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Abstract Extensive studies suggest direct links between
cholesteryl ester transfer protein (CETP), high-density
lipoproteins-cholesterol level and cardiovascular diseases.
Many therapeutic approaches are aimed at the CETP. A
series of N, N-disubstituted-trifluoro-3-amino-2-propanol
analogues are among the most highly potent and selective
inhibitors of CETP described to date. For in-depth
investigation into the structural and chemical features
responsible for exploring the binding pocket of these
compounds, as well as for the binding recognition
mechanism concerned, we performed a series of automated
molecular docking operations. Moreover, the docking
results were quite robust as further validated by molecular
dynamics. The docking results reveal that the binding site
mainly consists of two hydrophobic regions (P1 and P2
site) which are able to accommodate the lipophilic arms of
the compounds investigated. Val421 in P1 site and Met194
in P2 site could be considered to be two important residues
in forming the two hydrophobic regions. The presence of
residues Phel97 and Phe463 in P2 site may be responsible
for the binding recognition through 7-7t stacking interac-
tions. The hydrophobic 3-phenoxy substituent may be
important in creating the preferable inhibitive capability
for increasing the binding potency. The hydrophobic
character of the tetrafluoroethoxybenzyl group at position
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3 displays better hydrophobicity than a shorter hydrophobic
substituent. An interaction model of CETP-inhibitors is
derived that can be successfully used to explain the
different biologic activities of these inhibitors. It is
anticipated that the findings reported here may provide
very useful information or clues for designing effective
drugs for the therapeutic treatment of CETP-related
cardiovascular diseases.
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Abbreviations
CETP  Cholesteryl ester transfer protein
CE Cholesteryl ester

HDL High-density lipoproteins
LDL Low-density lipoproteins
LDL-C LDL-cholesterol

HDL-C HDL-cholesterol

RMSD Root-mean square deviation

MD Molecular dynamics

Introduction

Cholesteryl ester transfer protein (CETP) is a hydrophobic
glycoprotein [1] that is often bound to high-density
lipoproteins (HDL) in circulation. CETP engages in the
transfer of neutral lipids, including cholesteryl ester (CE)
and triglyceride, among lipoprotein particles [2, 3]. The
CETP-mediated transfer of CE from high-density lipopro-
teins to low-density lipoproteins (LDL) increases LDL-
cholesterol (LDL-C) and lowers HDL-cholesterol (HDL-C).
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Clinical trials indicate that low levels of HDL-C are an
independent and important risk factor for cardiovascular
diseases, the leading cause of death in many countries.
CETP plays a potential antiatherogenic role in reverse
cholesterol transport which helps remove CE from periph-
eral tissues to the liver [4—6].

In the past few years, multiple classes of synthetic
inhibitors were identified to raise HDL-C levels, including
tetrahydrochinolines [7], 2-arylbenzoxazoles [8, 9],
dimethylpropanethioates [10], dibenzodioxocinones [11],
tetrahydoquinoxalines [12], N,N-disubstituted trifluoro-3-
amino-2-propanols [13, 14] derivatives. Most of the CETP
inhibitors exhibit high ICs, values (exhibiting for inhibiting
CETP-mediated transfer of *H-CE from HDL to LDL in
human serum) with the micromolar range in human serum
[15]. In all cases, further optimization of this activity could
not be achieved, and analogues with millimicromole
potency were proved to be elusive.

Understanding the interactions between inhibitors and
their target receptor is an essential step in any pharmaceu-
tical or chemical research program. Up to now, only the
X-ray crystal structures of CETP and natural substrates
have been reported [1]. The structure of CETP at 2.2-A
resolution reveals a 60-A-long tunnel that traverses the core
of the protein. The tunnel has two distinct openings: N-
terminal and C-terminal domains. The two hydrophobic
cholesteryl esters are buried in the middle of the continuous
tunnel and an amphiphilic phosphatidylcholine plug is at
each end. Figure 1 describes the structures of two
hydrophobic cholesteryl esters with CETP.

