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Abstract Cholesteryl ester transfer protein (CETP) has
been identified as a novel target for increasing HDL choles-
terol levels. In this report, we describe the biochemical
characterization of anacetrapib, a potent inhibitor of CETP.
To better understand the mechanism by which anacetrapib
inhibits CETP activity, its biochemical properties were com-
pared with CETP inhibitors from distinct structural classes,
including torcetrapib and dalcetrapib. Anacetrapib and
torcetrapib inhibited CETP-mediated cholesteryl ester and
triglyceride transfer with similar potencies, whereas dalce-
trapib was a significantly less potent inhibitor. Inhibition of
CETP by both anacetrapib and torcetrapib was not time de-
pendent, whereas the potency of dalcetrapib significantly
increased with extended preincubation. Anacetrapib, torce-
trapib, and dalcetrapib compete with one another for
binding CETP; however anacetrapib binds reversibly and
dalcetrapib covalently to CETP. In addition, dalcetrapib was
found to covalently label both human and mouse plasma
proteins.ll Each CETP inhibitor induced tight binding of
CETP to HDL, indicating that these inhibitors promote the
formation of a complex between CETP and HDL, resulting
in inhibition of CETP activity.—Ranalletta, M., K. K. Bierilo,
Y. Chen, D. Milot, Q. Chen, E. Tung, C. Houde, N. H. Elowe,
M. Garcia-Calvo, G. Porter, S. Eveland, B. Frantz-Wattley, M.
Kavana, G. Addona, P. Sinclair, C. Sparrow, E. A. O’Neill, K.
S. Koblan, A. Sitlani, B. Hubbard, and T. S. Fisher. Biochem-
ical characterization of cholesteryl ester transfer protein
inhibitors. J. Lipid Res. 51: 2739-2752.
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Numerous epidemiological studies over the past de-
cades have demonstrated that HDL cholesterol (HDL-C)
is inversely correlated with the incidence of coronary heart
disease (CHD) (1-4). An increase of 1 mg/dl of HDL-C is
associated with a 2-3% decrease in the risk of death from
CHD, independent of LDL cholesterol (LDL-C) levels (1,
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5). In addition to epidemiological evidence supporting an
atheroprotective role for HDL-C, preclinical and clinical
studies involving either overexpression of apolipoprotein
(apo) A-I (6-9), the predominant protein component of
HDL-C, or infusion of reconstituted HDL-C particles (10—
18) both indicate that therapeutically raising HDL-C in
humans will significantly reduce CHD risk. Although in-
creasing HDL-C is a promising strategy for reducing CHD
risk, there are currently few treatment options for increas-
ing HDL-C levels, including statins, fibrates, and niacin.
Both statins and fibrates provide only modest increases in
HDL-C (5-20%) and niacin is poorly tolerated, thereby
limiting its therapeutic potential in raising HDL-C (19—
23). Therefore, there is great interest in developing novel
therapies that will raise circulating HDL-C levels in hu-
mans for the treatment of cardiovascular disease.
Cholesteryl ester transfer protein (CETP), a hydropho-
bic plasma glycoprotein, is a promising target for raising
circulating HDL-C concentrations in humans. CETP is se-
creted primarily from the liver and plays a critical role in
HDL metabolism by facilitating the exchange of choles-
teryl esters (CE) from HDL for triglycerides (TG) in apoB-
containing lipoproteins, such as LDL and VLDL (24, 25).
This activity both directly lowers the cholesterol levels of
HDL-C and enhances HDL catabolism by providing HDL
with the TG substrate of hepatic lipase (26, 27). Thus,
CETP helps regulate circulating levels of HDL-C, LDL-C,
and apo-Al. Findings in preclinical animal models have
generally supported a role for CETP in lowering HDL-C
levels and, importantly, in promoting atherosclerosis. Mice
naturally lack CETP, carrying most of their cholesterol
in HDL-C, and are relatively resistant to atherosclerosis.

Abbreviations: apo, apolipoprotein; CE, cholesteryl ester; CETP,
cholesteryl ester transfer protein; CHD, coronary heart disease; FPLC,
fast-protein liquid chromatography; HDL-C, HDL cholesterol; LDL-C,
LDL cholesterol; PBST, 0.1% Tween 20 in PBS; SNP, single nucleotide
polymorphism; TBST, TBS containing 0.1% Tween; TG, triglyceride;
UP, ultra performance.
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Transgenic mice carrying either the human or cynomol-
gus monkey CETP gene have dramatically lower HDL-C
levels and are more susceptible to diet-induced atheroscle-
rosis (28, 29). In the context of hypertriglyceridemia, how-
ever, transgenic expression of CETP was shown to reduce
atherosclerosis despite lower HDL-C levels (30, 31). In
contrast to mice, rabbits have CETP activity levels compa-
rable to humans and are prone to diet-induced athero-
sclerosis (32). Inhibition of CETP in rabbits via the
administration of anti-CETP monoclonal antibodies,
anti-sense oligonucleotides, small molecules, or vaccine-
induced antibodies results in increased HDL-C levels and
a decrease in atherosclerosis (33-36).

Interestin CETP as a therapeutic target for raising HDL-C
began with the discovery of genetic CETP deficiency in a
small Japanese population with hyperalphalipoprotein-
emia or very high HDL-C levels (37-39). However, findings
regarding the relationship between CETP deficiency and
CHD risk have been conflicting, indicating either an in-
crease (40) or decrease (41) in CHD risk. Several reports
describing single nucleotide polymorphisms (SNPs) within
CETP and their effect on CETP activity and expression lev-
els, in addition to HDL-C concentrations, have been de-
scribed, illustrating a key role of CETP in regulating
circulating HDL-C levels in humans (42-45). Whereas the
relationship between SNPs within CETP and both CETP
and HDL-C levels has been established, findings regarding
the influence of such SNPs on CHD risk remain inconsis-
tent (45—-49). Therefore, to firmly establish a causal link
between CETP and CHD risk, either additional genetic
analyses with larger populations of individuals or pharma-
cological inhibition of CETP will be required.

To date, clinical studies with 3 CETP inhibitors have
been reported, including anacetrapib, torcetrapib, and
dalcetrapib. Torcetrapib is a potent inhibitor of CETP
transfer activity, presumably through the formation of a
complex between CETP and HDL (50). Although treat-
ment with torcetrapib in humans significantly elevates
HDL-C and lowers LDL-C levels (51, 52), its clinical devel-
opment recently ended due to an increase in both mortal-
ity and morbidity rates in the active treatment group
compared with the placebo group within the ILLUMI-
NATE trial (53). Following termination of the ILLUMI-
NATE trial, it was found that treatment with torcetrapib
results in increased systolic blood pressure, increased lev-
els of serum aldosterone, sodium, and bicarbonate, and
decreased serum potassium levels (53). Preclinical studies
have clearly demonstrated that the effect of torcetrapib on
blood pressure and aldosterone release is the result of
molecule-specific, off-target effects; these effects have not
been observed with anacetrapib or dalcetrapib (54, 55).
Dalcetrapib is an inhibitor of CETP transfer activity and is
currently in phase III clinical studies (35). Inhibition of
CETP by dalcetrapib requires formation of a covalent di-
sulfide bond with Cys13 of CETP (35, 56). Treatment of
humans with dalcetrapib results in increases in HDL-C
(19-87%) and a modest decrease (~6%) in LDL-C levels
(57). Anacetrapib is an inhibitor of CETP transfer activity
and is currently in phase III clinical studies (58). Treat-
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ment with anacetrapib results in a significant increase
in HDL-C (~130%) while also significantly decreasing
LDL-C (~40%) (59-61). Importantly, no differences in ei-
ther blood pressure or aldosterone levels have been observed
with anacetrapib and dalcetrapib (54, 55, 57, 59, 61).

