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Binding Difference of Inhibitors ACD and TDZ to A-FABP
Revealed by Molecular Dynamics Simulations

Fangfang Yan®, Xinguo Liu”, Shaolong Zhang’, Jing Su°, Qinggang Zhang®, and Jianzhong Chen®

Abstract. Adipocyte fatty-acid binding protein (A-FABP) is abundantly expressed in macrophage and
adipocyte, and it is a potential target for the treatment of atherosclerosis and metabolic disease. In this work,
binding differences of two inhibitors ACD and TDZ to A-FABP were studied by using principal component (PC)
analysis, molecular mechanics generalized Born surface area (MM-GBSA) and solvated interaction energy
(SIE) methods. The results show that the binding of inhibitor TDZ to A-FABP is stronger than that of ACD to A-
FABP. The calculation of residue-based free energy decomposition and dynamics analysis of hydrogen bonds
suggest that hydrophobic interactions and hydrogen bonding interactions play important roles in the
structural stability of A-FABP. The information obtained from this work will provide a useful clue for design of

effective drugs targeting A-FABP.

1. Introduction

Fatty acid binding proteins (FABPs) can reversibly bind to
hydrophobic ligands including long chain fatty acids and these
kinds of proteins have relatively low molecular weight of
(14~15 kDa) [1]. Up to now, at least nine family members of
FABPs have been discovered, and adipocyte fatty acid binding
protein (A-FABP) is one of the most widely studied members
among FABPs [2,3]. A-FABP is the fourth fatty acid binding
protein to be discovered, so it is also called fatty acid binding
protein 4 (namely FABP4). Structurally, A-FABP consists of
two a-helices, ten B-sheets, and the helix-loop-helix domains
covering the top of the structures to form a binding pocket
for inhibitors (Figure 1.1(A)). This protein, mainly existing in
adipose tissue and macrophages [4,5], plays a key role in the
regulation of metabolism, inflammation and immune
response [6,7]. The bindings of inhibitors to A-FABP can
effectively inhibit the development of atherosclerosis,
therefore, A-FABP has been a potential target for the
treatment of inflammation, atherosclerosis and metabolic
disease.

Over the past few years, a series of inhibitors of A-FABP
have been reported [8,9] and a number of crystal structures
of A-FABP associated with various ligands have been
determined [10-12], which provides structural basis for
further investigating binding modes of inhibitors to A-FABP.
In this study, two inhibitors ACD and TDZ are selected to
investigate their binding difference to A-FABP. The structures
of ACD and TDZ are shown in Figure 1.1(B-C) [13,14]. The
structural difference of two inhibitors results in different
binding abilities of ACD and TDZ to A-FABP. Therefore, it is of
importance for design of potent inhibitors targeting A-FABP
to probe the underlying binding mechanisms of inhibitors
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ACD and TDZ to A-FABP at atomic levels.

The previous studies demonstrated that molecular
dynamics (MD) and binding free energy
calculations have been universal tools for investigating
structure and dynamics of A-FABP as well as ligands-protein
binding mechanisms [15-24]. In current work, the
conformational change of A-FABP induced by inhibitor
bindings was probed by applying principal component (PC)
analysis [25-30]. At the same time, molecular mechanics
generalized Born surface area (MM-GBSA) [31-39] and
solvated interaction energy (SIE) methods [40,41] were
employed to comparatively study binding difference of ACD
and TDZ to A-FABP. We expect that this work is able to
provide a theoretical guidance for design of effective drugs to
treat metabolic disease related with A-FABP.

simulations

2. Theoretical methods
2.1 System preparations

The crystal structures of A-FABP associated with two
inhibitors ACD and TDZ were taken from Protein Data Bank
(PDB): 3RZY for the apo A-FABP [42], 1ADL for the ACD-A-

ACD
jopey

o NH

TDZ

Figure 1.1: Structures of molecules: (A) structure of A-FABP in a cartoon diagram
and the structures of inhibitors are shown in line modes, (B) inhibitor ACD and (C)
inhibitor TDZ.
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FABP system [13] and 2QM9 for the TDZ-A-FABP compound
[14]. All the crystal water molecules were remained in the
starting structures. All missing hydrogen atoms were added
to the corresponding heavy atoms by using the Leap module
in Amber 16 [43]. The FF99SB force field was used to describe
the protein and water molecules [44]. The general Amber
force field (GAFF) was applied to optimize the structures of
two inhibitors ACD and TDZ at a semiempirical standard
[45,46] and the antechamber module was used to assign
AM1-BCC charges to ACD and TDZ [47]. Then, three systems
were solved in a truncated octahedral box composing of
TIP3P water molecules, keeping a 12.0 A buffer along each
dimension and a certain number of counterions were added
to neutralize these systems [48].

