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ABSTRACT. Squalene synthetase (SQS) catalyzes the head-to-head condensation of two molecules of farnesyl 
pyrophosphate (FPP) to form squalene. The reaction is unique when compared with those of other FPP-utilizing 
enzymes, and proceeds in two distinct steps, both of which involve carbocationic reaction intermediates. In this 
report, we describe the mechanism of action of, and structure-activity relationships within, a series of substituted 
diethylaminoethoxystilbenes that mimic these reaction intermediates, through characterization of the biochemi- 
cal properties of 3-(4-chlorophenyl)-2-(4-diethylaminoethoxyphenyl)-A-pentenonitrile monohydrogen citrate 
(P-3622) and related analogs. As a representative member of this series, P-3622 inhibited SQS reversibly and 

competitively with respect to FPP (K, = 0.7 PM), inhibited the enzymatic first half-reaction to the same extent 
as the overall reaction, exhibited a 300-fold specificity for SQS inhibition relative to protein famesyltransferase 

inhibition, inhibited cholesterol synthesis in rat primary hepatocytes (I+, = 0.8 PM), in cultured human cells 
(Hep-G2, CaCo-2, and IM-9; ICKY = 0.2, 1.2, and 1.0 PM), and in chow-fed hamsters (62% at 100 mg/kg) 

without accumulation of post-squalene sterol precursors, and reduced plasma cholesterol in experimental ani- 

mals. Structure-activity relationships among 72 related analogs suggest that the phenyl residues and central 
trans-olefin of the stilbene moiety serve as mimics of the three isoprene units of the donor FPP, that substitutions 
across the central olefin and Pam-substitutions on the terminal phenyl residue mimic the branching methyl 
groups of the donor FPP, and that the diethylaminoethoxy moiety of these molecules mimics the various 
carbocations that develop in the Cl-C3 region of the acceptor FPP during reaction. Members of this series of 
reversible, competitive, first half-reaction SQS inhibitors that show a high degree of specificity for SQS inhi- 
bition relative to inhibition of other FPP-utilizing enzymes and other cholesterol synthesis pathway enzymes may 
serve as useful tools for probing the unique catalytic mechanisms of this important enzyme. RIOCHEM PHAR- 
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SQSt (farnesyl diphosphate: farnesyl diphosphate farnesyl- 

transferase; EC 2.5.1.21) catalyzes the head-to-head con- 

densation of two molecules of FPP to form squalene [l-4]. 
The reaction is unique when compared with those of other 

FPP-utilizing enzymes [l, 51, and proceeds in two distinct 
steps, both of which involve the formation of carbocationic 
reaction intermediates [l-4, 6-121. In the first half- 
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reaction, two molecules of FPP react to form the stable 
cyclopropylcarbinyl diphosphate intermediate PSQPP 
[l--4], with concomitant release of a proton and a molecule 
of PP, [l-4], through a mechanism in which the C2-C3 
double bond of one FPP molecule serves as the prenyl ac- 
ceptor for the farnesyl residue of the other [l-4]. In the 
second half-reaction, thought to occur at a second catalytic 
site within the enzyme active center [l, 11, 13-151, PSQPP 
undergoes heterolysis, isomerization, and reduction with 
NADPH to form squalene [l-4]. Translocation of PSQPP 
to the second reaction center occurs without its release 
from the enzyme [14, 151. 

Since FPP is situated at the final branch-point in the 
isoprenoid biosynthetic pathway [16-l 81, its conversion to 
squalene through the action of SQS represents both the 
first committed step in the formation of cholesterol and 
related sterols [16, 171 and the point of transition from 
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hydrophilic to hydrophobic pathway intermediates [ 181, 
and therefore is thought to represent a major control point 
of sterol and isoprenoid biosynthesis in eukaryotes [5, 19, 
201. Conversion of FPP to squalene thus represents an ideal 
site for selectively inhibiting sterol formation without in- 

terfering with the production of key nonsterol polyisopren- 
oids such as dolichol, ubiquinone, and prenylated proteins 
that play important roles in the regulation of cellular 

growth and metabolism [16, 17, 21-231. Inhibitors that in- 
terfere with various aspects of the reactions catalyzed by 

SQS not only could serve to further our understanding of 

the unique reaction mechanisms catalyzed by this enzyme, 
but also could serve to further our understanding of the 

regulatory mechanisms controlling mevalonate metabolism 
and the differential utilization of FPP by the various pren- 
yltransferases catalyzing key reactions in this pathway. 

In this regard, various studies using either FPP analogs as 
alternative substrates [3, 4, 24-261, or reaction inhibitors 

that act either as ground-state FPP [27-341 or PSQPP mim- 
ics [4, 131, or mimics of the putative carbocationic inter- 

mediates of either the first or second half-reactions [l, 
7-12, 351, have been designed to probe the substrate bind- 

ing sites, reaction centers, and catalytic mechanisms of the 
two half-reactions catalyzed by SQS. Based on these and 

other studies, plausible reaction mechanisms for the con- 
version of FPP to PSQPP and for the conversion of PSQPP 

to squalene have been advanced [l-3, 6, 11, 141. In this 
regard, it has been postulated that the SQS catalytic ma- 
chinery consists of two non-identical FPP binding sites with 

different substrate [3, 4, 24, 261 and inhibitor [33] binding 
affinities, one site that binds FPP in a conformation that 
facilitates its heterolytic cleavage to yield an allylic carbo- 

cation that acts as a famesyl donor, and one site that binds 

FPP in an orientation that facilitates insertion of the de- 
veloping carbocation from the donor FPP into its C2-C3 

double bond to form PSQPP [l, 31. Such studies have also 
suggested that the two FPP molecules may bind sequen- 
tially, with the donor FPP binding first [14, 261, that the 

acceptor FPP binding site is able to accommodate a wider 
variation in the structure of FPP analogs than is the donor 
FPP binding site [3, 4, 241, and that FPP analogs may bind 
selectively to either FPP binding site [33]. Finally, studies 
with PSQPP mimics [13] and with carbocationic reaction 
intermediate mimics [l l] have suggested that the SQS first 
and second half-reactions are catalyzed by distinct reaction 
centers within the SQS active center that are either spa- 
tially overlapping or are nonoverlapping but are strongly 
interacting [l, 11, 13, 151. 

Use of inhibitors for evaluating the SQS reaction mecha- 
nism has led to identification of two distinct classes of SQS 
inhibitors. The first class is composed of polyanionic FPP 
and PSQPP mimetics whose multiple acidic groups serve as 
stable mimetics of the PP, functionalities of FPP and/or 
PSQPP, and whose hydrophobic side-chain moieties serve 
as mimetics of the farnesyl residues of these molecules. Rep- 
resentatives of this class of inhibitors include substituted 

and/or partially saturated farnesyl-based alternate substrates 
or inhibitors [3, 24-271, farnesyl-based bisphosphonates 

[33, 361, (phosphinylmethyl)phosphonates [28, 29, 32, 341, 
phosphinato(dialkylmethyl)phosphonates [3 11, meth- 
ylphosphonophosphates [ 131, phosphinylformates and ac- 
etates [28], and presqualene-based methylphosphonophos- 
phates [13]. In addition, diverse natural products have been 
identified that contain acidic cores that possess multiple 
carboxylate functions linked to one or two long chain hy- 

drophobic residues that mimic both PP, and famesyl moi- 

eties of FPP and/or PSQPP (e.g. the zaragozic acids (a.k.a. 

squalestatins; [37-421) and semi-synthetic analogs [4348], 
the grotonic acids [49-511, and others reported in the pat- 
ent literature [52a-c]. Structure-function studies have also 
indicated that inhibitory activity is maintained in certain 

mono- and dicarboxylate analogs of these natural products 
[44, 45, 47, 481, and reports of unrelated synthetic mono 

and dicarboxylate SQS inhibitors have appeared in the pat- 
ent literature [53a-c]. 

The second class of SQS inhibitors is composed of hy- 

drophobic cationic famesyl or difarnesyl mimetics that 
mimic carbocationic intermediates of either (or both) of 

the SQS-catalyzed half-reactions. Representatives of this 
class of inhibitors include farnesylamines [lo, 351, N- 

(alkylaryl)farnesylamines [lo], N,N-difarnesylamines [lo], 
amidinium analogs of NJ-difarnesylamine [35], ammo- 
nium [B, 9, 111, and sulfonium [7] analogs of PSQPP, 
phenoxypropylamines [54], phenylbenzyloxyquinucli- 

dines [42], and other hydrophobic amine-containing com- 
pounds that have appeared in the patent literature [55a<]. 
Many of these compounds demonstrate significantly im- 
proved activity when presented to the enzyme active center 

as an inhibitor/PP, ion pair [7-l 1, 351, suggesting that the 

SQS-catalyzed reactions proceed through carbocation- 
diphosphate ion pairs in which the developing carboca- 

tionic intermediates remain associated with released PP, 
anions [l, 31, an observation that has prompted evaluation 

of amphiphilic polyisoprenoid compounds containing both 
cationic ammonium functionalities and covalently linked 
methylphosphonophosphate moieties in close proximity [l, 
8, 11, 121. 

Studies using the famesyl-based anionic substrates and 
inhibitors described above have demonstrated a critical de- 
pendence of inhibitory or alternative substrate activity on 
the presence of the unsaturations in the famesyl chains 
[24-27,431, particularly that of the central isoprene unit of 
the farnesyl residue [25], an observation that is consistent 
with structure-activity relationships observed within the 
zaragozic acid series with respect to the terminal aryl ring of 
the C6 side-chain [43]. In this regard, Biller and co-workers 
[56] evaluated the utility of replacing the isoprene units of 
such farnesyl-containing anionic FPP and PSQPP mimetics 
with conformationally restricted aromatic isosteres, and 
found that while a variety of heterocyclic aromatic isoprene 
replacements were tolerated [56], the most potent aromatic 
isostere was the para-disubstituted phenyl replacement for 
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these isoprene units [56]. Biller and co-workers [32] also 
noted that insertion of an ether oxygen between the farne- 

syl residue and the (phosphinylmethyl)phosphonate residue 
of famesyl (phosphinylmethyl)phosphonate, as a hydrogen 
bond acceptor from a putative active site acid residue, 
markedly improved inhibitory potency over its carbon iso- 

stere. 
In exploring application of the above replacement theo- 

ries of Biller et al. [32, 561 to the farnesyl-based cationic 
SQS inhibitors, and with a consideration of the importance 

of the unsaturation in the central isoprene unit of all-trans- 
FPP to its utility as a substrate [25], we evaluated a series of 
substituted diethylaminoethoxystilbenes, previously shown 
to inhibit cholesterol synthesis and lower plasma choles- 
terol levels in experimental animals [57, 581, for their abil- 

ity to act as SQS inhibitors. We regarded these compounds 
as potential reaction intermediate mimetics based on a con- 
sideration that the terminal and diethylaminoethoxy- 

proximal phenyl residues and central tram-olefin of the 
stilbene moiety could serve as mimics of the three isoprene 

units of the farnesyl moiety of the donor FPP and that the 
diethylaminoethoxy moiety could serve as a mimic of the 
various cyclopropane carbocations that develop in the Cl- 
C3 region of the first isoprene unit of the acceptor FPP 

during the course of the SQS-catalyzed reaction. 
In this report, we describe the mechanism of action of, 

and the structure-activity relationships within, a series of 
substituted diethylaminoethoxystilbenes that mimic pro- 
posed cationic intermediates of the SQS-catalyzed reaction, 

through characterization of the biochemical properties of 

3-(4-chlorophenyl)-2-(4-diethylaminoethoxyphenyl)-A- 
pentenonitrile monohydrogen citrate, P-3622, and related 
analogs. 

MATERIALS AND METHODS 
Chemicaki 

Ascorbic acid, squalene, NADP’, glucose-6-phosphate, glu- 
cose-6-phosphate dehydrogenase, PMSF, trypsin, soybean 
trypsin inhibitor, collagenase, bovine serum albumin, insu- 

lin, ketoconazole, and EDTA were from the Sigma Chemi- 
cal Co. (St. Louis, MO). Dithiothreitol was from U.S. Bio- 

chemicals (Cleveland, OH). Ascorbate oxidase was from 
Boehringer Mannheim Biochemicals (Indianapolis, IN). 

