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ABSTRACT

Cholesteryl ester transfer protein (CETP) facilitates the bidirectional exchange of cholesteryl
esters and triglycerides between High Density Lipoproteins (HDL) and Low or Very Low
Density Lipoproteins (LDL/VLDL). Recent studies have shown that the impairment of lipid
exchange processes of CETP can be an effective strategy for the treatment of cardiovascular
diseases (CVD). Understanding the molecular mechanism of CETP inhibition has, therefore,
attracted tremendous attention in recent past. In this study, we explored the detailed
mechanism of CETP inhibition by a series of recently reported small molecule inhibitors that
are currently under pre-clinical testing. Our results from molecular dynamics (MD)
simulations and protein-ligand docking studies suggest that the hydrophobic interactions
between the CETP core tunnel residues and inhibitor moieties play a pivotal role, and
physical occlusion of the CETP tunnel by these small molecules is the primary mechanism of
CETP inhibition. Interestingly, bound inhibitors were found to increase the plasticity of
CETP, which was explained by principal component analysis that showed a larger space of
sampling of CETP C-domain due to inhibitor binding. The atomic-level details presented
here could help accelerating the structure-based drug discovery processes targeting CETP for

CVD therapeutics.

ACS Paragon Plus Environment

Page 2 of 31



Page 3 of 31

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

INTRODUCTION

Cholesteryl Ester Transfer Protein (CETP) plays an indispensable role in lipid metabolism by
facilitating the transfer of neutral lipids between various lipoprotein particles like High
Density Lipoproteins (HDL), Low Density Lipoproteins (LDL) and Very Low Density
Lipoproteins (VLDL). The net lipid transfer mediated by CETP is the bidirectional exchange
of cholesteryl esters (CEs) from HDL to LDL, with a reciprocal transport of triglycerides
(TGs) in the opposite direction." Deficiency of CETP and its inhibition in humans and rabbits
have shown a reduced susceptibility to the development of atherosclerosis.”* Furthermore,
human subjects with heterozygous CETP deficiency also have demonstrated a reduced
susceptibility to the development of coronary heart diseases.”™® This reduced risk is shown
due to the enrichment of HDL-CEs with a simultaneous depletion of the LDL-CEs upon
CETP inhibition, thus leading to a typical atheroprotective profile. Since then CETP has been
actively pursued as a therapeutic target for the prevention and treatment of cardiovascular

diseases (CVDs).

Usage of small molecule drugs to inhibit CETP's lipid transfer activity and hence to raise
human plasma HDL-CE levels has been pursued as an active approach to prevent
cardiovascular diseases over the past decade.”'* Despite the role of statins in the significant
suppression of LDL-CE levels, cardiovascular disease is still the primary cause of increase in
mortality rate across the world."" Out of many small chemical compounds tested for CETP
inhibition activity, four had entered into clinical testing: ‘[orcetrapib,12 dalcetrapib (R1658),3
anacetrapib (MK-859),13 and evacetrapib (LY2484595).14 However, the clinical trials of
torcetrapib were terminated due to its adverse side effects and increased mortality rate.”>'* In
the same line, dalcetrapib and evacetrapib were also discontinued from clinical testing phase
due to their futility in raising HDL levels.'™'® Recently, a new CETP inhibitor, BMS-795311
advanced into pre-clinical safety studies with minimal side effects.”” Thus, anacetrapib and
BMS-795311 with an acceptable side-effect profile are still under pre-clinical/clinical phase
studies.

Given the importance of CETP inhibition in the prevention and treatment of CVDs,
understanding the nature of interactions of small molecules with CETP at the atomic level
may illuminate our understanding of how these compounds inhibit CETP. Valuable insights
were obtained from the X-ray crystal structure of substrate-bound CETP in 2007 (PDB ID:
20BD),” which showed the protein to be a ‘boomerang’ shaped molecule possessing a high
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degree of structural homology to the family of lipid binding and/or transporting proteins,
including FABP*', BPI*>, PLTP* etc. CETP is a pseudo dimer with similar N- and C-
terminal beta barrel domains, interfaced by a central beta domain (Fig. 1a). Each of the N-
and C-terminal beta barrel domain contains a twisted beta sheet and two helices. N-terminal
domain contains five beta strands: S2 -S6, two helices: helix-A and helix-B, and three
functionally important loop regions: Q4, Q5, and Q6. Similarly, the C-terminal domain
comprises of five twisted beta strands, three helices, and three loop regions: Q1, Q2, and Q3.
The central beta domain contains six anti-parallel beta strands: S1, S7, S8, S1’, S7', and S8'.
Unlike other lipid transporting proteins, CETP also possesses a flexible linker at the central
beta domain and an amphipathic helix, helix-X at the C-terminus. Helix-X is thought to play
a significant role in the lipid transport action of CETP** and inhibitor entry.25 Moreover, the
crystal structure illustrated the presence of four bound lipid molecules - two cholesteryl esters
(CEs) and two phospholipids (PLs). These lipids are accommodated in a 60 A long
hydrophobic tunnel that traverses through the core of CETP.

