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Background:Human cholesteryl ester transfer protein (CETP) transfers cholesteryl esters fromhigh-density to low-density
lipoprotein particles.
Results:Crystallographic,mutagenesis, and biochemical studies illuminated inhibitionmechanisms ofCETPby torcetrapib and
a structurally distinct compound, ((2R)-3-{[4-(4-chloro-3-ethylphenoxy)pyrimidin-2-yl][3-(1,1,2,2-tetrafluoroethoxy)benzyl]-
amino}-1,1,1-trifluoropropan-2-ol.
Conclusion: These small molecules inhibit CETP through blocking its lipid tunnel.
Significance: Potential polar interactions at compound binding site may be utilized in design of inhibitors with improved
physical properties.

Human plasma cholesteryl ester transfer protein (CETP)
transports cholesteryl ester from the antiatherogenic high-den-
sity lipoproteins (HDL) to the proatherogenic low-density and
very low-density lipoproteins (LDL and VLDL). Inhibition of
CETP has been shown to raise human plasma HDL cholesterol
(HDL-C) levels and is potentially a novel approach for the pre-
vention of cardiovascular diseases. Here, we report the crystal
structures of CETP in complex with torcetrapib, a CETP inhib-
itor that has been tested in phase 3 clinical trials, and compound
2, an analog from a structurally distinct inhibitor series. In both
crystal structures, the inhibitors are buried deeply within the
protein, shifting the bound cholesteryl ester in the N-terminal
pocket of the long hydrophobic tunnel and displacing the phos-
pholipid fromthat pocket.The lipids in theC-terminal pocket of
the hydrophobic tunnel remain unchanged. The inhibitors are
positioned near the narrowing neck of the hydrophobic tunnel
of CETP and thus block the connection between the N- and
C-terminal pockets. These structures illuminate the unusual
inhibitionmechanismof these compounds and support the tun-
nel mechanism for neutral lipid transfer by CETP. These highly
lipophilic inhibitors bind mainly through extensive hydropho-
bic interactions with the protein and the shifted cholesteryl
ester molecule. However, polar residues, such as Ser-230 and
His-232, are also found in the inhibitor binding site. An
enhanced understanding of the inhibitor binding site may pro-
vide opportunities to design novel CETP inhibitors possessing

more drug-like physical properties, distinct modes of action, or
alternative pharmacological profiles.

Extensive epidemiological and preclinical mechanistic and
intervention studies suggest that low HDL-C5 levels, in addi-
tion to high LDL-C levels, are powerful predictors of cardiovas-
cular risks and that increasing plasma HDL-C levels may be
beneficial (1). By shuttling cholesteryl ester from HDL to LDL,
CETPdecreases plasmaHDL-C levels and increasesVLDLcho-
lesterol (VLDL-C) and subsequently LDL cholesterol (LDL-C)
levels (2, 3). In addition to cholesteryl esters, CETP also trans-
fers triglycerides and phospholipids between plasma lipopro-
teins. The suggestion that inhibition of CETP could provide a
lipid profile with reduced atherosclerotic risk first arose �20
years ago (4). Epidemiological studies as well as transgenic ani-
mal models strongly suggest a role of CETP in the development
of atherosclerosis and that blocking CETP could be beneficial
(5–7). For example, populations with a mutation that leads to
CETP deficiency have a lower incidence of cardiovascular dis-
eases (5).
Inhibition of CETP by small molecule drugs to raise human

plasma HDL-C levels has been actively pursued as an approach
to prevent cardiovascular diseases (8–11). Despite the success
of statins, which lower LDL-C levels significantly, cardiovascu-
lar disease is still the leading cause of mortality worldwide
claiming �17 million lives each year (12). Many CETP inhibi-
tors have been developed, with four having reached late stage
clinical trials (see Fig. 1): torcetrapib (1) (13), anacetrapib (3,
MK-859) (14, 15), evacetrapib (4, LY2484595) (16), and dalce-
trapib (5, R1658, also known as JTT-705) (17). Torcetrapib, the
first CETP inhibitor to advance to late stage clinical trials,
showed a substantial effect on plasma lipoprotein levels, raising
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HDL-C and lowering LDL-C. However, torcetrapib also exhib-
ited adverse effects in a cardiovascular events trial in combina-
tion with atorvastatin and was found to increase the risk of
mortality and morbidity over atorvastatin alone (18–21). Dal-
cetrapib did not show the same adverse effects but was not
potent enough to demonstrate clinical efficacy (22). The other
CETP inhibitors named in Fig. 1 are being actively tested in
later stage clinical trials (23–25); their effects on disease out-
come remain unknown (26–29).
Torcetrapib (1) is a representative of the tetrahydroquinoline

