
8 1  , I Y Y X  OPA (Overseas Puhlishers Association) N.V 
I'uhlished hy license under 

the H;irwood Academic Publishers imprint. 
par1 of The Gordon and Breach Publishing Group 

Printed 111 India. 

Review Article 
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Enzymatic cyclizations of squalene and oxidosqualene lead to sterols and other triterpenoids in 
bacteria, fungi. plants. and animals. The cyclases for these reactions catalyze forniation and 
stabilization of polycyclic carbocations and direct the enzyme-specific. templated formation of 
new carbon -carbon bonds in regio- and stereochemically defined contexts. The development of 
mechanism-based irreversible inhibitors, photoactivatable inhibitors, and numerous substrate 
analogs have helped to unravel the stepwise events occurring in the catalytic sites of these 
enzymes by covalent modification of specific amino acid residues. 

K ~ ~ i ~ i c ~ o r h :  Suicide substrate; Cholesterol hiogenesis; Polyolefin cyclization; Cation mimics; 
Photoaffinity label; Covalent modification 

0xidosqualene:lanosterol cyclase (OSLC) (E.C. 5.4.99.7) and bacterial squa- 
1ene:hopene cyclase (SHC) (E.C. 5.4.99.7) catalyze a family of carbocycliza- 
tions in which a remarkable number of carbon-carbon bonds are formed 
regio- and stereospecifically during the biosynthesis of sterols and other 
polycyclic triterpenes." These two enzymes bind their respective substrates 
in chair-boat-chair or in all chair conformations, activate the terminal 
epoxide or alkene by protonation, and then mediate sequential ring-forming 
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386 I. ABE et al. 

reactions through a progression of partially cyclized carbocationic 
intermediates4-' The formation of lanosterol is initiated by an acid-cata- 
lyzed opening of the oxirane ring of (3S)2,3-oxidosqualene (0s) (1); partici- 
pation by neighboring r-bonds cascade to the tetracyclic C-20 protosteryl 
cation (2). This intermediate cation then undergoes a series of I ,2-methyl 
and hydride shifts, and subsequent proton abstraction by the enzyme yields 
the lanosterol (3) skeleton (Figure IA). In contrast, SHC cyclization reac- 
tion proceeds from a different folding of squalene (4) and without carbon 
skeletal rearrangement to give the hopanyl C-22 carbocation (5). The two 
hopanoid products, hop-22(29)-ene (6) and hopan-22-01 (7), arise via loss of 
H-29 or via trapping by H 2 0  (Figure 1 B). Bacterial SHCs also accept epox- 
ides as substrates, and can catalyze the cyclization into pentacyclic tri- 
terpenes by initiating oxirane ring opening rather than by protonating the 
terminal double 

OSLC and SHC are membrane-associated 70-85 kDa proteins showing 
17-27% sequence identity to each Rat liver OSLC was pur- 
ified,28 cloned, and functionally expressed'' in our laboratory; it was a 
83,321 Da protein with 733 amino acids, and showed a broad pH optimum 
within a range of 6.0 and 8.0. On the other hand, the SHC from a thermo- 
acidophilic bacteria such as Alicyclobacillus acidocaldarius consists of 63 1 
amino acids with a molecular mass of 71,524Da, and shows its catalytic 
optimum at 60°C and pH 6.0.2'*29 The recently determined three-dimen- 
sional structure of the A .  acidocaldarius SHC revealed an a-helix-rich dumb- 
bell-shaped homodimer with membrane-binding  characteristic^.^^*^' The 
active site of the enzyme was proposed to be situated in a large central cavity 
lined with aromatic residues, as suggested by a bound molecule of N , N -  
dimethyldodecylamine-N-oxide, a detergent and competitive inhibitor of 
SHC ( K I  = 140 nM). Interestingly, SHC and OSLC contain multiple repeats 
of a highly conserved motif rich in aromatic amino acids (the QW motif), 

1 

(8) SHC 

2 3 

4 5 6 7 

FIGURE 1 
lanosterol (3) by OSLC and (B) squalene (4) to hop-22-ene (6) and hopan-22-01 (7) by SHC. 