The continuous increase in the number of patents and research articles on developing new
classes of CETP inhibitors is indicative of the growing interest in CETP inhibition.***” The
fairly recent crystal structure of torcetrapib bound CETP (PDB ID: 4EWS)® shows that the
inhibitor binds to the N-terminal pocket of the CETP tunnel and displaces N-terminal
phospholipid (PL-1) to gain access into the CETP hydrophobic tunnel. Even though this
structure has provided wealth of information about the interactions of torcetrapib with CETP,
our understanding of the mechanism of CETP inhibition by small molecule inhibitors is still
far from complete. Here, we present a comparative study of the interactions of torcetrapib
and two promising inhibitors, anacetrapib and BMS-795311 with CETP by employing
molecular dynamics (MD) simulations and protein—ligand docking studies. Results are
compared with substrate bound CETP simulation data to gain deeper insights. Our results
suggest that the physical occlusion of the CETP core tunnel by the bound small molecules is
the primary mechanism of CETP inhibition. Results also suggest that inhibitor binding
enhances the flexibility, particularly of the C-terminal domain of CETP significantly.
Moreover, our study identified common interactions among the three CETP-inhibitor

complexes, which might help designing future mutagenesis studies.
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METHODS

Molecular dynamics simulations

We started the MD simulations of torcetrapib- (ethyl (2R, 4S)-4-({[3,5-
bis(trifluoromethyl)phenyl]methyl} (methoxycarbonyl)amino)-2-ethyl-6-(trifluoromethyl)
1,2,3,4-tetrahydroquinoline-1-carboxylate,; Fig. 1b) bound CETP from the available crystal
structure with PDB ID: 4EWS.* After thorough equilibration, the system was simulated for
200 ns at 310K and 1 atm. As a control, substrate-bound CETP (PDB ID: 2OBD20) is also
simulated for 200ns. Since the structures of anacetrapib- ((4S,5R)-5-/3,5-
bis(trifluoromethyl)phenyl]-3-({2-[4-fluoro-2-methoxy-5-(propan-2-yl)phenyl]-5-
(trifluoromethyl)phenyl}methyl)-4-methyl-1,3-oxazolidin-2-one; Fig. 1c) bound CETP and
BMS-795311-(N-[(1R)-1-(3-cyclopropoxy-4-fluorophenyl)-1-[3-fluoro-5-(1,1,2,2-
tetrafluoroethoxy)phenyl]-2-phenylethyl]-4-fluoro-3-(trifluoromethyl)benzamide; Fig. 1d)
bound CETP were not known, we initially performed the protein-ligand docking using
Autodock-4.2" by considering torcetrapib-bound CETP as the reference structure and
subsequently performed MD simulations on these complexes for 200ns each. Before this, the
chemical structures of anacetrapib and BMS-795311 were optimised with Gaussian 09
program with B3LYP functional and 6-311+G* basis set.”® The optimized conformations of
anacetrapib and BMS-795311 were subsequently docked on CETP to generate the initial
configurations for simulation studies. It is to be noted that, while performing the docking
studies, the N-terminal phospholipid was excluded from CETP structure, following the
solved structure of torcetrapib-bound CETP,”® where the N-terminal phospholipid was
displaced by the inhibitor. Gasteiger charges and rotatable bonds were assigned using
Autodock tools to the inhibitors. The grid box was centered on torcetrapib binding site in the
hydrophobic tunnel with dimensions 66 A x 66 A x 66 A, such that it effectively covers the
inhibitor binding pocket. Lamarckian genetic algorithm (LGA) with 25,00,000 energy
assessments was accomplished to identify the best binding pose of ligand into the protein.
The final docked conformations were clustered using a tolerance of 1 A root-mean-square
deviation (RMSD). The best binding poses for anacetrapib and BMS-795311 were chosen
based on their similarity in relative orientation of torcetrapib in the crystal structure of

torcetrapib-CETP complex, along with the binding energy score.

