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ABSTRACT. A new orally active oxidosqualene:lanosterol cyclase (OSLC) inhibitor (Ro48-8071; Morand,
O. H. et al. (1997)J. Lipid Res. 38373-390) showed potent noncompetitive inhibition of bacterial
squalene:hopene cyclase (SHC) frédityclobacillus acidocaldariuglCso = 9.0 nM, K; = 6.6 nM) and

OSLC (IGo = 40 nM, K, = 22 nM for homogeneous rat liver OSLC). A tritium-labeled isotopomer
(18.8 Ci/mmol) of this nonterpenoid inhibitor, which possesses a benzophenone (BP) photophore, was
chemically synthesized as a photoaffinity label. Specific, efficient covalent modification of both OSLC
and SHC enzymes was observed after UV irradiation at 360 nm. Labeling of both OSLC and SHC by
[BH]R048-8071 was competitively displaced by coincubation with a 1000-fold molar excess of 18-thia-
2,3-oxidosqualene or the nonterpenoid inhibitor BIBX79. Displacement of labeling of OSLC was also
achieved with the suicide substrat&29-methylidene-2,3-oxidosqualene. Thus, the nonsubstrate Ro48-
8071 and both terpenoid and nonterpenoid inhibitors of these enzymes appear to share a common binding
site.

The enzymatic cyclizations of 2,3-oxidosqualene and (2) then undergoes backbone rearrangement; in contrast, the
squalene in the biosynthesis of sterols and nonsteroidalSHC cyclization reaction proceeds without rearrangement
triterpenes comprise a series of template-controlled, stereo-of the carbocyclic skeleton. These two membrane-associated
and regiochemically specific, carbenarbon bond-forming ~ 70—85 kDa proteins show 1727% sequence identity?{
reactions {). Oxidosqualene:lanosterol cyclase (OSLC) 11). SHC and OSLC contain eight and six repeats, respec-
(EC 5.4.99.7) and bacterial squalene:hopene cyclase (SHCYively, of a highly conservedr-helix-turn motif rich in
(EC 5.4.99.7) bind their respective substrates either in a chair-
boat-chair (OSLC) or in an all-chair (SHC) conformation. 1 Abbreviations used: 29-MOS, §p29-methylidene-2,3-oxido-
The bound substrates then undergo electrophile-initiated squalene; BIBB515, 1-(4-chlorobenzoyl)-4-[4-(2-oxazolin-2-yl)ben-
cyclization via a progression of rigidly held, partially cyclized zylidene]piperidine; BIBX79fransN-(4-chlorobenzoylN-methyl(4-

SR ; ; ; dimethylaminomethylphenyl)cyclohexylamine; BP, benzophenone;
carbocationic '“ter.”?e.d'ates (Figure 1). In the formatlc_m of DMAP, 4-(N,N-dimethylamino)pyridine; LR-MS, low-resolution mass
lanosterol 8), the initially formed C-20 protosterol cation  spectrum; HR-MS, high-resolution mass spectrum; NMO, 4-methyl-
morpholine N-oxide; NMR, nuclear magnetic resonance; OSLC,
oxidosqualene:lanosterol cyclase; Ro48-8071;(64allylmethylami-
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Ficure 1: Proposed mechanism for the cyclization oB)@3-oxidosqualenelf to lanosterol 8) by OSLC (A) and squalenet) to hop-

22-ene §) and hopan-22-ol6) by SHC (B).

aromatic amino acids (the QW motif), which appear to
stabilize the enzyme structuréx—14). The SHC from the
thermoacidophilic bacterialicyclobacillus acidocaldarius

of OSLC (IGp = 6 nM and 9 nM for human Hep G2 OSLC,
respectively) as well as oral bioavailability and in vivo
activity. Although calculations suggest that these aromatic

consists of 631 amino acids with a molecular mass of 71 524 inhibitors may be similar in shape and size to the protosterol
Da and has a catalytic optimum at 80 and a pH of 6.09, intermediate cation?) (29), the molecular mechanism by
15). The recently determined three-dimensional structure of which the inhibition of (oxido)squalene cyclase occurs is not
the A. acidocaldariusSHC complexed to a detergent-like well understood. To locate the regions of SHC and OSLC
inhibitor reveals an-helix-rich dumbbell-shapes molecule interacting with Ro48-8071, we took advantage of the
with a putative active site contained within a large central benzophenone (BP) photophore as a potential photoaffinity
cavity (14). label 30, 31). This approach was successful, and we