(THQ, Fig. 1) series of inhibitors with a very potent CETP IC50
of 50 nM, measured in whole human plasma (30). Anacetrapib
(3) contains the triad of trifluoromethyl groups found in torce-
trapib but also has a distinct biaryl moiety (Fig. 1). Evacetrapib
(4) contains a homologated core of torcetrapib and the 3,5-bis-
trifluoromethylbenzyl group but also a methyl tetrazole and
cyclohexane carboxylic acid side chain. Dalcetrapib (5) is more
distinct from the fluorine-containing structures above, with an
ortho-thio-anilide core (Fig. 1) and only modest CETP inhibi-
tory activity in the human plasma assay (IC50, 9�M), although it
relies on forming a covalent disulfide linkage with CETP rather
than reversible binding as in the above compounds. In a phase
III clinical trial, torcetrapib demonstrated an increase of 72.1%
in HDL-C and a decrease of 24.9% in LDL-C (18). In the same
clinical trial, torcetrapib was also shown to increase systolic
blood pressure and serum bicarbonate and decrease serum
potassium at a daily dose of 60 mg (18). It is still not clear
whether the increased risk associated with torcetrapib is due to
its off-target effects. On the other hand, anacetrapib, dalce-
trapib, and evacetrapib have been shown to increase HDL-C
and lower LDL-C without increasing blood pressure (14–17,
23–25).
Illuminating the interactions of these small molecule com-

pounds with CETP at the atomic level may further our under-
standing of how CETP facilitates lipid transfer, shed light onto
how these compounds inhibit CETP, and provide insight into
drug design. Previously, we reported the crystal structure of the
holo-CETP structure (3). The holo-protein structure reveals a
long hydrophobic tunnel in which four lipid molecules are
found to bind. Based on the structure we proposed a mecha-
nismbywhich the lipids transfer through this hydrophobic tun-
nel betweenHDL and LDL (3). A recent report of single particle
electron microscopy imaging experiments indicate that CETP
bridges a ternary complex with its N-terminal domain pene-
trating into HDL particles and its C-terminal domain interact-
ing with LDL or VLDL particles, supporting the tunnel mecha-

nism for neutral cholesteryl ester transfer and illuminating the
direction of lipid transfer (31).
To study the molecular basis of CETP inhibition, holo-

CETP crystals were produced using previously described
methods (3) and soaked with saturated solutions of torce-
trapib or a structurally distinct inhibitor ((2R)-3-{[4-(4-
chloro-3-ethylphenoxy)pyrimidin-2-yl][3-(1,1,2,2-tetrafluo-
roethoxy)benzyl]amino}-1,1,1-trifluoropropan-2-ol), herein
called compound 2 (Fig. 1, IC50 of 37 nM in the whole human
plasma inhibition assay) to produce complex crystals. The
inhibitors were observed unambiguously in the omit (2Fo �
Fc) and (Fo � Fc) electron density maps generated from x-ray
diffraction data collected at synchrotron sources (Fig. 2).
Both CETP-inhibitor complex structures have been fully
refined, with the torcetrapib complex structure having the
higher resolution of 2.6 Å (Table 1).

