in experiment, and our
calculated DGbind of MK204/AKR1B10 and MK204/AR is
−26.26 kcal mol−1 and −19.67 kcal mol−1, respectively. Elec-
trostatic component (DEele) and van der Waals' contribution
(DEvdw) drive this difference (−127.58 for MK204/AKR1B10 and
−55.98 kcal mol−1 for MK204/AKR1B10), and later we will
analyze the reasons for the differences from energy decompo-
sition and binding mode of all inhibitors with AKR1B10 and AR.

3.2.3 The importance of hydrogen bond interaction on the
stability of inhibitors binding AKR1B10 and AR.Hydrogen bond
play a critical role in stabilizing the receptor and ligand, so it
Table 2 Summary of hydrogen bond between the ligand and protein

Acceptor DonorH Donor

Fidarestat/AKR1B10
N300(O) Ligand(H10) Ligand(N3)
Ligand(O2) Y49(HH) Y49(OH)
Ligand(O3) Asn300(H) N300(N)

Fidarestat/AR
Ligand(O4) Y49(HH) W49(OH)
Ligand(O3) W112(HE1) W112(NE1)
Ligand(O2) L301(H) L301(N)
Ligand(O4) H111(HE2) H111(NE2)

Zopolrestat/AR
Ligand(O1) A300(H) A300(N)

MK184/AKR1B10
Ligand(O2) Y49(HH) Y49(OH)
Ligand(O4) H111(HE2) H111(NE2)

MK184/AR
Ligand(O4) H111(HE2) H111(NE2)

MK204/AKR1B10
Ligand(O3) Y49(H) Y49(OH)
Ligand(O4) Y49(HH) Y49(OH)
Ligand(O4) H111(HE2) H111(NE2)
Ligand(O3) H111(HE2) H111(NE2)

a The frequency of the hydrogen bond in 20 000 conformations is counte

26714 | RSC Adv., 2023, 13, 26709–26718
makes an important contribution to evaluating the affinity
between receptor and ligand. We counted the hydrogen bond
interactions between inhibitors and proteins in the equilibrium
trajectories of eight complexes. The percentage occupancy of
hydrogen bond determines the strength and stability of the
hydrogen bond between the inhibitors and protein throughout
the simulations (800–1000 ns) and listed in Table 2. It depicts that
Fidarestat forms hydrogen bond with the residue Y49 in both
AKR1B10 and AR with ∼70% and ∼73% occupancy in the simu-
lations in agreement with the initial poses (Fig. 3). Similarly, the
MK184/AKR1B10 complex exhibits ∼83% occupancy of hydrogen
bond between residue Y49 with MK184, and the MK204/AKR1B10
complex exhibits ∼82% and ∼65% occupancy of hydrogen bond
between residues Y49 and H111 with MK204, suggesting the
strong hydrogen bond formations between themwhile only∼20%
of occupancy between residue H111 and MK184.

In Fidarestat/AKR1B10 and Fidarestat/AR complexes, several
hydrogen bonds with low occupancy rate were also detected. For
example, in Fidarestat/AKR1B10, residue N300 acted as hydrogen
bond acceptor and donor, forming hydrogen bond with Fidarestat
with ∼24% and ∼28% occupancy, respectively. Fidarestat forms
hydrogen bond with residues W112, L301 and H111 with ∼64%,
∼37% and ∼28% occupancy respectively in Fidarestat/AR. Only
∼80% of the hydrogen bond between Zopolrestat with AR were
detected, while ∼44% of the hydrogen bond of H111 were detec-
ted in MK184/AKR1B10 besides the hydrogen bond between Y49
and MK184. On the contrary, only ∼20% of hydrogen bond
between MK184 and H111 were found, which supported the
Fraca (%) AvgDistb (Å) AvgAngb