Before performing the MD simulations, the N-terminal missing residues, ALA1, SER2,
LYS3, and GLY4 in substrate bound and inhibitor bound crystal structures, were
incorporated with the help of MODELLER9v13.*' Subsequently, the mutations induced in
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CETP during crystallization, viz. C1A, N88D, C131A, N240D, and N341D were mutated
back to generate the wild type CETP structures. Noting that the tail of the N-terminal
cholesteryl ester was missing in the crystal structure of torcetrapib-CETP complex, we added
those atoms and performed extensive minimisation and thermalisation to allow the system to
remediate the bad geometry. GROMOS53A6 forcefield®® for CETP and Berger lipid
parameters for CEs and PLs were obtained from literature.>>> GROMOS53A6 compatible
forcefield parameters for torcetrapib, anacetrapib and BMS-795311 were obtained from ATB
server.”® The atom-centred RESP charges for inhibitors viz torcetrapib, anacetrapib, and
BMS-795311 were obtained via fits to the electrostatic potentials acquired from the
calculated wave functions.”® The protonation states of CETP histidines - HSD or HSE - were
deduced by the local hydrogen bonding network using WHATIF program.’’ After the gas
phase relaxation, the CETP-ligand complexes were solvated in a cubic box of explicit water.
Water molecules were distributed in such a way that they extend up to 12 A from the protein-
ligand surface in all X-, Y-, and Z-directions. Water molecules were described by SPC water
model and ionic strength of 0.15 M NaCl was maintained by adding appropriate number of
Na' and CI ions. Long-range electrostatics were treated using particle-mesh Ewald sum with
a cut-off of 10 A.** To mimic physiological conditions, the temperature was kept at 310K by
using V-rescale thermostat with a coupling constant of 0.1 ps. Parrinello-Rahman barostat
with isotropic pressure coupling was used using a coupling constant of 0.1ps to maintain the
pressure at 1 atm. All systems were then equilibrated in NPT ensemble with time step of 2 fs
for 20 ns. During this equilibration phase, the energy components, mass density, and root-
mean-square-deviations converged. The resulting structures were simulated for 200 ns each
to generate the MD data. All simulations were performed on 128 processors of an Infiniband

Xeon E5-2670 linux cluster using GROMACS-5.0.4 simulation package.”

Principal Component Analysis

Principal component analysis (PCA) is employed to explore the dominant motions of CETP-
ligand complexes.*” PCA transforms the correlated protein motions into a reduced space of
independent motions by calculating and, subsequently, diagonalizing the covariance matrix,
Cij of the positional deviations of protein residues. The details of PCA methodology can be
found in Ref. 41. The principal component analysis was performed using g covar module in
GROMACS. The porcupine plots were generated using a Tel script in VMD.** These plots

depict a graphical representation of the dominant protein motions. The porcupine plots were
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rendered using VMD by drawing a cone for each CETP residue corresponding to the

direction of its movement.

CAVER 3.0 program was used to identify and characterize the tunnels in substrate and
inhibitor bound CETP trajectories.” CAVER calculates Voronoi diagram of the atomic
centers and identifies tunnels as shortest paths between all pairs of points using Dijkstra's
algorithm. Various conformations of CETP excluding lipid components were considered for
tunnel analysis and the probe radius was set to 3A to construct molecular surface of pocket or

14

tunnel. VMD* was employed to generate all structural figures. LigPlot™ tool** was used to

capture the 2D protein-inhibitor interactions profile.
RESULTS AND DISCUSSION
Protein-ligand docking results reproduced the crystal conformation of inhibitor binding

We performed all-atom, unrestrained MD simulations of a series of inhibitor-bound CETP to
understand the detailed mechanism of CETP inhibition. As a control, substrate-bound CETP
is also simulated to compare the changes in structure and dynamics of the protein. The
simulations of torcetrapib- and substrate-bound CETP were started from the available crystal
structures. However, in absence of any structural information of CETP bound to anacetrapib
and BMS-795311 inhibitors, we modelled their initial structures by performing protein-ligand
docking studies. These structures were subsequently refined by MD simulations, following
the same protocol used for torcetrapib- and substrate-bound CETP. Results are then

compared over the 200ns production phase.