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Detailed descriptions
on DNA constructs, protein expression, and purifications have
been reported previously (3). The human CETP construct
(1–476, sequence numbering starts at the first amino acid of
the mature protein after signal peptide removed) used for crys-
tallization in this study contains five point mutations, C1A,
N88D,C131A,N240D, andN341D, to eliminate heterogeneous
post-translational modifications on the protein surface to facil-
itate protein crystallization (3). Protein expression was carried
out inChinese hamster ovary cell lineDG44.CETPwas purified
through an immobilized monoclonal antibody column (the
monoclonal antibodywas immobilized onCNBr-activated Sep-
harose Fast Flow resin, GE Healthcare), a hydrophobic interac-
tion column (Butyl-650 Toyopearl M) (Toshoh Haas, Mont-
gomeryville, PA), and an anion exchange column (Q Sepharose
Fast Flow,GEHealthcare) (3). TwoCETPpeaks eluted from the
anion exchange columnwere further purified through the same
hydrophobic interaction columndescribed above (3). The puri-
fied mutant CETP has similar activity as the wild type protein.
The typical protein yield after final purification is �10 mg pro-
tein per liter of expression media, with purity �95%.
Crystal Soaking and Structure Determination—Crystalliza-

tion of the holo-CETP has been reported previously (3). Briefly,
the holo-CETP crystals were obtained by hanging drop vapor
diffusion, using 10 mg ml�1 protein in a buffer of 20 mM Tris,
pH 8.0, 250 mM NaCl, and 1 mM EDTA mixed 1:1 with a well
solution of 0.1 M HEPES (pH 7.5), 0.2 M MgCl2, and 27–35%
(w/v) PEG 400 at 4 °C. Note that neither cholesteryl ester nor

FIGURE 1. Chemical structures of the CETP inhibitors described in this work.

CETP-Inhibitor Complex Structures

37322 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 44 • OCTOBER 26, 2012



phospholipidwas added during purification and crystallization,
but they were detected in purified protein sample using mass
spectrumanalysis and observed in the holo-CETP crystal struc-
ture (3). A large number of holo-CETP crystals were soaked at
4 °C in mother liquors containing saturate concentrations of
inhibitors, 0.1% �-octylglucoside, 0.2 M MgCl2, 0.1 M HEPES
buffer at pH 7.5 and 30% polyethylene glycol 400 for days. The
crystals were then cooled directly in liquid nitrogen before data
collection.
Crystallographic data sets were collected at the 17-ID beam-

line of the Advanced Photon Source at the Argonne National
Laboratory (Chicago, IL). Diffraction data were processed with
the program suite HKL-2000 (32), whereas the structure solu-
tion and refinement were carried out using the CCP4 program
suite (33). The starting CETPmodel was derived from the holo-
CETP structure (Protein Data Bank code 2OBD), excluding the
bound lipids and solvent molecules, and the manual model
building was carried out using programCOOT (34). The inhib-
itor-bound structures have been refined satisfactorily. The dif-

fraction data collection and final refinement statistics are listed
in Table 1. Probably due to prolonged soaking that was neces-
sary to observe inhibitors, all crystals suffered from loss of res-
olution and anisotropic diffractions. The torcetrapib-CETP
complex crystal has a higher resolution. Its data were complete
to 2.8 Å, and partially complete between 2.6 to 2.8 Å due to
anisotropic diffraction pattern (Table 1).
Mutagenesis of CETP—Mutant CETP cDNAs were cloned

into a modified version of pSecTag2/Hygro containing N-ter-
minal His6 and V5 tags (Invitrogen). HEK293S cells were cul-
tured and transfected with the cDNAs as described previously
(35). Medium from transfected cells was collected and concen-
trated. With the aid of GeneTools software (Syngene), CETP
yields were normalized byWestern blot analysis. The cDNAs of
C13A, R201A, H232A, and F263Amutants were engineered by
overlapping PCR using a wild-type DNA template and muta-
genic primer. These CETP mutants were purified as described.
Activity and Inhibition Assay of CETP—The activity of CETP

and itsmutants wasmeasured using a cholesterol transfer assay
(30). In this assay, the dual-labeled [3H]triolein and [14C]cho-
lesteryl oleate, and 200 ng of CETP was used. The amount of
[3H,14C]LDL was 6.7 nmol per assay, whereas HDL was 10.5
nmol per assay. The HDL contained a 2:1 mix of HDL2 and
HDL3 fractions. CETP inhibition assays were performed using
equal amounts of the wild-type and mutant protein samples
(35, 36).
Synthesis of Torcetrapib and Compound 2—The chemical

synthesis and characterizations of torcetrapib and compound 2
have been reported previously (37, 38). The characterization
and purities of compounds are done using mass spectrum and
NMR.