[l-3H]Famesyl pyrophosphate ([3H]FPP; 22.5 Ci/mmol), 
R,S-[2-14C]mevalonolactone (54.1 mCi/mmol), sodium 
[2-14C]acetate (56 mCi/mmol), and Aquasol- were from 
New England Nuclear (Boston, MA). Ready-Safe was from 
Beckman Instruments (Fullerton, CA). MicroScint-20, sol- 
vent-resistant UniFilter GF/B glass fiber 96-well filter 
plates, and TopSeal-P solvent-resistant protective cover 
films were from the Packard Instrument Co. (Meriden, 
CT). Non-radiolabeled FPP was from either American Ra- 

diolabeled Chemicals Inc. (St. Louis, MO) or R. K. Keller 
(University of South Florida Research Foundation, Tampa, 
FL). NaF, MgCl,, ZnCl,, CaCl,, MgSO,, HCl, NaOH, 
K,PO,, KCl, KBr, Tris base, Tri-HCl, toluene, chloroform, 

ethyl acetate, petroleum ether, hexane, diethyl ether, acetic 

acid, glycerol and DMSO were from the Fisher Scientific 

Co. (Philadelphia, PA). Absolute EtOH was from Pharmco 
Products Inc. (Bayonne, NJ). Sodium pentobarbital was 
from The Butler Co. (Columbus, OH). Sterile saline was 

from Kendall-McGaw Laboratories (Irvine, CA). RPMI- 
1640, DMEM, DMEM/FlZ, L-glutamine, gentamicin, tryp- 

sin-EDTA solution, PBS, HBSS, and penicillin/strepto- 
mycin antibiotic solution were from GIBCO Laboratories 

(Grand Island, NY). HI-FBS for growth of IM-9 cells and 
HepeG cells was from Intergen (Purchase, NY). HI-FBS 
for growth of CaCo-2 cells and for maintenance of rat pri- 

mary hepatocytes was from HyClone Laboratories (Logan, 
UT). Silica gel TLC plates were from Eastman Kodak 
(Rochester, NY). BCA protein assay reagent was from 

Pierce (Rockford, IL). Zaragozic acid A was prepared from 
the unidentified fungal species (American Type Culture 

Collection No. 20986) previously described by Bergstrom et 
al. [41]. Recombinant H-ras was from Oncogene Sciences 

(Uniondale, NY). Hep-G2 cells, IM-9 cells, and CaCo-2 
cells were obtained from the American Type Culture Col- 
lection (Rockville, MD). 

Bufiers and Solutions 

PMED Buffer contained 50 mM K,PO, (pH 7.4), 5 mM 
MgCl,, 1.0 mM EDTA, and 5.0 mM dithiothreitol. TEDK 

Buffer contained 50 mM Tris (pH 7.5), 1.0 mM EDTA, 5.0 
mM dithiothreitol, and 70 mM KCl. TEDG Buffer con- 

tained 50 mM Tris (pH 7.5), 1.0 mM EDTA, 5.0 mM 

dithiothreitol, and 50% (v/v) glycerol. TEDK,,,, Buffer 
contained 50 mM Tris (pH 7.5), 1.0 mM EDTA, 5.0 mM 
dithiothreitol, and 1.0 M KCl. TrypsinlHC1 Solution con- 

tained 7.6 mg/mL trypsin in 1.0 mM HCl. Soybean Trypsin 
Inhibitor Solution contained 15.2 mg/mL soybean trypsin in- 
hibitor in 1.0 mM HCl. Rat Brain Homogenizaation Buffer 
contained 50 mM Tris-HCl (pH 7.5), 5 mM dithiothreitol, 

200 mM KCl, 20 FM ZnClz, and 1 mM PMSF. SQS Assay 
Buffer contained 50 mM K,PO, (pH 7.4) and 5 mM MgCl,. 

SQS Cofactor/Substrate Solution I was prepared in a quantity 
sufficient for 160 SQS activity determinations by adding 

4000 FL of double-strength SQS Assay Buffer, 2400 p,L of 
50 mM NaF, 800 PL of 200 U/mL glucose-6-phosphate 

dehydrogenase, 735 FL of deionized water, and 65 PL of 1 
mM [3H]FPP (sp. act. 252 dpm/pmol) to a lyophilized tube 
containing 2.52 mg NADP’ and 8.19 mg glucose-6- 
phosphate. SQS Cofactor/Substrate Solution II was prepared 
in a quantity sufficient for 160 SQS activity determinations 
by adding 2000 PL of double-strength SQS Assay Buffer, 
2000 p,L of double-strength SQS assay buffer containing 
125 U/mL ascorbate oxidase, 2400 p,L of 50 mM NaF, 800 
FL of 200 U/mL glucose-6-phosphate dehydrogenase, 500 
FL of 1.25 M sodium ascorbate, 235 p,L of deionized water, 
and 65 PL of 1 mM [3H]FPP (sp. act. 252 dpm/pmol) to a 
lyophilized tube containing 2.52 mg NADP’ and 8.19 mg 
glucose-6-phosphate. PFT Assay Buffer contained 50 mM 
Tris-HCl (pH 7.5), 5 mM dithiothreitol, and 20 PM 



842 H. J. Harwood Jr. et al. 

ZnCl,. PFT Cofactor/Substrate Solution was prepared in suf- 
ficient quantity for 80 PFT activity determinations by mix- 
ing 50 FL of 20 FM [3H]FPP (sp. act. 12,800 dpm/pmol), 
100 PL of 100 mM MgCl,, 400 FL of double-strength PFT 
Assay Buffer, and 250 FL of deionized water. Supplemented 
DMEM-A contained 10% HI-FBS, 2 mM L-glutamine, and 
40 Fg/mL gentamicin in DMEM. Supplemented DMEM-B 
contained 20% HI-FBS, 2 mM L-glutamine, and 40 kg/mL 
gentamicin in DMEM. Density I. 12.5 Saline Solution con- 
tained 335 g/L KB r in saline. Dialysis Buffer A contained 
0.24 mM EDTA (pH 7.4) and 150 mM NaCl. 

Preparation of Lipoprotein-Deficient Serum 

HI-FBS was adjusted to a density of 1.25 g/mL with solid 
KBr. Aliquots, 25 mL, of the density-adjusted serum were 
layered under 15 mL of Density 1.215 Saline Solution and 
centrifuged at 10” for 48 hr at 504,000 g. The upper frac- 
tion containing all the lipoproteins was removed and dis- 
carded. The lower fraction containing delipidated serum 
was dialyzed extensively against Dialysis Buffer A with a 
minimum of five buffer changes, each of 100 mL buffer/ml 
delipidated serum. After dialysis, the delipidated serum was 
adjusted with Buffer A to the original serum volume and 
filter-sterilized, and 5-mL aliquots were apportioned into 
50-mL sterile plastic tubes and stored frozen at -20”. 

@owth of Hep-S2 CeUs 

Hepatoma cells from the Hep-G2 cell line were seeded in 
T-75 flasks at a density of 2.0 x lo6 ceils/flask in 12 mL of 
Supplemented DMEM-A and were maintained in culture 
in a 37”, 5% CO, incubator for 7 days with medium 
changes on days 3 and 5.* At this time, cultures reached 
approximately 80-900/ o confluency (late-log phase) and 
maintained a >90% cell viability as judged by Trypan blue 
dye exclusion. Late-log phase cultures were passaged by 
removing the medium, rinsing the cells with 5 mL of tryp- 
sin-EDTA solution, and then adding 5 mL of fresh trypsin- 
EDTA solution to each flask. Following incubation for 2-5 
min at 37”, 5 mL of Supplemented DMEM-A was added, 
and the trypsin-released cells were transferred to a 15-mL 
conical plastic tissue culture tube, sedimented by centrifu- 
gation at 2000 g for 5 min at 4”, and resuspended in 12 mL 
of fresh Supplemented DMEM-A. 

@-owth of CaCo-2 Cells 

Colonic adenocarcinoma cells from the CaCo-2 cell line 
were seeded in T-75 flasks at a density of 5.0 x lo6 cells/ 
flask in 12 mL of Supplemented DMEM-B and were main- 
tained in culture in a 37”, 10% CO, incubator for 6 days 
with medium changes on days 2 and 4. At this time, cul- 
tures reached 80% confluency and maintained a >90% cell 

* Harwood HJ Jr and Pellarin LD, manuscript submitted for publication. 

viability (Trypan blue dye exclusion). Late-log phase cul- 
tures were passaged essentially as described above for Hep- 
G2 cells except that following addition of the second 5-mL 
aliquot of Trypsin-EDTA solution, incubation was for 5-10 
min at 37”, and after centrifugation, sedimented cells were 
resuspended in 12 mL of fresh Supplemented DMEM-B. 

@wth of IM-9 Cells 

Lymphoid cells from the IM-9 cell line were maintained in 
suspension culture at 37” in lOOO-mL spinner flasks con- 
taining 500 mL of RPMI-1640 medium supplemented with 
10% HI-FBS, 100 U/mL penicillin, and 100 p,g/mL strep- 
tomycin [59]. Every 3 days, resulting late-log phase cultures 
whose cell viability was >90% (Trypan blue dye exclusion) 
were separated into two equal portions. One portion was 
diluted to a concentration of 5 x lo5 cells/ml with fresh 
medium, and maintained at 37” for continuation of the 
culture. The second portion was utilized as described below. 

isolation of Primary Rat Hepatocytes 

Isolated, morphologically intact, rat hepatic parenchymal 
cells were obtained from anesthetized rats as follows. Livers 
were perfused in situ at 37” with oxygenated HBSS for 20 
min at a flow rate of 7.0 mL/min, followed by perfusion for 
15 min at 37” with HBSS containing 1 mg/mL collagenase 
and 2 mM CaCl,. After perfusion, cells were separated from 
debris by passage through cheesecloth, and then were 
washed extensively with DMEM containing 1% bovine se- 
rum albumin by repetitive cycles of resuspension and sedi- 
mentation by centrifugation at 2000 g for 5 min at 4”. 
Washed cells were filtered through a lOO-p,rn mesh screen 
and resuspended in DMEM/F12 containing 10% fetal bo- 
vine serum, 2 mM L-glutamine, 40 kg/mL gentamicin, and 
1 p,g/mL insulin. At least 90% of the final cell preparation 
consisted of intact parenchymal cells that excluded Trypan 

blue dye. 

Isolation of Hepatic Microsomes 

Hepatic microsomes were prepared as previously described 
[42, 601. Liver tissue from male Sprague-Dawley rats (ap- 
prox. 150 g), male CD1 mice (approx. 30 g), and male SEA 
(Susceptible to Experimental Atherosclerosis) quail (ap- 
prox. 100 g), administered food and water ad lib., was col- 
lected after sodium pentobarbital injection and immedi- 
ately rinsed in PBS. Human liver tissue from a brain dead 
organ donor, stored frozen in liquid N,, was thawed rapidly 
to room temperature and rinsed in PMED Buffer. Liver 
tissues were homogenized at 4” in PMED Buffer at a ratio of 
2 mL PMED Buffer/g liver, using 15 strokes of a Dounce 
tissue homogenizer. Homogenates were centrifuged at 
10,000 g for 20 min at 4”, and the resultant supernatants 
were centrifuged at 178,000 g for 90 min at 4”. For micro- 
somal preparations to be used for SQS measurement, mi- 
crosomal pellets were resuspended in 1.0 mL PMED 
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Buffer/g liver by 5 strokes of a Potter-Elvehjem pestle and 

stored frozen in liquid N,. There was no notable loss in 

SQS activity following 6 months of storage in liquid N,. 
Just prior to use, microsomal suspensions were thawed and 
diluted with PMED Buffer to a protein concentration of 1.0 

mg/mL. For microsomal preparations to be used for SQS 
solubilization, microsomes were isolated as described above 
using TEDK Buffer in place of PMED Buffer, and micro- 

somal pellets were stored frozen in liquid N, without resus- 

pension. 