Proposed mechanism for the cyclization of (A) (3S)2,3-oxidosqualene ( I )  to 
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INHIBITORS OF OXIDOSQUALENE AND SQUALENE CYCLASES 387 

which appears to stabilize the enzyme structure by connecting surface a- 

The first mechanism-based irreversible inhibitor of OSLC was 29-methyli- 
dene-2,3-oxidosqualene (29-MOS) (8) developed in our laboratories 
(Figure 2). It had an ICsO value of 0.5 pM for pig liver OSLC ( K I  = 4.4 pM) 
and showed extremely efficient time-dependent inactivation of this enzyme 
with kinact = 221 min-' . 34.35 Vertebrate OSLCs were specifically labeled with 
the suicide substrate ['H](3S)29-MOS, giving a single radioactive band on 
fluorograms of electrophoretically separated proteins.28334 In contrast, yeast 
and plant OSCs were not covalently modified, suggesting subtle species-spe- 
cific differences in the active-site structures of the cyclases. The proposed 
mechanism of inhibition involves initial cyclization to  the 21-methylidene- 
protosterol cation (9) as proposed for lanosterol formation. However, this 
allylic cation is trapped by an active-site nucleophile, resulting in covalent 
bond formation and concomitant irreversible inactivation (Figure 2A). An 
aspartate residue (D-456 in rat OSLC) contained in the highly conserved 
DCTAEA motif was identified as the site of covalent attachment of a 
cyclized inhibitor (structure 10).'9*36*37 This implicated aspartate carbox- 
ylate in stabilization of the C-20 cationic center of the protosterol cation (2) 
during lanosterol-forming reaction. Indeed, site-directed mutagenesis 
experiments in OSLC and SHC ha\/e revealed that the homologous Asp of 
the DCTAEA motif was essential for catalytic function in each case.38.39 
For A .  ucidoculdurius SHC, both D-376 and D-377 of the homologous 
DDTAVV motif were shown to be crucial for enzyme activity.40 

helices. 30.32.33 

FIGURE 2 
and SHC inactivation by (3S)29-MOS (8). 

Proposed mechanism of (A)  irreversible inhibition of OSLC and (B)  cyclization 
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3nn I .  ABE et al. 

Other 29-functionalized 2,3-oxidosqualene analogs such as 29-difluor- 
omethylidene-2,3-oxidosqualene (15) (IC50 = 3.0 pM, KI  = 10.2 pM for rat 
OSLC) were also irreversible inhibitors of OSLC (Figure 3, Table I). The 
rapid inactivation rates for these substrate analogs suggested (15, 18, and 
19) that initiation, not termination, of cyclization was rate-limiting for these 
suicide  substrate^.^' In contrast, truncation of the side chain such as 29- 
difluoromethylidene-hexanor-2,3-oxidosqualene (21) (IC5,, = 60 pM for rat 
OSLC) suppressed inactivation and led to reversible inh ib i t i~n .~ '  Further- 
more, both 29-cyclopropyl-2,3-oxidosqualene (16) and 26-cyclopropyl-2,3- 
oxidosqualene (23) failed to act as irreversible inhibitors (ICso > 400 P M ) ; ~ ~  
29-hydroxy-2,3-oxidosqualene (17) was quantitatively converted to the cor- 
responding 2 1 -hydroxy lanosterol analog.43 26-Methylidene-2,3-oxidosqua- 
lene (22)34 and 1 -methylidene-2,3-oxidosqualene (24)44 were accepted as a 
substrate to give the corresponding vinyllanosterol products. 