Whereas the CETP inhibitors anacetrapib, torcetrapib
,and dalcetrapib have been studied in the clinic for their
effects on lipids, a detailed comparison of their biochemi-
cal properties has not been described. In this study, we
sought to provide a detailed comparison of these CETP
inhibitors in regards to both their mechanism of inhibit-
ing CETP and binding to other plasma proteins.

MATERIALS AND METHODS

Protein expression and purification

cDNA encoding human CETP-glycosylation-site mutation
N341Q (62) was cloned into pS2-neo and stably transfected into
S2 cells (63). Initially, the cells were cultured in Schneider’s Dro-
sophilamedium (Gibco) supplemented with 10% fetal calf serum,
2 mM glutamate, and 1.5 mg/ml G418 and then were gradually
adapted to serum-free, protein-free medium (Drosophila SFM
from Invitrogen) containing 2 mM glutamate and 1.5 mg/ml
G418. Cells were delivered to Kemp Biotechnologies (Frederick,
MD) for large scale production. The stably transfected S2 cells
were subsequently adapted to Invitrogen Sf-900 serum-free me-
dium (SFM). Expression of recombinant CETP was induced by
growing the cells in stirred tank bioreactors in SFM supplemented
with 1 mM CuSO, for 4 days. The medium containing secreted
CETP was harvested and concentrated 20-fold with 10 kDa
MWCO ultra-filtration. Media was stored at —70°C.

Purification of CETP was performed in two steps using an
AKTA Explorer fast-protein liquid chromatography (FPLC).
Briefly, after clarification of the media by centrifugation (1,000 g
10 min), 50 ml was adjusted to 250 mM NaCl. The sample was
filtered (0.45 wm, Millipore) and injected onto an equilibrated
(250 mM NaCl, 1 mM EDTA) 5 ml Hi Trap Butyl FF column (GE
Healthcare). After loading, the column was rinsed with 50 ml of
washing solution (250 mM NaCl, 1 mM EDTA) followed by 15 ml
of washing buffer (50 mM Tris, pH 7.5, 1 mM EDTA). Protein
was eluted with 35 ml of water. Protein-containing fractions were
pooled and concentrated 10-fold (30 kDa MWCO concentrators,
Sartorius). The pooled fractions were immediately adjusted to 50
mM Tris, pH 7.5, 150 mM NaCl, and 500 pl of filtered sample
(0.65 mm, Amicon Ultra Free MC) was injected onto a 24 ml
Superdex 75 HR 10/300 GL (GE Healthcare) equilibrated with
50 mM Tris, pH 7.5, 150 mM NaCl, and 1 mM EDTA. Fractions
containing CETP were pooled and concentrated 10-fold and
stored at 4°C.

The identity of the purified CETP was confirmed by MS. Pro-
tein concentration was determined by optical density at 280nm
(0.D.280) and was confirmed by amino acid analysis (BioSynthesis,
Inc., Lewisville, TX). Purity of protein preparations was assessed
using an Experion Automated Electrophoresis System (BioRad)
and was typically =95%.

In vitro fluorogenic assays of CETP-mediated CE and
TG transfer

For determination of in vitro CETP transfer activity, a continu-
ous fluorogenic assay described previously (64) was used. In
brief, this assay measures the CE or TG transfer half-reaction
using a synthetic donor particle similar in size and density to
HDL-C, which bears a core of fluorescent CE or TG. The high
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concentration of Bodipy®-CE or Bodipy®-TG and the addition
of DabcyIN(C18) (in the case of the CE donor particles only)
cause quenching of the fluorescent signal in the donor particles.
Native VLDLs and LDLs are used as an acceptor. As a molecule
of fluorescent substrate is removed from the donor and trans-
ferred to an acceptor, it escapes quench and becomes fully fluo-
rescent. Compounds were preincubated with CETP and HDL
donor particles for either 1 or 24 h before addition of VLDL/
LDL acceptor particles.

In vitro radioactive assays of CETP-mediated CE and
TG transfer

Reagents were obtained from commercial sources as indicated:
[*H] cholesteryl oleate (GE Healthcare), [*H] triolein (Perkin-
Elmer), butylated hydroxyl toluene (Aldrich), DOPC (Sigma),
sodium bromide (Fisher Scientific), PEG 8000 (Fisher Scien-
tific), and human HDL (Intracel Corp.).

The ability of inhibitors to alter CETP activity in 95% human
serum was evaluated by measuring the transfer of [’H] cholesteryl
oleate or [’H] triolein from exogenous LDL to HDL by CETP in
the human serum. The lipoproteins in human serum were labeled
with [*H] lipid and the labeled LDL was isolated by density gradi-
ent ultracentrifugation as described (65). The assays were per-
formed by incubating human serum with or without inhibitors at
37°Cfor 1 h. The [SH] labeled exogenous LDL was then added to
the reaction for 60 min at 37°C. The transfer reaction was termi-
nated by precipitation of LDL with 20% w/v PEG 8000. The sam-
ples were centrifuged and an aliquot of the HDIL-containing
supernatant was counted by liquid scintillation. Counts present in
the supernatant for controls (incubated at 4°C) were subtracted
from those incubated at 37°C to correct for nonspecific transfer.

The ability of inhibitors to block CETP-mediated CE and TG
transfer was also measured by radioactive CETP transfer assay
with 2% human serum. The procedure was similar to the 95%
human serum transfer assay described above, except that puri-
fied human HDL (128 pg/ml) and [’H] cholesteryl oleate or
[3H] triolein-labeled LDL were used as acceptor and donor par-
ticles, respectively. The [SH] cholesteryl oleate or [BH] triolein
from exogenous LDL to HDL was transferred by purified recom-
binant CETP (30 nM) in standard CETP buffer (50 mM Tris, pH
7.4, 100 nM NaCl, and 1 mM EDTA) with 2% human serum. The
transfer reaction was terminated by precipitation of LDL with 1
vol of ice-cold human serum and 2 vols of 20% w/v PEG 8000.
The samples were centrifuged and an aliquot of the HDL-con-
taining supernatant was counted by liquid scintillation. Counts
present in the supernatant for controls (without CETP addition)
were subtracted from those reactivated with CETP to correct for
nonspecific transfer.