Isolation of Hep-(j2 Cell Microsomes 

Hep-G2 cell microsomes were prepared as described for 
isolation of IM-9 cell microsomes [59] with the following 

modifications. Hep-G2 cells isolated from T-75 flasks as 

described above were sedimented by centrifugation at 2000 
g for 5 min at 4”, resuspended in 10 mL per flask of Supple- 

mented DMEM-A containing 0.33 mg/mL soybean trypsin 
inhibitor, transferred to 50-mL conical plastic centrifuge 
tubes, and resedimented. Resulting Hep-G2 cell pellets 
were resuspended in Supplemented DMEM-A, combined, 
and washed twice with Supplemented DMEM-A and once 
with PBS. The resulting cell pellet was frozen in liquid N, 
(for a minimum of 30 min), then rapidly thawed at 37” and 

homogenized in PMED buffer at a ratio of 1.0 mL/g of cells, 
first using 15 strokes of a ground glass pestle in a 2-mL 
Potter-Elvehjem tissue homogenizer and subsequently in a 

5-mL Potter-Elvehjem tissue homogenizer, using 5 strokes 
of a motor-driven teflon pestle. The homogenate was then 

centrifuged at 10,000 g for 15 min at 4”, and the resulting 
supernatant was centrifuged at 178,000 g for 60 min at 4”. 

The resulting microsomal pellet was resuspended in PMED 
Buffer at a ratio of 0.5 mL/g cells and stored frozen in liquid 
N,. Just prior to use, microsomal suspensions were thawed 
and diluted with PMED Briffer to a protein concentration 

of 1.0 mg/mL. 

Preparation of Trypsin-Solubilized Rat Liver SQS 

SQS was solubilized by limited trypsinolysis [42]. A 10-g 
aliquot of rat hepatic microsomes, isolated and frozen in 

liquid N, as described above, was thawed slowly at room 
temperature, and then homogenized in 7.4 mL of TEDG 
Buffer with 3 strokes of a Potter-Elvehjem tissue homog 

enizer using a motor-driven teflon pestle. To the resulting 
homogenate was added 357 p-L of Trypsin/HCl Solution. 
After rehomogenization, the mixture was incubated for 60 
min at room temperature with an additional homogeniza- 
tion midway through incubation. After incubation, 889 p.L 
of Soybean Trypsin Inhibitor/HCl solution was added to 
the homogenate to terminate the proteolysis reaction, and, 
after rehomogenization, the volume was adjusted to 50 mL 
with TEDK,,,, Buffer and the diluted homogenate was 

centrifuged at 178,000 g for 60 min at 4”. The resulting 
supernatant (solubilized SQS) was then stored frozen in 
liquid N, in 5-mL aliquots. 

Isolation of Rat Brain Cytosol 

Rat brain cytosol was prepared as previously described [60]. 
Brain tissue from seven, 150-200 g male Sprague-Dawley 
rats was collected after sodium pentobarbital injection and 

immediately homogenized in 14 mL of 4” Rat Brain Ho- 
mogenization Buffer, using 15 strokes of a Dounce tissue 
homogenizer. Homogenates were centrifuged at 178,000 g 

for 90 min at 4”, and the supematants (cytosol) were re- 
moved and stored frozen in 2-mL aliquots in liquid N,. 

There was no notable loss in enzyme activity following 3 
months of storage in liquid N,. Just prior to use, microsomal 
suspensions were thawed and diluted with PFT Assay Buffer 
to a protein concentration of 3.0 mg/mL. 

Measurement of SQS Activity 

SQS activity was evaluated by measuring the conversion of 
[3H]FPP to [3H]squalene under anaerobic conditions [42, 

601 to prevent conversion of nascent squalene to squalene 
epoxide. In the majority of studies, anaerobic conditions 

were achieved through deoxygenation of reagents by repeti- 
tive cycles of evacuation and reaeration with nitrogen and 
by maintenance of reaction mixtures in a nitrogen atmo- 

sphere during incubation [60]. However, in some studies, 
anaerobic conditions were achieved by inclusion of an 
ascorbate/ascorbate oxidase oxygen consumption system 

[421. 
For studies in which anaerobic conditions were achieved 

through mechanical deoxygenation, immediately prior to 

measurement, all reagent solutions were subjected to three, 

5- to IO-min cycles of evacuation and re-equilibration to 
atmospheric pressure with nitrogen. SQS activity was then 

measured as follows. To a 50-p,L mixture containing 3.0 FL 
of deoxygenated DMSO + effector compounds and 47 p,L 
of deoxygenated SQS Cofactor/Substrate Solution I were 

added 25 p-L of a deoxygenated 1.0 mg/mL suspension of 
hepatic microsomes in PMED Buffer [final assay concentra- 
tions: 48 mM K,PO, (pH 7.4), 4.8 mM MgCl,, 0.33 mM 
EDTA, 1.67 mM dithiothreitol, 258 FM NADP’, 2.1 mM 

glucose-6-phosphate, 0.94 U glucose-6-phosphate dehydro- 
genase, 9.4 mM NaF, 4% DMSO, 5.1 p,M [3H]FPP (sp. act. 

253 dpm/pmol), 0.33 mg/mL microsomal protein, and the 
indicated concentrations of effector compounds]. Enzyme 
blanks received 25 p,L of deoxygenated PMED Buffer in 

place of deoxygenated hepatic microsomal suspension. Af- 
ter completing all additions, reaction vessels were flushed 
with nitrogen and capped, and the contents were mixed by 
gentle vortexing. After incubation at 37” for 30 min, en- 
zymatic reactions were terminated by the addition of 40 p,L 
of 10 M NaOH, followed sequentially by the addition of 40 
p,L of absolute EtOH and 10 p,L of 2 mg/mL squalene in 
chloroform. Reaction mixtures were then capped, vortexed, 
and saponified for 90 min at 37”. After saponification, mix- 

tures were mixed vigorously, 25+L aliquots were applied to 
1.2 x 10 cm channels of a silica gel TLC, and newly formed 
squalene was separated from unreacted substrate by chro- 
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matography in toluene:EtOAc::9:1. The region of each 
chromatogram from 2 cm below the squalene band (visu- 

alized with iodine vapors; I$ = 0.74) to the top of the 

chromatogram was removed, immersed in Aquasol- liquid 
scintillation fluid, and assessed for radioactivity using a 

Beckman LS6500 liquid scintillation counter. 
For studies in which anaerobic conditions were achieved 

by inclusion of an ascorbate/ascorbate oxidase oxygen con- 
sumption system, SQS activity was measured as described 
above except that mechanical deoxygenation of reagent 
solutions and maintenance of reaction mixtures in a nitro- 

gen atmosphere were omitted, and the 47 ~1 addition of 

deoxygenated SQS Cofactor/Substrate Solution I was re- 
placed by 47 PL of SQS Cofactor/Substrate Solution II 
(final assay concentrations in addition to those listed 

above: 50 mM sodium ascorbate and 1.5 U ascorbate oxi- 
dase). 

Under either assay variation, squalene production from 
radiolabeled FPP was a linear function both of the duration 
of incubation at 37”, for a minimum of 120 min, and of the 
concentration of microsomal protein present during incu- 
bation, up to 100 p,g microsomal protein. In addition, little 
or no farnesol (I$ = 0.23) was formed as the result of FPP 

dephosphorylation and no further metabolism of newly- 
formed squalene to downstream intermediates of the cho- 

lesterolgenesis pathway (e.g. cholesterol Rf = 0.15; lanos- 
terol Rr = 0.28) was noted. SQS activity is expressed as 

picomoles of squalene formed from FPP per minute of in- 
cubation at 37” per milligram of microsomal (or solubilized 

microsomal) protein, based on the stoichiometry of the 
reaction whereby 2 moles of 13H]FPP react to form 1 mole 
of [3H]squalene and half of the radiolabel is lost from the 

C-l position of the prenylated [3H]FPP due to l-pro-S hy- 
drogen release. Variations in SQS activity measured using 
either version of this procedure averaged 3-5%. 

Measurement of the SQS First Half~Reaction 

The first half-reaction catalyzed by SQS, in which 2 mol- 
ecules of [1-3H]FPP react to form [3H]PSQPP with con- 
comitant release of a proton from the C-l position of the 

prenylating FPP molecule, was evaluated by measuring the 
rate of proton release through equilibration of the expelled 
tritium with the primary hydroxyl of a fixed volume of 
added MeOH and then isolation of the methanol by distil- 
lation and quantitation of the specific activity of the dis- 
tilled MeOH [15]. The initial steps of the proton release 
reaction were conducted exactly as described above for 
measurement of the overall reaction (either version) except 

that the volumes of all reagent additions were doubled (fi- 
nal assay volume 150 p,L), and reactions were terminated 
by the addition of 80 FL of 10 M NaOH. A volume of 20 
p,L of water was added to each mixture to bring the total 
volume to 250 p,L, and mixtures were transferred to 12-mL 
conical glass-stoppered centrifuge tubes and washed three 
times, each with 2.0 mL of petroleum ether. Residual sol- 
vent was removed from the remaining aqueous phases with 

a gentle stream of nitrogen; then 2 mL of anhydrous MeOH 
was added to each aqueous phase. Tubes were capped and 
samples were incubated for 30 min at 50” with gentle shak- 

ing. After incubation, samples were cooled to room tem- 

perature, 425 mg of anhydrous (oven-dried at 120” for 3 hr) 
MgSO, was added to each sample, and the resulting mix- 
tures were sealed and stored at room temperature overnight. 
Mixtures were then vortexed to break up the resulting 
caked precipitates and centrifuged briefly in a desk-top cen- 
trifuge to facilitate separation. Resulting supernatant frac- 
tions were transferred to lo-mL round bottom flasks and 

approximately 0.7 to 1.0 mL of MeOH was distilled (dis- 
tillation temperature 60-62”) using a microdistillation ap- 

paratus (Lab Glass Cat. No. ML-905A). Aliquots, 0.5 mL, 
of each distillate were mixed with 15 mL of Aquasol- 

liquid scintillation fluid and assessed for radioactivity using 
a Beckman LS6500 liquid scintillation counter. The rate of 
proton release is expressed as picomoles released per minute 
of incubation at 37” per milligram of microsomal protein 
based on the relationship whereby dpm tritium released is 
equal to 6.25 times the dpm contained in the assessed 0.5 
mL of MeOH for the sample and MeOH volumes utilized in 

these studies, as outlined by Agnew [15]. 
Using this configuration, both the overall SQS catalyzed 

reaction, and the SQS first half-reaction can be assessed 
simultaneously by tripling the volumes of all reagent addi- 

tions described above for measurement of the overall reac- 
tion (final assay volume 225 p,L), terminating reactions by 

the addition of 120 ~.LL of 10 M NaOH, and then appor- 
tioning 115 p,L of terminated reaction mixtures to 500sp.L 
microfuge tubes for overall reaction assessment, and pro- 
cessing the remaining 230 p,L of each reaction mixture for 

proton release measurement as outlined above. Under these 
conditions, in the absence of inhibitor, the rate of proton 
release averaged 120 * 5 pmol/min/mg rat liver microsomal 
protein (SD; N = 6) and was approximately equal to the 

rate of squalene formation of 144 + 17 pmol/min/mg (SD; 
N = 8). 

Measurement of PFT Activity 

PFT activity was evaluated by measuring the covalent in- 
corporation of the famesyl moiety of [3H]FPP into H-ras as 
previously described [60]. Briefly, to either 0.3 p,L DMSO 
(control incubations) or 0.3 p,L of DMSO containing ef- 
fector compounds were added 10 FL of PFT Cofactor Sub- 
strate Solution, and then 5 FL of a 20 p,M solution of H-ras 
in PFT Assay Buffer. Reactions were initiated by the addi- 

tion of 9.7 p,L of a 3 mg/mL solution of rat brain cytosol 
[final assay concentrations: 0.5 p,M [3H]FPP (sp. act. 12770 
dpm/pmol), 5 mM MgCl,, 20 FM ZnCl,, 4 p,M H-ras, 50 
mM Tris-HCl (pH = 7.5), 5 mM dithiothreitol, 20 mM 
KCl, 1.2% DMSO, 30 Fg (1.2 mg/mL) rat brain cytosolic 
protein]. Enzyme blanks received 10 FL of PFT Assay 
Buffer in place of rat brain cytosol, whereas endogenous 
cytosolic protein famesylation blanks received 5 FL of PFT 
Assay Buffer in place of H-ras solution addition. After a 
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60-min incubation at 37”, reactions were terminated by the 

addition of 200 FL of 10% (v/v) concentrated HCl in ab- 

solute EtOH. After an additional 15-min incubation at 37”, 
to allow protein precipitation and FPP hydrolysis to occur, 
300 FL absolute EtOH was added to each sample, and then 
the entire sample was applied to a filtration well of a Pack- 
ard UniFilter GF/B 96 -well plate under gentle (house) 

vacuum using a Millipore Millititer Vacuum Filtration ap- 
paratus. After complete sample addition, each well was 

washed with 500 ~J,L volumes of absolute EtOH and allowed 
to dry. The bottom of the UniFilter GF/B plate was then 

sealed, 50 FL MicroScint-20 liquid scintillation fluid was 
added to each well, and the plate was heat-sealed with 

TopSeal-P, using a Packard MicroMate 496 Microplate 
Heat Sealer, and then counted in a Packard Top-Count 

Microplate Scintillation Counter. PFT activity is expressed 
as picomoles H-ras farnesylated per minute of incubation at 
37” per milligram of cytosolic protein. 