8: R = CHCH2 
15: R = CHCF2 
16: R = C-C~HS 
17: R = CHpOH 

18: R = CHCHp 
19: R = CHCFp 

20: R = CHCHp 
21: R = CHCF2 

22: R = CHCH2 
23: R = C-C~HS 

O l  @ $  0 

\ 
24 25 

FIGURE 3 Structures of side chain-modified and truncated analogs of 29-MOS (8). 

TABLE I Fluorinated and truncated side chain analogs of 29-MOS (q4' 

Compound ICso (PM) KI Apparent irreversibiliiv k,,,,, b i n - ' )  

29-MOS (8) 0.3 2.5 Yes 232 
15 3.0 10.2 Yes 122 

19 i n  12 Yes 1 I9 
20 60 No ~ 

21 60 - No ~ 

18 2.0 4.5 Yes I no 
~ 
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INHlBITORS OF OXIDOSQUALENE AND SQUALENE CYCLASES 389 

Interestingly, A .  acidoculdurius SHC was also covalently modified 
by ['H](3S)29-MOS.'3 Inhibition kinetics revealed that the inhibition 
was non-competitive and time-dependent (ICS0 = 1.2 pM, Kl = 2.1 pM, 
kinact = 0.06 min-'). Since the inactivation of SHC was over 1000-fold less 
rapid than for OSLC, we were able to isolate a major cyclization product; 
this product was characterized spectroscopically as a C3I dammarene-limo- 
nene hybrid with a 6.6.6.5 + 6 ring system (12)." No evidence was found for 
the methylidene-extended 3,Bhydroxyhopene (14). Apparently, the presence 
of the methylidene residue interrupted the cyclization reaction by SHC at 
the tetracyclic 17-epi-dammarene C-20 cation (11) (with the 17a-side chain). 
Cation 11 could be partitioned between final ring closure to yield the unna- 
tural product and being trapped by an active-site nucleophile to give a cova- 
lently modified enzyme such as 13 (Figure 2B). Comparison of the affinity 
labeling studies between bacterial SHC and eukaryotic OSC is now in 
progress. 

Very recently, we have found that (18E)-(3S)29-MOS (25), the A'' regio- 
isomer of the previous suicide substrate, ( I  82)-(3S)29-MOS (S), also cova- 
lently modified the active site of rat OSLC.68 (Note that the higher priority 
of the alkenyl substitutent renders an 1 8 2  designation for the "trans"-type 
squalene.) Cattel and co-workers have reported recently that racemic ( 1  8E)- 
29-MOS is a time-dependent inhibitor with tenfold higher K ,  value for crude 
pig and yeast O S L C ~ ~  Since i t  has been reported that the 2,3-oxidosqualene 
with the unnatural Z-stereochemistry at  A" was cyclized to the mixture of 
two 6.6.5-fused tricyclic products, both having trans/syn/trans A/B/C ring 
junctions,46 (18E)-(3S)29-MOS may also be cyclized to a 6.6.5-fused tri- 
cyclic intermediate cation. This cation would then be trapped by active-site 
nucleophile, resulting in the covalent modification of the enzyme. It seems 
likely that the OSLC labeling site of the linked (18E)-isomer should be dif- 
ferent from that of the extended (18Z)-isomer. Inhibition kinetics and 
active-site mapping with the tritium-labeled ( 1  8E)-(3S)29-MOS (25) will be 
reported in due course. 