CETP inhibitor binding assay

The saturable and specific binding of [*H]labeled inhibitors
to purified CETP and their ability to compete with other inhibi-
tors was determined as follows. Assay conditions similar to the in
vitro fluorogenic CE transfer assay (64) were chosen to allow di-
rect comparison of an inhibitor’s binding and biochemical activ-
ity. Binding assays contained 1x CETP buffer (50 mM Tris, pH
7.4, 100 mM NaCl, 1 mM EDTA) with 0.005% Tween20, and 20
nM purified recombinant CETP in a 100 pl final volume. Sheep
serum, lacking endogenous CETP, at a final concentration of 2%
was added to act as a carrier. Final concentrations of [*H]labeled
inhibitor were 15 nM and competing cold inhibitors were added
in the range of 1-2,000 nM. Cold inhibitors were added as DMSO
solutions such that the final concentration of DMSO did not ex-
ceed 1.0%. Dalcetrapib was preincubated with the recombinant
CETP for 1 h at 25°C before addition of the [3H]1abeled inhibi-
tor. Binding reactions were incubated for 2 h at 25°C, where-

upon bound ligand was separated from free by processing 80 .l
on a Pierce Zeba'™ 96-well Desalt Spin Plate (Pierce) according
to the manufacturer’s instructions. The 50 pl of the column elu-
ate containing CETP and bound inhibitor was quantitated in 5
ml Perkin Elmer Ultima Gold MV using a Perkin Elmer TriCarb
2900TR liquid scintillation analyzer. Specific binding was calcu-
lated as the difference between the amount of inhibitor bound in
the presence of CETP (eluate) minus the amount of inhibitor
bound in the absence of CETP (eluate). Similar levels of nonspe-
cific binding were observed in reactions lacking CETP or in
which an excess of unlabeled torcetrapib (1 uM) or an unrelated
protein (prolylcarboxypeptidase) was added, indicating that the
binding observed with CETP was specific (data not shown).

Liquid chromatography-mass spectrometry of covalent
modification of CETP

N341Q CETP (18 uM) was incubated with either 120 pM dal-
cetrapib disulfide inhibitor or anacetrapib in 50 mM Tris, pH 7.5,
with 150 mM NacCl for 36 h at room temperature. Intact mass
spectra were collected by ultra performance (UP) LC-MS using a
polyhydroxyethyl A column (100 x 2.1 mm; 5 p, 1,000 A) from
PolyLC Inc. (Columbia, MD) running isocratically at 0.05 ml/min
on a Waters Acquity with a Synapt mass spectrometer. The UPLC
solvent was 0.1% formic acid, 1% m-nitrobenzyl alcohol in 20% ace-
tonitrile. For reactions containing DTT, 10 mM DTT was added
to samples after the 36 h incubation with dalcetrapib and incu-
bated for an additional 1 h at room temperature. For reactions
containing iodoacetamide, a final concentration of 10 mM iodo-
acetamide was incubated with CETP for 6 h at room temperature.

In vitro covalent reaction of CETP inhibitors with human
and mouse plasma proteins

The covalent labeling of bulk plasma proteins by CETP inhibi-
tors was assessed using a method similar to those previously re-
ported (66). [14C—phenyl]dalcetrapib and [14C]anacetrapib (at 3,
10, and 50 uM final concentration) were incubated at 37°C with
pooled fresh human or mouse plasma for 0, 0.5, 1, 2, 16, and 24 h.
At the end of each incubation time, aliquots of plasma in trip-
licate were quenched with 2 ml of acetonitrile. Samples were vor-
tex mixed, refrigerated to precipitate the protein, and centrifuged
at 1800 g for 15 min. The supernatant was discarded, and the
protein pellet was saved for subsequent washings. Then 1 ml of
distilled and deionized water was added to each pellet and the
samples were sequentially sonicated and vortex mixed for 10 min
each. Absolute ethanol (4 ml) was added to the samples and the
tubes were vortex mixed again for 10 min. The samples were
then refrigerated again to reprecipitate the protein, centrifuged,
and the supernatant was discarded. The above washing sequence
was repeated until the radioactivity in the washings was near
background levels. After the final washing, the protein pellet was
dissolved in 0.7 ml of 0.1 N NaOH by gentle vortex mixing. The
radioactivity content in a 0.2 ml aliquot of the pellet solution was
determined by direct liquid scintillation counting following neu-
tralization with 0.2 ml of 0.1 N HCI. Protein concentrations
in the pellet solution were measured using the Pierce protein
assay kit. The final amount of ''C radioactivity irreversibly
bound to proteins was expressed as pmol-equivalent bound/mg
of protein.

For SDS-PAGE analysis of protein labeling, the binding
method was also modified from those previously reported (66).
[14C-phenyl] dalcetrapib and [14C]anacetrapib (at 50 wM final con-
centration) were incubated at 37°C with pooled fresh human or
mouse plasma for 2 and 24 h. Identical experiments were performed
with fresh plasma from humans and either wild-type C57Bl/6
mice or from C57Bl/6 mice carrying the cynomolgus monkey
CETP gene (28). At each time point, aliquots of human or mouse
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plasma in triplicate were diluted to a final volume of 1,275 pl
with ultrapure water and precipitated with 225 pl of tricholor-
acetic acid. Samples were mixed and stored on ice for 30 min to
precipitate the protein and centrifuged at 1,700 gfor 5 min. The
supernatant was discarded and the protein pellet was saved for
subsequent washings. Then 1 ml of ice-cold acetone was added to
each pellet, and the samples were sequentially sonicated and vor-
texed, centrifuged for 5 min and the supernatant was discarded.
The above washing sequence was repeated until the radioactivity
in the washings was near background levels. After the final wash-
ing, one of the triplicates was saved for covalent binding determi-
nation and the other two were prepared for SDS-PAGE analysis.
For covalent binding determination, the protein pellets were dis-
solved in 0.3 ml of 0.1 N NaOH by gentle vortex mixing. The ra-
dioactivity content in a 0.15 ml aliquot of the pellet solution was
determined by direct liquid scintillation counting following neu-
tralization with 0.15 ml of 0.1 N HCI. Protein concentrations in
the pellet solution were measured using the Pierce protein assay
kit (Pierce). The final amount of "'C radioactivity irreversibly
bound to proteins was expressed as pmol-equivalent bound/mg
protein. For SDS-PAGE analysis, the remaining acetone over the
protein pellets was air dried and proteins were solubilized in 7 M
urea, 2 M thiourea, and 4% CHAPS for 30 min at room tempera-
ture with occasional vortexing. Samples were ultracentrifuged
at 50,000 rpm for 30 min at 4°C (Beckman TL-100). Cleared
lysates were transferred to fresh tubes, and proteins were quanti-
fied with Bradford reagent (Bio-Rad). Samples of equal protein
amounts were loaded onto 10-20 or 8% Tris-glycine SDS-PAGE
gels (Invitrogen) using a nonreducing 4x Laemmli SDS-Sample
buffer (Boston BioProducts). For radioactivity detection, gels
were stained with GelCode (Thermo Scientific), destained in wa-
ter, incubated in Amplify (GE Healthcare) for 30 min, and dried
using the DryEase mini-gel drying system (Invitrogen). Dried gels
were exposed for 12 days to a storage phosphor screen, and sig-
nal was detected using the Typhoon 9400 (GE Healthcare). For
Western blots, proteins were transferred from gels onto a nitro-
cellulose filter. CETP was detected by first blocking the mem-
brane with TBS containing 0.1% Tween (TBST) and 1% BSA.
The blot was then incubated with the mouse TP2 anti-CETP anti-
body (Ottawa Heart Institute Research Corp., Canada) in TBST
with 1% BSA overnight, washed with TBST, incubated with an
anti-mouse-AP secondary antibody (Promega) for 1 h, and lastly
washed with TBST. Detection was performed with the I-step
NBT/BCIP reagent for 15 min.