We previously reported purificationl§), cloning, and
expressiony) of rat liver OSLC, an 83 321-Da protein with

describe herein the inhibition kinetics of Ro48-8071 with
homogeneous rat liver OSLC and recombinanacidocal-

733 amino acids. Vertebrate OSLC was specifically labeled dariusSHC, the synthesis of tritium-labeled Ro48-8071, and

with the suicide substrate®H](39-29-methylidene-2,3-
oxidosqualene (29-MOS)9b) (16, 17), and an aspartate
residue (D-456 in rat OSLC) in the highly conserved
DCTAEA motif was linked to a partially cyclized inhibitor
(5,18,19). This finding implicated the aspartate carboxylate
in the stabilization of the C-20 cationic center of the

protosterol cation during the lanosterol-forming reaction.

the efficient and selective photocovalent modification of the
two enzymes.

EXPERIMENTAL PROCEDURES

Chemical Synthesis.Radioinert Ro48-80717@) was
synthesized by a minor modification of the literature method
(26). Spectroscopic data (NMR, LR-MS, and HR-MS) were

Indeed, site-directed mutagenesis experiments have revealegjentical to those in the literature. For the radiosynthesis

that the D-456 of the DCTAEA motif was essential for
catalytic function 20, 21). A. acidocaldariusSHC was also
covalently modified byJH](3929-MOS 0b) (22), and both
D-376 and D-377 of the corresponding DDTAVV motif were
shown to be crucial for the enzyme activiB3j. In addition,

(Figure 3), the intermediate alcohbBawas first oxidized

to aldehydel4. Thus, a mixture o3a(0.436 g, 1.1 mmol),
4-methyl morpholineN-oxide (NMO) (194 mg, 1.65 mmol),
tetrapropylammonium perruthenate (TPAP) (22 mg, 0.06
mmol), and 4-A molecular sieves (0.55 g) in &k, (20

9b was converted to an unusual dammarene-like derivative mL) was stirred at room temperature for 5 h. After filtration
by SHC @2). We have also recently demonstrated that both and evaporation, the residue was purified by flash column

[17-%H]- and [222H](R918-thia-2,3-oxidosqualene (S-18)
(8b) showed potent inhibition of both OSLC and SHC. The

labeled S-18 became covalently attached to both pig liver

OSLC @4) and A. acidocaldariusSHC under cyclase
reaction conditions3p).

The regulation of OSLC levels in vivo has clinical

chromatography on silica gel using 25% ethyl acetate
hexane to givel4 (360 mg, 83% yield).

Next, aldehydd 4 (2 mg) was dissolved in THF (0.1 mL)
and reduced with®H]NaBH, (25.0 mCi, 75.0 Ci/mmol) in
0.01 N sodium hydroxide solution at room temperature
overnight. After evaporation of solvent under,;,Nhe

importance and has become a potential target for the desigrncorresponding alcohal3b (18.8 Ci/mmol) was extracted

of cholesterol-lowering drug2b). Ro048-8071 Ta) is an
extremely potent, specific inhibitor of OSLC (§6&= 7 nM
for human liver OSLC), recently disclosed by Hoffmann
La Roche 26). The two structurally related compounds
BIBX79 (10) (27) and BIBB515 (1) (28) from Karl

with EtOAc and then purified by chromatography on silica
gel using 30% ethyl acetatdnexane.