For the protein-ligand docking studies, we first devised the correct protocol by docking
torcetrapib to the crystal conformation of CETP. To obtain this, we first removed torcetrapib
from the torcetrapib-CETP crystal structure and then allowed torcetrapib to explore all
possible conformations by introducing inherent flexibility in its structure. The generated set
of torcetrapib conformers were then allowed to explore the binding pocket of CETP in crystal
conformation. Interestingly, the docking results reproduced the crystal structure of
torcetrapib-CETP complex very well with the most favorable free energy complex (-10.70
kcal/mol) showing the exact pose of torcetrapib in the crystal structure (Fig. S1). The Root
Mean Square deviation (RMSD) of this lowest free energy conformation of torcetrapib from

crystal structure was only 1.44 A. This close resemblance of torcetrapib binding to CETP
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validates our docking protocol. Subsequently, we performed docking of anacetrapib and
BMS-795311 with the exact same set of docking parameters and grid-box dimension. When
the flexible anacetrapib and BMS-795311 were docked into the CETP inhibitor binding
pocket, both molecules acquired the binding pose very similar to that of the torcetrapib.
Respective binding free energy of -11.73 kcal mol™ and -11.05 kcal mol™ also matched very
well with that of torcetrapib (-10.70 kcal mol'l), in consistent with their similar ICsq values
(Table 1). For a better comparison with the experimental data, we have estimated
experimental binding free energy from ICsy values by assuming that binding of these
inhibitors to CETP follows the noncompetitive kinetics, and under such circumstances ICs
equals to the inhibition constant, K; and the relation AG = -RT /n(ICsy) stands valid.®
Interestingly, the recent biochemical studies on CETP have suggested non-competitive

inhibition of the torcetrapib series of inhibitors to CETP.*
Inhibitor binding enhances the protein dynamics

Primarily we have performed four independent MD simulations of inhibitor and substrate
bound CETP for 200ns each. Table S1 lists all the systems simulated in this work. Before
performing analyses on the simulation trajectories, it is important to make sure that the
systems were well equilibrated. Hence, we monitored the root mean square deviations
(RMSD) of the protein in each complex relative to its crystal conformation and the results are
shown in Fig. S2a. As the figure shows, all the complexes attained stability quickly within
the initial 50 ns. Hence, the subsequent analyses were performed on the final 150 ns data of
all the systems. To check the stability of the binding modes of inhibitors in CETP tunnel, we
also have calculated RMSD of the ligands along the MD trajectories (Fig. S2b). The small
RMSD values averaging around 0.15 nm are suggestive of their stable binding to CETP. The
relatively larger RMSD of the protein is presumably due to significant relaxations of the
bound substrates from crystal structure (crystal packing effects). Interestingly, a recent MD
simulation study using OPLS-AA force field has also reported similar large RMSD values for
both CETP and its substrates.*’

To understand the effect of inhibitor binding on the local fluctuation of CETP residues, we
compared the root-mean-square fluctuations (RMSF) of the protein residues in inhibitor and
substrate bound states. RMSF measures the relative internal motions of the protein residues

and high RMSF values for a region imply that this particular region is more flexible in
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comparison to the regions possessing low RMSF values. Fig. 2 compares the RMSF values of
CETP residues in substrate and inhibitor bound states. The average RMSF profile, as
presented in this figure, is obtained by averaging over fifteen individual RMSF profiles
generated from each 10 ns of the 150 ns production data to reduce the statistical error. It is
evident from this figure that the presence of inhibitors increased the flexibility of CETP
compared to that in substrate-bound CETP (i.e. CETP without inhibitor). This is quite
interesting, since inhibitor binding usually suppresses the motions in protein. However, the
present study showed an opposite trend, where inhibitor binding has substantially elevated
the dynamics of CETP, particularly in its C-terminal and linker domains. The inhibitor
binding also resulted in enhanced mobility of the amphipathic helix, helix-X. Previous
studies have implicated the role of helix-X in substrate transfer and inhibitor uptake.*** The
C-terminal distal loops, QQ1-Q23 that showed large fluctuations due to inhibitor binding are
also known to be functionally relevant and involve in lipoprotein binding.*® Thus, it is
evident that the inhibitor binding modulates the flexibility of the functionally important
regions of CETP, which may have a direct or indirect impact on the function of the protein. It
is worth noting that the inhibitor binding decreased the flexibility of the residues located
around the inhibitor in CETP N-terminal domain, including that of the N-terminal highly
fluctuating loops, Q4-Q6. Nevertheless, the overall flexibility of CETP was increased due to
inhibitor binding as will be shown more quantitatively in later section by principal

component analysis.
Inhibitors interact mostly with the CETP hydrophobic tunnel residues