CETP-HDL interaction gel mobility shift assay

Reagents were obtained from commercial sources: CETP TP2
(Ottawa Heart Institute Research Corp.,), ECL anti-mouse IgG-HRP
(GE Healthcare), and ECL plus detection system (GE Healthcare).

To measure binding of CETP to HDL induced by inhibitors,
the electrophoretic mobility of CETP in the presence of HDL was
examined by native gel electrophoresis followed by Western blot-
ting. The assays were performed by incubating mixtures of puri-
fied N341Q CETP (30 nM) and density-purified HDL (128
ng/ul) with or without inhibitors at 37°C for 1 h. The 4-12%
Tris-glycine gels were run at 125 V for 2 h and then electro-blot-
ted to nitrocellulose membrane by iBlot (Invitrogen) dry trans-
fer. The blots were blocked in 5% nonfat milk in 0.1% Tween 20
in PBS (PBST), washed with PBST, probed with the primary
CETP TP2 antibody in PBST for 1 h, washed, incubated with
HRP-coupled anti-mouse IgG secondary antibody, and then de-
veloped with ECL plus detection system.

FPLC fractionation of human plasma

CETP distribution in human plasma was examined using gel
filtration chromatography. Human plasma from a donor with
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high HDL was incubated with or without CETP inhibitor for 1 h
at 37°C. A 500 pl aliquot was injected inline to dual Superose 6
10/300 GL columns (GE Healthcare) connected in tandem. The
plasma was fractionated by FPLC at 4°C using an AKTA Purifier
(GE Healthcare). To obtain good recovery of CETP from plasma
fractionated by FPLC, a low ionic strength buffer was used (65
mM sucrose, 225 mM mannitol, 10 mM Tris, pH 7.4, and 1 mM
EDTA) as the eluent at a flow rate of 0.2 ml/min. Then 0.5 ml
fractions were collected after the injection loop was emptied with
2.5 ml of buffer.

Total cholesterol was assayed using the Wako Total Choles-
terol E kit per the manufacturer’s protocol in fractions collected
between 10 and 50 ml.

CETP was assayed in the same fractions using a CETP Delfia
ELISA. Microflour 2 plates (ThermoLabsystems) were coated
with 50 pl 4 pg/ml anti-TP20 (Ottawa Heart Institute) overnight
at 4°C. The FPLC fractions and human serum CETP standards
(Wako CETP kit) were treated with SDS (final concentration
0.25%) for 1 h at 37°C. The detection antibody was 50 pl of 4 pg/
ml biotinylated anti-TP2 (Ottawa Heart Institute) followed by the
addition of DELFIA® Eu-Labeled Streptavidin diluted in Delfia
Assay Buffer. Delfia Enhance solution was added and read in the
Envision 2104 Multilabel Reader (Perkin Elmer).

RESULTS

Anacetrapib is a potent inhibitor of CETP neutral lipid
transfer activity

Anacetrapib has been shown to inhibit CETP activity,
thereby significantly raising HDL-C levels in humans (59,
61, 67). However, a description of anacetrapib’s biochemi-
cal characterization and mechanism of CETP inhibition has
not been reported. To better understand both the similari-
ties and differences between anacetrapib and two additional
CETP inhibitors, torcetrapib and dalcetrapib, we character-
ized each inhibitor in a series of biochemical assays. Al-
though each CETP inhibitor increases circulating HDL-C
levels in humans, anacetrapib is structurally distinct from
both torcetrapib and dalcetrapib. We first compared the
relative potencies of each inhibitor in reducing CETP neu-
tral lipid transfer activity using a fluorogenic CETP assay
(Table 1) (64). As shown in Fig. 1A, anacetrapib is a potent
inhibitor of the CETP-dependent transfer of CE (IG5, =17 =
4.8 nM). Torcetrapib inhibited CE transfer with a similar
potency (IC;, =13 + 2.7 nM), whereas dalcetrapib displayed
a 70- to 80-fold weaker potency in inhibiting CE transfer
(IC50= 1,178 £ 443 nM). The potencies of these compounds
in inhibiting CETP-dependent TG transfer were similar to
those observed with CE transfer, indicating that each com-
pound blocked both CE and TG transfer activities of CETP
(Fig. 1B, Table 1). We next determined if the ability of these
compounds to inhibit CETP-mediated transfer of CE was
time dependent by preincubating each compound with
CETP and HDL donor particles for 24 h prior to the addi-
tion of VLDL/LDL acceptor particles. The potencies of both
anacetrapib (IG5 = 13 + 1.4 nM) and torcetrapib (IG5, =
14 + 0.7 nM) in inhibiting CE transfer were not significantly
different than when preincubated for only 1 h (Fig. 1C). In
contrast, dalcetrapib was 26-fold more potent (IC5, = 45 +
2.1 nM) in inhibiting CETP-mediated transfer of CE when
preincubated for 24 h (Fig. 1C).
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TABLE 1. Testing of CETP inhibitors in the fluorogenic CETP
transfer assay”

Assay Format

CE TG
Preincubation
Compound 1Cyy (nM)* 1G5y (nM) % Serum Time, h
Anacetrapib 17+ 4.8 15+5.3 2 1
Torcetrapib 1327 15+2.8 2 1
Dalcetrapib 1178 + 443 850 + 8.0 2 1
Anacetrapib 13+1.4 n.d.’ 2 24
Torcetrapib 14+0.7 n.d. 2 24
Dalcetrapib 45+ 2.1 n.d. 2 24

“ The potencies of CETP inhibitors anacetrapib, torcetrapib, and
dalcetrapib were determined in the fluorogenic transfer assays as
described in “Methods.”

Inhibitors were tested in reactions measuring transfer of either
CE or TG.

‘ Concentration of CETP inhibitor at which 50% of either CE or
TG transfer was inhibited; values are means + SD.

“n.d., not determined.