Measurement of Cholesterol Synthesis in Cultured Cells 

The rate of cholesterol formation in primary rat hepato- 

cytes and in cultured Hep-G2, IM-9 and CaCo-2 cells was 
assessed by measuring incorporation of [2-14C]acetate into 

nonsaponifiable lipids as outlined below. For measurement 

of cholesterol synthesis in Hep-G2 cells, cells isolated as 
described above were seeded in 24-well tissue culture plates 
at a density of 1.2 x lo5 cells/well and maintained in cul- 

ture in 1.0 mL of Supplemented DMEM-A for 7 days at 37” 
in a 5% CO, atmosphere with medium changes on days 3 
and 5. On day 8, at a time when cultures reached approxi- 

mately SO-90% confluency (late-log phase) and main- 
tained a >90% cell viability (Trypan blue dye exclusion), 
the medium was removed and replaced with fresh Supple- 

mented DMEM-A containing 1% DMSO ?r effector com- 

pounds. For measurement of cholesterol synthesis in 
CaCo-2 cells, cells isolated as described above were seeded 

in 24-well tissue culture plates at a density of 1 x lo5 
cells/well and maintained in culture in 1.0 mL of Supple- 
mented DMEM-B for 6 days at 37” in a 10% CO, atmo- 
sphere with medium changes on days 2 and 4. On day 6, 

at a time when cultures reached 80% confluency (late-log 
phase) and maintained >90% cell viability, the medium 
was removed and replaced with 1.0 mL of fresh Sup- 
plemented DMEM-B that contained 20% lipoprotein- 

deficient HI-FBS in place of 20% HI-FBS. After 18 hr of 
incubation in this medium to maximize rates of cholesterol 
synthesis, the medium was removed and replaced with 1.0 

mL of fresh medium containing 0.4% DMSO f effector 
compounds. For measurement of cholesterol synthesis in 
IM-9 cells, cells isolated as described above were appor- 
tioned in 2.5-mL aliquots to 12 x 75 mm plastic culture 
tubes, sedimented at 2000 g for 5 min, and resuspended to 
a density of 2.5 x lo6 cells/ml with 1.0 mL of RPMI-1640 
medium containing 10% HI-FBS, 100 U/mL penicillin, 100 
pg/mL streptomycin, and 0.4% DMSO + effector com- 
pounds. For measurement of cholesterol synthesis in pri- 

mary rat hepatocytes, hepatocytes prepared as described 
above, were plated in 6-well culture plates at a density of 5 

x 10’ cells/well in 1.0 mL DMEM/FlZ containing 10% 

HI-FBS, 2 mM L-glutamine, 40 kg/mL gentamicin, and 1 
pg/mL insulin, and incubated for 3 hr at 37” in a 5% 
CO, atmosphere to allow cell attachment. The medium 
was then removed, 1.0 mL of fresh DMEM/FlZ containing 

10% lipoprotein-deficient fetal bovine serum, 2 mM L- 

glutamine, 40 kg/mL gentamicin, and 1 kg/mL insulin was 

added, and cells were incubated for an additional 24 hr at 
37” in a 5% CO, atmosphere. After incubation in this 

medium to maximize rates of cholesterol synthesis, the me- 

dium was removed and replaced with 1.0 mL of fresh me- 
dium containing 1% DMSO + effector compounds. 

Immediately following the addition of the respective me- 
dium containing DMSO f effector compounds, 25 p,L of 
medium containing 4 I.&i of [2-14C]acetate was added to 
each well or culture tube. Plates were then sealed with 

parafilm, culture tubes were capped, to avoid evaporation, 
and cells were incubated at 37” for 6 hr with gentle shaking. 

After incubation, samples were saponified by the addition 
of 1 mL of 5 N KOH in MeOH, followed first by incubation 

for 2 hr at 70” and then by overnight incubation at room 
temperature. Following saponification, mixtures were trans- 

ferred to glass conical tubes and extracted three times with 
4.5 mL hexane. The pooled organic fractions were dried 

under nitrogen, resuspended in 25 PL chloroform, and ap- 
plied to 1 x 20 cm channels of Silica Gel 60C TLC plates. 
Channels containing non-radioactive cholesterol, lanoster- 
01, and squalene were included on selected TLC plates as 

separation markers. TLC plates were developed in hex- 
ane:diethyl ether:acetic acid (70:30:2), air dried, and as- 
sessed for radioactive nonsaponified lipids by analysis using 

a Berthold Linear Radioactivity Analyzer that reports peak 
location and integrated peak area. A reduction of total 

radioactivity incorporated into post-squalene cholesterol 

synthesis intermediates is indicative of inhibition in the 
isoprene portion of the cholesterol synthesis pathway (ac- 

etate to squalene). Disproportionation of sterols among 
post-squalene cholesterol synthesis intermediates is indica- 
tive of inhibition in the sterol portion of the pathway 

(squalene to cholesterol). Cholesterol synthesis from 
[2-14C]acetate is expressed as dpm incorporated into either 
post-squalene cholesterolgenic intermediates or into cho- 
lesterol during the 6-hr incubation at 37”. 

Measurement of Cholesterol 
Synthesis in Chow-Fed Hamsters 

Hepatic incorporation of radiolabeled mevalonate into 
cholesterol in hamsters was measured as previously de- 
scribed for hepatic incorporation of radiolabeled acetate 
into cholesterol in rats [61] with the following modifica- 
tions. Male golden Syrian hamsters weighing approximately 
150 g were given food and water ad lib., and administered 
a l.O-mL i.p. injection of either water (control animals) or 
water containing the indicated concentration of effector 
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compounds. One hour following compound administration, 
animals received an i.p. injection of 0.5 mL of R,S-[2- 
“C]mevalonolactone (2 pCi/mL; 54.1 mCi/mmol) per 150 
g of body weight. Two hours after administration of the 
radiolabeled mevalonolactone, animals were euthanized by 
pentobarbital injection and two, l-g liver pieces were re- 
moved. Tissue samples were saponified at 70” for 120 min 
in 2.5 mL of 2.5 M NaOH, then 5 mL of absolute EtOH was 
added to each sample, and the solutions were mixed. Pe- 
troleum ether (10 mL) was added to each sample, and the 
mixtures were first shaken vigorously for 2 min and then 
centrifuged at 2000 g in a bench-top Sorvall for 10 min. 
The resultant petroleum ether layers were removed, and 
3.0-mL aliquots were mixed with Ready-Safe liquid scintil- 
lation fluid and assessed for radioactivity as a measure of 
total nonsaponifiable lipid synthesis (approximately 66% of 
which results from cholesterol and post-squalene cholester- 
olgenic intermediates; [62]) using a Beckman LS6500. To 
determine the formation of cholesterol relative to other 
post-squalene cholesterolgenic intermediates, an additional 
5.0-mL aliquot of each petroleum ether extract was dried 
under nitrogen, resuspended in 25 PL chloroform, applied 
to 1 x 20 cm channels of Silica Gel 60C TLC plates, 
developed in hexane:diethyl ether:acetic acid (70:30:2), 
and visualized for radioactive nonsaponified lipids using a 
Berthold Linear Radioactivity Analyzer as described above. 
Cholesterolgenesis from mevalonate is expressed as either 
dpm radiolabeled mevalonate incorporated into nonsaponi- 
fiable lipids per gram liver (based on direct counting of 
petroleum ether extract) or dpm radiolabeled mevalonate 
incorporated into cholesterol per gram liver (based on TLC 
separation of cholesterol from other post-squalene interme- 
diates of the cholesterolgenic pathway) during the 2-hr in- 
terval between radiolabeled mevalonate injection and pen- 
tobarbital administration. 

Measurement of Protein Concentration 

Protein concentration was measured using BCA (bicincho- 
ninic acid) Protein Assay Reagent and bovine serum albu- 
min as standard. 

RESULTS 
Similarities Between Substituted 
Diethylaminoethoxystilbenes and Proposed Cationic 
Intermediates of the SQS-Catalyzed Reaction 

As shown in Fig. 1,4-(diethylaminoethoxy)stilbene bears a 
close resemblance to proposed cationic intermediates for 
the SQS-catalyzed reaction (e.g. the terminal and diethyl- 
aminoethoxy-proximal phenyl residues and central trans- 
olefin of the stilbene moiety mimic the three isoprene units 
of the donor FPP and the diethylaminoethoxy moiety mim- 
ics the various cyclopropane carbocations that develop in 
the Cl-C3 region of the first isoprene unit of the acceptor 
FPP after condensation). Substitutions across the central 
double bond of the stilbene moiety as well as para- 

4-(diethyltino- 
ethoxy)stilbene 

Proposed 

transition-state 

intermediate 

FIG. 1. Structures of 4.( B-dietbylaminoetboxy)stilbene and 
proposed carbocationic intermediates of the SQS-catalyzed 
reaction. 

substitutions on the terminal phenyl moiety and substitu- 
tions meta to the central olefin on the diethylaminoethoxy- 
proximal phenyl moiety could potentially mimic the three 
branching methyl groups of the farnesyl residue of the do- 
nor FPP molecule. Interaction of these molecules with the 
SQS active center as ion pairs with P, from solution serving 
as PP, counter ion replacements could allow these mol- 
ecules to function both as first half-reaction intermediate 
mimetics, with Pi from solution serving as replacements for 
both the attached PP, from the acceptor FPP and the re- 
leased PP, from the donor FPP, as well as second half- 
reaction intermediate mimetics, with Pi from solution serv- 
ing as replacements for released PP, molecules. Indeed, 
when evaluated using IX,,, FPP concentrations (5.1 FM; 
[42]) in buffer containing 50 mM Pi, diethylaminoethoxy- 
stilbene inhibited rat liver microsomal SQS with an ICKY of 
6 FM. 

Inhibition of SQS by P-3622 

Of the substituted diethylaminoethoxystilbenes evaluat- 
ed for SQS inhibitory activity (see below), 3-(4-chloro- 
phenyl)-2-(4-diethylaminoethoxyphenyl)-A~pentenoni- 
trile monohydrogen citrate (P-3622; Fig. 2, inset) was 
among the most potent, exhibiting an ICKY for inhibition of 
rat liver microsomal SQS in the presence of 5.1 PM FPP 
and 50 mM Pi of 0.75 + 0.2 PM (SD; N = 4) (Fig. 2), and 
was thus the subject of further mechanistic characteriza- 
tion. P-3622 also inhibited SQS in microsomes from a va- 
riety of sources including rat, mouse, SEA quail, and human 
liver, and Hep-G2 cells, exhibiting lcso values that were 
similar for all species evaluated (Table 1). 
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FIG. 2. Concentration-depen- 
dent inhibition of rat liver mi- 
crosomal SQS activity by 
P-3622. Rat liver microsomes 
(25 pg microsomal protein, 
142 pmol/min/mg) were incuV 
bated in a closed reaction ves- 
se1 under anaerobic condi- 
tions as described in Materials 
and Methods for 30 min at 
37” in a final volume of 75 pL 
of PMED buffer containing 
5.1 pM [3H]FPP (sp. act. 253 
dpmlpmol), 258 pM NADP’, 
2.1 mM glucose*6-phosphate, 
0.95 U glucose+6+phosphate 
dehydrogenase, 9.4 mM NaF, 
4% DMSO, and the indicated 
concentrations of P-3622. 
Following incubation, squa- 
lene production was assessed 
and SQS activity calculated as 
described in Materials and 
Methods. Shown is the activ- 
ity of SQS as a function of 
P-3622 concentration. Inset: 
the structure of P-3622. 
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P-3622 also inhibited rat liver SQS that had been solu- 
bilized from the microsomal membrane by limited tryp- 
sinolysis, exhibiting an 1~5~ for inhibition of the solubilized 
enzyme that was comparable to that noted for inhibition of 
the microsomal enzyme (Table l), indicating that inhibi- 
tion of SQS by P-3622 was a consequence of direct inter- 
ference with the SQS catalytic machinery rather than a 
consequence of membrane modification leading to reduced 
enzyme specific activity. 