The binding similarity among the inhibitors with CETP is already evident from molecular
docking studies. However, to understand the common interactions at residue-level, we have
extracted the time-averaged structures of inhibitor bound CETP from respective simulation
trajectory. Fig. 3 presents the three-dimensional distributions of protein residues around the
inhibitors in CETP binding pocket. Residues that fall within 3.5 A from inhibitor surface are
considered, which therefore include all protein residues interacting with the inhibitor moieties
by H-bond and van der Waals interactions. Interestingly, majority of the interacting protein
residues were found to be hydrophobic in all inhibitor-CETP complexes. More importantly,

many of these interacting residues were common in all three complexes.
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Similar to the torcetrapib-CETP crystal structure, all three inhibitors were located in the
hydrophobic N-terminal pocket of CETP, comprised partly by N-terminal beta strands: S5,
S6, helix-B, and central domain beta strand S8.%° Further, the deep penetration of the central
phenyl-fluoromethyl along with the neighboring —N-C=0 moiety of the inhibitors (this
central moiety of inhibitors is depicted in Fig. 1) have explored a sub-pocket constituted by
the aromatic rings of H232, F263, hydrophobic side chains of 111, C13, 15, and L261 that
belong to the CETP central beta domain region. Further, all three inhibitors were involved in
hydrophobic interactions with helix-B residues: Q199, A202, 1205; N-terminal domain
residue 1215; and S6 strand residue V136. Despite the highly hydrophobic nature of the N-
terminal pocket, three polar residues were observed to be present around the inhibitor binding
pocket, viz Q199, S230, and H232. Overall, a significant number of 85.71% similar residues
were found to be located around all three inhibitors studied. The commonality in interacting
residues between the simulated and crystal structures of torcetrapib bound CETP was

78.57%.

Both torcetrapib and anacetrapib possessed additional hydrophobic interactions with the N-
terminal pocket capping residue: F441. Likewise, anacetrapib and BMS-795311 displayed
additional hydrophobic interactions with helix-B residues: A195 and V198. Additionally,
torcetrapib and BMS-795311 have common hydrophobic interactions with the central beta
domain residue: S230. While anacetrapib exhibited additional interactions with S5 strand
residue: L129; N-terminal pocket opening residue: R201; and central beta domain residue:
L228, BMS-795311 involved in hydrophobic interactions with the S6 strand residues: G134,
R135, T138; N-terminal domain residues: L.217, P221; C-terminal capping residue of helix-
B: L206; and central beta domain residue: F265. It is noteworthy that the trifluoromethyl
group in anacetrapib was involved in hydrogen bonding with Q199. Such a hydrogen bond
formation in highly hydrophobic environment is thought to compensate the dehydration
penalty incurred due to the burial of hydrophilic group and contributes to favorable binding
of the inhibitor. It is also interesting to note that, all inhibitors have strong hydrophobic
association with the oleoyl tail of CE-1, as was also noted in the torcetrapib-CETP crystal
structure. However, this is masked in Fig. 3 for visual clarity. Moreover, the residues C13,
H232, and F263 that were reported to be crucial in torcetrapib binding from alanine
mutational study®, were found to have identical interactions with all three inhibitors studied

as discussed above, thus further validating their similar mode of interactions.
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Inhibitors physically block the CETP core tunnel

To understand the mechanism of CETP inhibition by this class of inhibitors, next we
investigated the evolution of CETP core tunnel in substrate-bound versus inhibitor-bound
states. As noted in the crystal structure of substrate bound CETP, the protein possesses a core
tunnel of length 60 A and volume 2560 A’, where the cholesteryl esters are loaded.”
However, the tunnel information was not reported in the torcetrapib-bound CETP crystal
structure. We have computed the tunnel length of CETP in different states by CAVER
program, which identifies tunnels by mapping Voronoi diagram of the atomic centers and
then calculating the shortest paths between all pairs of points. Fig. 4a presents the length and
radius of CETP hydrophobic tunnel in substrate-bound and inhibitor-bound states. The tunnel
of the substrate-bound CETP crystal structure is well reproduced with a length of 65A (black
dotted line in Fig. 4a). When this length is compared with that of the same substrate-bound
CETP from MD simulation data, a striking difference was observed. A continuous tunnel of
length 110 A with volume 3536 A® and tunnel radius ~1.4 A larger than the crystal structure
was noted. We speculate that the shorter tunnel length in CETP crystal structure is due to the
crystal packing effects and when simulated in water, the protein structure relaxes from crystal
packing to evolve a much larger tunnel. This finding also goes parallel to the study of Zhang
et al, where the authors found CETP to exist in an “open-state” having a continuous tunnel

similar to ours (Fig. S13 of Ref. 48).