2.2 MD simulations

Before the starting of MD simulations, it is important to
perform energy minimizations on three systems to remove
bad contacts between the complex and solvent molecules.
The energy optimization of each system was conducted in
two steps. Firstly, the harmonic constant of 100 keal/mol-A?

A —— A-FABP
—— ACD-A-FABP
24 —— TDZ-A-FABP

RMSD (A)

0 20 40 60 80
Time (ns)

100 120 140

—— A-FABP
—— ACD-A-FABP
| ——TDZ-A-FABP

11 2 3 4 S 6 7 8 9 10
0.0+ .B_. - .‘: A.P..P. ‘ﬁ. :E": .'ﬂ. :ﬁ. l.ﬁl'.pl P

T

0 20 40 60 80 100 120
Residue sequence

Figure 3.1.1: (A) The root-mean-square deviations (RMSDs) of the backbone atoms
relative to the corresponding crystal structures as function of simulated time and (B)
the root-mean-square fluctuations (RMSFs) of Ca atoms for A-FABP (red), ACD-A-
FABP (black) and TDZ-A-FABP (green)

This journal is © Copyright 2017, Global Science Press

was used to restrict the complex so as to better optimize the
water molecules and counterions. Secondly, all atoms were
freely minimized without any restrictions. The steepest
descent and conjugate gradient methods were combined to
perform energy minimization in each stage. Then, all systems
were slowly heated from 0 K to 300 K in 1 ns. After that, the
dynamic equilibrium was made on each system at
temperature of 300 K and constant pressure of 1 atm. Finally,
150 ns MD simulations were performed on three investigated
systems without any restrictions. The Langevin thermostat
with a collision frequency of 2.0 ps'l was utilized to regulate
the temperature of the three systems. All the energy
optimization and MD simulations were performed by
applying PMEMD module in Amber. The SHAKE algorithm is
used to restrain the chemical bonds involving hydrogen
atoms, and the time step of dynamic simulation is set to 2 fs.
The long-range electrostatic interactions were calculated by
employing the particle mesh Ewald (PME) method. The
electrostatic and van der Waals interactions were truncated
at a suitable distance of 9.0 A.

2.3 Principal component analysis

It has been demonstrated that PC analysis is a powerful tool
to investigate the conformational change of protein induced
by inhibitor bindings [49,50]. In this work, PC analysis was
performed on MD trajectories to study the collective motions
of A-FABP using the CPPTRAJ module in Amber 16 [51]. The
collective motions were described by constructing the
positional covariance matrix C based on the atomic
coordinates, and the elements of the positional covariance
matrix C can be calculated by the following equation:

Cij =<(qi—<q; >)(q;—<q; >)> (i,j=1233N), (1)

where the g; symbolizes the Cartesian coordinate of C, atom
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Figure 3.2.1: Results of collective motions in A-FABP from principal component
analyses. (A) Eigenvalues of the total motions for A-FABP against the corresponding
eigenvector indices. Concerted motions of domains along the first eigenvector
stemming from principal component analysis: (B) the apo A-FABP, (C) the ACD-A-
FABP complex and (D) the TDZ-A-FABP complex.
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in the ith residue and N is the number of the C, atoms
involved in construction of the matrix C. All the translations
and rotations can be removed by superposing A-FABP on a
crystal structure with the least-square fit software. The
symmetric matrix C can be translated into a diagonal matrix A
of eigenvalues A; with an orthogonal transformation matrix T:

A=TTC;T, (2)

in which each column represents the eigenvector that is
associated with the direction of motion relative to < q;j >,
and the corresponding eigenvalue indicates the total mean-
square fluctuation of the system along the eigenvector.

