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ABSTRACT. Scavenger receptor, class B, type | (SR-BI), controls high-density lipoprotein (HDL) metabolism
by mediating cellular selective uptake of lipids from HDL without the concomitant degradation of the
lipoprotein particle. We previously identified in a high-throughput chemical screen of intact cells five
compounds (BLT-%5) that inhibit SR-BI-dependent lipid transport from HDL, but do not block HDL
binding to SR-BI on the cell surface. Although these BLTs are widely used to examine the diverse functions
of SR-BI, their direct target(s), SR-BI itself or some other component of the SR-BI pathway, has not
been identified. Here we show that SR-BI in the context of a membrane lipid environment is the target
of BLT-1, -3, -4, and -5. The analysis using intact cells and an in vitro system of purified SR-BI reconstituted
into liposomes was aided by information derived from struct@aivity relationship (SAR) analysis of

the most potent of these BLTSs, the thiosemicarbazone BLT-1. We found that the sulfur atom of BLT-1
was crucially important for its inhibitory activity, because changing it to an oxygen atom resulted in the
isostructural, but essentially inactive, semicarbazone derivative BLT-1sc. SAR analysis also established
the importance of BLT-1's hydrophobic tail. BLTs and their corresponding inactive compounds can be
used to explore the mechanism and function of SR-Bl-mediated selective lipid uptake in diverse mammalian
experimental models. Consequently, BLTs may help determine the therapeutic potential of SR-Bl-targeted
pharmaceutical drugs.

The HDL! receptor SR-BI plays a key role in lipoprotein genetic manipulation of gene expression in this species. In
metabolism ). The physiological functions of SR-Bl have mice, SR-BI is expressed in hepatocytes, where it controls
been most thoroughly studied in mice, because of the facile plasma lipoprotein metabolism and the structure and com-
position of plasma HDL particles, and in steroidogenic cells,
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SR-BI mediates the binding of HDL to cells and the environment is the molecular target of these four chemically
subsequent efficient transfer into the cells of cholesteryl estersdistinct BLTs, suggesting that these BLTs can be used to
from HDL’s core, but not the net transfer of HDL's protein  explore further the molecular mechanisms underlying SR-
or most of the lipid components of its outer shell. This two- BI function.
step process, called selective lipid uptalie 7, 15—17),
occurs on the cell surface and does not require endocytosi;XPERlMENTAL PROCEDURES
(18-25), and thus markedly differs from the receptor-  CompoundsCompounds tested for their effects on SR-
mediated endocytic delivery of lipoprotein cholesterol to cells BI activity were obtained either by synthesis (see below) or
via the LDL receptorZ6). SR-BI also mediates bidirectional by purchase from Oakwood Products, Inc. (1-decyl-2-
movement of unesterified cholesterol between cells and thiourea), Karl Industries, Sapon Laboratories Division (
lipoproteins R7—29). The detailed molecular mechanism octylurea), and Sigma/Aldrich (BLT-1nac, catalog number
underlying SR-Bl-mediated lipid transport into and out of R397857, and 1-decanethiol). BLT-4 was either obtained
cells is not understood. from Chembridge Corp. (San Diego) or synthesized as

We previously employed a high-throughput screen in intact previously described3(l). The remaining compounds, which
cells to identify small-molecule inhibitors of SR-Bl-depend- were purchased from Chembridge Corp., were (Chembridge
ent selective lipid uptake3(). Five compounds discovered ID numbers in parentheses) compournts9 (5136875,
in this screen were named BLT-1 to BLT-5, because they 5136871, 5234224, 5234954, 5554654, 8016115, 8016113,
block lipid transport mediated by SR-BIl. This includes 5153618, 5136957, respectively), BLT-1 (5234221), BLT-2
inhibition of selective uptake from HDL of either cholesteryl (5234225), BLT-3 (5106931), BLT-4 (5109586), BLT-5
ethers (nonhydrolyzable analogues of cholesterol esters) o(5117098), and BLT-1sc (5152562). All compounds syn-
Dil (a fluorescent lipid), as well as efflux of unesterified thesized specifically for this study (BLT-1, réfl and see
cholesterol from cells to HDL30, 31). The BLTs were the  below) were prepared as stock solutions in DMSO—25
first pharmacologic tools identified that can directly probe 500 mM), and their identities and purities were verified by
the physiologic functions of the SR-BI pathway and can be LC—MS and NMR analysis. The purities of all compounds
used to provide additional insight into the molecular mech- purchased from Chembridge Corp. and BLT-1nac were
anisms underlying SR-Bl-mediated HDL binding and lipid verified by LC-MS. In addition, we selected several of the
transport. Indeed, BLTs have been used to study a plethoracompounds we deemed most critical for this study (BLT-1,
of SR-BI activities R4, 32—42), including viral infection BLT-1ncp7, 1-decyl-2-thiourea, BLT-1sc, compourk]
(43—47), vitamin E transport48), lipoprotein endocytosis  compoundd) and determined whether there were any signs
(21, 23, 49), and lipid transport mediated by ABC super- of degradation under conditions of our standard assays: a 3
family proteins 81). h incubation in assay medium (Ham’'s F12/0.5% DMSO/25

Unexpectedly, inhibition of SR-Bl-mediated lipid transport mM HEPES, pH 7.4) containing 0.5% (w/v) bovine serum
by BLTs is accompanied by an increase in SR-BI's binding albumin (BSA; Sigma catalog no. A3059; see below). After
affinity for HDL (30). The novel effects of BLTs on SR- this treatment the compounds were extracted from the
BI's activity suggest that they may help probe the mechanism medium with ethyl acetate and characterized by-IMS.
of SR-Bl-mediated lipid transport. However, the potential The only masses we could identify in the E®S trace were
utility of the BLTs was limited, because their direct molecular those of the unmodified compounds of interest as well as
target(s) had not been identified. One candidate is SR-BI those of the solvent (DMSO, Ham'’s F12, albumin-associated
itself, but because the BLTs were identified in an intact cell- molecules). Although it is possible that some degradation
based screen, other cellular components required for normalof the compounds of interest could have produced products
SR-BI activity were also possible targets. Indeed, a com- hidden under peaks of the assay medium components, we
parison of the effects of the BLTs on cholesterol efflux conclude that the compounds remain stable under the
mediated by SR-BI and the structurally distinct transporter conditions used for the receptor assays in this study.
ABCAL (50) raised the possibility that the direct target of Synthesis and Chemical Characterization of Chemical
BLT-4 might not be SR-BI 31). Compounds. (A) BLT-1NMe [2-(2-Hexylcyclopentylidene)-