In the presence of added PP, (10 mM), the inhibitory 
activity of P-3622-related analogs evaluated was increased 
by less than 2-fold over inhibition in its absence, suggesting 
that P, from solution can serve as a PP, replacement counter 
ion in generating inhibitor-p, ion pairs in the enzyme ac- 
tive center, but that PP, is a more efficient counter ion, an 
observation consistent with previous observations noted for 
various ammonium ion and sulfonium ion reaction inter- 
mediate mimetics [7-11, 351. 

P-3622 concentration (nM) 

TABLE 1. Concentration-dependent inhibition of SQS activ- 
ity by P-3622 

Species/enzyme source 
Control SQS activity IC50 

(pmol/min/mg) (PM) 

Rat liver microsomes 130 zk 10 4 
Rat liver solubilized SQS 239f 11 10 
Human liver microsomes 173 + 15 11 
Hep-G2 cell microsomes 196 rt 13 11 
Mouse liver microsomes 19+ 2 3 
SEA quail liver microsomes 124f 2 0.5 

Rat, mouse, SEA quail, and human liver microsomes, Hep-GZ cell microsomes. and 

a preparation of trypsin-solubilized rat hver microsomes (25 yg microsomal proten; 

specific activities as indicated + SD N = 3) were mcubated in a closed reaction vessel 

under anaerobic conditions as described in Materials and Methods for 30 mm at 37” 

in a fmal volume of 75 JLL of PMED buffer contaming 20.4 FM [3H]FPP (sp. act. 264 

dpm/pmol), 258 PM NADP’, 2.1 mM glucosee6-phosphate, 0.95 U glucose-6- 

phosphate dehydrogenase. 9.4 mM NaF, 4% DMSO. and concentrations of P-3622 

rangrng between 0.03 and 30 PM, at half-log mtewals. Following Incubation, squa- 

lene prcductlon was assessed, and the concentration of P-3622 required to inhlbn 

SQS by 50% was calculated as descrkbed in Materials and Methods. 
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Reversible, Competitive Inhibition of SQS by P-3622 

In the presence of 5.1 FM FPP and 50 mM Pi, inhibition of 
rat liver SQS was log linear between 0.1 and 10 p,M (Fig. 
2). Within this concentration range, P-3622 inhibited SQS 
competitively with respect to the substrate FPP (Fig. 3), 
exhibiting a Ki of 0.7 PM (Fig. 3, inset). SQS inhibition by 
P-3622 was reversible, as judged by the intersection at the 
origin of a series of lines generated for various inhibitor 
concentrations in plots of remaining enzymatic activity ver- 
sus enzyme concentration (Fig. 4), and also by the lack of 
effect of enzyme concentration or 37” incubation duration 
on enzyme inhibition (data not shown), as previously 
shown for the reversible biphenylquinuclidine SQS inhibi- 
tor, 3-(4-phenyl)benzyloxy-1-azabicyclo[2.2.2]octane, CP- 
210172 [42]. By contrast, irreversible inactivation of SQS 
by zaragozic acid A is characterized by inhibition that is 
both enzyme concentration dependent and dependent 
upon duration of incubation at 37” [42] and also by inter- 
section of such lines at various points on the x-axis whose 
distance along the x-axis is proportional to the amount of 
enzyme titrated by the irreversible inactivator ([42]; Fig. 4, 
inset). 

First Half-Reaction Inhibition of SQS by P-3622 

Consistent with its action as a competitive inhibitor with 
respect to the first half-reaction substrate FPP (Fig. 3), and 
its proposed mimicry of both the farnesyl moiety of the 
donor FPP and the carbocation formed in the first isoprene 

0.2 

FIG. 3. Competitive inhibition 
of SQS activity by P-3622 with 
respect to FIT. Rat liver micro- 
somes (25 pg microsomal pro- 
tein, 199 pmolhnin/mg) were 
incubated in a closed reaction 
vessel under anaerobic condi- 
tions as described in Materials 
and Methods for 30 min at 37” 
in a hal volume of 75 pL of 
PMED buffer containing either 

0 liM (01, 2.5 PM (A), 5 w 
( n ), or 10 pM (0) P-3622,4% 
DMSO, the indicated concene 
trations of [3H]FPP (sp. act. 
253 dpmlpmol), and the re- 
maining SQS cofactors as de- 
scribed in Materials and Methe 
ods. Following incubation, 
squalene production was as- 
sessed and SQS activity calcu~ 
lated as described in Materials 
and Methods. Data are the av- 
erages of duplicate determina- 
tions of SQS activity and are 
expressed as reciprocal SQS ac- 
tivity as a function of recipro- 
cal FPP concentration. Inset: 
Secondary plot of slope as a 
function of I?*3622 concentra- 
tion. 

unit of the acceptor FPP following condensation (see 
above), P-3622 inhibited the SQS-catalyzed first half- 
reaction to the same extent as it inhibited the overall re- 
action leading to squalene production (Fig. 5). In the ab- 
sence of inhibitor, proton release from the Cl position of 
the donor FPP, which is a measure of PSQPP formation in 
the enzymatic first half-reaction [15], closely paralleled 
squalene production, which is a measure of both the for- 
mation of PSQPP from FPP and also its reduction to squa- 
lene (Fig. 5, left). When evaluated in the presence of 
P-3622, proton release was inhibited concentration depen- 
dently exhibiting log-linear inhibition between 0.1 and 10 
p,M (Fig. 5, right). Inhibition of proton release paralleled 
inhibition of squalene formation measured in the same re- 
action vessel (Fig. 5, right), with inhibition of both exhib- 
iting identical ICKY values (Fig. 5, right). That no additional 
inhibition of the second half-reaction by P-3622 was noted 
(independent inhibition of both half-reactions would result in 
greater inhibition of the overall reaction relative to the enzy 
matic first half-reaction) suggests that inhibition of the first 
half-reaction is sufficient to inhibit the overall reaction and 
that PSQPP formed in the first half-reaction cannot be pre- 
vented, by P-3622, from continuing its conversion to squa- 
lene, an observation consistent with previous findings that 
both half-reactions occur at catalytic sites within the enzyme 
active center that are either spatially overlapping or highly 
interactive [l, 11, 13, 151. P-3622 is thus not able to interact 
only with the second half-reaction center without at the same 
time interacting with the first half-reaction center. 
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FIG. 4. Reversible inhibition 
of SQS activity by P-3622. 
Aliquots of a preparation of 
trypsin-solubilized rat liver 
SQS (5 mg/mL; 47 pmol/min/ 
mg) containing the indicated 
amounts of protein were in- 
cubated for 30 min at 37” in a 
final volume of 75 pL of 
PMED buffer containing 4% 
DMSO, either 0 pM (a), 10 
pM (A), or 100 PM (0) 
P-3622, or 0 nM (A), 1 nM 
(A), 5 nM (0), or 10 nM (0) 
zaragozic acid A (inset), 20.4 
pM [3H]FPP (sp. act. 380 
dpm/pmol), and the remain 
ing SQS cofactors as de- 
scribed in Materials and 
Methods. Following incuba- 
tion, squalene production was 
assessed and SQS activity cab 
culated as described in Mate+ 
rials and Methods. Shown is 
the activity of SQS as a func- 
tion of solubilized microsomal 
protein concentration in the 
presence or absence of vari- 
ous concentrations of either 
P-3622 or the irreversible in- 
activator zaragozic acid A (in- 
set). 

Zaragozic acid A 
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50 

Specificity of P-3622 for SQS 
Inhibition Versus PFT Inhibition 

The ability of the stilbene moiety of P-3622 to function as 
a farnesyl mimic, together with the competitive nature of 
the inhibition by P-3622 with respect to the substrate FPP 
and its enzymatic first half-reaction inhibition, suggested 
that P-3622 and related analogs might also inhibit other 
FPP-utilizing enzymes such as the protein prenyltransferases 
[23, 60, 63, 641 and the cis and tram prenyltransferases 
involved in dolichol and ubiquinone production [23, 65- 
68]. However, the protein prenylation reactions [63,64,69] 
and the l’-4 head-to-tail prenylation reactions of dolichol 
and ubiquinone synthesis [65-681 undergo mechanisms of 
catalysis that are distinct from the l’-2,3 head-to-head con- 
densation reaction catalyzed by SQS [14, 141. In addition, 
P-3622 and related analogs also possess the diethylamino- 
ethoxy moiety and accompanying positive charge that 
mimics the cyclopropylcarbocation moiety that develops 
within the second farnesyl residue following condensation 
that has no parallel in either the l’-4 head-to-tail prenyla- 
tion reaction mechanisms or the protein prenylation reac- 
tion mechanisms. Thus, similar inhibition of SQS and 
these prenyltransferases would suggest an FPP mimetic ac- 

tion of P-3622 and related analogs, whereas specificity for 
SQS relative to these prenyltransferases would substantiate 
the suggestion that the cationic nature of P-3622 together 
with its mimicry of both the farnesyl residue of the donor 
FPP and cyclopropylcarbocation that develops within the 
first isoprene of the acceptor FPP following condensation 
allows P-3622 and related analogs to act as reaction inter- 
mediate mimetics of the SQS-catalyzed reaction. 

As shown in Fig. 6, P-3622 did inhibit PFT activity, as 
assessed by measuring incorporation of farnesyl residues 
from FPP into the prenylatable substrate, H-ras. Using rat 
brain cytosol as the source of PET, and in the presence of 
saturating concentrations of H-ras (4 FM; [60]) and K,,, 
concentrations of FPP (0.5 p_M; [60]), incorporation of ra- 
diolabeled farnesyl residues into H-ras was inhibited con- 
centration dependently by P-3622 with an IC,, of 150 p,M 
(Fig. 6). However, in studies comparing SQS inhibitory 
activity with PFT inhibitory activity, in which both en- 
zymes were evaluated at their respective K,,, FPP concen- 
trations, to eliminate potential differences in the degree of 
inhibition induced by P-3622 and related analogs as a result 
of differing degrees of saturation of the enzymes with FPP, 
P-3622 inhibited SQS with an ICKY of 0.5 FM (Fig. 6), and 
inhibited PFT with an lcso of 150 PM (Fig. 6), indicating 
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FIG. 5. Inhibition of the SQS+catalyzed first half-reaction by P-3622. Rat liver microsomes [75 pg microsomal protein (right 
panel) or as indicated (left panel); 180 pmoI/min/mg] were incubated for 30 min at 37” in a final volume of 225 pL PMED 
buffer containing 20.4 JIM [3H]FPP (sp. act. 270 dpm/pmol), 258 m NADP+, 2.1 mM glucose-i-phosphate, 0.95 U glucose- 
g-phosphate dehydrogenase, 9.4 mM NaF, 50 mM sodium ascorbate, 1.5 U ascorbate oxidase, 4% DMSO, and the indicated 
concentrations of P-3622. Following incubation, reactions were terminated by addition of 120 pL of 10 M NaOH. ALiquots of 
115 pL of the terminated reaction mixtures were apportioned to 500.pL microfuge tubes for assessment of squalene formation 
(overall reaction) as described in Materials and Methods. The remaining 230 pL of each reaction mixture was diluted to 250 
pL by the addition of 20 pL water and assessed for tritium release (fkst half-reaction) by equilibration of the released tritium 
with the primary hydroxyl of MeOH, and subsequent isolation of the resulting radiolabeled MeOH by distillation as described 
in Materials and Methods. Shown are the first half-reaction and overall reaction activities of SQS expressed as picomoles 
tritium released (first halfereaction) and pmol squalene formed (overall reaction) from [ 1 -3H]FPP per minute of incubation at 
37” as a function of rat liver microsomal protein concentration (left panel) and as a function of P-3622 concentration (right 
panel). 

an approximately 300-fold specificity for SQS inhibition 
versus PFT inhibition. 