2.4 MM-GBSA method

MM-GBSA method was employed to compute binding free
energies of ACD and TDZ to A-FABP and compare their
binding abilities. As for the two systems, 200 conformations
were extracted from the last 90 ns of MD trajectories with an
interval of 450 ps for MM-GBSA calculations. In this method,
the binding free energy (AG) can be calculated by the flowing
formula:
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Figure 3.4.1: Ligand-residue interactions calculated by applying residue-based free
energy decomposition method, only residues stronger than 0.9 kcal/mol in
interactions were listed. (A) the ACD-A-FABP complex and (B) the TDZ-A-FABP

complex.
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AG = AEgje + AEyqw + AGype) + AGponpor — TAS, (3)

in which the first two items represent the electrostatic and
van der Waals interactions ( AE.,, AE,5, ) between
inhibitors and protein, respectively. These two items can be
obtained from FF99SB force field. The third term indicates
the contribution of polar salvation free energy (AGp,;) to
binding affinities, and this term can be acquired by solving
the Poisson-Boltzmann equation. In the current calculations,
the dielectric constants of solute and solvent were set as 1
and 80, separately. The fourth term is determined by the
following empirical relationship:

AGronpor =V X SASA + B, (4)

where SASA denotes the solvent accessible surface area and
the values for empirical parameters y and B were set to
0.0072 kcalemol* 42 and 0.0 kcalemol™ in this work,
respectively. The last term is the contribution of entropy
change (-TAS) to the binding free energy, which can be
calculated by Nmode method based on 50 snapshots taken
from the above 200 snapshots [52,53].

2.5 SIE method

SIE method has been used to successfully predict binding
affinities of inhibitors to proteins by using the Sietraj program
[41,54]. In order to better calculate binding free energies of
these two systems, 200 conformations were taken from the
equilibrium trajectories of MD simulations for this
computation using the following equation:

A ACD-A-FABP

B

H,C

TDZ

Figure 3.4.2: Geometric positions of inhibitors relative to key residues involving
significant interactions and the averaged distances between atoms form strong
interactions were calculated based on the last 90 ns of MD simulations. (A) the ACD-
A-FABP complex and (B) the TDZ-A-FABP complex.
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AGbind (p, Din' a,y, C) =a X [AEC(Dln) + AGR + AE’UdW +
AGear(P)] +C (5)

in which the terms AE. and AE,;,, indicate the contributions
of intermolecular Coulomb and van der Waals interactions to
binding free energies, respectively. The second term is the
reaction energy (AGR), which reflects the changes in the
reaction field energy caused by bindings of ACD and TDZ, and
it can be obtained by solving the Poisson equation. The last
term AG.4,(p) represents a nonpolar contribution to binding
free energies caused by the change of molecular surface area
due to inhibitor bindings and is determined by the following
equation:

AE 4, =y X SASA, (6)

in which the term SASA represents the solvent-accessible
surface area. The optimized values of the five parameters
a, Diy, p, v and C are set to 0.1048, 2.25, 1.1, 0.0129 kcal -
mol~1-A?and -2.89 kcal/mol, respectively [40,54].

3. Results and discussion

3.1 The stability and flexibility of inhibitor-A-FABP complexes

To estimate the stabilities of the current three systems during
the MD simulations, root mean square deviation (RMSD) of
the backbone atoms relative to their crystal structures were
calculated and the results were depicted in Figure 3.1.1(A). As
shown in Figure 3.1.1(A), the RMSD values of all systems tend
to reach equilibrium after 60 ns MD simulations. The
averaged RMSD of the backbone atoms are 1.27, 1.21 and
1.01 A for the unbounded A-FABP, ACD-A-FABP and TDZ-A-
FABP complexes, separately. These results show that the TDZ-
A-FABP compound is more stable than the other two systems
in the simulations. The RMSD values indicate that three
systems are relatively reliable in the last 90 ns of MD
simulations for subsequent analyses.