In the current study we identify the molecular target of N-methylhydrazinecarbothioamideJo a solution of 2a-
BLT-1 by using a two-step approach. BLT-1, a thiosemi- hexylcyclopentanone (0.200 g, 1.19 mmol) in ethanol (4 mL)
carbazone (Figure 1A), was chosen for detailed analysisat room temperature were added 4-methylthiosemicarbazide
because it is the most potent of the BLTs. First, we performed (0.125 g, 1.19 mmol) ah6 M hydrochloric acid (0.22 mL,
structure-activity relationship (SAR) analysis to gain insight 1.31 mmol). The reaction mixture was stirred at reflux for 2
into the chemical features underlying the nanomolar potency h. It was cooled to room temperature and neutralized with
by which BLT-1 blocks cellular lipid transport. This high- aqueous sodium bicarbonate. The aqueous layer was ex-
lighted a key feature of BLT-1 required for its inhibitory tracted with ethyl acetate (% 50 mL). The combined
activity—the sulfur of the thiosemicarbazone moiety. Sub- organic layer was washed with water (30 mL) and saturated
stitution of an oxygen atom for this sulfur resulted in an aqueous (satd aq) NaCl (30 mL) and dried over sodium
inactive semicarbazone derivative, BLT-1sc (Figure 2B). sulfate. The solvent was evaporated under reduced pressure
Second, we showed that BLT-1, but not BLT-1sc, inhibits and the crude product purified by flash column chromatog-
selective uptake mediated by virtually homogenously pure, raphy on silica gel using 5% MeOH/GHI,. The desired
epitope-tagged SR-BI reconstituted into phosphotidylcholine/ product was obtained as a light yellow solid (0.155 g, 0.608
cholesterol liposomes. BLT-3, -4, and -5 also inhibited SR- mmol, 51%): 'H NMR (300 MHz, CDC}) ¢ 8.27 (s, 1H),
Bl-mediated selective lipid uptake in the reconstituted 7.43 (br s, 1H), 3.18 (d, 3H] = 4.8 Hz), 2.4+2.31 (m,
liposomes. Thus, SR-BI in the context of a membrane lipid 2H), 2.24-2.12 (m, 1H), 2.0#1.87 (m, 2H), 1.751.56 (m,
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2H), 1.38-1.26 (m, 10H), 0.862 (t, 3H) = 6.3 Hz); *C
NMR (75 MHz, CDCk) 6 178.7, 163.8, 44.6, 32.1, 31.7,
31.2, 31.0, 29.3, 27.9, 27.5, 22.7, 22.6, 14.0; RP-IMS
(gradient/column/ionization)vz for Cy3H2sN3S (M + H)*
256.0,tr = 1.36 min. LC-MS data for all synthesized

Nieland et al.

(300 MHz, CDC}) 8 9.70 (s, 1H), 7.30 (t, 1H] = 5.4 Hz),
7.09 (br s, 1H), 6.36 (br s, 1H), 2.22.30 (m, 2H), 1.48
1.58 (m, 2H), 1.24-1.34 (m, 16H), 0.89 (t, 3H] = 6.6 Hz);
13C NMR (75 MHz, CDC}) 6 178.3, 148.4, 32.1, 31.9, 29.5,
29.4, 29.3, 29.1, 26.1, 22.6, 14.0; RP-E®IS (gradient/

compounds were collected using a 5:95 to 95:5 acetonitrile/ column/ionization)m/z for Ci3H27N3sS (M + H)* 258.1,tr
water (0.01% formic acid) solvent gradient on an XTerra = 1.98 min.

MS C18 3.5um, 4.6 x 30 mm column using electrospray
ionization.

(B) BLT-1SMe [Methyl 2-(2-Hexylcyclopentylidene)hy-
drazinecarbimidothioate]To a solution of 2a-hexylcyclo-

Lipoproteins and CellsHuman HDL (density of-1.09—
1.16 g/mL) was isolated and labeled as previously described
(2, 51-54). Its protein components were labeled witfl
(**3-HDL), and it was labeled with lipids, either’H]-

pentanone (0.200 g, 1.09 mmol) in ethanol (4 mL) at room cholesteryl oleyl ether §H]CE; [3H]CE-HDL) or Dil (1,1'-

temperature were addedimethylisothiosemicarbazide hy-
droiodide (0.277 g, 1.19 mmol) dr6 M hydrochloric acid

dioctadecyl-3,3,33-tetramethylindocarbocyanine perchlorate
(from Molecular Probes); Dil-HDL). Most intact cell assays

(0.22 mL, 1.31 mmol). The reaction mixture was stirred at were performed using control LDL receptor-deficient Chi-
reflux for 4 h. It was cooled to room temperature and nese hamster ovary (CHO) cells that express low levels of
neutralized with agueous sodium bicarbonate. The aqueousndogenous SR-Bl (IdIA-7)56) or IdIA-7 cells stably

layer was extracted with ethyl acetate 250 mL). The

transfected to express high levels of wild-type murine SR-

combined organic layer was washed with water (30 mL) and Bl (IdIA[mSR-BI]) (2). These cells were maintained in
satd ag NaCl (30 mL) and dried over sodium sulfate. The culture medium A (Ham’'s F12 supplemented with 5% fetal
solvent was evaporated under reduced pressure and the crudeovine serum, 2 mM.-glutamine, 50 units/mL penicillin/
product purified by flash column chromatography on silica 50 ug/mL streptomycin, and, for IdIAImSR-BI] cells only,

gel using 5% MeOH/CELI,. The desired product was ob-
tained as a light yellow solid (0.181 g, 0.709 mmol, 60%):
IH NMR (300 MHz, CDC}) 6 5.19 (br s, 2H), 2.752.65
(m, 1H), 2.49-2.37 (m, 2H), 2.43 (s, 3H), 2.661.96 (m,
1H), 1.88-1.79 (m, 2H), 1.671.52 (m, 1H), 1.42-1.29 (m,
10H), 0.887 (t, 3HJ = 6.3 Hz);*3C NMR (75 MHz, CDC})

0.25 mg/mL G418) §1). HEK293 cells were used for
experiments involving transient transfection of plasmids
encoding wild-type and cysteine mutant forms (see below)
of mSR-BI. For these experiments, the HEK293 cells were
plated in polyt-lysine-coated 24-well dishes at a density of
150 000 cells/well in 0.5 mL/well of medium B (DMEM/

0176.8, 158.0, 44.8, 32.9, 32.1, 31.7, 30.0, 29.7, 28.1, 22.9,Ham’s F12 (1:1 from Gibco BRL) supplemented with 10%

14.3, 12.8; RP-LEMS (gradient/column/ionizationjvz for
Ci3H2sNsS (M + H)* 255.9,tz = 1.40 min.

(C) BLT-1ncp7 (Octanal Thiosemicarbazon&) a solu-
tion of octanal (0.200 g, 1.56 mmol) in 95% ethanol (4 mL)

(v/v) fetal bovine serum and 50 units/mL penicillin/x@/

mL streptomycin) On day 1, the cells were washed once
with medium C (medium B containing 5% fetal bovine
serum) and then transfected using lipofectamine 2000 (In-

at room temperature was added thiosemicarbazide (0.142 gyitrogen) following the manufacturer’s instructions with the

1.56 mmol). The reaction mixture was sonicated for 1 h,

following expression vectors: (1) wild-type murine SR-BI

and the solvent was removed under reduced pressure to yieldmSR-BI) in pcDNA1 @); (2) a mutant mSR-BI in which

a white solid (0.298 g, 1.48 mmol, 95%}H NMR (300
MHz, CDCL) 6 9.53 (s, 1H), 7.28 (t, 1H) = 6 Hz), 7.09
(br s, 1H), 6.31 (br s, 1H), 2.242.31 (m, 2H), 1.481.59
(m, 2H), 1.25-1.34 (m, 8H), 0.90 (t, 3HJ = 6.9 Hz);*C
NMR (75 MHz, CDCk) 6 178.1, 148.3, 32.1, 31.6, 29.0,
28.9, 26.1, 22.5, 14.0; RP-L&MS (gradient/column/ioniza-
tion) m/z for CgH19N3S (M + H)™ 202.0,tr = 1.60 min.