A number of sulfur-containing 0s analogs in which a sulfur atom 
replaced carbons C-5, C-6, C-8, C-9, C-10, C-l I ,  C-13, C-14, C-15, C-16, 
C- 18, C-19, and C-20 were synthesized by Oehlschlager and co-workers; 
many of these thia analogs were potent inhibitors of OSLCs (Figure 4A).47-S" 
In particular, 0s analogs in which sulfur has replaced carbons C-I8 and C-19 
were reported to have extremely potent, subnanomolar ICSo values for both 
vertebrate and fungal OSLCs: S-18 (29) (ICsO = 0.08 nM for rat microsomal 
OSLC; 0.22nM for Cundidu ulhicans microsomal OSLC) and S-19 (30) 
(ICs0 = 0.82 nM for rat OSLC; 3.2 nM for C. ulbicuns OSLC).4x.50 Sulfoxides 
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INHlBlTORS OF OXIDOSQUALENE A N D  SQUALENE CYCLASES 391 

TABLE J I  Sulfur-substituted-OS as inhibitors of rat liver OSLC and recombinant 
A .  uc.i~localclurius SHC5' 

~ 

Compountl Rut liver OSLC' 

/Cso (nM) K,  (nM) kinacl (min-')  

S-6 (26) 
S-10 (27) 
S-14 (28) 
S-18 (29) 
S-19 (30) 

500 520 0.085 
1000 2100 0.037 

I 1000 4200 0.042 
50 37 0.0001 

260 I80 0.000 I 

A .  aciclvculdurius SHC 

lC50 (nM) KI  (nM) k,,,;,,, (min-') 

I50 127 0.0001 
570 97 1 0.0001 

86 109 0.058 
60 31 0.07 I 
78 83 0.054 

were generally much less active than corresponding thioethers. In our enzyme 
assays with homogeneous OSLCs, these unusually low ICso values have been 
revised in light ofdata obtained with purified rat OSLC: S-18 (ICso = 0.05 pM 
for rat OSLC) and S-19 (ICso = 0.26 pM for rat OSLC) (Table II)." Inhibition 
kinetics with purified vertebrateOSLCsdemonstrated that the S-18compound 
was a time-dependent, irreversible inhibitor of pig OSLC (KI = 1.5 pM, 
k,,,,, = 0.06 min - I ,  partition ratio = 16), while the inhibition by S-19 was 
reversible and not t ime-de~endent.~~) Surprisingly, the inhibition of rat OSLC 
by the S-18 compound was reversible and more potent ( K I  = 0.037 pM). 

When tested with recombinant A .  ucidoculdrrius SHC, thia analogs of 0s 
in which sulfur replaced carbons at C-6, C-10, C-14, C-18, or C-19 also 
showed potent inhibition of the enzyme at submicromolar level (Table II).sJ 
Among them, S-I 8 was the most potent inhibitor and showed time- 
dependent inhibition ( K ,  = 31 nM, k,,,,, = 0.071 min-') of SHC. The potent 
inhibitory activities of these analogs may be attributed to the higher nucleo- 
philicity of the sulfur atom compared to nitrogen and oxygen. Further, the 
more flexible and longer C-S bond in comparison with the C-C double 
bond may serve to bring the sulfur closer to the active-site nucleophilic resi- 
dues important in cationic charge stabilization. 

We have also demonstrated that both pig OSLC and A .  acidoculdurius 
SHC could be covalently modified with [17-3H]S-18 (31) and [22-'HH]S-18 
(32), two tritium-labeled radioisotopomers of S-18.s'*s' The covalent mod- 
ification appeared to require partial cyclization of S-18 at the active site of 
the enzyme with trapping of a cationic intermediate by an active-site nucleo- 
phile. Retention of the tritium label for both radioisotopomers excluded a 
possibility of an attack at C-20 with transfer of the side chain to the active 
site; alternatively, nucleophilic trapping could occur on a bicyclic or tricyclic 
intermediate (Figure 4B)." The structures of the S-18-derived material 
bound to the active site and the structures of the released S-18 cyclization 
products are currently under investigation. 
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392 1. ABE et al. 