However, the binding models of the inhibitors are still
unknown. To solve this problem and provide new insights
into the inhibitors-CETP interactions, a theoretical study
employing the molecular docking and molecular dynamics
approaches has been carried out. In our study, the inhibitors
of N, N-disubstituted-trifluoro-3-amino-2-propanols were
docked into the ligand binding pockets of CETP using the
AutoDock program to explore the inhibitors-CETP inter-
actions. The reliability of this CETP model was probed
using molecular-dynamics simulations. Computer-aided
simulation of protein-ligand interactions can often be of
great help in guiding and interpreting experiments, and is
helpful in providing atomic details that are inaccessible
using other experimental techniques [16—19]. It is hoped
that information from this study will provide further
understanding of the interaction mechanism and enable
the design of CETP inhibitors as cardiovascular drugs.

Materials and methods

The three-dimensional structure of CETP was retrieved
from the Protein Data Bank as the docking receptor (http://
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www.rcsb.org/pdb; accession code 20BD). Ten synthetic
inhibitors of N, N-disubstituted-trifluoro-3-amino-2-propa-
nols were chosen from published literature in this study
[20]. Their structures and biologic activities (ICsq values)
are shown in Table 1. All the CETP inhibitors were built
using a 2D/3D editor-sketcher and were minimized to a
local energy minimum using the CHARMm-like force field
implemented within the Catalyst4.11 software [21].

AutoDock was recently reported to be the most popular
docking program [22]. Its high accuracy and versatility
have expanded its use [23, 24]. To explore the probable
active sites of the CETP, flexible-ligand docking was
initially performed using energetically optimized ligands
at different potential binding sites of the whole protein
(blind docking). The blind docking area was defined by the
dimension of 126x126x%126 points with grid spacing of
0.375 A. The grid box was centered on the macromolecule
and covered almost the whole tunnel of CETP. The docked
results were ranked according to the binding free energy
and were clustered on the basis of root-mean square
deviation (RMSD). The conformations with the lowest
docked energy was chosen from the most populated clusters
and put through further analysis.

The further accurately docked analysis was carried out
with the ligands in order to identify the structural basis for
the specificity of the different ligands to inhibit HDL. The
methods involved were similar to the blind docking, except
that the grid box size was reduced to 60 x60% 60 points and
centered on the ligand. The combination of docking
modeling and experimental analysis can provide much
detailed information speeding the docking process.

Both the CETP crystal structure and inhibitory ligands
were prepared using AutoDock Tools v.1.5.2 software. All
docking calculations were done with the AutoDock
software package using the Lamarckian genetic algorithm
(LGA). A population size of 300 and 25,000,000 energy
evaluations were used for 200 and 50 search runs
corresponding to the blind docking and accurate docking.
The conformations from the docking experiments were
analyzed using Chimera (a visualization system for explor-
atory research and analysis) [25], which also identifies the
hydrophobic interactions between the receptor and the
ligands.

Based on the docking results, molecular dynamics
simulations for compound 1 were performed using the
SANDER module, implemented in the Amber 10 package.
The Amber parm99SB force field and the general AMBER
force field (GAFF) [26] were respectively used for the
protein and the ligands. All of the complexes were solvated
using a shell of TIP3PBOX water model [27] with a
closeness parameter of 10 A away from the boundary of
any protein and ligand atoms. All covalent bonds contain-
ing the hydrogen atoms were constrained using SHAKE
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Fig. 1 Locations of the pockets
calculated by docking approach.
Ribbon diagram of the CETP is
shown to emphasize the super-
imposition of the conformations
of the ten inhibitors at the
binding pocket P1, P2 and P3
sites; the overlapped ligands are
clearly shown as sticks right
above each pocket. It also shows
the domains of N-terminal
(green) and C-terminal (yellow)

algorithm [28]. The particle mesh Ewald method [29] was
used to treat long-range electrostatic interactions. Energy
minimization was used to release the bad contacts in the
crystallographic structure, and the convergence criterion for
the energy gradient was 0.0001 calemol'*A™". Subsequent-
ly, the complexes of the minimized structures were
subjected to 2600 ps molecular dynamics (MD) simulations