The labeled alcohol3b was converted to the mesylate
by using methanesulfonyl chloride (MsCI) (0.14., 1.69
mmol), EgN (0.27 uL, 1.90 umol), and 4-N,N-dimethy-

Thomae/Boehringer Ingelheim also showed potent inhibition lamino)pyridine (DMAP) (3.4ug) in CH,Cl, (500uL) at 0
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Ficure 2: Structures of OSLC/SHC enzyme inhibitors: Ro48-8071
(7), (R918-thia-2,3-oxidosqualend), (3929-MOS Q), BIBX79
(10), and BIBB515 11).
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Ficure 3: Chemical synthesis offfijR048-8071 {b): reagents,
(a) HO(CH)6BIr/K,CGO; in acetone, 75C, 8 h, 81%; (b) TPAP,
NMO, CH.Cly, rt, 5 h, 83%; (c) NaBH,, EtOH, rt, 12 h, 60%; (d)
MsCI, EgN, DMAP, CHCl,, 0 °C, 5 h, 96%; (e)N-allylmethy-
lamine (large excessN,N-dimethylacetamide, rt, 22 h, 20%; (f)
fumaric acid, EtOH, rt, 1 h.

°C for 3 h. The crude product was dissolved in 2000f
N,N-dimethylacetamide and cooled td’G, and 5 drops of

Biochemistry, Vol. 37, No. 17, 199&781

Finally, a mixture of the free amine and fumaric acid (1.96
ug, 16.7 ug) in EtOH (200 L) was stirred at room
temperature for 0.5 h to give the fumarate s&ij]Ro48-
8071 (7b) (ca. 500uCi, 18.8 Ci/mmol).

Enzyme AssaysRat OSLC was purified from liver, and
the OSLC assay was carried out in the presence of 0.1%
Triton X-100 in 100 mM Tris HCI, pH 7.4, at 37C for 1
h as described previoushfl§). The recombinanf. aci-
docaldariusSHC was expressed iB. coli and purified as
described previously9dj. The enzyme converted squalene
into a 17:1 mixture of hop-22(29)-en&)(and hopan-22-ol
(6), and showed an appareiify = 1.6 uM and keo = 2.4
min~t in the presence of 0.1% Triton X-100 in the assay
mixture. For the SHC assay, the reaction mixture contained
100 mM sodium citrate, pH 6.0, 0.1% Triton X-1004M
[**C]squalene (7.0 mCi/mmol), and 0bg of purified
recombinant SHC in a final volume of 1 mL. Incubations
were carried out at 6GC for 30 min, and stopped by
extraction with 1 mL of CHCl,. (Note that 60°C is the
optimal temperature for catalytic activity of this SHC.) The
extract was concentrated using a Speed-Vac, and subjected
to silica gel TLC (Whatmann LK6D). The TLC plates were
developed twice, first 5 cm in CHgthen 15 cm in hexane.
TheR values of squalendl], hop-22(29)-enes), and hopan-
22-ol (6) were 0.45, 0.77, and 0.15, respectively. The
conversions were then analyzed by radio-TLC scanner (Bio-
Scan, System 500). All assays were carried out in duplicate.

Photoaffinity Labeling.Rat liver OSLC (1ug of protein
in a total volume of 20@L) was incubated with3H]R048-
8071 (rb) (100 nM, 18.8 Ci/mmol) in the presence of 0.1%
Triton X-100 in 100 mM Tris HCI, pH 7.4, for 15 min at 37
°C and then exposed to UV light (360 nm at 1904/cnv)
for 45 min at 4°C. ForA. acidocaldariusSHC (2 ug of
protein in a total volume of 200L), preincubation with3H]-
Ro048-8071 (100 nM) was carried out in 100 mM sodium
citrate buffer, pH 6.0, for 15 min at 60, and the reaction
mixture was then exposed to the UV light for 45 min at 4
°C. Samples of each incubation mixture were subjected to
SDS-7.5% polyacrylamide gel electrophoresis (PAGE), and
proteins were visualized by Coomassie brilliant blue staining.
After impregnation with ERHANCE (NEN Life Science
Products) for 1 h, the gels were dried and then exposed to
X-ray film (Kodak X-Omat AR film) for 3 days at-80 °C.
For competition experiments, the incubations (100 nM of
[H]R048-8071) were carried out in the presence of a 1000-
fold excess (10@M) of (R9-18-thia-2,3-oxidosqualengd),
(39-29-methylidene-2,3-oxidosqualerss), or BIBX79 (10)
as enzyme inhibitors or with 108M of either (3-2,3-
oxidosqualenel)) or squalene4) as substrates.