RESULTS

Torcetrapib Occupies the N-terminal Pocket of the CETP
Tunnel—The holo-CETP structure revealed an exceptionally
long hydrophobic tunnel made of two large pockets (the N-ter-
minal pocket and the C-terminal pocket, herein called the
N-pocket and the C-pocket, respectively), connected by a nar-
rower neck (3). Point mutations narrowing the neck blocked
triglyceride transfer and severely hindered cholesteryl ester
transfer, suggesting a molecular mechanism involving neutral
lipids transiting through the tunnel via the neck (3). Each bind-
ing pocket was occupied by one cholesteryl ester and one phos-
pholipid molecule (CE1, PL1, CE2, and PL2), respectively, with
the cholesteryl esters deeply buried and the phospholipids
plugging the tunnel openings toward solvent (Fig. 3a). This tun-
nel mechanism is further supported by the recently reported
single particle electron microscopy imaging studies of the
CETP complex withHDL and LDL (31). In the structures of the
CETP-inhibitor complexes, which were obtained from soaking
the holo-CETP crystals that contain one copy of CETP in the
asymmetric unit, one inhibitor was found in each protein,
which providedmolecular level validation of the 1:1 stoichiom-
etry and non-competitive inhibition model previously sug-
gested through traditional biochemical methods (30).
Torcetrapib occupies a volumeof�12Å� 12Å� 7Åwithin

the N-terminal pocket of the CETP tunnel (Fig. 3b). In the
CETP-inhibitor complex, no electron density was observed for

FIGURE 2. Qualities of electron density maps for inhibitors. a, the refined
model of torcetrapib (stick model, with carbon atoms colored magenta, oxy-
gen colored red, nitrogen colored blue, and fluorine colored light blue)
embedded in the initial 2Fo � Fc omit map contoured at 1.2� (colored in gray).
Protein carbon atoms are colored green, and cholestryl ester carbon atoms
are colored yellow. Cys-13 is highlighted. b, the refined model of compound 2
embedded in the initial Fo � Fc omit map contoured at 3�.
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FIGURE 3. CETP inhibitors occupy the N-terminal pocket of CETP lipid binding tunnel. a, in holo-CETP, the N- (N) and C-terminal (C) pockets of the lipid
tunnel are occupied by one cholesterol ester molecule and one phospholipid molecule (carbon atoms are colored cyan) each (labeled CE1, PL1, CE2, and PL2,
respectively). Two pockets are connected via a narrower neck (highlighted). The outer surface of CETP is shown in light, transparent color, and the inside surface
of the lipid binding tunnel is shown in darker colors. b, an enlarged view of the lipid tunnel of CETP in CETP-torecetrapib complex. Torcetrapib (carbon atoms
are colored magenta) occupies only the N-terminal pocket of CETP, shifting CE1 and displacing PL1. c, stereo view of overlay of ligands in the holo-CETP and
torcetrapib-CETP complex (carbon atoms are in light blue), to show that the inhibitor shifts the cholesterol molecule and displaces the phospholipid in the
N-terminal pocket of CETP, but lipids remain bound in the C-terminal pocket.

TABLE 1
Data collection and refinement statistics

Torcetrapib Compound 2

Data collection
Space group P212121 P212121
Cell dimensions a � 69.6, b � 69.3, and c � 188.2 Å; �, �, and � � 90° a � 68.8, b � 69.9, c � 187.1 Å; �, �, and � � 90°
Resolution (Å)a 50.0–2.6 (2.67–2.6) 50–3.1 (3.21–3.1)
Rmerge 0.083 (0.34) 0.111 (0.513)
I/� 18.5 (2.4) 12.1 (2.1)
Completeness (%) 79.2 (30.9) 76.1 (30.6)
Redundancy 4.0 (1.6) 5.0 (2.2)