In similar experiments, two related analogs, 3-phenyl-2- 
(4-diethylaminoethoxyphenyl)-acrylonitrile, P-2294, and 
4-(B-diethylaminoethoxy)stilbene, P-2042, also showed a 
high degree of specificity for SQS inhibition relative to PFT 
inhibition, with P-2042 exhibiting an approximately 100s 
fold specificity (SQS IC~~ = 5 PM; PFT IC,, = 500 PM) and 
P-2294 exhibiting a greater than lOOO-fold specificity (SQS 
lC5() = 0.8 PM; PI? I+, > 1000 PM). Thus, the high degree 
of specificity for SQS inhibition relative to PFT inhibition 
within the series of substituted diethylaminoethoxystil- 
benes, together with their donor famesyl and condensation 
product carbocation mimicry, is consistent with their role 
as SQS reaction intermediate mimetics, and suggests a high 
degree of specificity for SQS inhibition relative to other 
FPP utilizing enzymes such as those involved in dolichol 
and ubiquinone production. 

Inhibition of Cholesterolgenesis 
in Primary Rat Hepatocytesand and in 
Cultured Human Liver, Intestinal and 
Hemopoietic Cells Through SQS Inhibition by P-3622 

As a consequence of SQS inhibition, P-3622 inhibited cho- 
lesterol synthesis in a variety of human cell lines including 

Hep-G2 cells, CaCo-2 cells, and IM-9 cells, and in primary 

rat hepatocytes, exhibiting I+, values for inhibition of cho- 
lesterol formation from [14C]acetate that closely parallel 
inhibitory activity against both the rat and human liver 
enzymes (Fig. 7). Inhibition of cholesterol synthesis that 
paralleled intrinsic potency against the isolated microsomal 

enzyme was also noted for a variety of related analogs of 

P-3622 (see below). 
In all cell lines evaluated, cholesterol synthesis inhibi- 

tion of up to 90% by P-3622 and related analogs evaluated 
occurred without corresponding accumulation of post- 
squalene cholesterol precursors, indicating that all inhibi- 
tion of cholesterol synthesis occurred prior to the formation 
of squalene. As shown in Fig. 8, as a representative ex- 
ample, inhibition of cholesterol synthesis in near-confluent 
Hep-G2 cells by an U+ concentration of P-3622 inhibited 

cholesterolgenesis from [14C]acetate by 75% relative to unp 
treated cells (Fig. 8, left panels) without inducing accumu- 
lation of post-squalene cholesterolgenic intermediates (Fig. 
8, left panels). The approximately 30 count peaks corre- 
sponding to lanosterol (Rf = 0.34), squalene dioxide (Rf = 
0.42), and squalene oxide (Rf = 0.65) were present on the 
chromatograms of both the control (Fig. 8, top left) and 
P-3622-treated (Fig. 8, bottom left) cells but are only ob- 
servable on the P-3622 chromatogram as a consequence of 
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FIG. 6. Specificity of P-3622 
for SQS inhibition relative to 
PET inhibition. For assessing 
SQS inhibition by P-3622, 25 
pg of rat liver microsomal 
protein was incubated in a 
closed vessel under anaerobic 
conditions as described in Ma- 
terials and Methods for 30 
min at 37” in a final volume of 
75 pL of deoxygenated PMED 
Buffer containing 5.1 pM 
[3H]FPP (sp. act. 253 dpml 
pmol), 258 pM NADP’, 2.1 
mM glucose-6ephosphate, 
0.94 U glucose-6ephosphate 
dehydrogenase, 9.4 mM NaF, 
and 4% DMSO * the indi- 
cated concentrations of 
P-3622. Following incuba- 
tion, squalene production was 
assessed and SQS activity cab 
culated as described in Mate- 
rials and Methods. For assess- 
ing PFT inhibition by P-3622, 
30.5 pg of rat brain cytosolic 
protein was incubated for 30 
min at 3 7” in a final volume of 
25 pL of PFT Assay Buffer 
containing 0.5 pM [3H]FPP 
(sp. act. 12,770 dpmlpmol), 5 
mM MgCl,, 4 JIM H-ras, 20 
mM KCl, and 1.2% DMSO * 
the indicated concentrations 
of P-3622. After incubation, 
FPP incorporated into H-ras 
was assessed, and PET active 
ity was calculated as de- 
scribed in Materials and 
Methods. Shown are the per- 
centages of control SQS (0) 
and PFT (0) activities as a 
function of P-3622 concen- 
tration. Control SQS activity 
averaged 142 * 21 pmol FPP 
incorporated into squalene 
per min per mg microsomal 
protein (SD; N = 3). Control 
PET activity averaged 0.31 * 
0.20 pmol FBP incorporated 
into Heras per mm per mg cy- 
tosolic protein (SD; N = 4). 

scale expansion. Inhibition of post-squalene cholesterol- 
genie enzymes by P-3622 would have resulted in an accu- 
mulation of cholesterol precursors corresponding to path- 
way intermediates prior to the site of pathway inhibition 
equal to the amount of cholesterol not formed as a result of 
the blockade. For example, an ICKY concentration of keto- 
conazole, a lanosterol 14ol-demethylase inhibitor [70], in- 
hibited cholesterolgenesis from [14C]acetate by approxi- 
mately 85% relative to untreated cells (Fig. 8, right panels) 
and induced a concomitant accumulation of lanosterol that 
was equal to the amount of cholesterol not formed as a 
consequence of its lanosterol 14ol-demethylase inhibition, 

P-3622 concentration (JAM) 

such that the total amount of sterol formation was unal- 
tered (Fig. 8, right panels). Similar results were also noted 
for the oxidosqualene cyclase inhibitor, UK- 124,617, ex- 
cept that squalene oxide and squalene dioxide accumulated 
rather than lanosterol (data not shown). 

In addition, since P-3622 and related analogs do not 
induce compensatory increases in HMG-CoA reductase ac- 
tivity at concentrations that inhibit cholesterol synthesis by 
up to 95% (see below), it is unlikely that P-3622 and re- 
lated analogs significantly inhibit any steps involved in the 
formation of FPP. Thus, cholesterol synthesis inhibition by 
P-3622 and related analogs is a consequence of inhibition 
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FIG. 7. Inhibition of cholesterol biosynthesis in primary rat hepatocytes and in cultured HepeG2, CaCoe2 and IMd9 cells. 
Hep-G2 cehs, CaCo-2 cells, IM-9 cells, and rat primary hepatocytes, seeded and maintained in culture as described in Materials 
and Methods, were administered 1.0 mL of their respective fresh medium containing either 1% DMSO (HepeG cells, rat 
hepatocytes) or 0.4% DMSO (IMe cells, CaCoe2 cells) + the indicated concentrations of Pa3622. Immediately following 
addition of the respective medium containing DMSO t effector compounds, 25 pL of the respective medium containing 4 pCi 
of [2-14C]acetate was added to each well or culture tube. Plates were then sealed with pan&&n, culture tubes were capped, and 
cells were incubated at 37” for 6 hr with gentle shaking. After incubation, samples were sapontied, the nonsaponifrable Lipids 
were extracted with hexane and separated by silica gel TLC, and the cholesterol and cholesterol precursor peaks were 
quantitated using a Berthold Linear Radioactivity Analyzer as described in Materials and Methods. Shown is the radiolabeled 
acetate incorporated into cholesterol by HepsG2 cells (top left}, IMe cells (bottom bft), primary rat hepatocytes (top right), 
and CaCoe2 cells (bottom right) during the 6.hr incubation as a function of Pe3622 concentration. 

of SQS alone, rather than of inhibition of SQS together 
with concomitant inhibition at additional pre-FPP or post- 
squalene sites along the cholesterol synthetic pathway. 

The high degree of specificity for inhibition of SQS rela- 
tive to other enzymes in the cholesterol synthesis pathway 
may be, in part, a consequence of the ability of P-3622 and 
related analogs to mimic carbocationic intermediates of the 

SQS-catalyzed reaction in addition to resembling a polyi- 
soprenoid. In this regard, it is noteworthy that at increased 
concentrations of P-3622 between 1 and 5 p,M (i.e. those 
that induce greater than 90% inhibition of cholesterol syn- 
thesis in cultured cells), P-3622 begins to show secondary 
inhibition at the site of oxidosqualene cyclase, as evidenced 
by a modest accumulation of squalene oxide and squalene 
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FIG. 8. Inhibition of cholesterol synthesis in Hep-G2 cells by P-3622 without concomitant accumulation of post-squalene 
cholesterol precursors. Hep-G2 cells, seeded and maintained in culture as described in Materials and Methods, were admin- 
istered 1.0 mL of fresh medium containing either 1% DMSO (control incubations; top panels), 1% DMSO plus 0.3 pM P-3622 
(bottom left), or 1% DMSO plus 1 pM ketoconazole (bottom right). Immediately following the addition of medium containing 
either DMSO or DMSO plus effector compounds, 25 pL of medium containing 4 pCi of [2-14C]acetate was added to each well, 
and plates were sealed with para& and incubated at 37” for 6 hr with gentle shaking. After incubation, samples were 
saponified, the nonsaponifiable lipids were extracted with hexane and separated by silica gel TLC, and the cholesterol and 
cholesterol precursor peaks were quantitated using a Berthold Linear Radioactivity Analyzer as described in Materials and 
Methods. Shown are the radioactivity tracings from the Berthold Linear Radioactivity Analyzer for control cells (top left) and 
cells exposed to 0.3 pM P-3622 (bottom left) and for control cells (top right) and cells exposed to a 1 JIM concentration of the 
lanosterol 14a+demethylase inhibitor, ketoconazole (bottom right). Radiolabeled acetate incorporated into specific nonsa- 
ponifiable lipids is expressed as counts per pixel (y-axis graduations are 100th of the height of the largest peak of the 
chromatogram) as a function of distance from the bottom of the chromatogram. The location of arrows indicating migration 
of cholesterol (R, = 0.27), lanosterol (Rf = 0.34), and squalene (R, = 0.88) were determined from parallel lanes of the 
chromatogram containing non-radioactive cholesterol, lanosterol, and squalene, visualized with iodine vapors. The location of 
arrows indicating migration of squalene oxide (R, = 0.65) and squalene dioxide (4 = 0.42) were determined from the location 
of radiolabeled cholesterol precursor peaks accumulating in response to incubation of Hep-G2 cells with the squalene epoxide 
cyclase inhibitor UK-124,617. 

dioxide (approximately 100 counts over background rela- 
tive to 100 counts remaining in cholesterol from an initial 
1200 counts; see Fig. 8, left panels for reference), an enzyme 
whose catalytic mechanism also proceeds through carboca- 
tionic reaction intermediates [7 11. 

Inhibition of Cholesterol 
Synthesis in Hamsters by P-3622 

Consistent with inhibition of cholesterol synthesis in cul- 
tured cells without accumulation of post-squalene choles- 

terol precursors, P-3622, P-2294, and P-2042 also inhibited 
cholesterol synthesis from [‘4C]mevalonate in chow-fed 
hamsters following either a single oral dose [P-2042; 33% (P 
= 0.031) inhibition at 100 mg/kg] or following a single i.p. 
injection (P-3622 and P-2294; 62 and 76% inhibition at 
100 mg/kg; Table 2). Nonsaponifiable lipid synthesis (ste- 
rols + polyprenols + prenoic acids) was also reduced by both 
P-3622 and P-2294 (Table 2), but to a lesser extent than 

cholesterol synthesis as a consequence of the presence of 
polyprenols and prenoic acids in the fraction (only approxi- 
mately 66% of nonsaponifiable lipids in this fraction are 
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TABLE 2. Inhibition of hepatic cholesterol biosynthesis in hamsters 

Treatment 
(i.p. injection) 

[ “C]Mevalonate Integrated cholesterol 
incorporation into peak from linear 

nonsaponifiable lipids Percent radioactivity analyzer Percent 
(dpmlhrlg liver) inhibition (counts) inhibition 

Control 12,600 & 4,890* 1,820 f 630* 
20 mg/kg Ketoconazole 13,900 ? 4,550 (NS) -10 1,390 + 530 24 
100 mg/kg P-3622 7,970 & 3,140 (P = .013) 37 690 + 340 62 
100 mg/kg P-2294 7,250 + 3,800 (P = .006) 43 430 * 110 76 

Twenty-four male golden Syrian hamsters weighing approximately 150 g and housed in groups of six animals each were given food and water 

ad lib., and administered a I.O-mL i.p. inJection of either water (control animals) or water containing the indicated concentration of effector 

compounds. One hour following compound administration, animals received an i.p. inlection of 0.5 mL of R,S-[2-‘4C]mevalonolactone (2 

wCi/mL; 54.1 mCi/mmol) per 150 g of body weight. Two hours after administration of the radiolabeled mevalonolactone, animals were 

euthanhed by pentobarbital injection and two l-g bver pxces were removed. Trssue samples were saponified and the nonsaponifiable lipids 

extracted with 10 mL of petroleum ether as described in Materials and Methods. Aliquots, 3.0 mL, of each petroleum ether extract wew 

mixed with Ready-Safe liquid scintillation fluid and assessed for radioactivity as a measwe of total nonsaponlfiable lipid synthesis as 

described in Materials and Methods. An additional 5.0-mL aliquot of each petroleum ether extract was dried under nitrogen, resuspended 

in 25 ILL chloroform, applied to 1 x 20 cm channels of Silica Gel 60C TLC plates, developed in hexane:diethyl etheracetic acid (70:30:2), 

and assessed for radioactive cholesterol and other nonsaponifiable lipids by analysis using a Berthold Linear Radioactiwty Analyzer as 

described Materials and Methods. 