(D) BLT-1ncp9 (Decanal Thiosemicarbazong) a solu-

both Cyg62 and Cy4’° were replaced by serines (mSR-BI
(CC — SS); double cysteine mutant) in pcDNAB3], or
(3) a pcDNAS (Invitrogen) control vector (no cDNA insert).
SR-BI activity assays in these transiently transfected cells
were performed on day 3 as described below. All experiments
with cells were conducted at 3TC.

Cellular Lipid Transport and?¥-HDL Binding Assays
As previously described, assays of the uptakéldJCE from

tion of decanal (0.200 g, 1.28 mmol) in 95% ethanol (4 mL) [3H]CE-HDL or uptake of Dil from Dil-HDL, as well as
at room temperature was added thiosemicarbazide (0.117 g*?9-HDL binding, were performed using IdIA|mSR-BI] cells

1.28 mmol). The reaction mixture was sonicated for 1 h,

and control untransfected IdIA-7 cell®, @7, 30, 52) or using

and the solvent was removed under reduced pressure to yieldransiently transfected HEK293 cells generated as described

a white solid (0.271 g, 1.18 mmol, 92%fH NMR (300
MHz, CDCh) 6 9.89 (s, 1H), 7.33 (t, 1H]) = 5.4 Hz), 7.09
(br s, 1H), 6.41 (br s, 1H), 2.222.29 (m, 2H), 1.49-1.57
(m, 2H), 1.25-1.32 (m, 12H), 0.89 (t, 3H] = 6.9 Hz);**C
NMR (75 MHz, CDC}) ¢ 178.2, 148.6, 32.2, 31.8, 29.4,
29.3, 29.2, 29.1, 26.1, 22.6, 14.0; RP-tNIS (gradient/
column/ionization)nVz for Cy;H23N3S (M + H)™ 230.0,tr
= 1.81 min.

(E) BLT-1ncpll (Dodecanal Thiosemicarbazorb) a

above. For JH]CE uptake and?d-HDL binding assays in
I[dIAImSR-BI] and IdIA-7 cells, cells were seeded in 24-well
plates on day 0 in medium A at a density of 75 000 cells/
well. In the case of HEK293 cells, cells were plated on day
0 at a density of 150 000 cells per well and transfected on
day 1 (see above), andH]CE-HDL uptake and?3-HDL
binding assays were performed on day 3. For Dil-HDL
uptake assays, IdIA[mSR-BI] cells and IdIA-7 cells were
seeded on day 0 in medium A in 96-well plates (Costar, black

solution of dodecanal (0.200 g, 1.09 mmol) in 95% ethanol with a clear bottom) at a density of 35 000 cells/well in the
(4 mL) at room temperature was added thiosemicarbazidesame medium. Assays were performed on day 2. On the day
(0.099 g, 1.09 mmol). The reaction mixture was sonicated of the assay, the cells were washed twice with Ham’'s F12
for 1 h, and the solvent was removed under reduced pressuravithout supplements and then preincubatedifé at 37°C

to yield a white solid (0.268 g, 1.04 mmol, 96%1 NMR with compounds at the indicated concentrations in assay
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medium (Ham’s F12/0.5% DMSO/25 mM HEPES, pH 7.4)
containing 0.5% (w/v) BSA (Sigma catalog no. A3059). The
cells were then incubatedrf@ h (IdIA[mSR-BI] and IdIA-7
cells) a 4 h (HEK293 cells) with the same concentrations
of small molecules together with 149 of protein/mL of
129-HDL (binding), [*(H]CE-HDL, or Dil-HDL (uptake). In

Biochemistry, Vol. 47, No. 1, 2008163

C-terminally epitope-tagged murine SR-BI (mSR-BI-t1) and
the single-step immunoaffinity purification of mSR-BI-t1 to
virtual homogeneity%7). The detergent-solubilized purified
protein can be reconstituted into liposomes that exhibit SR-
Bl-mediated*¥-HDL binding and selective uptake of]-

CE from PH]CE-HDL (57). We used a similar approach in

experiments using radiolabeled lipoproteins, the cells were this study to examine the potential direct effects of SR-BI

washed (£C) one time with PBS supplemented with 1 mM
CaCh and 1 mM MgC} (PBSt) and 0.5% (w/v) BSA and
two times with PBS- without BSA. Cellular accumulation
of [*H]CE was measured following isopropyl alcohol extrac-
tion, and binding of?3-HDL was determined as previously
described Z). To determine cellular uptake of Dil after
incubation with Dil-HDL, we placed the cells on ice and
washed them three times with ice-cold PB$ontaining
0.5% (w/v) BSA and then measured cellular Dil using a
Molecular Devices SpectraMax GEMINI XS fluorescence

lipid transport inhibitors on this receptor in liposomes, but
with one key difference (S. Banakos, P. J. Reeves, V. Zannis,
and M. Krieger, manuscript in preparation). mSR-BI-t1 was
expressed in alN-acetylglucosaminyltransferase | (GnTI)-
defective HEK293S derivative, HEK293S GnFl), that
generates a glycoprotein with uniform, truncated N-linked
oligosaccharide chains under the control of a tetracycline
inducible promoter%8, 59). A clone of HEK293S GnTk)

cells expressing high levels of mSR-BI-t1 was isolated and
grown to mass culture in a Celligen Plus bioreactor (New

plate reader or an Analyst Plate fluorescence plate readerBrunswick Scientific, Edison, NJ) and the receptor purified

(Molecular Devices). For all experiments, the values pre-

to homogeneity as previously describ&d)( mSR-BI-t1 with

sented were normalized so that 100% of the control value truncated N-linked chains was reconstituted into liposomes

represents receptor-specific activity in IdIAImSR-BI] or
HEK293[SR-BI] cells in the presence of 0.5% DMSO

as previously describe®7, 60, 61). Briefly, 20 ug of mSR-
BI-t1 (or an equivalent volume of protein-free buffer to

without compounds, and 0% activity is defined as the activity generate control liposomes that are devoid of mSR-BI-t1)

determined in IdIA-7 or control pcDNA3-transfected HEK293
cells. The amounts of cell-associat8H]CE are expressed
as the equivalent amount dH]CE-HDL protein (ng) 66).

was reconstituted into liposomes by acetone precipitation.
mSR-BI-t1 liposomes were washed once by resuspension of
the acetone precipitate in protein-free assay medium followed

For experiments using HEK293 cells transiently transfected by centrifugation (4800§) for 25 min at 4°C. The pellet

with either the wild-type (wt) mSR-BI or the CE&> SS

was first reconstituted in assay medium without protein, and

double cysteine mutant, values (ng of protein (equivalent)/ then an equal volume of assay medium with 1% fatty acid

mg of cell protein) determined in the absence of BLT-1 of
[BH]CE-HDL selective uptake were as follows: SR-BI (wt),
2526; SR-Bl (CC— SS), 2762; pcDNA3 empty vector
control, 448. Values (ng of protein/mg of cell protein)
determined in the absence of BLT-1 &f-HDL binding
were as follows SR-BI (wt) cells, 234; SR-BI (CE SS)

free (FAF) BSA (Sigma catalog no. A6003) was added to
yield liposomes at a nominal final concentration-ef8 ng

of mSR-BI-t1/mL. In each reaction, 3¢ of the liposome
preparation was preincubated with 80 of assay medium
containing 0.5% FAF BSA and DMSO with the indicated
compounds (0.5% DMSO final concentration) for 60 min at