Refinement
Resolution (Å) 50–2.6 50–3.1
No. of reflections 21,810 11,592
Rwork/Rfree 0.213/0.259 0.198/0.239
No. of atoms
Protein 3,740 3,700
Ligand/ion 239 227
Water 110 32
r.m.s.d bond lengths (Å)b 0.009 0.008
r.m.s.d bond angles 1.3° 1.2°

Ramachandran plot favored,
allowed, & disallowed (%)

95.7, 99.6, and 0.6 92.6, 99.6, and 0.4

a Statistics in the highest resolution shell are shown in parentheses.
b r.m.s.d., root mean square deviation.
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the phospholipid molecule (PL1) in the N-pocket of the holo-
CETP crystals, although there was still a large space left in the
N-pocket after inhibitor binding (Fig. 3b), suggesting that the
inhibitor entered the tunnel through the N-terminal opening
and displaced the bound lipid during crystal soaking. Torce-
trapib may weaken phospholipid binding because it has some
overlaps with the oleyl chain of PL1 but does not necessarily
exclude phospholipid from binding in vivo in the space left in
the presence of the inhibitor because of the flexibility of phos-
pholipids. The cholesteryl ester in theN-terminal pocket (CE1),
cohabiting with the bound inhibitor, is observed in a drastically
different conformation, with the CE1 ester moiety shifted by
�10 Å from its position in holo-CETP (Fig. 3c). CE1, specially
its oleoyl tail, appears to be less ordered in the inhibitor com-
plex than in the holo-CETP (Fig. 3c).
In contrast, the overall structures of CETP protein and the

bound lipids in the C-terminal side of the tunnel (CE2 and PL2)
remain undisturbed upon torcetrapib binding, although the
phosphate head group of PL2 does occupy slightly different
positions in different crystal structures, most probably due to
its flexible nature (Fig. 3, b and c). Our results suggest that
torcetrapib binding physically interferes with PL1 binding and
forces CE1 into a position that is presumably unfavorable for
lipid transfer by blocking the narrow passage. Indeed, torce-
trapib locates at a position that is near the narrow neck of the
hydrophobic tunnel of CETP and can restrict the lipid flow
through the tunnel (Fig. 3b). Thismechanism supports the pro-
posed tunnel-based lipid transfer model in which all neutral
lipid transfers pass through this neck, and it is also consistent
with the effects of CETP inhibitors (30).
All Torcetrapib-CETP Interactions Are Hydrophobic—Tor-

cetrapib interacts with residues located on the �-strands of S1,
S5, S6, S8, and S1�, and �-helix B, all in the N-terminal half of
CETP except for the S1� strand (Fig. 4a). The S1� strand con-
tains Phe-263, which is at the neck of the hydrophobic tunnel.
All these interactions are of a hydrophobic nature, and the
entire N-terminal pocket is observed to be highly hydrophobic,
which is consistent with both the highly lipophilic nature of
neutral lipid substrates and the high log partition coefficients
(logP) for the potent inhibitors. However, there are also three
polar residues in the center of the inhibitor binding site (Fig.
4a), Gln-199, Ser-230, and His-232. The hydrophilic atoms of
these residues either point away from the inhibitor (Gln-199) or
interact with each other (Ser-230 andHis-232) and do not form
hydrogen bonds with the inhibitor.
TheTHQcore of torcetrapib binds near the narrowing of the

CETP tunnel, forming hydrophobic interactions with Phe-263
(Fig. 4a), which forms part of the neck of the CETP tunnel (3).
The ethyl group on the THQmakes hydrophobic contacts with
the oleoyl tail of CE1, which was incompletely modeled due to
its disorder. The 6-trifluoromethyl group on the THQ projects
deeply into the N-terminal pocket, occupying a sub-pocket
formed by side chains of Ile-11, Cys-13, Ile-215, and the aro-
matic faces of His-232 and Phe-263 (Fig. 4a). This interaction
involving the trifluoromethyl group explains the structure-ac-
tivity relationship observed in other THQ-containing analogs:
removing the 6-trifluoromethyl group from the THQ results in
a greater than 18-fold loss in activity. One of the trifluoro-