* Values ate means 9 SD, N = 6. 

sterols; [62]). That nonsaponifiable lipid synthesis was re- 
duced in a proportion consistent with the reduction in cho- 
lesterol synthesis (Table 2) is consistent with inhibition of 
cholesterol synthesis through SQS inhibition alone, since 
inhibition of cholesterol formation at a site subsequent to 
squalene formation would result in accumulation of choles- 
terol precursors that would also appear in the nonsaponifi- 
able lipid fraction and mask reductions in cholesterol syn- 
thesis in that fraction. For example, administration of an 
ED,, dose of ketoconazole (20 mg/kg) by i.p. injection re- 
sulted in a 24% inhibition of cholesterol synthesis in this 
study with no reduction in nonsaponifiable lipid production 
(Table 2). 

Indeed, the 72% reduction in cholesterolgenesis follow- 
ing P-3622 administration as estimated from peak height 
following TLC and radioactivity assessment via a linear 
radioactivity analyzer was not accompanied by correspond- 
ing increases in the levels of any post-squalene cholesterol 
precursors (Fig. 9), whereas the 64% inhibition of choles- 
terolgenesis by ketoconazole was accompanied by a corre- 
sponding accumulation of lanosterol such that the sums of 
the lanosterol plus cholesterol peaks in the control and 
ketoconazole-treated animals were the same. These obser- 
vations, together with those in cultured cells, indicate that 
P-3622 and related analogs evaluated inhibit cholesterol 
synthesis through inhibition of SQS activity without any 
significant additional effects on other enzymes in the path- 
way. 

Structure-Activity Relationships within the 
Diethylaminoethoxystiilbene Series of SQS Inhibitors 

P-3622 can thus be characterized as a reversible, competi- 
tive, first half-reaction SQS inhibitor that shows a high 
degree of specificity for SQS inhibition relative to inhibi- 
tion of other FPP-utilizing enzymes as well as relative to 

inhibition of other enzymes in the cholesterolgenic path- 
way, and inhibits cholesterol synthesis due to its action as 

an SQS inhibitor in both cultured human cells and in ex- 
perimental animals. 

In examining structure-activity relationships within this 

series of SQS inhibitors, 72 analogs of P-3622 were evalu- 
ated for their ability to inhibit rat liver SQS in vitro using a 

saturating FPP concentration of 20.4 PM and an analog 
concentration of 100 PM. Under these conditions P-3622, 
P-2294, and P-2042 exhibited 1~5~ values of 5.6 f 1.4 p,M 
(SD; N = 4), 5.5 FM, and 25 PM, respectively, relative to 
0.75 f 0.2 PM (SD; N = 4), 0.8 FM, and 6 FM, respec- 
tively, using a K,,, FPP concentration of 5.1 FM. Analogs 
showing greater than 25% SQS inhibition under these con- 
ditions were subjected to lcso determination using 5.1 FM 
FPP, and those analogs showing ICKY values of less than 15 
FM were evaluated for their ability to inhibit cholesterol 
synthesis from [14C]acetate in Hep-G2 cells. The SQS in- 
hibition noted at 100 p,M inhibitor concentration using 
20.4 p,M FPP, lcso values for SQS inhibition determined 
using 5.1 p,M FPP, and ICKY values for cholesterolgenesis 

inhibition in Hep-G2 cells for the analogs evaluated are 
listed in Tables 3-5, together with the plasma cholesterol 
reductions previously reported in rats [57] following 6 days 
of oral administration at 40 mg/kg/day. 

As shown in Table 3, modifications at either the Rl or 
R2 position, or both, of the central olefin of the diethyl- 
aminoethoxystilbene moiety had only modest effects on 
inhibitory activity (e.g. 1 vs 4 vs. 17 vs 38-40), presumably 
due to the presence of a pocket in the enzyme active center 
that accommodates the branching methyl of the central 
isoprene unit of the donor FPP. Substitutions in the R2 
position generally lead to greater inhibitory activity than 
substitutions in the RI position (e.g. 4 vs. 17; 40 vs 17; 42 
vs 18), an observation that is also consistent with a space 
in the enzyme active center that accommodates this methyl 
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FIG. 9. Inhibition of choles- 
terol synthesis in hamsters by 
P.3622 without concomitant 
accumulation of posGsqua- 
lene cholesterol precursors. 
Shown are radioactivity traca 
ings from the Berthold Linear 
Radioactivity Analyzer of the 
TLC separation of extracted 
nonsaponifiable lipids for rep* 
resentative animals from the 
control group (top), the 100 
mglkg J?#3622etreated group 
(center), and the 20 mglkg 
ketoconazole.treated group 
(bottom) of hamsters from 
the experiment outlined in 
Table 2. Radiolabeled mevae 
lonate incorporated into spe. 
cific nonsaponifiable lipids is 
expressed in terms of counts 
per pixel (y.axis graduations 
are l/lOth of the height of the 
largest peak of the chromatod 
gram) as a function of dis- 
tance from the bottom of 
the chromatogram. The locaa 
tion of arrows indicating mi. 
gration of cholesterol, lanos~ 
terol, squalene, and squalene 
oxide were determined as out- 
lined in the legend to Fig. 8. 

1 I 

1 i 
1 I 

Control 

-1 I 

I 

-1 I 

I 

i 

I 

I 

I 

I 
I 

I 

I 

I 
I 

I 
I 

3 I 
a 

I 

I 

I 
I 

I 

I 

Q ’ i6 1 I 1~ 

i I 
1 I 

I 

I 

I 

100 mglkg P-3622 ) 

I 

I 

I 

I 

I 

I 

/ 

I 

/ 

1 I ’ 
i2 ’ ’ 

1 

20 mg/kg Ketoconazole j 

I 

I 

I 

i 

/ 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

0 i 
cf’r’te 

/ , I 

i2 ’ ’ rb ’ 53 

Distance From Bottom of Chromatogram (cm) 

group. However, reductions in inhibitory activity were 
noted with all but the most modest substitutions at the R3 
position in the terminal phenyl residue of the stilbene moi- 
ety (e.g. 4 vs 11-15; 39, 41 vs 45), suggestive of a more 
highly restrictive pocket in the enzyme active center that 
accommodates the branching methyl of the terminal iso- 
prene unit of the donor FPP. Additions at the R3 position, 
however, appeared to be better tolerated when concomitant 

with Rl rather than R2 substitutions, suggesting that mol- 
ecules with Rl substitutions may reside within the enzyme 
active center in a slightly different orientation than those 
with R2 substitutions, possibly due to steric interference 
with amino acid side-chain residues that interact with in- 
hibitors on the Rl face of the stilbene moiety, allowing for 
greater flexibility in R3 substitutions when the inhibitor is 
in this orientation. 
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In addition, restricting the mobility of the N-ethyl 
groups, through cyclization, had in most cases only minimal 
effects on inhibitor activity (Table 4), and cyclizations 
around the central olefin of the diethylaminoethoxy moiety 
that included either of the phenyl rings were tolerated, with 
in most cases only modest reductions in inhibitory activity 
(Table 5), suggesting that additional conformational re- 
strictions around the central olefin of the stilbene moiety 
through cyclization is either of minimal or of little conse- 
quence until the size of the group becomes considerable 
(e.g. 58). 

A high correlation between SQS inhibition at 100 p,M 
using 20.4 p,M FPP and ICKY values determined at 5.1 p,M 
FPP was noted (R2 = 0.86) as anticipated, as well as a 
reasonable correlation between intrinsic inhibitory activity 
and inhibition of cholesterol synthesis in HepeG cells (R2 
= 0.43), considering that only a small subset of compounds 
evaluated for intrinsic activity (those with ICKY values ~15 
p,M) were evaluated for their ability to inhibit cholesterol 
synthesis in Hep-G2 cells and that absolute differences of 
both intrinsic activity and cholesterolgenesis inhibition 
within this subset were relatively small. The decrease in 
plasma cholesterol levels in rats administered analogs for 6 

days at 40 mglkgkd a was also highly correlated with intrin- y 
sic SQS inhibitory activity (R2 = 0.53), considering that 
differences in pharmacokinetic properties among members 

of this series of SQS inhibitors undoubtedly existed and 
played contributing roles in the degree of cholesterol low- 
ering observed that were independent of the intrinsic po- 
tency of the inhibitors. 

DISCUSSION 

In this report we have evaluated the mechanism of action 
of, and structure-activity relationships within, a series of 
substituted diethylaminoethoxystilbenes that resemble car- 
bocationic intermediates of the SQS-catalyzed half- 
reactions, such that the terminal and diethylaminoethoxy 
proximal phenyl residues and central trans-olefin of the 
stilbene moiety mimic the three isoprene units of the far- 
nesyl moiety of the donor FPP and the cationic diethylami- 
noethoxy moiety of these molecules mimics the various 
carbocations that develop in the Cl-C3 region of the first 
isoprene unit of the acceptor FPP during the course of the 
SQS-catalyzed reaction. Based on a detailed mechanistic 
evaluation of 3-(4-chlorophenyl)-2-(4-diethylamino- 
ethoxyphenyl)A-pentenonitrile monohydrogen citrate (P- 
3622), a representative member of this series, this series can 
be characterized as that of reversible, competitive, first half- 
reaction SQS inhibitors that show a high degree of speci- 
ficity for SQS inhibition relative to inhibition of other 
FPP-utilizing enzymes as well as relative to inhibition of 

TABLE 4. Structure-activity relationships among members of the diethylaminoethoxystene series of SQS inhibitors 

Compound 
No. Rl R2 R3 

Cholesterol synthesis Plasma cholesterol 
SQS inhibition inhibition lowering 

(rat liver microsomes) (HepG2 cells) (6-day rat)$ 
(% at 100 a)* IC,, (PWt IC,cl (PM (% at 40 mgkg) 

4: 
48 -H -H 

49 

50 

51 -H -CN 

17 -CN -H 

52 -CN -H 

-H -H 
-H -H 

-H -H 

-H -H 

-NE& 
-CH,N(Et), 

n 
-N_NEt 

-NzO 

-N 3 
-N 3 
-NW 

n 
-N_NEt 

79 + 5(4)4 
52 

cl0 

23 

44 

54 6 0.6 - 

52 12 - 33 

<lo 18 

6 0.4 57 
15 -11 22 

cl00 0 

- - 

12 3.0 

* Measurement conducted using 20.4 pM FPP. 

t Measurement conducted using 5.1 FM FPP. 

$ Data of Hughes et al. 1571. 

$ Mean k SD for the number of replicate determinations indicted in parentheses 

1’ - denotes an unevaluated parameter. 
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TABLE 5. Structure-activity relationships among members of the diethylaminoethoxystilbene se- 
ries of SQS inhibitors 

Compound 
No. Rl R2 

SQS inhibition 
(rat liver microsomes) 

(% at 100 pM)* IC,, (PWP 

53 

54 

55 

56 

OH 

-NW 

0 

-NW, 

-Nzl 

110 

49 

57 

44 

57 -NW, 27 

-t 

42 

20 

23 

- 

-NW2 <lo 

90 r 
c 

’ 1; 
00 O"N, 

63 + 3 (3)s 17 

* Measurement conducted using 20.4 PM FPP. 
t Measurement conducted usmg 5.1 FM FPP. 

$ - denotes an unevaluated parameter. 