257; pcDNA3 empty vector control 46. Results averaged 37 °C. Subsequently, 26L of [3H]CE-HDL (five replicates
from two independent experiments are presented. In the Dil- per sample) of?3-HDL (four replicates per sample) was
HDL assay, background nonspecific uptake was determinedadded to a final concentration of 1@y of protein/mL.

by inclusion of a 40-fold excess (4Q@ of protein/mL) of
unlabeled HDL in the media2j. Data analysis was per-

Incubation was continuedif@d h at 37°C, and then selective
uptake of fH]CE into liposomes and binding éf3-HDL

formed using Graphpad Prism4 software from GraphPad to liposomes were determined using the previously described

Software, Inc., San Diego, CA. The 4€values are the

filter binding assays 7). SR-BI specific activity was

concentrations of the compounds that caused a half-maximaldetermined by subtracting uptake and binding values in

inhibition of SR-BIl-mediated lipid transport. Selective uptake

control liposomes from those in mSR-BI-t1l-containing

data presented are representative of results from three or moréiposomes, and selective uptake values were determined as
independent experiments, unless otherwise indicated. Dil-described above for cellular assays. A value 100% of the
HDL data presented are averaged results from two or threecontrol value represents receptor-specific activity in mSR-

experiments. We observed that the inhibition of cellular SR-

Bl activity by BLT-1—BLT-5 is fully reversible after a 36

BI-t1 containing liposomes in the presence of 0.5% DMSO
without compounds, and 0% of the control value represents

h wash out of each of the compounds as measured in the Zelective uptake in control liposomes devoid of mMSR-BI-t1.

h cellular Dil-HDL uptake assay (data not shown). In
addition, the 1Gy and extent of inhibition by these BLTs

are similar for experiments in which the cells are preincu-

bated fo 1 h with the compounds prior to addition of the

Representative results from two or three independent experi-
ments are shown.

Surface Plasmon Resonance Analysis of Compound Bind-
ing to BSA BSA is included in the assays reported here to

HDL ligand (standard assay in which cells are incubated with reduce nonspecific interactions of lipoproteins with cells or

Dil-HDL for 2 h) and for those in which the BLTs are only

liposomes. Albumin can bind a variety of small molecules

added essentially simultaneously with the HDL ligand (no (reviewed in ref62); thus, binding to BSA might reduce the

preincubation) (not shown).
Lipid Transport and'®-HDL Binding Assays in Lipo-
somes Purification of mSR-BI-t1 with uniform, truncated

N-linked oligosaccharide chains: We have previously de-

bioavailability of the compounds tested here, depending on
the concentration of a compound and its affinity for binding
to BSA. To calculate the value of the amount of free
compound required to inhibit SR-BI activity by 50% P&

scribed the isolation of HEK293S cells that overexpress a (corrected)] and compare it to the uncorrected valugg]C
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we determined the affinity of binding of compounds to BSA [A],, by the free concentration of the compound,{&] The
using surface plasmon resonance analysis with a Biacore S5Xkorrected (and uncorrected) values for Dil-HDL uptake (nM,
instrument, as previously described for binding studies using with the exception of BLT-1sc) were as follows BLT-1, 15
human serum albumin6@—65). BSA was diluted to 115  (21); BLT-1sc, >500 uM (>500 uM); compound3, 110
ug/mL in 10 mM acetate buffer, pH 5.0, and immobilized  (320); compound4, 72 (240); compounds, 33 (69);

on a Biacore CMS sensor chip using standard 1-ethyl-3-[3- compound7, 116 (220); and compoun8, 400 (720). The
(dimethylamino)propyl]carbodiimide hydrochloridéhy- corrected value for the K for BLT-2 is 220 nM, which is
droxysuccinimide coupling chemistry. On each sensor detec-based on the uncorrected value of 350 nM reported by
tion spot, 5006-9000 response units (RU; corrgspongl_ing 0 Nieland et al. 80). ICs values (nM) for BLT-1 for fH]CE-

~1 pg of protein/mrisensor area) of BSA was immobilized. HDL selective uptake were 39 (57) in cells and 68 (98) in

The Biacore binding assay was conducted two or three liposomes. The effects of the correction are relatively small
times, depending on the compound, in Biacore buffer, TBS- P ' y

P, pH 7.4 (25 mM Tris-HCI, 137 mM NaCl, 3 mM KCl, and do not influence the conclusions. Thereforg, we have
0.005% (v/v) P20 surfactant (Biacore AB, catalog number presented the uncorrected values throughout this paper.
BR-100-54)) containing either 2% (v/v) DMSO or 5% (v/v) Data Analysis The statistical significance of differences
DMSO. The compounds were tested using 4-fold serial was determined by two-tailed unpaired Studentésst using
dilutions, starting at either S&M (to cover the lower  Graphpad Prism 4 software. Average values are presented
concentration range, with 781 nM being the lowest dose 4 the standard error of the mean. Differences were consid-
tested) or 20QuM (to cover the 56-200 uM range). The  greq significant forP < 0.05. Hill coefficients were
compounds were then sequentially injected with an associa-.5culated using Graphpad Prism 4 software. cLogP values

ggn E;ne_ of 60ds, a dissocitation timte of 6]9255 aNﬂOW rate of were determined using ChemBioDraw Ultra version 11 from
uL/min, and an assay temperature o . Naproxen Cambridgesoft.com.

and warfarin (381 nM to 20@M, both from Sigma) were
used as positive BSA binding controls. Data were analyzed
using Scrubber software (University of Utah’s Center for
Biomolecular Interaction Analysis, http://www.cores.uta- , .
h.edu/interaction/). Data were double reference subtracted]c Here_we_ f|_r_st present the results of SAR analysis of BLT-1
and normalized so that the theoretical maximum response,Or the inhibition of MSR-BI and then use the results to help
from the sensor equals 100 RU for each compound. Equi- 'dentify the molecular target of BLT-1 in cells.

librium binding affinities assuming binding to a single site SAR Analysis of BLT-1 in Cultured Cell©ur SAR

on BSA were determined using GraphPad Prism 4 with a analysis of BLT-1 has focused on three features of its
nonlinear regression, one-site binding model. Kgealues  structure: the cyclopentyl group, the alkyl chain, and the
(uM) were as follows: BLT-1, 161 41; BLT-1sc, 80+ thiosemicarbazone group (Figure 1A). To assess the ability
26; BLT-2, 113+ 34; compound, 43 & 2; compound, of BLT-1 and its derivatives and analogues to inhibit lipid
33 &+ 4; compounds, 72 + 3; compound?, 177+ 8; and  ¢angnort mediated by SR-BI in cultured cells, we pretreated
compounqs, 95 & 4. None of the other'compounds WET€ (1 h, 37°C) stably transfected cells expressing mSR-Bl, IdIA-
L?;r?gsioc?)lggetr?triﬁoAnufe;?e% (;gnt(;]zr:eraggge?if n%[eaglt,sttll;e [MSR-BI] (2), or their untransfected essentially SR-BI-
values for compound binding to BSA were used to calculate nfegtﬁtlve controlsc,j IdIC\;YH:Sr)], with vr:;rylr;g c(;ongentratlonsz h
the concentrations of compound “free” (not bound to BSA) of the compounds. YVe hen used standard assays (