methyl groups from the bis(trifluoromethyl)benzyl group
inserts between the cholesterol rings of CE1 and Val-136 and
Gln-199, and the second trifluoromethyl group occupies a
another sub-pocket that is defined by the side chains of Leu-
129, Val-136, Val-198, Pro-221, and Leu-228 (Fig. 4a).
The interactions between torcetrapib and CE1 indicate that

the latter is an integral part of the inhibitor binding site and

FIGURE 4. CETP-inhibitor interactions. a, binding interactions of torcetrapib
with CETP. Protein main chains are shown as secondary structures cross-out.
Side chains that interact with torcetrapib are shown as stick models and
labeled. Secondary structures are named according to Ref. 3. b, stereo view of
overlay of torcetrapib (magenta-colored carbon atoms) and compound 2
(carbon atoms colored cyan) in the N-terminal pocket of CETP. The N-terminal
opening is highlighted side chains of surrounding residues. c, interactions
between compound 2 and CETP. Hydrogen bonds are shown as dashes.
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should be considered in inhibitor design. Indeed, replacing the
2-ethyl group on the THQ with bulkier groups, such as cyclo-
propyl or isopropyl, led to 1.5- or 1.9-fold lower potencies,
respectively.
The methyl carbamate occupies a third sub-pocket formed

byVal-198, Gln-199, Ala-202, and Ile-215. The ethyl carbamate
points toward the opening of the N-terminal pocket, which is
shielded by Arg-201 and aromatic residues Phe-197, Phe-441,
Phe-463, and Phe-471 (Fig. 4b).

Potentially, a polar substituent could be introduced to reach
out of theN-terminal opening and disrupt the flexible C-termi-
nal helix that is important to CETP activity (3) or to interact
with the side chain of Arg-201. Additional polar groups could
also be incorporated to interact with the side chains of Gln-199,
Ser-230, and His-232, which are close to torcetrapib. Such a
polar substituentmay not decrease the binding energy of CETP
inhibitors if a favorable hydrogen bond can be formed with
those residues and could help their aqueous solubility and free
fractions in plasma, which are generally very low in this series
and require non-traditional formulations for good oral absorp-
tion (39).
Binding Mode of Compound 2—Compound 2 is a potent,

structurally distinct CETP inhibitor with unique functional
groups, a trifluoropropan-2-ol and a tetrafluoroethoxyphenyl.
It was designed in an effort to improve the overall solubility and
free fraction of the CETP inhibitors by adding hydrophilic
groups (hydroxyl and pyrimidine ring in this case) before struc-
tural information was available. Unfortunately, the aqueous
solubility of compound 2 is still low, with a �8 calculated logP.
However, its slightly more polar nature did not decrease its
binding affinity (IC50 � 12 nM, serum-free) or its activity in
human plasma (IC50 � 37 nM).
Despite the large structure differences, compound 2 occu-

pies the same binding site as torcetrapib in the N-terminal
pocket of CETP, with the physicochemically equivalent groups
overlaying well in the two structures (Fig. 4b). The chlorophe-
noxyl group of compound 2 is closest to the neck of the hydro-
phobic tunnel of CETP (Fig. 4b) and occupies the same pocket
as theTHQcore trifluoromethyl of torcetrapib. The pyrimidine
of compound 2 overlays the methyl carbamate of torcetrapib,
occupying the sub-pocket formed by Val-198, Gln-199, Ala-
202, and Ile-215 andmaking�-� interactionswithHis-232 side
chain. Although the trifluoropropan-2-ol binds to the same
sub-pocket as the second trifluoromethyl of the bis(trifluorom-
ethyl)benzyl in torcetrapib, compound 2 lacks a group equiva-
lent to the first trifluoromethyl group that interacts with the
ring of CE1 and Val-136 and Gln-199.
The most distinct interaction between compound 2 and