RESULTS

Inhibition of OSLC activity by Ro48-8071 was reported
(26) for crude microsomal enzyme preparationssgl& 7
nM for human liver OSLC). In similar preparations, Ro48-
8071 was six times less potent toward hamster afrttirgen
minipig liver OSLC and about 10 times more potent toward
squirrel monkey liver OSLC 26). In our assay using
homogeneous rat liver OSLC, Ro48-8071 showed ag IC

N-allylmethylamine (large excess) was added. The mixture value of 40 nM and &, value of 22 nM, with apparent
was stirred at room temperature for 22 h. The free amine noncompetitive kinetics (Figure 4a). Ro48-8071 is one of

was purified on silica gel using GEI,/CH3;OH (95/5).

the most potent OSLC inhibitors know25).
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Ficure 4: Lineweaver-Burk plots of (A) rat liver OSLC and (BA. acidocaldariusSHC inhibition by Ro48-80717@). See text for
detalils.

When tested with homogeneous recombinanacidocal- A 1 2 B 3 4
dariusSHC, Ro48-8071 showed even more potent inhibition = F
toward this bacterial SHC (g = 9.0 nM, K, = 6.6 nM), :
which catalyzes an analogous cyclization from a different
substrate in a different conformation relative to that of OSLC.
From the LineweaverBurk analysis, the inhibition also
appeared noncompetitive (Figure 4b); moreover, Ro48-8071

is also the most potent SHC inhibitor knowh5( 32).
R048-8071 contains a BP moiety that could be employed
for photoaffinity labeling of the cyclase enzymes. To test
photoaffinity labeling of OSLC and SHC enzymes, we
chemically synthesized tritium-labeled Ro48-8071 with high S

specific activity (Figure 3). Thus, the intermediate alcohol

13awas first oxidized to aldehyd®4. Reduction ofL4 with

[BH]NaBH, (25.0 mCi, 75.0 Ci/mmol) gave the correspond- c
ing alcohol13b (18.8 Ci/mmol), which was converted to -
the corresponding mesylate. The crude product was used

to alkylate an excess df-methyl allylamine, and the free

amine form of the drug was converted to its fumarate salt to

; _ ; 7 g : Ficure 5: Photoaffinity labeling of rat liver OSLC. (A) SDS
g:\r/T(;Z'O|FH]RO48 8071 ) with a specific activity of 18.8 Ci/ PAGE (7.5%) gel stained with Coomassie brilliant blue. (B)

o . Corresponding fluorogram: lane 1 and 3, purified enzyme; lanes
The two cyclases were photoaffinity labeled using 100 nM 2 and 4, partially purified enzyme. (C) Fluorogram of the competi-

[3H]R048-8071, that is, 2:520-fold theK, value for each tion experiment in the presence of a 1000-fold molar excess (100
enzyme. After preincubation for 15 min at 3 (OSLC) ‘ftM) of O.SLC inhibitor or substrate: Iane 5, con.trol; Iane%;.

i . . ane 7,9a; lane 8,10; lane 9,1. Each labeling reaction was carried
or 15 min at 60°C (SHC), each reaction mixture was cooled ot 4t 100 nM7b (18.8 Ci/mmol) in a total volume of 200L.
to 4 °C and irradiated with 360-nm light for 45 min at€.
Both OSLC and SHC enzymes were efficiently labeled with inhibitor, BIBX79 (10). Competitive displacement was also
[*H]R048-8071. As seen in Figures 5 and 6, selective tested using a 1000-fold molar excess of substrate, that is,
photocovalent modification of the two enzymes was evident (39)-2,3-oxidosqualenelj for rat OSLC and squalene)
from the single radioactive protein band in the fluorogram for A. acidocaldariusSHC. The two mechanism-based
of the denatured and electrophoretically separated proteinsinhibitors8 and9 covalently modify the catalytic site of both
Both purified and crude enzyme preparations gave a singleenzymatically active OSLC1(7, 24) and SHC 22). The
radioactive band, and labeling of proteins was observed only nonterpenoid inhibitod0 is a structural relative of Ro48-
after UV irradiation. 8071, developed independently by Boehringer Ingelheim, and