In order to further understand the fluctuations of certain
residues relative to its average positions, root mean square
fluctuations (RMSFs) of C, atoms were computed based on
the last 90 ns MD simulations, and the corresponding results
were illustrated in Figure 2B. It is observed from Figure 2B
that the residue fluctuations of A-FABP in two complexes
have similar tendency to the apo A-FABP. The association of
two inhibitors with A-FABP generates an obvious decrease in
the RMSF values, especially for the residues 35-38, 43-50, 53-
60, 73-80. It is found that these residues are mainly
distributed near the loops, which indicates that the loops
may undergo large conformational changes due to the
entrance of inhibitor into the binding pocket of A-FABP. The
results suggest that the bindings of inhibitors to A-FABP
produces significant contributions to the structural stability of
A-FABP, and the presence of inhibitors in binding site may
limit the movement of some certain residues.

3.2 Principal component analysis

To obtain more information about the conformational
changes of A-FABP caused by inhibitor bindings, we carried
out PC analyses on the equilibrated MD trajectories. A plot of
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eigenvalues from the diagonalization of the covariance matrix
VS the corresponding eigenvector indices were depicted in
Figure 3.2.1(A). One can be observed that the amplitudes of
the concerted motions represented by the first few
eigenvalues decrease quickly to achieve a series of local
fluctuations. The first few eigenvalues of ACD- and TDZ-A-
FABP complexes are lower than the ones of the apo A-FABP.
In fact, the first five components account for 61.9%, 51.6%,
and 47.3% of the total motions for the unbounded A-FABP,
ACD-A-FABP and TDZ-A-FABP systems, respectively. These
results show that bindings of inhibitors exert significant
influence on internal dynamics of A-FABP and are favorable
for the stabilization of A-FABP structure.

To better investigate the movement of each residues in
A-FABP, three porcupine plot were generated by PC analysis
and VMD software[55,56](Figure 3.2.1(B)-(D)). In this figure,
the direction of the arrow represents the direction of the
movement and the length of the arrow suggests the strength
of the motion. As shown in Figure 3.2.1(B)-(D), an interesting
phenomenon is observed that inhibitor bindings induce
significant differences in the movement modes between the
bounded A-FABP and the apo A-FABP, especially for al, a2,
L1 linking B5-B6 and L2 between B9 and B10. For the apo A-
FABP (Figure 3.2.1(B)), the two helices al and a2 generate
strong downward movement, and these motions tend to
make the binding cleft become narrow. The loops L1 and L2
also show obvious flexibility. In the case of the ACD- and TDZ-
A-FABP complexes (Figure 3.2.1(C)-(D)), both al and a2 are in
an open state, and the movement directions of two a-helices
change about 90°compared to the apo A-FABP. The
movement modes of two a-helices in the bounded A-FABP
tend to make the binding pocket bigger to accommodate
different structural inhibitors ACD and TDZ. Meanwhile, the
motional strength of L1 (B5-B6) and L2 (B9-B10) in the
bounded state is significantly decreased. Thus, it can be
inferred that residues near these regions L1 (B5-f6) and L2
(B9-B10) may have strong interactions with inhibitor so as to
limit the motions of these two loops.

3.3 Calculations of binding free energies

To acquire more detailed information involving binding
affinities of ACD and TDZ to A-FABP, MM-GBSA and SIE
methods were applied to calculate binding free energies of
two investigated systems, and the results were listed in Table
3-1 (MM-GBSA) and Table 3-2 (SIE).

As shown in Table 3-1, binding free energies are divided
into five individual components
(AE¢ie, AEyqw,AGpor, AGronporand —TAS). The electrostatic
interactions (AE.,) of ACD and TDZ with A-FABP are -
156.50+7.50 and -22.58+4.01 kcal/mol, respectively. The
differences in AE,;, between ACD-A-FABP and TDZ-A-FABP is
133.92 kcal/mol, and this difference is mainly attributed to
hydrogen bonding interactions and charge-charge
interactions of carboxyl in ACD with positively charged
residues in A-FABP. However, these favorable interactions
AE,;, are usually opposed by the polar interactions AG,,,; to
form unfavorable interactions (AGeje+pot)- The van der Waals

interactions ( AE,qw ) are
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-38.4443.43, and -49.89+2.50 kcal/mol for ACD- and TDZ-A-
PTP1B complexes, respectively, which favors the association
of ACD and TDZ with A-FABP, especially for the inhibitor TDZ.
Moreover, the non-polar solvation energy (AGpopo1) provides
weak contribution to inhibitor bindings. The binding free
energies of ACD and TDZ to A-FABP are -8.14 and -15.62
kcal/mol, separately, and the ranks of our calculated results
are consistent with the experimentally determined ones.