in the incubation media, and these free concentrations were!cubations, 37C), conducted in the presence of the same
then used to calculate igcorrected) values. The free Cconcentrations of compounds to measure SR-Bl-mediated
concentrations of compounds, A}, were calculated using (i) cellular uptake of the lipophilic dye Dil from Dil-HDL

eq 2 from the total concentration ([4)] the total concentra-  (10ug of protein/mL) or (ii) selective uptake oft]CE from

tion of BSA ([B]o = 75.76uM), the concentration of the ~ [*H]JCE-HDL (10ug of protein/mL) and (iii) receptor-specific
1:1 complex formed between BSA and compound ([AB]; binding of*#4-HDL (10 ug of protein/mL), which was used
calculated using eq 4, which was derived from egs 1 and to calculate selective lipid uptake. Inhibitory activity was
3)), and the equilibrium dissociation constant for compound/ characterized by both potency (concentrations of the com-
BSA binding as measured by surface plasmon reson&afe ( pounds that caused a half-maximal inhibition of SR-BI-
assuming a 1:1 binding ratio and no competition for albumin mediated lipid transport, I§g) and the extent of inhibition
binding with other components of the assay media. (absolute reduction in SR-BIl-mediated lipid transport). The
principle differences in inhibitory activity we observed for

RESULTS

[Bliee = [Blo — [AB] (@) different compounds were alteredsi/alues; unless indi-
[A] e = [Al , — [AB] 2) cated otherwise, the extent of inhibition for a compound with
o ICso < 500 uM was comparable to that for the positive
_ [AlfredBlfree 3 control (e.g., BLT-1).
= [AB] @) (A) Cyclopentyl GroupWe initiated our SAR analysis of

N _ 2 BLT-1 by altering its cyclopentane moiety. Figure 1C shows

0= [AloBlo — [ABI(A] o+ [Blo + Ko) + [AB] “) that when the cyclopentane was removed by substitution of
The corrected I for inhibition of Dil-HDL uptake was three of its methylenes with two protons (no cyclopentane

calculated (see above) by replacing the total concentration,(ncp), compound BLT-1ncp7; Figure 1B) inhibition of SR-
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A.BLT-1 Thiosemicarbazone Table 1: SAR Analysis of the Alkyl Chain of BLT-1
a
H / Alkyl chain Compound IC5, (UM)

S N
|N / SYH\N

|
NH, ""’G/VV\ BLT-1 0.021 + 0.009
A N se A
Cyclopentyl group h
B. BLT-1ncp7 w K~ BLT-Incp7  0.012 % 0.001
H S e
\( N e BLT-incp9  0.011 % 0.003

NH; |W s n\u

|K/\/\/\/\/\
N BLT-1ncp11  0.038 * 0.006

C. Cellular Dil-HDL uptake Ny
B O BLT-2 0.35+0.18
Compound ICso (M) G/v *
— -u-BLT-1 0.021 + 0.009 Sy
2 --BLT-1ncp7 0.012 + 0.001 A Compound1  0.047 £0.026
S 100 g o M.
O \
— NH,
) @ BLT-1nac 36.2£6.5
S y
o \,l; b
= 50 @ Compound2 45223
S
- 251 =8 )
(m] NH,
= Compound 3 0.33+0.19
E 0 b e N, T T T T T T s n
0 0.0010.01 0.1 1 10 100 1000 Y N
Compound (pM) N Compound 4 0.28 £ 0.1

Ficure 1: Effect of BLT-1's cyclopentane on inhibition of SR-
Bl-mediated lipid transport. Cells (IdIA[mSR-BI] and IdIA-7) were
preincubated with BLT-1 (A) or BLT-1ncp (B) at the indicated
concentrations fol h at 37°C in medium containing 0.5% (v/v)
DMSO. The cells were then incubated for an additich& with

the same medium containing Dil-HDL (1@y of protein/mL) in

the presence of the same concentrations of BLT-1 or BLT-1ncp.
The cells were then washed, and the amount of Dil incorporated  (B) Alkyl Chain We next determined the influence of the

into the cells was measured using a fluorescence plate reader. Th : - : .
values were normalized so that 100% of the control representsq’ength of the alkyl chains on the activities of BLT-1 and its

receptor-specific Dil-HDL uptake by IdIA[mSR-BI] cells without ~BLT-1ncp7 derivative (no cyclopentane) using the Dil-HDL
compounds and 0% activity is defined as the activity determined assay (Table 1). When the length of the alkyl chain of BLT-
in lIdIA[mSR-BI] cells in the presence of a 40-fold excess of 1ncp7 (IGo = 12 £ 1 nM) was extended by two (BLT-

unlabeled HDL. Panel C shows for BLT-1 (squares) one of four 1ncp9) or four (BLT-1ncpll) methylenes, there was little

representative experiments in which the values were determined - R _
from duplicate incubations and for BLT-1ncp (circles) the average C'@Ng€ in potency or extent of inhibition @= 11 + 3

of two independent experiments.galues+ the standard error ~ @nd 38+ 6 nM, respectively). The addition of a methyl group
of the mean are derived from an average of four (BLT-1) or two on the imine carbon of BLT-1ncp9 also had very little effect

(BLT-1ncp) experiments using nonlinear regression analysis. In (compound1; ICso = 47 £+ 26 nM), which was to be
IdIA[mSR-BI] cells, Dil-HDL uptake in the presence of excess of ; ; : i
unlabeled HDL was 23% of that without the unlabeled HDL. E)e(?vigteend tf?ee(;:?)unfSoH;]edr: an?ls(lgfll'e-lglgﬁ:jenwﬁgmlzt ?étﬂ\_?fy
. . - . 1ncp7) the cyclopentane ring. In contrast, shortening the alkyl
Bl-mediated uptake of D'_I'_HDL was S|m|E\r (=124 chain had a dramatic, negative effect on the potency of
1 nM) to that with unmodified BLT-1 (16 = 21 £ 9 nM). BLT-1 (Table 1). Substitution of the six-carbon-long alkyl
It is noteworthy that BLT-1 has a chiral carbon and our chain of BLT-1 with a proton (no alkyl chain (nac),
synthetic method produces a ra.cemic mixture; it is ppssible compound BLT-1nac) resulted in an approximately 1700-
that only one of the two sterioisomers may be active. In fold increase in the Ig (36.24 6.54M) but no substantial
contrast, BLT-1ncp7 does not have a chiral center. The change in the extent of maximal inhibition. Another deriva-
cyclopentyl group is clearly not required for the inhibitory tive that similarly lacks the six-carbon alkyl chain, in which
activity of BLT-1. the cyclopentane group is substituted by a cyclohexane group

aSAR analysis of BLT-1 derivatives for Dil-HDL uptake was
performed in IdIAImSR-BI] and IdIA-7 cells as described for Figure
1. I1Cso values are derived from an average of four (BLT-1), three
(compoundl), or two (all other compounds) experiments using
nonlinear regression analysis.
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Table 2: SAR Analysis of the Alkyl Chain of BLT-1