Table 1 In vitro inhibition of chiral R-enantiomers of phenoxy-
substituted N, N-disubstituted-trifluoro-3-amino-2-propanols using
recombinant human CETP in human seruma. Biologic activities and

at 300 K and 1 bar pressure with an integration step of 2 fs
and NPT as an ensemble type. The interactions between the
compound 1 and each residue in protein are analyzed using
the MM-GBSA decomposition process applied in the
MM-GBSA module in AMBER 10 package. The binding
interaction of the inhibitor—residue pair includes three
terms: van der Waals contribution (Tyqy), electrostatic

docking results of compounds 1-10 calculated with AutoDock 4.0.
Structures of the ten CETP inhibitors also investigated in this study

0 X
H pH
F5C N
[ Iw
_ 3
o, R1 R2 ICs' Ebinding (E vaw-desol)” (keal/mol)

P1 site P2 site P3 site
1 4-chloro-3-ethyl 3-(1,1,2,2-tetrafluoroethoxy) 59 -12.01 -10.69 -9.35
2 H 3-(1,1,2,2-tetrafluoroethoxy) 640 -9.70 -9.12 -8.85
3 3-ethyl 3-(1,1,2,2-tetrafluoroethoxy) 72 -11.27 -10.59 -8.67
4 3-trifluoromethoxy 3-(1,1,2,2-tetrafluoroethoxy) 190 -10.85 -10.34 -8.66
5 4-methyl 3-(1,1,2,2-tetrafluoroethoxy) 620 -9.72 -9.25 -8.58
6 3-isopropyl 3-(1,1,2,2-tetrafluoroethoxy) 110 -11.25 -10.54 -9.33
7 4-chloro-3-ethyl 3-trifluoromethoxy 790 -9.57 -9.01 -8.79
8 4-chloro-3-ethyl 3-pentafluoroethyl 440 -10.05 -9.83 -9.24
9 4-chloro-3-ethyl 2-fluoro-5-trifluoromethyl 770 -9.60 -9.04 -9.19
10 4-chloro-3-ethyl 2-fluoro-4-trifluoromethyl 590 -9.91 -9.35 -9.20

#1Cso (M) in human serum

° The consensus docking results are calculated in detail according to the protocol given in the supplementary information
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Fig. 2 A close view of the binding interaction of CETP with: (a) compound 1 (pink) in P1 site; (b) compound 1 (pink) and compound 10

(yellow) in P2 site

contribution (T) and non-polar solvation contribution
(Thonpot)- All energy components in Eq. (1) are calculated
using the same snapshots as the free energy calculation.

AGinhibitorfresidue == Tvdw + Tele + Tnonpol (1)

Results and discussion
Validation of AutoDock docking method

AutoDock was reported to be able to select the correct
protein-ligand complexes, based on energy, without the
prior knowledge of the binding site. A search for
potential binding pockets [30] for compound 1 in the
CETP was first carried out by 200 independent docking
runs. The docking results reveal a set of different ligand
conformations with the estimated binding free energy
ranging from 10.14 kcal mol™ to -5.31 kcal mol™.

We performed a clustering analysis to categorize the
obtained ligand conformations into three clusters, except
for six docking conformations outside the CETP protein.
The most populated cluster (including 139 conformations)
is positioned in a hydrophobic pocket close to N-terminal
domain (called as P1 site), Fig. 1. P1 site is mainly formed
by the side chains of Leu283, Leu285, Val323, Ser342,
Val344, 1le367, lle413, Gly417, lle418, Glu420, Val421
and Leu425 (as shown in Fig. 2a). The second populated
cluster is located near the C-terminal domain that is referred
to as P2 site. The surrounding residues of P2 site are Leu23,
Thr27, Val30, Ile82, Val84, Ser191, Met194, Alal95,
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Phel197, Vall98, Phe463 and Phe471 (as shown in
Fig. 2b). The third cluster is located on a scattering region
between P1 and P2. This region is named P3 site. All
docking conformations are distributed in the P1~P3 sites
with the frequencies of occurrence of 43%, 41% and 13%,
respectively. The relative estimated binding free energy of
the most favorable conformation in each cluster is -10.14,
-9.60 and -8.57 kcal mol™, respectively.