The potency of each inhibitor in reducing CETP neu-
tral lipid transfer activity was next determined using a ra-
dioactive neutral lipid transfer assay in either 2 or 95%
human serum (Fig. 2, Table 2). When tested in 2% human
serum, we found that the relative potency of each inhibi-
tor was similar in both the radioactive and fluorogenic
transfer assays (Table 1, 2). Whereas anacetrapib and torce-
trapib were potent inhibitors of both CE (IC;, = 10 + 4.1
and 8 + 3.1 nM, respectively) and TG (IC5, = 11 £ 5.9 and
7 + 1.0 nM, respectively) transfer, dalcetrapib was approxi-
mately 27-fold less potent in inhibiting CETP-mediated
neutral lipid transfer (CE IC;, = 270 + 38 nM; TG IC;, =
268 + 48 nM) (Fig. 2A, Table 2). Both anacetrapib and
torcetrapib continued to potently block CE and TG trans-
fer in 95% human serum, whereas the potency of dalce-
trapib was diminished >37-fold (Fig. 2B, Table 2). Further
preincubation of each inhibitor for 24 h did not signifi-
cantly change their potencies in blocking either CE or TG
transfer by CETP in 95% human serum (Fig. 2C, Table 2).

>
w

Together, these results indicate that both anacetrapib and
torcetrapib are potent inhibitors of CETP neutral lipid
transfer activity. In addition, dalcetrapib was shown to be a
less potent inhibitor of CETP activity and displayed a time-
dependence of inhibition and a significant loss of potency
when tested in 95% human serum.

Anacetrapib and dalcetrapib compete with torcetrapib
for binding CETP

Binding of torcetrapib to CETP has previously been
demonstrated using either a [SH]torcetrapib-CETP bind-
ing assay (50) or by surface plasmon resonance (Biacore)
(56). To measure the specific binding of anacetrapib to
CETP, we used a similar assay with purified CETP protein
and either [3H]anacetrapib or [SH]torcetrapib. Recombi-
nant human CETP containing a N341Q substitution was
expressed in Drosophila S2 cells and purified to homogene-
ity (Fig. 3A). The N341Q substitution was engineered to
reduce the complexity of CETP glycosylation (62). The
purified N341Q) protein was found to be identical to wild-
type CETP in its specific activity of CE and TG transfer in
addition to its relative sensitivity to various CETP inhibi-
tors [(62) and data not shown]. The apparent binding af-
finity purified N341Q CETP protein and [3H]anacetrapib
was 19 nM (Fig. 3B). This binding affinity is in good agree-
ment with the potency of unlabeled anacetrapib for inhib-
iting CETP neutral lipid transfer (anacetrapib CE ICy, =
17 £+4.8 nM; TG IC;, = 15 + 5.3 nM) (Table 1). In addition,
we found that [3H]torcetrapib had a similar apparent
binding affinity for CETP (19 nM), in agreement with its
potency in inhibiting CETP activity (Fig. 3B, Table 1).

Using the direct binding assay, we next determined if
each CETP inhibitor competes with one another for bind-
ing CETP (Fig. 4). For these experiments, a constant con-
centration of [3H]anacetrapib or [SH]torcetrapib (15 nM)
was combined with increasing concentrations of unlabeled
anacetrapib, torcetrapib, or dalcetrapib and the amount
of [SH]inhibitor remaining bound to CETP was determined.

i
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o o

3
)
Inhibition (%)
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Fig. 1. Inhibition of CETP-dependent neutral lipid
transfer using a fluorogenic transfer assay. Increasing
amounts of the indicated compounds were assayed in
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regression.
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Fig. 2. Inhibition of CETP-dependent CE transfer

using a radioactive neutral lipid transfer assay. Increas-
ing amounts of the indicated compounds were assayed
in the in vitro radioactive assay using either 2% human
serum with additional (30 nM) purified N341Q CETP
protein added, or in 95% human serum as described
in “Methods.” Inhibitors were preincubated for either
1 or 24 h before addition of LDL containing labeled
tracer neutral lipids. A: Dose response of inhibitors re-

p ducing CETP-mediated CE transfer in 2% human se-
rum. Inhibitors were preincubated with CETP in 2%
human serum for 1 h before addition of *H-labeled

B
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As shown in Fig. 4A, each compound competes with [SH]
torcetrapib for binding to CETP, with ECs,s similar to their
IC5s in neutral lipid transfer assays. In addition, each
compound also competes with [SH]anacetrapib for bind-
ing to CETP (Fig. 4B). These results demonstrate that an-
acetrapib, torcetrapib, and dalcetrapib each compete with
one another for binding CETP.

It has previously been reported that inhibition of CETP
activity by dalcetrapib requires disulfide bond formation
between dalcetrapib and Cys13 of CETP (35, 56). In con-
trast, torcetrapib has been shown to be a reversible inhibi-
tor of CETP activity (50). To measure the reversibility of
anacetrapib’s interaction with CETP, we used LC-MS to
detect covalent labeling of CETP by dalcetrapib. When the
disulfide form of dalcetrapib (Fig. 4C) was incubated with
CETP, a gain in mass of 318 Da was observed, consistent

TABLE 2. Testing of CETP inhibitors in the radioactive CETP
transfer assay”
Assay Format’
CE TG
Preincubation

Compound 1Gs (nM)* 1G5 (nM) % Serum Time, h
Anacetrapib 10 £ 4.1 11+£5.9 2 1
Torcetrapib 8+3.8 7+1.0 2 1
Dalcetrapib 270 + 38 268 + 48 2 1
Anacetrapib 45+ 18 59 + 25 95 1
Torcetrapib 21+0.4 29 +1 95 1
Dalcetrapib >10,000 >10,000 95 1
Anacetrapib 18 +0.6 21 £0.6 95 24
Torcetrapib 151 16 £ 0.1 95 24
Dalcetrapib >10,000 4,583 + 672 95 24

“The potencies of CETP inhibitors anacetrapib, torcetrapib, and
dalcetrapib were determined in the radioactive transfer assay as
described in “Methods.”

Inhibitors were tested in reactions measuring transfer of either
CE or TG.

‘ Concentration of CETP inhibitor at which 50% of either CE or

TG transfer was inhibited; values are means + SD.
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LDL. B: Dose response of inhibitors reducing CETP-
mediated CE transfer in 95% human serum. Inhibi-
tors were preincubated in 95% human serum for 1 h
before addition of "H-labeled LDL. C: The effect of 24
h preincubation on the potency of inhibitors in reduc-
ing CETP-mediated CE transfer in 95% human serum.
Inhibitors were preincubated in 95% human serum
for 24 h before addition of H-labeled LDL. Typical
results representative of at least three independent
experiments are shown and are fit to a sigmoidal
dose-response curve by nonlinear regression.

with the addition of a single half-molecule (Fig. 4D). Un-
der identical conditions, we were unable to detect cova-
lent labeling of CETP by anacetrapib, consistent with it
being a reversible inhibitor of CETP (Fig. 4D). The addi-
tion of a reducing agent (DTT) in the labeling reaction
resulted in a loss of CETP labeling by dalcetrapib, confirm-
ing that the labeling was due to disulfide bond formation.
CETP was also covalently labeled by the cysteine-modifying
reagent iodoacetamide, confirming the susceptibility of a
free cysteine in CETP for modification. These results con-
firm that dalcetrapib covalently labels CETP via disulfide
bond formation and also demonstrates that anacetrapib
does not covalently label CETP.