Table 3: SAR Analysis of the Thiosemicarbazone Group of BLT-1

Compound IC5o (UM)? Compound IC5y (M)2C
SY“\IN Primary amine ([*H]CE-HDL assay)P
““’G/VV\ BLT-1 0.021 £ 0.009 SYH\P
. ““26/\/% BLT-1 0.057 £0.015
s\[/N\N
[
we o BLT-1ncp7? 0.012 £ 0.001 s\{/“\l,.
s M, He " é/\M BLT-1NMe 0.16 +0.005
NH:J\©\ -
o~~~ Compound5  0.013 +0.003 'mL"° group (Dil-HDL assay)
s M NGNS
- |
\»';z ' "“ZG/\/\/\ BLT-1 0.021 £ 0.009
SYH\"
d Compound 6 0.11 £ 0.08 I
" ° we BLT-1ncp7 0.012 + 0.001
S; ~,
T I sy
o Compound7  0.20%0.18 i~ BLTANGpY  0.011:0.003
(o}
H
s, AN 1-decyl-2-thiourea 1.9+0.3
j‘; I NH,
Compounid 8 Qisx0.52 Thiocarbonyl group ([*H]CE-HDL assay)P
s N S H\N
T o, |
’)\O Compound 9 3.6+0.5 BLT-1 0.057 £ 0.015
™
a]Csp values are based on results from an average of four (BLT-1), STN\IN
three (compound5), or two (all other compounds) experiments "” é/\/\/\ BLT-1SMe 82 + 42
using Dil-HDL and IdIA[mSR-BI] and IdIA-7 cells as described in
Figure 1.
H 1-decanethiol > 250

(compound?; ICsp = 45.2+ 23.0uM), was almost as potent
as BLT-1nac. This reinforces the conclusion from Figure 1

a]Cso values were determined using either the Dil-HDL $1]CE-
HDL assays as indicatel SR-BI specific values determined in the

that the cyclopentane group per se does not substantiallyabsence of compound for théH]JCE-HDL assays were as follows:

influence activity. Addition of a ¢ alkyl chain to the
cyclohexane ring of compouriienhanced its potency100-
fold (compound3; ICsp = 0.33+ 0.19uM). Addition of a
cyclohexene to compourftihad an effect (compourd] ICsq
= 0.28+ 0.1 M) similar to that of adding a £alkyl chain.

Because the cyclopentane or cyclohexane rings do not appe

to influence inhibitory activity, we conclude that the greater
potencies (lower 16 values) of BLT-1ncp7 and BLT-1
compared to compoundsand4 can be attributed to their
longer alkyl chains.

We have previously shown that introducing an oxygen
atom (ether bond) into the middle of the alkyl chain of BLT-1
increased the 16 by about 17-fold (BLT-2; 1Gy = 0.35+
0.18uM, Table 1; see reB0). Table 2 shows the I§3values
for other derivatives of BLT-1 or BLT-1ncp7. In general,
addition of bulky cycloester groups or replacement of flexible
linear alkyl chains with rings reduced the potency of the
inhibitors. Thus, a flexible alkyl chain substantially contrib-
utes to the remarkably high potency of BLT-1, with optimal
chain lengths of-6—8 carbons. Although compounds BLT-
1nac and® were less potent than BLT-1 (Table 1), they were

selective $H]CE uptake, 4480 ng of protein (equivalent)/mg of cell
protein;*?3-HDL binding, 153 ng of protein/mg of cell proteif Values
are averages from six (BLT-1), five (BLT-1NMe), four (BLT-1), three
(compound5), or two (all other compounds) experiments.

xamined the consequences on inhibition of SR-Bl-mediated
ipid transport from Dil-HDL or fH]CE-HDL (Table 3 and
Figure 2).

(1) Primary AmineConversion of the primary amine on
the thiosemicarbazone of BLT-1 into a secondary amine by
the addition of a single methyl group decreased the potency
only by about 3-fold (BLT-1NMe; I = 0.16+ 0.05uM,
[H]CE-HDL assay (Table 3)). There was also a relatively
small increase in 16 caused by the analogous methylation
of BLT-1ncp7 (BLT-1ncp7NMe; single experiment, data not
shown). Thus, the primary amine is not essential for robust
inhibitory activity.

(2) Imino Group As described above, compounds BLT-
1ncp7 and BLT-1ncp9, which do not have cyclopentanes,
are potent inhibitors with activities comparable to that of
BLT-1 (Figure 1, Table 1). Their thiourea analogue, 1-decyl-

nevertheless moderately potent inhibitors, indicating that the 2-thiourea, in which the imino group is replaced with two

thiosemicarbazone portion of BLT-1 plays a key role in
determining its activity.

(C) Thiosemicarbazon&Ve next modified various features
of the thiosemicarbazone of either BLT-1 or BLT-1ncp7 and

methylenes (Table 3), is about 100-fold less potent((FE
1.9+ 0.3uM) in the Dil-HDL assay. This indicates that the
imino group substantially contributes to the inhibitory
activity, even though it is apparently not essential for activity



SAR and Target Identification of Chemical Inhibitors of SR-BI

A.BLT-1 C. 1-decyl-2-thiourea
H
s N__
N s A
NH,
NH,
B. BLT-1sc D. 1-octylurea

NH,

E. Cellular Dil-HDL uptake
Compound ICso (UM)
-u-BLT-1 0.021 £0.009
==BLT-1sc > 500
-»-1-decyl-2-thiourea 1.9 +0.3
=0=1-octylurea > 500
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Ficure 2: Effects of replacing the thiocarbonyl group’s sulfur with
oxygen on BLT-1's or 1-decyl-2-thiourea’s inhibition of SR-BI-
mediated lipid transport. The effects of BLT-1 (A, E, solid squares),
BLT-1sc (B, E, open circles), 1-decyl-2-thiourea (C, E, solid

100 1000

circles), and 1-octylurea (D, E, open squares) on SR-BI-dependent

uptake of Dil from Dil-HDL (10ug of protein/mL) in IdIAI[mSR-
Bl] and IdIA-7 cells were determined as described in Figure 3 IC
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disulfide bond between BLT-1 and the side chain of either
Cys'62 or Cy¢70is not required for potent inhibition of mSR-

Bl by BLT-1. The disulfide bonding pattern of the additional
six cysteine residues in the extracellular domain of mSR-BI
has not yet been reported; however, by analogy with a report
of the disulfide pattern for SR-BI's homologue CD3%7],

it is possible that all six of these cysteines participate in
intramolecular disulfide bonds. Future studies will be
required to determine whether any of these other cysteines
in mSR-BI are available to form potential disulfide bonds
with the sulfur atom in the thiosemicarbazone group of
BLT-1.

When the thiocarbonyl of BLT-1 (I§s = 0.057+ 0.015
uM in the PH]CE-HDL assay was converted to a methyl
thioether (BLT-1SMe; 16 = 82 4+ 42 uM, [*H]CE-HDL
assay), there was a1440-fold increase in the kg (Table
3). The activity of the less potent inhibitor BLT-1nac (no
alkyl chain, 1Go = 38.64 9.1uM in the [FH]CE-HDL assay)
was also substantially reduced by this modification (data not
shown). Not surprisingly, 1-decanethiol exhibited virtually
no inhibitory activity. These results raise the possibility that
either formation of a disulfide bond between the sulfur of
BLT-1's thiosemicarbazone and its target or nucleophilic
attack of the target on the thiocarbonyl carbon might, in part,
contribute to BLT-1's tight binding to its target, and thus its
high potency. Nevertheless, the significant residual inhibitory
activity of BLT-1SMe relative to virtually inactive derivatives
with ICso > 500 uM (see below) indicates that neither of
these two potential mechanisms is absolutely essential for
at least some inhibitory activity.