Ten N, N-disubstituted trifluoro-3-amino-2-propanols
analogues were accurately docked within the P1~P3 sites
of CETP. The conformations with the most favorable free
binding energy in the P1~P3 sites were respectively
selected from accurate docking analogues as the optimal
docked conformations. Figure 1 shows the superimposition
of their conformations at the three binding pockets. Table 1
shows their (for the conformations) ICs, values, related to
their experimental biologic activities, and the results
obtained by the molecular docking operation. Moreover,
the linear regression was performed between the calculated
binding free energies and experimental biologic activities.
Both results in P1 and P2 sites indicate an excellent
correlation (R*=0.970 and R*=0.931) between the proper-
ties cited above. Figure 3 shows this relationship in P1 site
and P2 site. However, a poor correlation (R*=0.090) was
obtained concerning the cited properties for the compounds
in P3 site. In addition, docking of the ligands into the P3
binding pocket did not converge toward a single binding
position. Based on the reasons mentioned above, it is
considered that the P3 site does not necessarily represent
the binding mode with respect to the P1 and P2 sites
generated by docking software. So we described the
binding modes in the P1 and P2 sites as follows.
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(a). -log, IC,=-0.500xE, . +1.328, R*=0.970.

(b). -log, JC,=-0.615xE,_ . +0.518, R*=0.931.

7.4- binding 74 =
724 "™ 7.2 "
| ] | |
7.0 704
g 6.8 T 681
¢ ¢
S 66 2 664
=14 1]
S ] =
6.4 6.4
6.2 " 6.2
6.0 6.0

T ¥ T T T T L T
-12.0 -11.5 -11.0 -10.5 -10.0 -9.5
binding free energies (kcal/mol)

T * T L3 | R T L T x T X T LN | 2 T X 1
-10.8 -10.6 -10.4 -10.2 -10.0 -98 -96 -94 -92 -90 -88
binding free energies (kcal/mol)

Fig. 3 Relationship obtained by performing the linear regression between the binding free energy and the biological activity (—log;ICs) for the

inhibitors 1-10, in P1 site (a), and in P2 site (b)

Binding model

The ten compounds have quite similar structures and are
generally positioned in the P1 or P2 binding pocket with
essentially the same mode. As shown in the Electronic
supplementary material (ESM), the presence of hydropho-
bic energy (non-polar energy) in all the ligands is not of
little importance but essential to the binding energy of the
ligands. To illustrate the binding modes, the compound 1 is
used as a paradigm to probe the hydrophobic interactions
between inhibitors and CETP. This compound is chosen
owing to the highest binding energy, (Table 1). The amino
acids within 5 A (in both P1 and P2 sites) of the docked
ligand 1 are shown in Fig. 2.

In the P1 site, the shape of the binding pocket is
observed to complement the pose of the ligand (shown in
Fig. 2a). The tetrafluoroethoxy is protruded out toward the
surface of the protein, while the rest of the molecule is
embedded into the inner part of the protein. The tetrafluoro-
substituted phenyl ring of the ligand faces toward the tunnel
openings in C-terminal and is stabilized with a strong
hydrophobic interaction to the main residues Leu283,
Leu285, Val344 and Leu425. The binding mode reveals
that the trifluoro-3-amino-2-propanols have the hydropho-
bic interactions with the surrounding amino acid residues of
the C-terminal region, such as residues Ser342, Ile367,
Ile418 and Val421. The 4-chloro-3-cthylphenoxy substitu-
ent fits in a hydrophobic glove formed by the Val323,
Ile413, Gly417 and Glu420. This binding mode may have
critical structural effect on the hydrophobic region in
promoting the inhibitory processing.

In the P2 site, the 4-chloro-3-ethylphenoxy group is
inserted deeply in the tunnel, forming a hydrophobic
contact with the residues Leu23, Thr27, Val30, 11e82 and

Val84. Also the benzene ring of aniline produces a T-shape
7t-t stacking interaction with the benzene ring on Phe463.
The extra 7t-7t stacking interaction results in the satisfactory
binding affinity. The docking study proves that the
trifluoro-3-amino-2-propanol is buried in a hydrophobic
cavity constituted of residues Ser191, Met194 and Met195.
The tetrafluoroethoxybenzyl group of the ligand faces
toward the tunnel openings in N-terminal. The tetrafluoro-
group is located in the hydrophobic pocket formed by
Phe197, Vall198, Phe463 and Leud471. The benzene ring of
tetrafluoroethoxybenzyl group produces the extra 7-7
stacking interaction with residues Phel97. Presumably,
7t-7t stabilizing interactions between the benzene ring and
its surrounding residues Phel97 are confined to a region
which may impose significant conformational change to the
ligands.