CETP is the hydrogen bond between the hydroxyl and the side
chain of Ser-230 (Fig. 4C). Such a hydrogen bond could com-
pensate the dehydration penalty of burying a hydrophilic group
and preserve the binding affinity of inhibitors. The phenyl moi-
ety of the tetrafluoroethoxylbenzyl group superimposes with
the THQ2-ethyl in torcetrapib, interacting with the tail of CE1,
whereas the tetrafluoroethoxyl group extends further toward
the N-terminal opening and is in van der Waals contact dis-
tances to the side chains of Arg-201 and Phe-441 (Fig. 4b). Fur-

ther extension of this group may provide another option for
solubility improvement.
Mutagenesis Studies of CETP Inhibition—To further validate

the inhibitor binding modes observed in our crystal structures,
four single point mutants, C13A, R201A, H232A, and F263A,
were produced and tested in the in vitro inhibition assay under
serum-free conditions. The specific lipid transfer activities of
the mutants are mostly similar to that of the WT protein, with
H232A being slightly (70%) more active than WT (Table 2).
Torcetrapib is shown to inhibit the transfer activity of the

wild-type protein with an IC50 of 4.3 nM serum-free (50 nMwith
serum), compared with serum-free IC50 of 44 nM, 12 nM, 220
nM, and 35 nM for C13A, R201A, H232A, and F263A, respec-
tively (Table 2). Cys-13, His-232, and Phe-263 are in direct con-
tactwith the bound inhibitor (Fig. 4a), explaining the 8–50-fold
IC50 increase for these mutants (Table 2). Among these muta-
tions, H232A has the largest influence on the IC50 of torce-
trapib, presumably because it not only loses a direct interaction
with the quinoline of torcetrapib, but also makes Ser-230 lose
its hydrogen bondpartner (Fig. 4c) and thus the binding site less
hydrophobic. The Arg-201 side chain does not interact directly
with torcetrapib in the crystal structure, and accordingly, only a
small effect (�3-fold) is seen with the R201A mutant.

In contrast to torcetrapib, the tetrafluoroethoxyl group of
compound 2makes a direct hydrophobic contact with the side
chain ofArg-201 (Fig. 4b), explaining theweaker potency of this
compound for R201A mutant (Table 2). H232A mutation pro-
duces the most dramatic decrease in potency for compound 2,
making it essentially inactive (Table 2). A H232A mutation
removes the hydrogen bond between His-232 and Ser-230,
which makes the latter not positioned to accept the hydrogen
bond from the hydroxyl of compound 2. It is not entirely clear
why C13A and F263A mutations have minimum effects on the
potency of compound 2. Compound 2 might be able to main-
tain similar potency at the binding sites of C13A or F263A
mutants with a rotational adjustment of the chloro-ethylphe-
noxy group in combination with shifts in the CE bindingmode,
which would not be unusual given the nonspecific nature of
these hydrophobic interactions. Further structural work might
be needed to fully resolve this question.

DISCUSSION

The mechanism for the adverse effects of torcetrapib is still
not entirely clear, but the combination of the highly lipophilic
nature (cLogP � 7.6), the extremely low aqueous solubility and
high protein binding of torcetrapib might increase the chances
of off-target interactions. The high lipophilicity of torcetrapib

TABLE 2
Activity and inhibition of the wild type CETP (WT) and C13A, R201A,
H232A, and F263A mutants (serum-free)

Transfer activity
(Relative CE)

Torcetrapib
(IC50)

Compound
2 (IC50)

nM nM
WT 1.0 4.3 13
C13A 0.9 44 11
R201A 1.1 12 45
H232A 1.7 220 Inactive
F263A 1.1 35 14
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and itsmolecularweight (�500) constitute two violations of the
“Lipinski’s Rule-of-5” (40).
Based on our CETP-inhibitor complex structures, it may be

possible to incorporate more hydrophilic groups that interact
with Ser-230, His-232, or Gln-199, which are located at the
interior of the inhibitor binding pocket, or Arg-201, at the
entrance, to improve compound solubility while maintaining
binding affinities. For compound 2, the formation of a hydro-
gen bond between the sole polar hydroxyl group and Ser-230
demonstrates that polar interactions can be compatible with
high potency (Fig. 4c). Similarly, polar groups may be attached
to the ethyl carbamate of torcetrapib or the tetrafluoroethoxyl
group of compound 2 via a spacer (13). In such a bindingmode,
the polar groups would point toward the opening of the N-ter-
minal pocket. In our modeling exercise, the cyclohexanecar-
boxylic acid of evacetrapib indeed points toward the opening of
the N-terminal pocket.
The chemical structure of JTT-705 is completely different