When the sulfur atom in the thiocarbonyl of BLT-1 was
replaced with an oxygen atom, forming the semicarbazone
BLT-1sc (Figure 2A,B), there was a20000-fold loss of
potency (IGo > 500uM) in both the Dil-HDL (Figure 2E)
and PH]CE-HDL (see below) assays. Similarly, 1-octylurea

values were derived from an average of four experiments with was also almost inactive (Figure 2D, 500 uM, 20%

BLT-1 or two experiments with the other compounds.

of the maximal BLT-1 inhibition at 50«M; compare to
1-decyl-2-thiourea (Figure 2C), k= 1.9 + 0.3 uM).

(see below for examples of compounds with essentially Because BLT-1sc has virtually no inhibitory activity yet its

complete loss of activity).
(3) Thiocarbonyl.The sulfur atom in the thiocarbonyl of

structure and hydrophobicity (cLogP 4.48) are almost
identical to that of BLT-1 (cLogP= 4.41), it seems unlikely

thiosemicarbazones may be capable of forming disulfide that the principle mechanism by which BLT-1 inhibits SR-

bonds with the sulfhydryl groups in cysteinds). At least
two of the eight cysteines in murine SR-BI, @%%and
Cys'0, are potentially available to form disulfide bonds with
the sulfur in the thiocarbonyl group of BLT-1, because they

Bl-mediated lipid transport is its nonspecific partition into
membranes and consequent alteration of membrane bio-
physical properties. BLT-1sc can be used as an isostructural,
negative control for further analysis of the mechanism by

do not appear to be engaged in inter- or intramolecular which BLT-1 inhibits SR-BI activity.

disulfide bonds. Indeed, they are at least partially fatty
acylated §3). Thus, if SR-BI were the direct target of BLT-1
(see below), its ability to be inhibited by BLT-1 might depend
on free sulfhydryl groups. We therefore examined the ability
of BLT-1 to inhibit the selective uptake oH]CE from [H]-
CE-HDL by HEK?293 cells transiently expressing either wild-
type mSR-BI or a mutant mSR-BI in which both G$%and
Cys'®were replaced by serines (mSR-BI (EESS); double

SR-BIl is the Target of BLT-1Because BLT-1 was
identified in an intact cell-based screening assa),(a
critical unresolved issue regarding its mechanism was the
identification of its molecular target. Candidate targets
include SR-BI itself as well as other potential, but as yet
unknown, cellular components that may be required for SR-
Bl activity in intact cells. To determine whether SR-BI is
BLT-1's target, we examined the ability of BLT-1 and BLT-

cysteine mutant). Previous studies established that the mutaniisc to inhibit selective lipid uptake mediated by homoge-

mSR-Bl (CC — SS) exhibits normal HDL binding and
selective lipid uptake activitie$8). BLT-1 at a concentration
of 1 uM was equally effective in inhibiting selective lipid
uptake mediated by the wild-type (1 A#03.5% of the control
without BLT-1) and double cysteine mutant (26t02.1%
of the control,P = 0.07) receptors. Thus, formation of a

neous, purified, epitope-tagged receptor (NSR-BI-t1) protein
reconstituted into phosphatidylcholine/cholesterol (PC) lip-
osomes%7). Figure 3 shows that BLT-1 can inhibit SR-BI-
dependent selective uptake &f[CE from *H]CE-HDL by
MSR-BI-t1l-containing liposomes and that thed@alues for
BLT-1 were essentially identical in cells (Figure 3A, 0.057
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Ficure 3: Effects of BLT-1 and BLT-1sc on SR-BI activity in
cells and liposomes. (A) Cellular SR-Bl-mediated selective uptake
of [®H]CE from [PH]CE-HDL (10 ug of protein/mL) using IdIA-
[mSR-BI] and IdIA7 cells measured in the presence of the indicated

Nieland et al.

Table 4: Effects of BLTs on SR-BI Activity in Cells and
Liposomes

IC5o (M)
Compound Cells Liposomes
s ML
I
"“26/\/\/\ BLTA1 0.057 £0.015¢  0.098  0.053¢
& \"7 () BLT3 23415 2.0£0.1¢
o
pe
D BLT-4 3908 4733
Lo
BLT-5 13.8 + 8.59 25.9 1.7

aThe effect of BLTs on SR-Bl-mediated selective uptake’bff CE
from [*H]CE-HDL in cells and liposomes was determined as described
in Figure 3.0 ICsg values for cells for BLT-3, BLT-4, and BLT-5 were
from ref30. © No statistical differences were found beweegoalues
for selective uptake in cells compared to liposonfesglues: BLT-1,
0.0976; BLT-3, 0.7975; BLT-4, 0.5681; BLT-5, 0.1169n = 6.°n
=2."n=3.9n=5.

dependent selective uptake in cells is SR-BI itself in the
context of a lipid environment.

Identification of the Target of BLT-3, BLT-4, and BLT-5
Table 4 shows that each of these BLTs can inhibit SR-BI-
mediated selective uptake ¢H]CE from [PH]CE-HDL in
reconstituted liposomes with kg values for inhibition
essentially identical to those previously determined in intact
cell assays30). As was the case for BLT-1 and BLT-1sc,
no effect of any of these three BLTs was seen in control
liposomes lacking mSR-BI-t1 protein. Thus, we tentatively
conclude that SR-BI in the context of a lipid environment is

concentrations of BLT-1 (average of six independent experiments) also the molecular target of these BLTs.

or BLT-1sc (average of four independent experiments) was
determined as described in Figure 2 for Dil-HDL. (B) SR-BI-t1-
containing liposomes or control liposomes (devoid of SR-BI-t1)
were preincubated fol h at 37°C in medium containing the
indicated concentrations of BLT-1 or BLT-1sc, followed by
incubation with 1Qug of protein/mL of eitherJH]CE-HDL or 13-
HDL for 4 h at 37°C in the presence of the same concentrations
of compounds. These incubation media with and without the
compounds contained 0.5% (v/v) DMSO. For liposome assays,
100% of the control value represents receptor specific activity in
SR-BI-t1 containing liposomes without compounds and 0% of the

DISCUSSION

High-throughput screening in intact cells of chemically
diverse small-molecule compound libraries to identify inhibi-
tors and activators of biological systems provides powerful
reagents for the analyses of the functions and mechanisms
of action of these system$§). We previously employed
such a screen of intact cells to identify small-molecule
inhibitors, called BLTs, of lipid transport mediated by the

control value represents background selective uptake in control HDL receptor SR-BI 80). This receptor plays a key role in

liposomes. SR-BI specific values (ng of protein/mg of cell protein)
for cells determined in the absence of compounds wékH{E-
HDL selective uptake) 4480 ng ané¥{-HDL binding) 153 ng.

For liposomes the values (ng of protein/sample) of selective uptake

and binding were (MSR-BI-t1 containing liposomes) 159 and 46
and (control, protein-free liposomes) 44 and 5.