Structure-activity relationship

Note that, the docking scores are very sensitive and the
slight positional difference is detectable in the scores. The
docking studies performed gave better structural insights
and understanding on how the various ligands interacted
with the CETP protein in acting as competitive inhibitors.
Analysis of the structure-activity relationships of the
ligands may shed light on the important structure and
conformation which could be applied in the design of new
compounds.

A 4-methyl group or 4-hydrogen atom of the phenoxy
substituent to yield compound 2 and compound 5 results in
a great loss of the binding energy obtained from the
Autodock scoring function. The observations are in
agreement with the experimental results. This result
suggests that the hydrophobic substituent at 3-phenoxy
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Fig. 4 Root mean square deviation (RMSD) obtained during the
2600 ps MD simulation for the backbone of CETP and compound 1 in
both P1 and P2 sites. The deviation is with respect to the
corresponding starting structure as a function of time

group plays an important role in the binding activity of the
ligands. The binding energies of compound 7 and 8 drop to
-9.57/-10.05 keal mol™ in P1 and -9.01/-9.83 kcal mol™ in
P2 corresponding to -12.01 and -10.69 kcal mol™” in
compound 1, (Table 1). The reductive energies are
predominantly due to the decrease of hydrophobic inter-
actions with Leu283 in P1, Leu425 in P1 and Phe463 in P2.
Investigation into structure-activity relationship suggests
that the shorter substituent at 3-phenoxy group in inhibitors

7 and 8 will weaken hydrophobic capability. In compound
9 and 10, the introduction of o-fluorine substituent at
benzyl group results in the steric hindrance with residue
Phe471. Obviously, the unfavorable hindrance changes the
spatial conformation and the binding site direction of the 4-
trifluoromethylbenzyl chain, as shown in Fig. 2b. The
effects of ligand binding vary with the degree of hydro-
phobic interactions in the system, contributing to the
determination of the docking energies.

In this sense, the larger volume of the sulfur atom
compared to the oxygen is in a region of the receptor that is
free in active compounds, being about 2.5 A from residues
Metl21 and Vall25, yielding to steric hindrance and close
contacts.

Molecular dynamics

In order to verify whether the results obtained here by
docking are a robust or a fortuitous results, we carried out a
2.6 ns molecular dynamics simulation with the highly
active compound 1 that presented the different binding
modes with CETP according to AutoDock. The main
purpose is to investigate the positional and conformational
changes of inhibitors relative to the active pocket and the
specialty pocket residues and further reveals the binding
stability.

According to the 2.6 ns MD simulation for the structures
of two CETP inhibitors, the system became equilibrated

Table 2 Decomposition of

Tele (kcal/m()l) Tnonpol (kcal/m()l) AC’inhibitcor—residueb (kcal/mOI)

AGinibitor_residuc ON 2 Residues Tyaw (kcal/mol)

per-residue basis®
in P1 site
Leu283 -1.69
Leu285 -1.34
Val323 -1.74
Ser342 -0.62
Val344 -1.48
1le367 -1.46
1le413 -1.46
Gly417 -1.8
1le418 -1.23
Glu420 -0.82