Dalcetrapib covalently labels bulk proteins from human
and mouse plasma

Given that dalcetrapib forms a disulfide bond with CETP
and that dalcetrapib shows a significant loss of inhibitory
potency in the presence of 95% serum, we questioned
whether dalcetrapib was capable of covalently labeling
other plasma proteins. Therefore, we examined the ability
of both anacetrapib and dalcetrapib to form covalent in-
teractions with human serum proteins (Fig. 5A). [14C]1a-
beled versions of both anacetrapib and dalcetrapib were
first incubated with 100% human serum for up to 24 h.
During the incubation, aliquots were collected, total pro-
tein was extracted, and [14C]labeled inhibitor covalently
bound to protein was measured. As shown in Fig. 5A, there
were increasing amounts of [14C]dalcetrapib present in
the protein fraction over the time of incubation. In con-
trast, there was no evidence of covalent protein labeling by
[14C]anacetrapib when tested under identical conditions.
Labeling of human plasma proteins by [14C]dalcetrapib
was also shown to be dependent on disulfide bond forma-
tion, because the addition of a reducing agent (DTT)
to labeling reactions resulted in a loss of ['‘C]labeled
protein (data not shown). In addition to measuring total

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

(@)
-
3 -
el A
kba L 2 ¥ )
°
98 s
lg 2 = Anacetrapib
64 ’ 4 Torcetrapib
25 50 75 100 125 150
3 ] )
50 . H-Inhibitor (nM)
36

Fig. 3. Binding of [3H]anacetrapib to purified CETP. A: Silver-
stained gel of purified N341Q CETP protein. Media from a stable
S2 cell line overexpressing N341Q mutant CETP protein was used
for purification of secreted protein as described in “Methods.” The
results shown are from 3 ug of recombinant N341Q) CETP protein
loaded and are run next to a standard protein molecular weight
ladder (L). B: Dose response of [SH]anacetrapib and [SH]torce-
trapib binding to CETP. Increasing amounts of [3H]anacetrapib or
[SH]torcetrapib were combined with purified N341Q CETP pro-
tein (20 nM) and samples were processed as described in “Meth-
ods.” Specific binding activity was calculated as the difference
between the amount of inhibitor bound in the presence of CETP
minus the amount of inhibitor bound in the absence of CETP.

["*Clinhibitor in protein fractions, samples were separated
by SDS-PAGE to visualize labeled proteins and determine
if CETP was the only plasma protein labeled (Fig. 5B). Co-
valent labeling of plasma proteins was evident in samples
in which [HC]dalcetrapib was incubated for either 2 or 24
h, whereas there was no evidence of protein labeling in
samples treated with [14C]anacetrapib. Importantly, based
on the expected molecular weight of human CETP (65-71
kDa), proteins labeled by dalcetrapib run at distinct mo-
lecular weights (Fig. 5B, band at ~50 kDa), indicating that
dalcetrapib is capable of covalently labeling additional
proteins in human plasma.

We next determined if [14C]dalcetrapib is capable of la-
beling mouse plasma proteins in either the presence or
absence of CETP (Fig. 5C). For these studies, plasma was
isolated from either wild-type C57BL/6 mice lacking CETP
or from transgenic mice carrying the cynomolgus monkey
CETP gene (CETP'®) (68). As shown in Fig. 5C, ["'C]dal-
cetrapib covalently labeled mouse plasma proteins from
either wild-type or CETP"® mice to a similar degree. Simi-
lar to results with human plasma, there was no evidence of
protein labeling in samples treated with [14C]anacetrapib.
When proteins were separated by SDS-PAGE and labeled
proteins visualized, we again observed plasma protein la-
beling by ['cj dalcetrapib from both wild-type and CETP'®
mouse samples but no evidence of protein labeling by
[14C]anacetrapib (Fig. 5D). Western-blot analysis of pro-
tein samples from wild-type and CETP"® mice confirmed
that cynomolgus CETP migrates at an apparent molecular
weight of 68-71 kDa (69), which was not detected in

plasma from wild-type mice. Importantly, the pattern of
protein labelin$ by dalcetrapib was similar in both wild-
type and CETP 8 samples, indicating that additional pro-
teins to CETP are covalently labeled by dalcetrapib (Fig.
5D). These data demonstrate that dalcetrapib, but not an-
acetrapib, is capable of forming covalent bonds with both
human and mouse plasma proteins.

CETP inhibitors induce the formation of a complex
between CETP and HDL

Torcetrapib has been shown to inhibit the neutral lipid
transfer activity of CETP by inducing a stable complex
between CETP and HDL (50, 56). One method used to
measure the formation of this complex is native gel
electrophoresis, which can detect differences in the effec-
tive size of CETP upon binding both inhibitor and HDL.
To compare the relative potencies of CETP inhibitors in
blocking neutral lipid transfer and formation of a CETP-
HDL complex, binding assay conditions were chosen to be
similar to those used in the fluorogenic CETP activity assay
described in Fig. 1. As shown in Fig. 6A, addition of anace-
trapib results in a significant shift in the apparent molecu-
lar weight of CETP due to formation of a stable complex
between CETP and HDL. The potency with which anace-
trapib promotes the shift in CETP’s apparent molecular
weight correlates with its potency in inhibiting CETP-
mediated neutral lipid transfer under similar conditions
(Fig. 6A, Table 1). In parallel, we also found that addition
of either torcetrapib or dalcetrapib also results in a shift of
CETP’s apparent molecular weight (Fig. 6B, C). Similar to
its relatively weaker potency in blocking CETP neutral
lipid transfer, dalcetrapib was significantly less potent than
both anacetrapib and torcetrapib in promoting CETP-
HDL complex formation.

In addition to native gel electrophoresis, we also mea-
sured the apparent size of CETP in human plasma follow-
ing treatment with anacetrapib, torcetrapib, or dalcetrapib
(Fig. 7). In the absence of inhibitor, CETP eluted in a size
range smaller than HDL. In contrast, when inhibitor-
treated human plasma was fractionated by FPLC, we found
the apparent size of CETP to be greater than HDL, consis-
tent with each inhibitor promoting the association of
CETP and HDL (Fig. 7) (50). This association was consis-
tent whether plasma was treated with anacetrapib, tor-
cetrapib, or dalcetrapib. These data indicate that each
inhibitor blocks CETP-mediated neutral lipid transfer by
inducing the formation of a stable complex between CETP
and HDL.