The specificity of the labeling was further examined by also showed potent inhibition of OSLC @#&€= 6 nM for

competitive displacement with inhibitors and substrate human Hep G2 OSLC)2{). Kinetic parameters for these
analogues. Thus, OSLC and SHC were preincubated withinhibitors with purified enzymes in our cyclase assay systems
a 1000-fold molar excess of several enzyme inhibitors (seeare summarized in Table 1.
Figure 2) prior to the addition ofb and UV irradiation. Photocovalent modification of SHC bgb was competi-
These inhibitors included two mechanism-based inhibitors, tively displaced by the presence of a 1000-fold molar excess
S-18 @a) and 29-MOS 9a), and a different nonterpenoid of 8aand10; for OSLC, labeling byrb was also displaced
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B 3 4 between these inhibitors and the protosterol cat®nMas
suggested. It was hypothesize&tb) that the nitrogen atom
would interact with the acidic group of the active site of the
enzyme, which is involved in the oxirane ring opening,
whereas the carbonyl group of the BP would interact with
the so-called negative-point charge stabilizing the C-20
cationic center of the protosterol cation. In a sei@sgould

N —— function as a mimic of the late-stage high-energy intermediate

in the cyclization pathway. One difficulty with this model

is the evidence suggesting that the protosterol cation analogue

may not be tightly bound by the enzyme; the relatively

modest inhibition of purified yeast OSLC by a 20-aza-

protosterol analogue (kg = 22 uM) seemed to support a

low affinity of the catalytic site for a late-state high-energy

intermediate 33). A second difficulty with this hypothesis

C 5 6 7 8 9 is that7 is a more potent inhibitor of SHC (K= 9.0 nM,

K| = 6.6 nM forA. acidocaldariusSHC) than it is of OSLC

(ICs0 = 40 nM, K, = 22 nM for rat liver OSLC). Since the

. . . _ SHC cyclization reaction proceeds via an all pre-chair
Ficure 6: Photoaffinity labeling ofA. acidocaldariusSHC (A)

SDS-PAGE (7.5%) gel stained with Coomassie brilliant blue. (B) conforrnat[on of sq_uale_ne, there is .no protosterol cation
Corresponding fluorogram: lane 1 and 3, purified enzyme; lanes 2 formation involved in this process (Figure 1).

and 4,E. coli cell-free extract. (C) Fluorogram of the competition For both OSLC and SHC, the inhibition was both highly
experiment in the presence of a 1000-fold molar excess 4M)0 potent and noncompetitive (Figure 4). In agreement with
of SHC inhibitor or substrate: lane 5, control; lane8@; lane 7, the inhibition of SHC by7, good inhibition of SHC was

9b; lane 8,10; lane 9,4. Each labeling reaction (UV irradiation) . . . .
was carried out at a 100 nM concentration7df (18.8 Ci/mmol) observed fom-alkyldimethylammonium halides and their

97 >
66>

45>

in a total volume of 20QuL. N-oxides in which the alkyl chain lengths were between 12
and 18 carbon atoms (e.g., dodecyltrimethylammonium
Table 1: Inhibitory Potency for Two Triterpenoid Cyclase bromide,K, = 320 nM; dodecyldimethylamini-oxide, K|
Inhibitors® = 140 nM) (15). Itis noteworthy that these compounds and
rat liver OSLC A. acidocaldariusSHC 7 all have in common a lipophilic alkylammonium moiety.
inhibitor ICoo(MM) K (M)  ICso (M) Ks (M) In addition, OSLC was inh_ibited bM-(l—n-dqdecyI)_imida—
Ro48.807173) 20 > 90 66 zole (IGo = 3.9 uM for rat liver OSLC) gnq |Fs' derlvatlve§
S-18 62) 50 37 60 31 (34). It therefore seems that a common |nh|b|t|on mechanism
29-MOS ©a) 300 2500 1200 2100 for both OSLC and SHC enzyme can be attributed to the
BIBX79 (10) 100 nd 70 nd alkylammonium side chain or the more rigid hydrophobic
a SubstrateKy values: 1, Ky = 86 uM for rat OSLC;4, Ky = 1.6 arrangement in Ro48-807T)(
uM for A. acidocaldariusSHC. R048-8071 is the first potent OSLC or SHC inhibitor that