from that of torcetrapib, anacetrapib, and evacetrapib (Fig. 1).
Chemical analysis andmutagenesis studies have shown that the
thioester of JT-705 can be readily hydrolyzed to produce a free
thiol and form a disulfide bond to Cys-13 (17), possibly leading
to a slow off-rate for the covalently attached moiety. Results
from a recent study indicate that JTT-705 inhibition of CETP is
time-dependent (41). We were not able to soak JTT-705 into
the holo-CETP crystal, probably due to the weak activity (IC50
of 9 �M) (17), and lack of chemical reactivity under our soaking
conditions. In our structures, the Cys-13 free thiol is sand-
wiched between the side chains of His-232 and Phe-263. All
three residues spread at the depth of theN-terminal pocket and
make critical interactions with inhibitors. It is therefore tempt-
ing to model the JTT-705 binding mode, with its thiol cova-
lently linked to Cys-13 and the phenyl ring in aromatic stacking
interactions with Phe-263, a residue on the passage from the
N-terminal pocket to the neck. JT-705, the smallest of the four
compounds (Fig. 1), should occupy the least volume in the
N-terminal pocket but still large enough to clog the N-terminal
pocket and hinder the binding and transfer of neutral lipids.
Due to the chemical similarities between torcetrapib, anac-

etrapib, and evacetrapib (Fig. 1), it is reasonable to speculate
that anacetrapib and evacetrapib adopt binding modes similar
to that of torcetrapib, which is further supported by additional
structures of CETP in complex with similar compounds.6
Therefore, our results suggest that all current clinical trial com-
pounds, anacetrapib, dalcetrapib (JTT-705), and evacetrapib,
bind in theCETPN-terminal pocket and inhibit lipid transfer in
a mechanism similar to that of torcetrapib. This conclusion is
supported by the experimental results that torcetrapib, anac-
etrapib, and dalcetrapib are competitive in CETP binding (41).
In surface plasmon resonance and gel shift experiments,

torcetrapib (and compound 2) was found to enhance CETP
binding to HDL particles, a model that could explain its ability
to block neutral lipid and phospholipid transfer (30). It was
further speculated that the increased HDL binding may be
linked to the adverse clinical effects of torcetrapib (29, 42). Our

structure revealed that torcetrapib and compound 2, similar to
neutral lipids, are buried deep inside the tunnel rather than
bridging the CETP-HDL interface. Indeed, anacetrapib and
dalcetrapib have also been found to promote the formation of
CETP-HDL complex (41), suggesting that tunnel blocking by
inhibitors slow cholesteryl ester transfer and the subsequent
HDL dissociation.
Unlike torcetrapib, in clinical trials anacetrapib and dalce-

trapib do not increase the blood pressure (14). Furthermore,
the effect of blood pressure increase by torcetrapib was shown
not to be linked to CETP inhibition but instead to increased
levels of aldosterone (43). Alternatively, the adverse clinic
effects of torcetrapib may be completely due to its interactions
with targets yet to be determined, and these off-targets are not
likely shared by all CETP inhibitors.
Plasma HDL is a very complex biological system and plays

multiple physiological roles (44–47). Although the blood pres-
sure side effects of torcetrapib could be addressed with current
compounds (14–17, 23–25), there is still an urgent need for
CETP inhibitors with distinct pharmacological properties and
modes of action to fully test the target via clinical trials and to
provide treatments for the growing population of cardiovascu-
lar disease patients worldwide. Our crystal structure should
help these efforts. In addition to ideas outlined above, other
parts of the CETP tunnel such as the C-terminal pocket could
be potentially targeted for inhibitor design as well. Finally, once
the molecular basis for CETP-lipoprotein interaction is better
defined, further opportunities may exist for designing novel
CETP inhibitors.
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