DISCUSSION

Because anacetrapib is currently in late-stage clinical de-
velopment, a detailed description of its mechanism of ac-
tion has not been reported. In the present study, we have
conducted a detailed biochemical analysis of anacetrapib
in addition to two structurally distinct CETP inhibitors,
torcetrapib and dalcetrapib. Anacetrapib was a potent in-
hibitor of CETP-mediated neutral lipid transfer when
tested in both fluorogenic and radioactive transfer assays.
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Fig. 4. Competition of inhibitors for binding CETP and reversibility of binding. A: Competition between
[BH]torcetrapib and unlabeled inhibitors for binding CETP. Increasing concentrations of indicated unla-
beled compounds were incubated with 15 nM [gH]torcetrapib and CETP and CETP-bound [SH] torcetrapib
was measured as detailed in “Methods.” B: Competition between [:%H]anacetrapib and unlabeled inhibitors
for binding CETP. Increasing concentrations of indicated unlabeled compounds were incubated with 15 nM
[ZH]anacetrapib and CETP and CETP-bound [EH]anacetrapib was measured as detailed in “Methods.” C:
Chemical structures of dalcetrapib. Dalcetrapib is represented both as a disulfide-linked dimer of 637 Da
molecular weight and as a half-molecule of 318 Da molecular weight. D: MS of CETP. i) CETP control; ii)
CETP incubated with anacetrapib; iii) CETP with dalcetrapib disulfide inhibitor showed a modification of
318 Da corresponding to a half-molecule of the inhibitor. This modification was reversed by DTT (iv). Incu-
bation with iodoacetamide (v) illustrated the susceptibility of a free cysteine in CETP for modification; the
appearance of a peak with a difference of 57 Da corresponding to iodoacetamide modification was

detected.

Similarly, torcetrapib was also a potent inhibitor of CETP
activity, whereas dalcetrapib was a less potent inhibitor of
lipid transfer. The potency of dalcetrapib in inhibiting CETP
activity was also found to be time dependent and sensitive
to the presence of human serum. Although anacetrapib,
torcetrapib, and dalcetrapib competed with one another
for binding CETP, anacetrapib’s binding was reversible
and dalcetrapib’s binding was covalent. In addition, dalce-
trapib was capable of covalently labeling both human and
mouse plasma proteins. Lastly, each inhibitor was found to
promote the formation of a stable CETP-HDL complex at
concentrations relevant to their inhibition of neutral lipid
transfer. Together, these results demonstrate that anace-
trapib is a potent, reversible inhibitor of CETP that is well
suited to determine the pharmacological potential of in-
hibiting CETP for treatment of CHD.

To determine the potency of each inhibitor in blocking
CETP activity, we tested them in both a fluorogenic and

2746 Journal of Lipid Research Volume 51, 2010

radioactive neutral lipid transfer assay (64, 65). In agree-
ment with previous reports (35, 50), we found torcetrapib
was a potent inhibitor of both CE and TG transfer, whereas
dalcetrapib was a significantly weaker inhibitor (Table 1,
2). Similar to torcetrapib, anacetrapib was also a potent
inhibitor of CE and TG transfer, with 1Cy, values in the
range of 10-17 nM when tested in 2% human serum. Inhi-
bition of CETP by torcetrapib has been shown to be revers-
ible and not time dependent (50). In agreement with
these findings, the inhibitory potency of anacetrapib and
torcetrapib was not significantly affected by 24 h preincu-
bation of compound and CETP (Fig. 1C, 2C). In contrast,
the potency of dalcetrapib in blocking CETP-dependent
transfer of CE increased 26-fold when preincubated for
24 h (Fig. 1C). Thus, dalcetrapib shares the characteristic
of time-dependent inhibition with a number of hydropho-
bic cysteine-modifying reagents (70, 71). When tested in
95% human serum, both anacetrapib and torcetrapib were
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Fig. 5. Covalent binding of dalcetrapib to human
and mouse plasma proteins in vitro. Human and
mouse plasma was incubated with either [14C]ar1ace-
trapib or [HC]dalcetrapib and the degree of protein
labeling was determined after various times of incu-
bation as described in “Methods.” A: Labeling of hu-
man plasma proteins. B: Analysis of human plasma
proteins labeled by ['*C]dalcetrapib. Following in-
cubation of 50 pM [14C]anacetrapib or [14C]dalce-
trapib, proteins were separated via nonreducing
SDS-PAGE. Analysis of total protein loaded (Coo-
massie), [14C]Iabeled proteins, or CETP (anti-CETP
immunoblot) was carried out as described in “Meth-
ods.” C: Labeling of mouse plasma proteins. Plasma
from either wild-type mice lacking CETP (WT) or
CETP™® mice was incubated with 3 M [14C]anace—
trapib or [14C]dalcetrapib, and the degree of protein
labeling was determined after various times of incu-
bation as described in “Methods.” D: Following incu-
bation of 50 uM [14C]anacetrapib or [14C] dalcetrapib,

proteins were separated via nonreducing SDS-PAGE.

Analysis of total protein loaded (Coomassie), [14C]
labeled proteins, or CETP (anti-CETP immunoblot)
was carried out as described in “Methods.”
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somewhat less potent (4- to 5-fold) in blocking neutral
lipid transfer, while the potency of dalcetrapib was re-
duced by >37-fold (Fig. 2B, Table 2). This apparent loss of
activity in 95% serum indicates that dalcetrapib may be
more likely than anacetrapib and torcetrapib to bind
plasma proteins or lipoproteins.

Using a modified CETP binding assay (50), we found
that anacetrapib, torcetrapib, and dalcetrapib each com-
pete with one another for binding CETP. The potency of
each inhibitor (ECy,) in replacing either [SH]torcetrapib
or [SH]anacetrapib bound to CETP corresponded well
with their potencies in blocking CETP activity (Fig. 4A, B).
Although these results demonstrate competition in bind-
ing CETP, they do not address the manner of such compe-
tition (direct vs. indirect) or the location of inhibitor
binding CETP. Based on the crystal structure of CETP, the

cysteine forming a disulfide bond with dalcetrapib (Cys13)
is near one end of the lipid-binding tunnel (72). The ques-
tion of whether or not each CETP inhibitor binds an over-
lapping site on CETP awaits X-ray structural determination
of a CETP-inhibitor complex. Previous reports using site-
directed mutagenesis have suggested that dalcetrapib, in
addition to other cysteine-modifying reagents, requires
disulfide bond formation with Cys13 of CETP to inhibit
activity (35, 71). In addition, direct evidence for dalce-
trapib modifying Cys13 of CETP was recently obtained us-
ing peptide mapping and MS (56). Using MS, we confirmed
that CETP is modified by a single half-molecule of the dal-
cetrapib disulfide inhibitor and that this modification is
dependent on disulfide bond formation (Fig. 4D). In ad-
dition, we also confirmed that anacetrapib does not cova-
lently modify CETP.
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Fig. 6. Effect of inhibitors on formation of a stable CETP-HDL complex. Binding assay conditions were designed to mimic the neutral
lipid fluorescence transfer assay in order to compare inhibition of transfer activity with formation of a CETP-HDL complex. Each panel
includes representative dose responses for inhibition of neutral lipid transfer by each compound in the fluorogenic neutral lipid transfer
assay and native-PAGE/CETP Western-blot analysis as described in “Methods.” A: Dose response of anacetrapib. B: Dose response of torce-
trapib. C: Dose response of dalcetrapib. CETP-HDL binding assay reactions consisted of CETP alone or with HDL and increasing concen-

trations of each inhibitor.