As Fig. 4a also shows, the tunnel length for all the inhibitor-bound CETP time-averaged
structures is only about 70 A with volume approximately 2700 A°. This significant reduction
in tunnel length and volume suggests that the inhibitors occupy the tunnel and block the
passage necessary for substrate transfer. To get a clearer understanding, we have rendered the
3D representation of the CETP tunnel in absence and presence of the inhibitors and presented
the results in Figures 4b and 4c. It is evident from these figures that the inhibitors bind almost
at the center of the CETP hydrophobic tunnel and make the tunnel very constricted. As a
result, the transfer of cholesteryl esters and triglycerides, the CETP substrates becomes very
inefficient and the protein looses the activity. Thus, based on the position and nature of
protein contacts exploited by the inhibitors, physical occlusion of the channel is found to be

the primary mechanism of CETP inhibition.

11
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To validate our findings of protein-inhibitor interactions and the evolution of CETP core
tunnel in presence of the inhibitors, we have performed a second set of substrate-bound
CETP and inhibitor-bound CETP simulations. Each of the substrate-bound and three
inhibitor-bound CETP complexes was also simulated for 200ns. The simulations were started
with the same initial structures as that of the primary simulations, but with different initial
velocity assigned from Maxwell-Boltzmann distributions. The details of these systems are
included in Table S1. Fig. 5 shows the time-averaged distributions of the interacting CETP
residues around the inhibitors, in this new set of simulations. Here, we displayed the protein-
ligand 2D structural representation by performing LigPlot analysis. Interestingly, both set of
simulations captured the same set of CETP residues interacting with the inhibitors.
Particularly, the deep penetration of phenyl-fluoromethyl group with -N-C=0 moiety of the
inhibitors into CETP sub-pocket formed by central beta domain residues C13, 115, S230, and
H232 was again evident. The strong interaction of helix-B residues Q199, A202, 1205and
stacking interaction of F263 with one of the middle phenyl rings in the inhibitors, as depicted
in Fig. 3 from primary set of simulations, were also well reproduced. Overall, a significant

overlap of the interaction pattern was observed from two independent sets of simulations.

We have also examined the evolution of CETP tunnel from the second set of simulations.
Fig. S3 presents the length and radius of CETP hydrophobic tunnel in the time-averaged
structures of inhibitor-CETP complexes from respective simulations. The plot depicts
tunnels of length between 66A - 72 A with average volume ~2811 A® in all inhibitor-bound
CETP systems, similar to the tunnel dimensions obtained from first set of simulations. To
have a better visualization, we have sliced the protein at the center of mass and looked
through the tunnel from N-terminal end. The 3D representations are included in Figures S3b
and S3c. It is again apparent from these figures that the binding of inhibitors physically
blocks the tunnel and thus can obstruct the movements of neutral lipids effectively. Hence,
the physical occlusion of CETP tunnel appears to be the mechanism of CETP inhibition by
this class of inhibitors. It is worth mentioning here that CETP explored a range of
conformations during the MD simulations, and correspondingly the tunnel length varied from
65 A - 112 A in substrate-bound CETP and 42 A - 77 A in inhibitor-bound CETP. The
shorter tunnels appear particularly when CETP bends and its core tunnel become
discontinuous with multiple short tunnels. For comparison in Fig. 3 and S3, we picked up the

cluster of longer tunnels from each system and averaged over them. While doing so, we made
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sure that each cluster of long tunnels was comprised of minimum of 25% of the

conformations that CETP had explored during simulations.
Principal component analysis could explain the basis of increased CETP dynamics