+ 0.015uM (n = 6)) and liposomes (Figure 3B, 0.098
0.053uM (n = 2)). BLT-1 did not affect low background
[®H]CE uptake observed in control liposomes prepared
without mSR-BI-t1. The inhibitory effect is specific, because
the negative control BLT-1sc did not inhibit SR-BI activity
in the reconstituted system (Figure 3). Because thg IC
values for cells and liposomes were nearly identical, we
conclude that the molecular target of BLT-1 for SR-BI-

lipoprotein metabolism and is a potential target for the
prevention and treatment of cardiovascular disedage (
Unfortunately, identification of the molecular target(s) of
compounds identified in such screens remains problematic.
Previously, we have shown that the target of BLTs resides
in cells and is not in the HDL ligand3(). In the current
study we identified SR-BI in the context of a lipid environ-
ment as a molecular target of BLT-1, BLT-3, BLT-4, and
BLT-5 using an in vitro system of purified SR-BI reconsti-
tuted into liposomes and information derived from SAR
analysis of the most potent of these BLTSs, the thiosemicar-
bazone BLT-1.

We first used SAR analysis to characterize the features
of BLT-1 that contribute to its high (nanomolardfLpotency.
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BLT-1 comprises three distinct structural features: cyclo-
pentyl, linear alkyl, and thiosemicarbazone moieties. The
linear alkyl chain substantially contributes to the potency of
BLT-1, with an optimal chain length of6—8 carbons and
substantially reduced potency for shorter chains of reduced
lipophilicity. Indeed, there was a linear relationship between
the hydrophobicity (calculated partition coefficient between
octanol and water, cLogP) and logggE(negative slope) for
all 15 thiosemicarbazones tested (not shown), indicating that
hydrophobicity played a significant role in determining a
compound’s potency. For example, the addition of a rela-
tively hydrophilic oxygen in the middle of the alkyl chain
of BLT-1 (cLogP = 4.41) to form BLT-2 (cLogP= 2.88
was accompanied by an approximately 17-fold increase in
ICso (reduced potency). It is possible that the alkyl chain
facilitates interaction of BLT-1 with the plasma membrane,
increasing its effective concentration near the receptor, or
that it interacts with lipid binding sites on the receptor that
normally participate in the lipid transport process. The
cyclopentyl group has little influence on activity. The sulfur
in the thiosemicarbazone is essential for activity. Because
the isostructural semicarbazone derivative of BLT-1, called
BLT-1sc (sulfur replaced by oxygen, Figures 2 and 3), is
essentially completely inactive ($>20000-fold higher than
that of BLT-1) even though its hydrophobicity is almost
identical to that of BLT-1 (cLogP of 4.48 vs 4.41), it seems
unlikely that the principle mechanism by which BLT-1
inhibits SR-Bl-mediated lipid transport is its nonspecific
partition into membranes and consequent alteration of
membrane biophysical properties.

The precise mechanism by which the thiosemicarbazone
of BLT-1 mediates inhibition of SR-BI remains to be
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lipid uptake mediated by purified mSR-BI-t1 in liposomes
with a potency (IG) similar to that seen in intact cells. BLT-
1sc, the semicarbazone derivative inactive in intact cell
assays, was also inactive in the purified receptor lipid
transport assay. Thus, we conclude that SR-BI in the context
of a lipid environment is the molecular target of BLT-1, their
interaction resulting in inhibition of receptor-mediated selec-
tive lipid uptake in cells. It is noteworthy that in the initial
SAR studies reported here we were unable to identify a
derivative or variant of BLT-1 that exhibited substantially
greater potency than BLT-1 itself.

Three other blockers of SR-Bl-mediated lipid transport
identified by intact cell screenin@()—BLT-3, BLT-4, and
BLT-5 (Table 4)-were also shown to inhibit SR-BI-
mediated lipid uptake in reconstituted liposomes with poten-
cies similar to those in intact cells. Thus, even though we
have not conducted SAR analysis of these inhibitors to
generate corresponding negative control compounds, it seems
reasonable to conclude that SR-BI is also a molecular target
of these compounds in the context of a lipid environment.
In the case of BLT-4, this was somewhat unexpected. This
compound can inhibit, with essentially identical potencies,
cholesterol transport out of cells mediated by two distinct
surface transporters, SR-Bl and ABCA3). BLT-4 appears
to be a pan-ABC superfamily inhibitor (for example, it also
inhibits efflux of toxic substances fronstaphylococcus
aureusby the ABC pump NorA 79)). Similar to BLT-4,
another ABC superfamily inhibitor, glyburide (sometimes
called glybenclamide), can inhibit SR-Bl and ABCA1 with
low, but similar, potencies3(). It thus seemed likely that
these drugs would indirectly, perhaps through an unidentified

established. Thiosemicarbazone-based drugs are used foABC protein, rather than directly, inhibit SR-BI. The results

diverse molecular targets to treat a wide variety of unrelated
diseases and targets (e.g., tuberculo&§8—{1), tumor
proliferation (2—74), ribonucleotide reductasery, 76),
trypanosomal cystein proteas@g)). Mechanisms of actions
ascribed to thiosemicarbazone-based drugs include (a) che
lation of transition metals7@) (b) disulfide bond formation
(thiosemicarbazone’s sulfur and a sulfhydryl on the target)
(66), and (c) covalent bond formation (nucleophilic attack
of the target on the thiocarbonyl carbon of the thiosemicar-
bazone) 77). Each of these may contribute to BLT-1's high
potency, because BLT-1 derivatives that cannot participate
in such interactions were significantly less potent than BLT-
1. Regardless of the detailed role of the thiosemicarbazone,
BLT-1 and many of its derivatives inhibited SR-Bl-mediated
lipid uptake with Hill coefficients that were very close to
unity, indicating that inhibitor cooperativity did not contribute
to the activity of these compounds. Additional studies will
be required to establish the mechanism of BLT-1 inhibition.
Nevertheless, identification of BLT-1sc as an inactive,
isostructural, semicarbazone derivative of BLT-1 permitted
us to use it as a negative control in studies designed to
identify the molecular target of BLT-1.

In previous studies we established that a C-terminally

reported here suggest that SR-BI is a molecular target of
BLT-4 and this direct interaction is likely to account for
some, if not all, of the inhibition of SR-BI selective uptake
activity in cells by BLT-4.

" In summary, we identified SR-BI in the context of a lipid
environment as a direct molecular target of BLTs in studies
aided by SAR analysis of BLT-1. The results of the SAR
analysis can be used in the future to direct the synthesis of
BLT-1 derivatives (and semicarbazone inactive controls) for
additional structure/function analysis of SR-BI. For example,
covalently cross-linkable derivatives of BLT-1 might be used
to help map the binding site(s) of BLT-1 on SR-BI and
identify amino acid residues or regions in the protein
important for the activity of the receptor. Identification of
such sites, together with ongoing mutational analysis of SR-
Bl and biophysical studies, may help elucidate the distinctive,
but as yet very poorly defined, mechanism by which SR-BI
mediates lipid transport between HDL and cells. Also, it is
possible that BLT-1 or other BLTs may be adapted for in
vivo studies of the role of SR-BI in HDL metabolisr8(,

81), especially in species in which genetic modification of
SR-BI activity (e.g., loss or gain of function) is difficult or

epitope-tagged variant of murine SR-BI, mSR-BI-t1, could impossible (rabbit, rat, dog, nonhuman primate). Such studies
be purified to homogeneity, could be reconstituted into could significantly contribute to our understanding of the in
phosphatidylcholine/cholesterol liposomes, and could mediatevivo function of SR-BI and possible help direct future
the binding of HDL and selective uptake of its lipids with development of pharmaceuticals that target SR-BI and its
an affinity similar to that of SR-BI in intact cellsig, 57). role in atherosclerosis, cardiovascular disease, and female
In this study we showed that BLT-1 can inhibit selective infertility (1).
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