The non-terpenoid benzophenone derivative Ro48-807 1 (33) is an ex- 
tremely potent, specific inhibitor of OSLC (IC50 = 7 nM for human liver 
OSLC), as recently disclosed by scientists at Hoffmann-La R ~ c h e . ~ ’  The 
structural cousins BIBX79 (34)54 and BIBBS 15 (35)5s independently discov- 
ered at  Karl Thomae/Boehringer Ingelheim also showed potent inhibition 
of OSLC (ICs0 = 6 and 9 nM for human Hep G2 OSLC, respectively). These 
orally bioavailable compounds show considerable therapeutic promise as 
cholesterol lowering drugs (Figure 5A). The mechanism of inhibition for 
these compounds is not well-understood yet, although calculations suggested 
that the aromatic compounds could be similar in shape and size to the pro- 
tosterol intermediate cation.56 However, it has been reported that the proto- 
sterol cation analog is no longer strongly bound by the enzyme. The 
relatively modest inhibition of purified yeast OSLC by a 20-aza-protosterol 
analog (IC50 = 22 pM) seemed to support a low affinity of the catalytic site 
for a late state high energy ir~termediate.~’ Finally, Ro48-8071 (33) also 
showed extremely potent, non-competitive inhibition of A .  acidocaldurius 
SHC (IC50 = 9.0 nM, Kl = 6.6 nM); for homogeneous rat liver OSLC, values 
of IC50 = 40 nM, Kl = 22 nM were obtained.s8 We decided that additional 
information was required to localize these potent non-terpenoid OSLC inhi- 
bitors in the active site. 

To locate the regions of SHC and OSLC that interact with Ro48-8071, we 
took advantage of the benzophenone photophore as a photoaffinity label. 
In many biochemical systems, benzophenone derivatives have been 
employed as excellent photoaffinity probes with remarkable site specificity 
and highly efficient covalent modification of the target Thus, 
tritium-labeled Ro48-8071 (36) (18.8 Ci/mmol) was chemically synthesized 
(Figure 5B); as expected, specific, efficient covalent modification of both 
OSLC and SHC enzymes was observed after 45 min irradiation at  360 nm.58 
The labeling of both OSLC and SHC by [3H]Ro48-8071 was competitively 
displaced by co-incubation with a 1000-fold molar excess of S-18 or the non- 
terpenoid inhibitor BIBX79. Displacement of labeling of OSLC was also 
achieved with the suicide substrate (3S)29-MOS. Thus, the non-substrate 
Ro48-807 1 and both terpenoid and non-terpenoid inhibitors of these 
enzymes appear to share a common binding site. 

Recently, Corey and co-workers6’ reported seven irreversible, time- 
dependent inhibitors of yeast OSLC (37-43) including 20-oxa-2,3-oxido- 
squalene (37) and 10,15-didesrnethyl-2,3-oxidosqualene (42) (Figure 6A); 
however, neither the details of the inhibition kinetics and efficiency nor the 
specificity of labeling were presented. In earlier work, 20-oxa-2,3-oxido- 
squalene was enzymatically transformed to protosterol derivatives having 
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33 34 35 

- 02CCH=CH-COOH 
c * 

Br 

iv, v, vi 

Br 

i, ii, iii 

HO Br 

36 

FIGURE 5 (A) Structures of Ro48-8071 (33). BIBX79 134). and BIBB515 (35). (B) Synthesis of [3H]Ro48-8071 (36). Reagents and conditlons: 
( i )  HO(CH&,Br. K2CO3. acetone; (ii) TPAP. NMP, 4 A  molecular sieves. CH2Cl2; (iii) NaB3H4. EtOH; (iv) MsCI. Et3N. DMAP. CH2C12; 
( v )  N-allylmethylamine. DMA; (vi) fumaric acid, EtOH. 
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INHIBITORS OF OXIDOSQUALENE AND SQUALENE CYCLASES 395 

17P-oriented side chains (44).7 In addition, a unique tetracyclic compound 
with a 6.6.5-fused A/B/C ring system and a pendant four-membered “D” 
ring (45) was identified as a minor cyclization product of 20-oxa-2,3-oxido- 
squalene (Figure 6B).62 The 10,15-didesmethyl-2,3-oxidosqualene was also 
enzymatically converted to a similar compound with the 6.6.5 + 4 ring 
system .63 