Finally, to understand the basis for increased CETP dynamics in presence of the inhibitors,
we resorted to Principal Component Analysis (PCA) to identify the essential motions in the
protein. The advantage of PCA is that it allows the identification of dominant modes of
protein motions by extracting smaller number of independent variables (principal
components) from a larger set of correlated variables. Fig. S4 depicts the relative
contributions of various principal motions (eigenvectors) to the overall dynamics of the
protein. The figure clearly indicates that a small number of eigenvectors (collective motions
of the atoms) are enough to describe the bulk of the protein dynamics. The first ten principal
components describe ~77%, ~76%, ~78.3%, and ~77.6% of the total mean-square
fluctuations in the substrate, torcetrapib, anacetrapib, and BMS-795311 bound systems (Fig.
S4 inset). The inset also shows that the first eigenvector contributes significantly;
representing ~49.5%, ~44.9%, ~52.7%, and ~53.4% of the total fluctuations in the substrate,
torcetrapib, anacetrapib, and BMS-795311 bound states. To compare conformational space
sampled by the substrate and inhibitor-bound CETP systems, two-dimensional projections of
MD ensembles onto the plane defined by the first two eigenvectors are plotted (Fig. S5).
Although the regions explored by the four systems overlap, the dynamics of the inhibitor-
bound CETP spans larger space in comparison to that of the substrate-bound CETP (68.55
nm? in substrate-CETP vs 85.63 nm” in BMS-795311 bound CETP). Similar trend was noted
from the PCA on second set of simulations data also. This observation is consistent with the
results in Fig. 2, where the protein displayed increased dynamics in presence of the inhibitors.
The complementarity between the RMSF and PCA results indicates, the CETP residues that
exhibited large RMS fluctuations contribute significantly to the essential motions of the

protein.

The principal motions of protein residues can be better visualized by representing the
eigenvectors as porcupine plots. In Fig. 6, we presented the motion of CETP residues along
the direction of principal component 1 (PCI). In this plot, the length of the cones
(representing the eigenvectors) denotes the magnitude and the projection identifies the

direction of motions of the protein residues. Two interesting features emerged from the
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principal motions of CETP residues. The N-domain, particularly the ligand binding site
underwent reduced flexibility in presence of the inhibitors compared to the substrate-bound
CETP. This is expected as the favorable binding of ligands imparts local stability to the
protein domain. Interestingly however, all other regions in the protein, e.g. C-terminal loop
regions Q1- Q3, C-terminal beta barrel domain, central linker region exhibited significantly
larger average velocity covariance vectors in the inhibitor-bound complexes than the
substrate-bound CETP. The overall effect of inhibitor binding, therefore, sums up to
increased dynamics in the protein. The largest dynamics in BMS-795311 bound CETP
system could be due to the bulkiness of BMS-795311 compared to other inhibitors. We
speculate that one of the main reasons for increased plasticity in CETP could be the
asymmetry in the structure imparted by inhibitor binding. This will be our focus for future
study. The study also paves way to explore the signaling pathways by which the inhibitor
binding in N-domain modulates the dynamics of distal C-domain regions, such as loops Q1-

Q3 etc.

CONCLUSIONS

CETP mediates the net transfer of CEs from HDL to LDL with a reciprocal transport of TGs
from LDL to HDL. Deficiency of CETP and its inhibition in humans and rabbits have shown
a reduced susceptibility to the development of atherosclerosis. Hence, CETP is actively
pursued as a therapeutic target for the treatment of cardiovascular diseases. Even though the
recent torcetrapib-bound CETP crystal structure has provided wealth of information about the
interactions of torcetrapib with CETP, our understanding of the mechanism of CETP
inhibition by small molecule inhibitors is still far from complete. Here, we present a
comparative study of the interactions of torcetrapib and two promising CETP inhibitors,
anacetrapib and BMS-795311 with CETP by employing molecular dynamics (MD)
simulations, protein — ligand docking, and principal component analysis. Results are
compared with substrate bound CETP simulation data to gain deeper insights. Our results
suggest that the physical occlusion of the CETP core tunnel by the bound small molecule
inhibitors is the primary mechanism of CETP inhibition. Results also suggest that multiple
hydrophobic, H-bond, and ring stacking interactions between CETP tunnel lining residues
and the inhibitors are responsible for nanomolar binding of the inhibitors to CETP. The study
also identified multiple common interactions among the three CETP-inhibitor complexes

studied here, which can be tested experimentally by mutagenesis studies. Interestingly, the
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inhibitor binding was shown to enhance the CETP dynamics significantly, particularly of its
C-terminal domain. We speculate that one of the primary reasons for increased plasticity in
CETP could be due to imparted asymmetry in the structure by inhibitor binding. This will be

our focus for future study.