0.23 2.89 155.47
0.70 2.76 163.68
0.28 2.91 164.13

0.73 2.76 163.62
0.64 2.85 157.02
0.37 2.88 149.89
0.28 2.88 146.62

0.71 2.85 163.72

0.83 2.71 164.29
0.44 2.85 150.19

0.20 2.86 159.36

0.82 2.65 168.56
0.17 2.64 168.26
0.66 2.80 152.90
0.20 2.82 153.18

d. b Distance and angle of hydrogen bond.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Residues that form hydrophobic and hydrogen bond with ligands at the binding sites predicted by the LigPlus. Fidarestat binding AKR1B10
(A) or AR (A′), Zopolrestat binding AKR1B10 (B) or AR (B′), MK184 binding AKR1B10 (C) or AR (C′) and MK204 binding AKR1B10 (D) or AR (D′).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/2
6/

20
26

 1
0:

52
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
numerical difference of predicted binding free energy between
Zopolrestat and MK184 with AKR1B10(AR). No hydrogen bond
formation with high occupancy was observed in Zopolrestat/
AKR1B10, MK184/AR and MK204/AR (Fig. 5).

3.3 Identication of interactions crucial for binding and
inhibitory activities of AKR1B10 inhibitory

3.3.1 Comparison of bound modes of Fidarestat and
Zopolrestat with AKR1B10 and AR. The energy contribution of
each residue for the complexes was calculated based on equil-
ibrated MD simulation trajectories. As shown in Fig. 6, residues
Fig. 6 Per-residue interaction decomposition of the binding free ener
Comparison of the binding modes of Fidarestat with AKR1B10 (A′) and A
purple sticks represent the important residues and the yellow sticks repr

© 2023 The Author(s). Published by the Royal Society of Chemistry
W21, V48, H111, W112, N161, C299 and L302 at the binding site
of AKR1B10 and AR were identied as key residues (with
difference of the absolute energy contribution of
$0.5 kcal mol−1) for Fidarestat binding AKR1B10 and AR. There
is no obvious difference between the calculated binding free
energies of the two molecular complexes. Due to the inversion
of residue W112 conformation, the binding of Fidarestat to
AKR1B10 is slightly different from that of AR, which makes
these key residues show different effects on Fidarestat. For
example, Fidarestat forms hydrogen bond with residues Y49
and N300 in AKR1B10, while it has hydrogen bond with the
gies for (A) Fidarestat/AKR1B10(AR) and (B) Zopolrestat/AKR1B10(AR).
R (A′′), Zopolrestat(F) with AKR1B10 (B′) and AR (B′′), respectively. The
esent the ligands.
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Fig. 7 Per-residue interaction decomposition of the binding free energies for (A) MK184/AKR1B10(AR) and (B) MK204/AKR1B10(AR). Comparison
of the binding modes of MK184 with AKR1B10 (A′) and AR (A′′), MK204 with AKR1B10 (B′) and AR (B′′), respectively. The purple sticks represent the
important residues and the yellow sticks represent the ligands.
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residues Y49, W112, H111 and L301 in AR (Table 2). W21 forms
p–p stacking interaction with Fidarestat in both AKR1B10 and
AR. So, there is no apparent difference between the calculated
DGbind of the two complexes.

The binding free energies of Zopolrestat/AR estimated by
MM/PBSA are relatively lower than that of Zopolrestat/AKR1B10,
which is closely consistent with the experimental data. The
Fig. 6 shows that almost all the residuesW21, W80, W112, F123,
V301 and V302 have stronger interactions with Zopolrestat than
that with AR, are these residues are hydrophobic interaction.
Unlike the binding mode of Fidarestat with AKR1B10(AR),
Zopolrestat is far from residue W21, and forms p–p stacking
interaction with W112 in both AKR1B10 and AR. The side chain
conformation of W112 has always remained the same as the
initial structure, while Zopolrestat's carboxylic acid group
deviated from ABP, which made it form p–p stacking interac-
tion with W218 and remained stable.