contains a BP moiety and could therefore be employed for

by suicide substrat8a (Figures 5C and 6C). On the other photoaffinity Iabeling._ BP derivatives h_ave b_een found to
hand, neither substratenor substratet displaced labeling P& €xcellent photoaffinity probes3@), since (i) BPs are
by 7b, in accord with their lower binding affinities for their ~chemically more stable than diazo esters, aryl azides, and
respective cyclase(/K, = ca. 4000 for OSLC and 200 d|a2|r|nes,.(||) BPs can be mampul:_;ugd in am_blent I|gh§ and
for SHC). In separate experiments, the mechanism-based-an Pe activated at 35860 nm, avoiding protein-damaging
covalent labeling of OSLC and SHC enzymes by eitPie-| Waveler_1gths, and (i) BPs react preferentially with otherwise
29-MOS @b) or [H]S-18 @b) was completely inhibited by unreactive G-H bond_s, evenin the presence of solvent Wa_ter
the presence of a 100 M excess of Ro48-8074) (data and .b_u_lk nucleophiles, frequently with remarkable site
not shown). specificity 31). N
As expected, both OSLC and SHC were efficiently labeled
DISCUSSION with [3H]R048-8071 {b, 100 nM, 18.8 Ci/mmol) after UV
irradiation at 360 nm. The labeling was specific, and both
The Hoffmann-La Roche research group recently reported crude and purified enzyme preparation showed a single band
a series of BP-containing compounds as potent, orally activein the fluorogram of the separated proteins. This constitutes
cholesterol-lowering agents that acted as inhibitors of OSLC the first use of photoaffinity labeling to characterize a
(29). The inhibitory activity was dependent on the distance triterpenoid cyclase. Importantly, the photoaffinity labeling
between the nitrogen atom of the tertiary amine and the of SHC by 7b was prevented by the presence of a 1000-
carbonyl group of the BP moiety, and the N t&=O distance  fold molar excess of S-1836) or BIBX79 (10). Photoaf-
is approximately the same for Ro48-8072) &nd BIBX79 finity labeling of OSLC by7b was blocked by these two
(10) (Figure 2). The two functions were separated by a inhibitors as well as by (§29-MOS Qa). In the obverse
lipophilic system: a rigidtrans-cyclohexylaryl system for  of this experiment, mechanism-based covalent modification
10and a more flexible aryloxy system f@r The optimally of the active site of SHC and OSLC either BY[(3929-
active compounds in both series had halogen substitutionMOS (9b) or by [FH]S-18 8b) was completely inhibited by
on the aromatic moiety2). A similarity in shape and size  the presence of a 100 M excess/af suggesting that and
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the mechanism-based cyclase inhibitors share a common 11.

binding site, specifically the catalytic active site of the

enzyme.

Here, as described abowe,and 10 showed

extremely potent inhibition toward both OSLC and SHC at
nanomolar levels. Despite the catalytic efficiency with which
(3929-MOS Q) inactivated OSLC,9 had considerably
higherK, values and thus lower binding affinity for OSLC
and SHC than eithef or 10. Finally, the time dependency
of the inhibition of SHC by ($)29-MOS kinact= 0.06 mirr?)
was much slower than that of vertebrate OSkga4 = 221
min~1) (22); this may explain why9a competed for the
labeling by7b but not for the labeling of SHC.

In summary, Ro048-80717] is an extremely potent

inhibitor of both OSLC and SHC enzymes, and both enzymes

were specifically photocovalently modified byH]R048-
8071 (b). The present studies constitute the first application
of photoaffinity labeling for both crude and homogeneous
terpenoid cyclases, providing a new useful tool for the
analysis of the active sites of OSLC and SHC.
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