While this report was under preparation, Maugeais et al.
(73) reported that dalcetrapib did not compete with ei-
ther anacetrapib or torcetrapib for binding CETP. It is
important to note key differences between the two CETP-
inhibitor binding studies. Binding studies in the present
report were carried out in solution under conditions similar
to the CETP activity assay. As previously described, the ap-
parent binding affinities of both [3H]anacetrapib and
[SH]torcetrapib for CETP under these conditions were
similar to their potencies in blocking CETP activity (Fig.
1A, 3B). In addition, the potencies of torcetrapib, anace-
trapib, and dalcetrapib (ECsy) in replacing either [3H]
torcetrapib or [3H]anacetrapib bound to CETP corre-
sponded well with their potencies in blocking CETP activ-
ity (Fig. 1A, 4A, B). In studies described by Maugeasis
et al., (73) inhibitor binding was measured using CETP that
was first immobilized to Sepharose or by amine coupling
to a Biacore sensor chip. Both the nonspecific immobiliza-
tion of CETP on a solid surface and the immobilization
conditions used (e.g., low pH) could alter the interaction
between CETP and inhibitors. For example, specific bind-
ing pockets for each inhibitor could be altered, or nonspe-
cific binding sites could be introduced due to partial
denaturing or unfolding of immobilized CETP. In addi-
tion, our results are in agreement with previously reported
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Biacore studies demonstrating that preincubation of CETP
with dalcetrapib prevented the interaction of CETP and
an immobilized analog of torcetrapib (56).

Incubation of dalcetrapib in 95% human serum signifi-
cantly decreased its potency in inhibiting CETP neutral
lipid transfer (Fig. 2B). In addition, dalcetrapib was con-
firmed to covalently label CETP (Fig. 4D), presumably via
a disulfide bond with Cys13. Together, these findings sug-
gest that dalcetrapib may be capable of covalently labeling
additional proteins with accessible cysteines. To determine
whether dalcetrapib and anacetrapib are capable of cova-
lently labeling plasma proteins, we incubated [14C]labeled
inhibitors with human plasma and determined the levels
of covalent protein labeling (Fig. 5). Dalcetrapib was
found to covalently label human plasma proteins in both a
time- and concentration-dependent manner, whereas
there was no evidence of protein labeling by anacetrapib
(Fig. 5A). Similar results were also observed with plasma
from both wild-type and CETP"® mice (Fig. 5C). While
qualitative, imaging of ["“C]labeled proteins by nonreduc-
ing SDS-PAGE suggests that CETP is not the only protein
covalently labeled by dalcetrapib (Fig. 5B, D). While it is
expected that CETP will be labeled in human plasma or in
plasma from CETP'® mice, evidence in support of dalce-
trapib labeling additional proteins includes: 1) the apparent
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Fig. 7. Effect of inhibitors on CETP-HDL complex formation in
human plasma. FPLC fractionation of human plasma after treat-
ment with either vehicle or CETP inhibitor was carried out as de-
scribed in “Methods.” Samples were treated with 1 WM anacetrapib
or torcetrapib or 10 wM dalcetrapib. Shown are representative
FPLC profiles from three independent experiments.

molecular weights of predominant [14C]labeled pro-
teins do not overlap with the expected size of CETP
(Fig. 5B, D); 2) equivalent levels of protein labeling were
observed in plasma samTples from both wild-type mice lack-
ing CETP and CETP ® mice (Fig. 5C) the pattern of
labeled proteins was identical from both wild-type and
CETP™ mouse plasma samples (Fig. 5D). In addition,
MD-2, a part of the Toll-like 4 signaling cascade, was re-
cently shown to be modified by dalcetrapib in addition to
other hydrophobic compounds with a cysteine-reactive
group (74). Altogether, these results indicate that dalce-
trapib is capable of covalently labeling both CETP and ad-
ditional plasma proteins.

Given the differences in the nature of CETP binding by
these inhibitors, with dalcetrapib being an irreversible in-
hibitor and the other two being reversible, it seems possi-
ble they might exhibit different mechanisms of inhibition.
Clark et al. (50) reported that torcetrapib inhibits CETP
neutral lipid transfer via the promotion of a stable com-
plex between CETP and HDL. In agreement with this find-
ing, the addition of increasing amounts of torcetrapib
resulted in CETP-HDL complex formation, as determined
using both native PAGE and FPLC (Fig. 6B, 7). We also
found that both anacetrapib and dalcetrapib promote the
formation of a higher molecular weight CETP-HDL com-
plex (Fig. 6A, C, 7). No inhibitor, at any concentration,
changed the mobility of CETP in the absence of HDL
(data not shown). Consistent with the interpretation that
the formation of a CETP-HDL complex is part of the in-
hibitory mechanism of these inhibitors, the 1C;, of each
inhibitor in the fluorogenic neutral lipid transfer assay
strongly correlates with the concentration of inhibitor re-
quired to cause one-half of the CETP to complex with

HDL (Fig. 6). This mode of inhibition was also observed
with a structurally distinct N,N-disubstituted trifluoro-3-
amino-2-propanol CETP inhibitor (Searle 1) (50). In the
clinic, treatment of human subjects with anacetrapib,
torcetrapib, or dalcetrapib has also been shown to increase
the concentration of CETP in circulation despite inhibit-
ing CETP activity (51, 67, 75). This increase in CETP con-
centration has been postulated to be due to an increased
association of CETP with HDL, thereby resulting in CETP
taking on a significantly longer halflife (76-78). These re-
sults demonstrate that despite their biochemical differ-
ences (e.g., differences in potency, reversible vs. irreversible
binding), each CETP inhibitor tested prevents CETP from
being released from its lipoprotein substrate.

In summary, these studies describe the biochemical
characterization of the CETP inhibitors anacetrapib, torce-
trapib, and dalcetrapib and compare their effects on CETP
inhibition and protein binding. We find that anacetrapib
and torcetrapib potently block both CE and TG transfer
activities of CETP. Dalcetrapib was a comparably weaker
inhibitor of CETP in vitro and displayed time-dependent
inhibition of CETP neutral lipid transfer activity. Although
each inhibitor competed for binding purified CETP, both
anacetrapib and torcetrapib bound reversibly and dalce-
trapib bound CETP covalently, in agreement with its time-
dependent inhibition. Using a covalent plasma labeling
assay, we also found that dalcetrapib covalently labels both
human and mouse plasma proteins other than CETP.
Each of the inhibitors tested promoted formation of a sta-
ble complex between CETP and HDL, indicating that the
formation of a complex between CETP and HDL is a key
mechanism whereby these inhibitors block CETP transfer
activity. Together, these findings detail both shared char-
acteristics of tested CETP inhibitors, such as blocking both
CE and TG transfer and promoting CETP-HDL complex
formation, and also demonstrate differences between them,
such as noncovalent versus covalent binding to CETP and
covalent labeling of bulk plasma proteins. Further clinical
studies are needed to determine whether the observed
changes in lipids in response to CETP inhibition will trans-
late into an improved clinical benefit in patients with dys-
lipidemia Hll
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