SUPPORTING INFORMATION

Figure S1 shows the comparison of the binding pose of torcetrapib in CETP crystal structure
and in the lowest energy docked complex of torcetrapib-CETP. Figures S2 shows the time
evolution of root mean square deviations (RMSDs) of CETP and its bound ligands. Figure S3
shows the evolution of CETP core tunnel in replica simulations. Figure S4 shows the
eigenvalue profile of essential dynamics and the cumulative contribution of eigenvectors in
substrate bound and inhibitor bound CETP simulations. Figure S5 depicts two-dimensional
projections of the simulated structures from principal component analysis. Table S1 presents

the list of systems studied.
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Table 1: Comparison of experimental and theoretical binding energies of the CETP
inhibitors. AG (experimental) were obtained from the available ICsy values using the
relation AG = -RT In(ICsp), under the assumption of noncompetitive inhibition by the
studied inhibitors of CETP (see text for details). AG (theoretical) values were

computed using Autodock program.

Inhibitor ICso(nmM) AGynging (kcal/mol)  AGy;ging (kcal/mol)
(Experimental) (Experimental) (Theoretical)
Torcetrapib 4.3 (Ref. 21) -11.4 -10.70
Anacetrapib 7.9*% -11.06 -11.73
BMS-795311 4.0 (Ref. 19) -11.47 -11.05

*www.selleckchem.com/products/anacetrapib-mk-0859.html
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FIGURE LEGENDS

Figure 1. Structures of CETP and its inhibitors: (a) crystal structure of substrate bound
CETP (PDB ID: 20BD) and molecular structures of (b) torcetrapib, (c) anacetrapib, and (d)
BMS-795311. The N- and C-terminal domains of CETP are colored in yellow and cyan,
respectively. The central domain is shown in red. Functionally relevant loops of CETP: Q1-
Q6 and bound cholesteryl esters and phospholipids are highlighted. The secondary structural

elements are named according to Ref. 20. The central moiety in all the inhibitors is depicted.

Figure 2. Comparison of the residue-level fluctuations of the protein residues in
inhibitor and substrate bound states. The figure depicts the root mean square fluctuations
of protein residues in substrate (black), torcetrapib (green),anacetrapib (magenta), and BMS-
795311 (blue) bound CETP systems. Regions with the most significant changes are labeled,
which include the N- and C-terminal distal loops viz Q4- Q6, Q1- Q3, residues of Helix-X
and the linker.

Figure 3. Three dimensional representations of the interactions of CETP hydrophobic
tunnel residues with (a) torcetrapib, (b) anacetrapib, and (¢) BMS-795311. The CETP
residues are shown in cyan with the oxygen atoms in red and nitrogens in blue. The hydrogen
bonding interaction between anacetrapib and Q199 is shown in black dotted lines with the
distance value mentioned. The stacking interaction of F263 phenyl group with one of the
middle phenyl rings of the inhibitors is highlighted. The identical interacting residues among

the three systems are labelled in red.

Figure 4. Evolution of CETP core tunnel in substrate- and inhibitor-bound states. (a)
CETP tunnel radius as a function of tunnel length in substrate bound CETP (black),
torcetrapib bound CETP (green), anacetrapib bound CETP (magenta), and BMS-795311
bound CETP (blue). The tunnel reported in substrate bound CETP crystal structure is shown
in black dotted line for comparison. Error bars in tunnel radius is included. The 3D
representations of the tunnel is shown for (b) substrate-bound CETP and (c) BMS-795311
bound CETP.
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Figure 5. Two dimensional representations of the CETP-inhibitor interactions from
replica simulations of CETP bound to (a) torcetrapib, (b) anacetrapib, and (c) BMS-
795311. Inhibitors are shown in stick representations and the interacting CETP residues are
displayed around them. CETP residues that interact via hydrophobic/van der Waals
interactions are shown by red spikes. The identical interactions among the three systems are

depicted by blue circles. Majority of the CETP interacting residues are similar to Fig. 3.

Figure 6. Porcupine plots representing the dominant motions of CETP residues along
the first principal component. Results are shown for (a) substrate-bound CETP, (b)
torcetrapib bound CETP, (c) anacetrapib bound CETP, and (d) BMS-795311 bound CETP.
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