? Energies shown as contributions Val421 -2.91

from van der Waals energy (Tyqw), Leud25 _1.04

the non-polar solvation energy i P si

(Thonpot), the sum of the electro- m site

static energy (Te.) and the sum of Leu23 -1.83

them (AGinnibitor —residue) Of pro- Thr27 -1.52

teln—}nhlb}tor comple?(]. All values Val30 -1.09

are given in kcal mol

b Met194 -2.43

A(}inhibitorfresidue = Tvdw + Tele +

Thonpol» the values in parentheses Phel97 -1.39

represent the standard errors which Val198 -1.82

are a very small number and can Phed63 -1.33

be omitted in most cases

0.28 0.54 -1.43 (0.00)
0.17 0.26 -1.24 (0.01)
-0.03 0.2 -1.96 (0.01)
2.08 1.38 -1.32 (0.00)
-0.02 0.24 -1.75 (-0.01)
0.28 0.2 -1.53 (0.01)
-0.02 0.2 -1.29 (-0.01)
0.32 0.32 -1.16 (0.00)
0.23 0.1 -1.11 (-0.01)
1.04 124 -1.02 (0.00)
0.23 0.17 -3.31 (0.00)
0.1 0.13 -1.01 (0.00)
20.16 0.39 -1.60 (0.00)
0.37 0.24 -1.65 (0.00)
0.03 0.1 -1.16 (0.00)
12 1.57 -2.06 (0.00)
0.24 0.1 -1.05 (0.00)
0.21 0.06 -1.67 (0.00)
0.3 0.59 -1.04 (0.00)
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judged by RMSDs. The RMSDs of inhibitor relative to
CETP and backbone of the receptor to its original
conformation were calculated and outlined in Fig. 4. It
can be seen that the receptor and compound 1 in the two
pockets become stable after 1.6 ns in system with a mean
RMSD value of 2.54 A for the backbone, 2.51 A for
compound 1 in P1 and 1.73 A for compound 1 in P2. So
the three trajectories exhibit low backbone RMSD values
(about 2.54 A), which is indicative of stability. In addition,
the stability of the system also proved the credibility of the
docking results.

To assess the quality of our MD simulations, energetic
and structural properties are monitored during the entire
MD simulation of each complex. In the protein—inhibitor
complexes, the electrostatic energies, non-polar solvation
energies and van der Waals interactions are the basis for
favorable binding free energies. Table 2 further illustrates
the contributions of per residue (inhibitor—residue interac-
tion larger than about 1 kcal mol™) in the binding site. The
major binding attractions come from about 12 residues in
P1 and seven residues in P2.

As shown in Table 2, the main forces which drive the
binding of compound 1 to CETP channel are the van der
Waals interactions. For Val421 and Met194 residues, the
inhibitor-residue energies are more favorable than other
residues for the binding, corresponding to -3.31 and
-2.06 kcal mol'. As mentioned in the binding model
section, Val421 and Met194 have hydrophobic interactions
with the trifluoro-3-amino-2-propanol substituent, respec-
tively. This phenomenon suggests the trifluoro-3-amino-2-
propanol substituent plays an important role in the binding
activity.

Conclusions

In this study, we used automated molecular docking to
study the binding mechanisms for a series of N,N-
disubstituted trifluoro-3-amino-2-propanol inhibitors. The
predicted binding affinities are well correlated with the
activities of these inhibitors. The docking results have been
further validated as robust by the molecular dynamics
simulation.

All these inhibitors mainly occupy the binding pockets
of CETP with two different binding orientations
(corresponding to P1 and P2 sites). Two binding sites
composed mostly of hydrophobic amino acids are able to
accommodate the lipophilic arms of the compounds
concerned. The P1 pocket comprises mainly residues
Leu283, Leu285, Val323, Ser342, Val344, 1le367, lle413,
Gly417, 1le418, Glu420, Val421 and Leu425. The P2
pocket includes mainly residues Leu23, Thr27, Val30,
11e82, Val84, Ser191, Met194, Alal95, Phel97, Vall98,

Phe463 and Phe471. The Phe463 forms a T-shape w-m
stabilizing interaction with the ligands in P2. The benzene
ring of tetrafluoroethoxybenzyl group is buried in the
hydrophobic pocket containing Phel97, also leading to
-7t stabilizing interactions. We also speculate that Met194
and Val421 establish favorable hydrophobic contacts with
trifluoro-3-amino-2-propanol in both pockets. The presence
of the trifluoro-3-amino-2-propanol in all the ligands is
essential to the binding activity.

In these two sites, the more hydrophobic 3-phenoxy
substituent may be preferable to the more inhibitive capability.
Visualization of the selected 3-tetrafluoroethoxybenzyl group
shows that, replacing this substituent with a shortened one,
functionality reduced the hydrophobic interactions in both
pockets. The benzylic m-substituent without an o-fluorine is
characterized by lower steric hindrance than when it is in the
p-position with an o-fluorine.

The findings may provide useful clues or stimulate new
strategies for designing more effective drugs to inhibit
CETP-related cardiovascular diseases. Accordingly, the
docking results can not only predict the relative binding
affinity of the CETP inhibitors but also address the binding
affinity differences in terms of interaction distributions.
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