For Table 3-2, binding free energies are mainly
contributed by intermolecular Coulomb interactions (AE.),
van der Waals interactions (AE,g,,), nhon-polar interactions
(AGgqp) and reaction energy (AGR). Compared with the ACD-
A-FABP complex, AE . has a weak contribution to the binding
of TDZ to A-FABP, while AE,;,, generates great contribution
to the TDZ binding, which is in agreement with the
information in Table 3-1 and the order of the experimental

"Table 3.1: Binding free energies of inhibitors to A-FABP calculated by MM-GBSA method®

values.

Energy ACD-A-FABP Std TDZ-A-FABP Std
AE,, -156.50 7.50 -22.58 4.01
AE,aw -38.44 3.43 -49.89 2.50
AGp 161.91 6.86 38.19 2.64
AGopor -6.37 0.16 -7.16 0.13
AGEespor 5.41 2.90 15.62 2.48
—TAS 26.46 4.00 25.81 2.85
AGEina -12.93 -15.62
AGE, -7.36 -10.67
°All values are in kcal/mol. ° AGerespor = DEgie + Aoy,
AGping = AEeie + AEpgy + AGpop + AGponpor.
“The experimental values were derived from the experimental Kd values using the equation AGexp = TRINKy
M Table 3-2: Binding free energy of three complexes calculated by SIE method @
Component ACD-A-PTP1B Std TDZ-A-PTP1B Std
AE, a0 -38.64 0.48 -51.36 0.61
AE, -69.04 0.71 -9.01 0.28
AGeqy 9.29 0.04 -10.29 0.16
AGR 58.27 0.49 18.73 0.58
AGping -8.14 0.06 9.23 0.07
AGEy, -7.36 -10.67
?All values are in kcal/mol. ®The experimental values were derived from the experimental Kd values using the equation AGey,, = TRInKg.
B Table 3-3: Main hydrogen bonding interactions formed between inhibitors and A-FABP
Compound a Hydrogen bonds Distance (A) Angle(°) Occupancy (%)
ACD-A-FABP Arg106-NH2-HH21--ACD-01 291 157.60 59.59
Arg126-NE-HE:--ACD-02 285 153.86 69.35
Arg126-NH2-HH21---ACD-02 2.88 147.56 61.59
Arg126-NE-HE:--ACD-01 2.85 153.89 50.70
Arg126-NH2-HH21---ACD-01 2.88 147.79 27.55
Tyr128-OH-HH:--ACD-02 2.80 156.64 87.81
Tyr128-OH-HH---ACD-C1 331 153.41 80.72
Tyr128-OH-HH:--ACD-01 2.97 145.45 72.65
TDZ-A-FABP TDZ-NAP-H27---Thr60-0G1 2.97 158.78 80.74
Thr74-CA-HA---TDZ-OAG 2.92 128.09 54.91
Ala75-N-H---TDZ-OAG 2.97 153.95 67.01

*Hydrogenbonds are determined by the acceptor---donor distance of <3.5A and acceptor---H-donor angle of >120°.

bOccupancy(%) is defined as the percentage of simulation time that a specific hydrogen bond exists.
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The above results from calculations of two methods indicate
that TDZ can produce stronger association with A-FABP than ACD.