These seven analogs were employed in tritium-labeled form for active-site 
mapping studies. Trypsin digestion of the labeled OSLC followed by identi- 
fication of the peptide fragments by mass spectroscopy or Edman degrada- 
tion revealed that (i) the first four 0s analogs covalently modified residues 
W-232 and H-234 within the 23 1-236 segment (yeast numbering), while (ii) 
the last three analogs lacking methyl groups covalently modified the 486- 
512 segment.61 Using systematic site-directed mutagenesis of a total of 76 
amino acid residues that are conserved in five different species, six mutants 
(D456N, H146A, H234A/K/R, M532A) were inactive. The authors con- 
cluded that residues D-456, H-146, H-234, and M-532 were essential for cat- 
alytic a ~ t i v i t y , ~ ~ * ~ ’ * ~ ’  and they proposed a working model of some aspects of 
the activation and binding of 2,3-oxidosqualene by OSLC. In this hypothe- 
tical model, D-456 and protonated H-146 initiate cyclization, and the 
domains containing 23 1-236 and 486-5 12 make contact with the reacting 
substrate.61 This hypothesis fails to account for the result that D-456 was 
alkylated by a partially cyclized suicide substrate,36 29-MOS. Moreover, this 
hypothesis does not incorporate the importance of cation stabilization at the 
end of the polycyclization as the “pull” of a push-pull cyclization process. 

Finally, in a continued investigation of the ability of fluorine to facilitate, 
inhibit, or redirect polycyclizations, we have prepared several vinylic fluoro 
analogs of 0s. The late W.S. Johnson had shown that a fluorine atom could 
act as a cation-stabilizing auxiliary that served to both enhance the cycliza- 
tion reaction and control the regiochemistry of the p r o d u ~ t . ~ ~ - ~ ~  In order to 
test the effect of fluorine atom substitution on the cyclase reaction, (3S)l l -  
fluoro-2,3-oxidosqualene ( 1  I-FOS) (47)14 and (3s)  14-fluoro-2,3-oxidosqua- 
lene ( 14-FOS) were synthesized (Robustell and Prestwich, unpublished 
results). Surprisingly, when cyclization of 1 I-FOS with purified rat liver 
OSLC was attempted, no cyclization product could be d e t e ~ t e d . ’ ~  The 
OSLC enzyme is particularly sensitive to  structural changes on the pro$- 
face and thus fails to bind (3S)ll-FOS. In contrast, recombinant A .  ucido- 
culriurius SHC converted (3S)l I-FOS into a carbocyclic compound with a 
bridged ether (48) in 27% yield (Figure 7). For SHC, 1 I-FOS was accepted 
in the catalytic site, but the presence of the fluorine atom interrupted the 
cyclization reaction at the monocyclic cationic intermediate stage. Partial 
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(A) OSLC (8) SHC 

47 47 48 

FIGURE 7 Enzymatic cyclization of (391 I-fluoro-2,3-oxidosqualene (47) by (A) OSLC and 
(B) SHC. 

cyclization may be attributed to the strong electron-withdrawing effect of 
the 11-F atom or to the distortion of the substrate folding. The synthesis of 
additional fluorinated 0s analogs and the processing of these as substrates 
by OSLC and SHC will be reported in due course. 

In summary, mechanism-based inhibitors and other active-site targeted 
inhibitors for eukaryotic OSLC and bacterial SHC have afforded important 
insights into the cyclization mechanism. The next generation of results will 
place the mechanistic understanding into a structural context, and the roles 
for specific active-site residues will be elucidated through peptide mapping 
and crystallographic studies. This is an exciting time: after forty years of 
study, the mysteries of how these fascinating enzymes handle multiple carbo- 
cations in water may soon be revealed. 
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