3.3.2 Comparison of binding modes of MK184 and MK204
with AKR1B10 and AR. As shown in Fig. 7, V48, W80, H111,
W112, F123, L302 and C304 are the key residues in MK184
binding AKR1B10 and AR, and also from the binding modes of
MK184 with AKR1B10 and AR we can see that the binding of
MK184 with AKR1B10 has been very stable, and the conforma-
tion of MK184 has not changed obviously in the whole molec-
ular dynamics simulation trajectory compared with the initial
conformation. However, the polybrominated aryl portion of
MK184 is too large to be suitable for ABP of AR, because the
conformation changes obviously during the interaction with AR
(Fig. 7B′′). The aryl moiety of MK184 is having a tight t with the
loop A (F123 located in here), and MK184 can t nicely into
a novel AR binding site conformer, mainly through p–p
26716 | RSC Adv., 2023, 13, 26709–26718
stacking interaction with the W112. Computational studies
paired with the structures allowed us to surmise that ligand
binding in this novel pocket requires a very hydrophobic aryl
moiety. The loop A is usually driven by the hydrophobic part of
the inhibitor. To realize this opening, the loop C shows a high
degree of exibility. Binding in this exible region is unfavor-
able to improve the binding affinity of drugs to targets.

MK204 showed similar behavior to MK184 in binding with
AKR1B10 and AR. The benzene ring of MK204 accumulated to
the bottom of loop A in the process of binding with AR, and the
carboxyl group was far away from the original ABP due to the
conformation inversion of the benzene ring, while it was stable
with the residue W220 on loop B in the cavity formed by loop A,
B and C through the p–p stacking interaction. The difference of
this binding mode can also be observed from the energy
decomposition spectrum. Clearly, the residues that are more
favorable for the binding of MK204 to AR include F123, W220,
C299 and L301, while the residues that are more favorable for
the binding of MK204 to AR, such as W21, K22, Y49, K78, W80,
H111, R298 and V302. Both MK204 andMK184 deviate from the
original binding sites when they bind to AR, which indicates
that the existence of hydrophobic benzene ring is benecial to
improve the selectivity to AKR1B10.
4. Conclusions

It is a great challenge to develop highly selective inhibitor of
AKR1B10 to treat cancer. Understanding of protein–inhibitor
interactions is of importance for designing targeted selective
inhibitors. In this work, the binding of inhibitors with AKR1B10
and AR were investigated by molecular docking, MD
© 2023 The Author(s). Published by the Royal Society of Chemistry
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simulations and binding free energy calculations. The slight
change of protein conformation may contribute to the selec-
tivity of inhibitors to AKR1B10 and AR. By analyzing the binding
mode and calculating the binding free energy of representative
inhibitors to AKR1B10 and AR, we concluded that highly
selective inhibitors of AKR1B10 should have the following
features:

(1) The binding at the anion binding pocket (ABP) is
important to the inhibitory activity: the hydrogen bonding
between Y49 and the inhibitor and the p–p stacking between
W112 and the inhibitor play a key role in the stability of the
inhibitor and AKR1B10(AR), which contributes to the high
inhibitory activity of AKR inhibitors. For example, when MK184
and MK204 binding to AR, their carboxyl groups deviated from
ABP, resulting in a signicant decrease in their inhibitory
activity against AR.

(2) The hydrophobic effect of bulky phenyl enhancing the
selectivity to AKR1B10: Zopolrestat, MK184 and MK204 deviate
from ABP when they are combined with AR, but remain stable in
AKR1B10, which indicates that benzene ring can enhance the
selectivity to AKR1B10.

(3) Maintaining the native conformation of W112: the side
chain conformation of W112 is different in the crystal structure
of the studied inhibitors–AKR1B10(AR), and W112 keeps stable
through p–p stacking interaction with the ligand in the whole
MD simulations. However, the carboxylic acid group of the
ligand deviates from ABP seriously in the inhibitor–AR complex,
indicating that although the inhibitor keeps the conformation
of W112 stable during the interaction with AR, this conforma-
tion is not suitable for stabilizing the inhibitor AKR1B10
complex.
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