3.4 Decomposition of binding affinity into contributions of
individual residues

In order to gain the detailed insight into the underlying
binding mechanisms of inhibitors to A-FABP, residue-based
free energy decomposition method was applied to probe the
contribution of individual residues to inhibitor bindings and
the corresponding information was depicted in Figure 3.4.1
CPPTRAJ module in Amber 16 was also used to analyze
hydrogen bonds between inhibitors and A- FABP, and the
corresponding results are given in Table 3-3 and Figure 3.4.3.
For the ACD-A-FABP complex, the interactions of seven
residues with ACD are lower than -0.9 kcal/mol, these
residues include Phel6, Val25, Pro38, lle104, Argl06, Arg126
and Tyr128 (Figure 3.4.1(A)) The interaction energies of
residues Phel6, Val25, Pro38 and lle104 with ACD are -0.9, -
0.95, -0.93, and -1.02 kcal/mol, respectively, and these
interactions mainly come from the hydrophobic interactions
of residues with ACD (Figure 3.4.2(A)). It is worth mentioning
that the interactions of residues Argl06, Argl126 and Tyrl28
mainly stem from electrostatic interactions with ACD.
Especially, positively charged residue Argl26 can not only
generate strong charge-charge interaction with the carboxyl
of ACD, but also forms four hydrogen bonding interactions
with inhibitor ACD (Table 3-3 and Figure 3.4.3(A)), which
provides strong polar interactions of -4.54 kcal/mol for the
ACD binding to A-FABP. The residues Argl06 and Tyr128 also

A ACD-A-FABP

B TDZ-A-FABP.

Figure 3.4.3: Hydrogen bonding interactions formed between two inhibitors and
separate residues in A-FABP: (A) the ACD-A-FABP complex and (B) the TDZ-A-FABP
complex.
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form hydrogen bonding interactions with inhibitor ACD (Table
3-3 and Figure 3.4.3(A)).

For the TDZ-A-FABP complex, there are eight residues
(Phel6, Pro38, Ser53, Phe57, Lys58, Thr60, Thr74, and Ala75)
involving in the main interactions with TDZ (Figure 3.4.1(B)).
The contribution of the residue Phel6 is primarily from the -
m and CH-mt interactions with the ring R1 and the carbon
atoms in the alkyl of TDZ. The residue Pro38 is close to the
hydrophobic ring R2, and easy to form the CH-m interaction
with the ring R2. The residue Phe57 also generates the CH-it
interaction with the carbon atoms in the alkyl of TDZ. The
residues Ser53 and Lys58 mainly provide van der Waals
interactions for the binding of TDZ to A-FABP, and their
interaction strength are -1.36 and -1.58 kcal/mol,
respectively. It is worth noting that the energy contributions
of three residues Thr60, Thr74, and Ala75 are stronger than -
2.0 kcal/mol (-2.86, -2.01, and -2.16kcal/mol, respectively).
Except for the van der Waals interactions between the
residue Thr60 and the ring R3, there is one hydrogen bond
with occupancy of 80.74% between Thr60 and the N atom in
the ring R3 of TDZ. The energy contributions of the residues
Thr74 and Ala75 not only come from the hydrophobic
interactions between these residues and the carbon atoms in
the ring R1 of TDZ (Figure 3.4.2(B)), but also stem from the
hydrogen bonding interactions between these two residues
and the oxygen atom OAG in the inhibitor TDA (Table 3-3 and
Figure 3.4.3).

The above analyses show that the hydrogen bonding
interactions and Van der Waals interactions are two main
driving forces for the binding of inhibitors to A-FABP, and
these two kinds of interactions can make the bindings
ofinhibitors to A-FABP more stable. The information obtained
from this study can provide useful helps for design of
effective drugs to treat inflammation and metabolic disease.

4. Conclusion

In the current work, 150-ns MD simulations were performed
on the apo A-FABP, ACD-A-FABP and TDZ-A-FABP complexes
to investigate the binding difference including the
conformational change of A-FABP and binding abilities of ACD
and TDZ to A-FABP. The PC analysis was applied to probe the
conformational changes of A-FABP caused by the ACD and
TDZ bindings and the results show that the associations of
inhibitors with A-FABP have important impact on the internal
dynamics of protein, especially for al, a2, L1 linking B5 and
B6 and L2 between B9 and 10. Moreover, MM-GBSA and SEI
methods were applied to calculate binding free energies of
two inhibitors to A-FABP and the calculated information
suggests that TDZ has stronger binding ability to A-FABP than
ACD. The binding free energy was further decomposed into
the contributions of individual residues and the results
proved that hydrogen bonds and hydrophobic interactions
play important roles in the bindings of ACD and TDZ to A-
FABP. We expect that this work can provide useful guidance
for design of potent inhibitors targeting A-FABP.
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