9 Mean + SD for the number of replicate determinations indicated in parentheses 

other enzymes in the cholesterolgenic pathway, and that 
inhibit cholesterol synthesis in cultured human cells and 
inhibit cholesterol synthesis and reduce plasma cholesterol 
levels in experimental animals, due to their action as SQS 
inhibitors. 

These studies also demonstrate a number of structural 
features within the series of SQS inhibitors and mechanis- 
tic features of the SQS-catalyzed reactions. First, the ability 
to replace the terminal and PP,-proximal isoprene residues 
of FPP with conformationally restricted aromatic isosteres, 
as previously described by Biller et al. [56] for farnesyl-based 

polyanionic FPP mimetics, can be translated directly to 
cationic SQS inhibitors, such that the para-disubstituted 
phenyl residues that showed optimal potency as isoprene 
unit replacements in the polyanionic series [56] also showed 
activity when utilized as isoprene unit replacements in 
these cationic inhibitors. Furthermore, structure-activity 
relationships within this series demonstrated that the most 
potent analogs of diethylaminoethoxystilbene possessed 
tram-substitutions across the central olefin of the stilbene 
moiety and also para-substitutions on the terminal phenyl 
residue of the stilbene moiety, consistent with such substi- 
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tutions mimicking the branching methyl groups of the cen- 
tral and terminal isoprene residues of FPP. Substitutions 
meta to the central olefin at the PP,-proximal phenyl resi- 
due of the stilbene moiety were also tolerated, suggesting 
that such substitutions mimic the branching methyl of the 

PP,-proximal isoprene residue of FPP. 
Second, the ability of Pi from solution to act as a surro- 

gate for PP, in the SQS/inhibitor complex allows inhibitory 
activity of these compounds to be observed even in the 

absence of added PP,. Previous evaluations of cationic re- 
action intermediate mimetics [7-l 1,351 have demonstrated 

that the SQS catalyzed half-reactions proceed through cat- 
ion-diphosphate ion pairs in which developing carboca- 
tionic intermediates remain associated with released PP, 
during the course of the various cationic rearrangements 
leading to PSQPP and squalene production. That activity 
noted in the presence of 50 mM P, was only increased by 

approximately 2-fold upon addition of 10 mM PP, indicates 
that Pi can act as a surrogate for PP,, albeit not as effi- 

ciently. 

ystilbenes mimic the famesyl residue of the donor FPP in its 
entirety, but mimic only the first isoprene residue of the 
acceptor FPP, in which the carbocationic rearrangements 
of both the first and second half-reactions occur. Modifi- 
cations of one of the N-ethyl groups of the diethylamino- 
ethoxy residue of these inhibitors could thus potentially 
lead to analogs that more closely resemble transition states 

of the SQS-catalyzed first and second half-reactions. 

Third, studies reported by Biller et al. [32] for famesyl 

(phosphinylmethyl)phosphonates demonstrated improved 
inhibitory activity of analogs in which an ether oxygen was 

inserted between the famesyl and (phosphinylmethyl)phos- 
phonate residues, reportedly as a result of the ability of the 
ether functionality to accept a hydrogen bond from an acid 
residue within the enzyme active center. The phenolic 
ether oxygen of the substituted diethylaminoethoxystil- 
benes is positioned in the same location, with respect to the 

farnesyl surrogate, as is the aliphatic ether oxygen of the 

previously described (phosphinylmethyl)phosphonates 
[32], suggestive of a similar hydrogen bond formation in the 
substituted diethylaminoethoxystilbene SQS inhibitor se- 

ries. 
Fourth, based on consideration of the various carboca- 

tions that form during the first and second enzyme half- 
reactions, the location of the ammonium ion in the substi- 
tuted diethylaminoethoxystilbenes, the famesyl mimicry of 

the stilbene residue, and the proposed function of the phe- 
nolic ether moiety, it is proposed that the substituted di- 
ethylaminoethoxystilbenes mimic intermediates of the first 
and second SQS-catalyzed half-reactions in such a manner 

that the stilbene moiety mimics the famesyl residue of the 
donor FPP, whereas the diethylaminoethoxy residue mim- 
ics the various carbocations developing within the first iso- 
prene residue of the acceptor FPP. Such mimicry is also 
supported by the competitive nature of the inhibition of 
SQS by the substituted diethylaminoethoxystilbenes with 
respect to FPP, since the donor and acceptor FPP molecules 
are thought to interact with the enzyme in a sequential 
fashion [14] with the donor FPP binding first [26], such that 
primary mimicry of the acceptor FPP by the substituted 
diethylaminoethoxystilbenes would presumably lead to ei- 
ther an uncompetitive or a mixed-noncompetitive pattern 
of inhibition kinetics. 

Fifth, that the substituted diethylaminoethoxystilbenes 
inhibit the SQS-catalyzed first half-reaction to the same 
extend as they inhibit the overall reaction indicates that 

these compounds interact with FPP binding sites rather 
than with a distinct PSQPP binding site within the enzyme 
active center. However, since these inhibitors could pre- 
sumably mimic reaction intermediates of both the first and 
second half-reactions, that no additional inhibition of the 
second half-reaction was noted, suggests that inhibition of 

the first half-reaction is sufficient to inhibit the overall 
reaction such that PSQPP formed in the first half-reaction 
cannot be prevented from continuing its conversion to 
squalene. This observation is consistent with previous ob- 

servations [I, 11, 13, 151 indicating that both half-reactions 
occur at catalytic sites within the enzyme active center that 

are either spatially overlapping or highly interactive, such 
that the substituted diethylaminoethoxystilbenes are not 
able to interact only with the second half-reaction center 
without at the same time interacting with the first half- 
reaction center. Thus, the substituted diethylaminoethox- 
ystilbenes could potentially function both as first half- 

reaction intermediate mimetics, with Pi from solution serv- 
ing as replacements for both the attached PP, of the 

acceptor FPP molecule and the released PP, from the donor 
FPP, as well as second half-reaction intermediate mimetics, 
with P, from solution serving as replacements for the re- 

leased PP, molecules. 
Finally, that the substituted diethylaminoethoxystilbenes 

resemble carbocationic intermediates of the SQS-catalyzed 
half-reactions rather than strictly resembling the first half- 
reaction substrate, FPP, is further evidenced by the high, 
300- to lOOO-fold, specificity of these inhibitors for SQS 

inhibition relative to other FPP-utilizing enzymes such as 
PFT. This specificity occurs presumably since reactions 
catalyzed by other FPP-utilizing enzymes, such as protein 

prenylation reactions [63, 64, 691 and the l’-4 head-to-tail 
prenylation reactions of dolichol and ubiquinone synthesis 
[65-681, undergo mechanisms of catalysis that are distinct 
from the l’-2,3 head-to-head condensation reaction cata- 
lyzed by SQS [l-4, 141, such that the diethylaminoethoxy 
moiety and accompanying positive charge that mimics the 
cyclopropylcarbocation moiety that develops within the 
first isoprene unit of the second famesyl residue following 
condensation has no parallel in either the l’-4 head-to-tail 
prenylation reaction mechanisms of dolichol and ubiqui- 
none synthesis [65-681 or the protein prenylation reaction 
mechanisms [63, 64, 691. 

It is noteworthy that the substituted diethylaminoethox- In previous studies, a number of other dialkylamino- 
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ethoxy-containing compounds have been shown to inhibit 
hepatic cholesterolgenesis at a diversity of sites along the 

synthetic pathway [72-741, p rimarily at or prior to squalene 

cyclization [62], although many of their sites of inhibition 
along the pathway were never fully delineated [62, 73, 741. 
While many of these compounds lack key determinants 
thought to afford SQS inhibitory activity to the substituted 
diethylaminoethoxystilbene series of SQS inhibitors (e.g. 

the central truns olefin of the stilbene series and spatial 
requirements for farnesyl residue mimicry), an in-depth 

evaluation of the specificity of the substituted diethylami- 
noethoxystilbenes for SQS inhibition relative to inhibition 
of other sites along the cholesterolgenesis pathway was un- 
dertaken both in cultured cells and in experimental ani- 
mals. The results of these studies demonstrate that inhibi- 
tion of cholesterol synthesis by representative members of 

this series was primarily, if not exclusively a consequence of 
SQS inhibition. The high degree of specificity for inhibi- 

tion of SQS relative to post-squalene enzymes in the cho- 
lesterol synthesis pathway may be, in part, a consequence of 
the ability of these inhibitors to mimic the carbocationic 

intermediates of the SQS-catalyzed reaction in addition to 
resembling a polyisoprenoid. In this regard, it is noteworthy 
that at concentrations that induce greater than 90% inhi- 
bition of cholesterol synthesis in cultured cells, these in- 

hibitors also show modest secondary inhibition at the site of 
oxidosqualene cyclase, an enzyme whose catalytic mecha- 
nism also proceeds through carbocationic reaction interme- 
diates [71]. 

Consistent with the high degree of specificity of the sub- 
stituted diethylaminoethoxystilbenes for SQS inhibition 

relative to inhibition of other enzymes in the cholesterol- 
genie pathway, members of this series exhibited reductions 

in plasma cholesterol levels in rats that were correlated 
with intrinsic SQS inhibitory activity, further indicating 
that inhibition of squalene production was the primary, if 
not sole mechanism through which these compounds in- 
hibit cholesterolgenesis and reduce plasma cholesterol lev- 

els in experimental animals. Representative members of 
this series also lowered plasma cholesterol in a variety of 

other species (e.g. chow-fed hamsters, dogs, and monkeys). 
Interestingly, the ability of these compounds to reduce 

plasma cholesterol in species that do not respond to the 
HMG-CoA reductase inhibitors with reductions in plasma 

cholesterol (e.g. rats and hamsters) due to compensatory 
increases in HMG-CoA reductase transcription following 
treatment [17], suggests a potential mechanistic advantage 
of SQS inhibition versus HMG-CoA reductase inhibition. 
Indeed, other structurally distinct classes of SQS inhibitors 
have also demonstrated plasma cholesterol reduction in 
species considered to be resistant to actions of the HMG- 
CoA reductase inhibitors [37, 751. 

In this regard, in studies to be reported elsewhere,* we 
have demonstrated that in cultured human (IM-9) cells 

* Petras SF, Lindsey S and Harwood HJ Jr, manuscript in preparation. 
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HMG-CoA reductase activity was not increased by either 

P-3622 and related analogs or by representative members of 

three other distinct structural classes of SQS inhibitors 
(quinuclidines, bisphosphonates, and benzoxazepinones) 
following incubation for 24 hr at concentrations that in- 
hibit cholesterol synthesis by up to 90% [76]. By contrast, 
under these experimental conditions, the HMG-CoA re- 

ductase inhibitor, mevinolin, produced the predicted in- 
creases in HMG-CoA reductase activity that were dose- 
dependently related to the degree of reduction in choles- 

terol synthesis, such that a 4-fold increase in HMG-CoA 
reductase activity was noted at concentrations of mevinolin 
that produced 50% inhibition of cholesterol synthesis, with 
a 17-fold increase in enzymatic activity noted following 

90% inhibition of cholesterolgenesis [76].? 
These observations are consistent with the proposed abil- 

ity of SQS inhibitors to maintain regulatory levels of key 
nonsterol FPP-derived [78] modulators of HMG-CoA re- 

ductase translation and/or degradation, thereby maintain- 
ing post-transcriptional control of HMG-CoA reductase 

activity, even in the face of transcriptional derepression due 
to reduced cholesterol production, and thus preventing the 
compensatory increases in mevalonate production that 
limit efficacy of the HMG-CoA reductase inhibitors. In- 

deed, such mechanistic advantages, together with a more 
favorable site of inhibition along the sterol and polyiso- 

prenoid pathway, that of the first committed step in the 
formation of cholesterol and related sterols [16, 171, suggest 
that cholesterol synthesis inhibition via SQS inhibition 

may have distinct advantages over similar cholesterol syn- 

thesis inhibition via HMG-CoA reductase inhibition that 
could be of therapeutic relevance. 

We thank Dr. Robert J. Aiello for his guidance in the preparation and 
maintenance of primary rut hepatocytes, Ms. Faan Wen Bnngerter for 
supplying the &Co-2 cells used in these studies, and Dr. Chris A. 

Hitchcock for supplying the sqwtkne epoxide cyclase inhibitor, UK- 
124617, used in these studies. 
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