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The epoxidation of squalene to (3S5)-2,3-oxidosqualene by
squalene epoxidase (SE) and its subsequent cyclization by ver-
tebrate oxidosqualene cyclase (OSC) to lanosterol are the key steps
in cholesterol biosynthesis.! The best hypocholesteremic drugs
available at present (e.g., mevinolin and its congeners) decrease
steroid levels by reducing mevalonate production via the inhibition
of HMG-CoA reductase.? In contrast, our strategy has been the
development of inhibitors of SE and OSC.? Recently, we* and
others® described the inhibition of SE by compounds derived from
modification of the terminal isopropylidene group of squalene.
We now report the first example of a cyclopropylamine-containing
squalene analogue which acts as a highly selective, slow tight-
binding inhibitoré of pig liver squalene epoxidase.

Squalene analogues containing the cyclopropylamine moiety
were synthesized as follows. Analogue 1 was prepared from
trisnorsqualene aldehyde* and cyclopropylamine, by the procedure
of Borch et al.” Reductive amination of 1 with aqueous form-
aldehyde, followed by hydrogen peroxide oxidation,® provided
cyclopropylamine analogues 2 and 2b. Cyclopropylamine 3 was
prepared by reductive amination of tetranorsqualene aldehyde.’

Cyclopropylamine analogues 1-3 could function in three ways.
First, in their protonated forms, the amines could simply interact
ionically with either of the two enzymes. Second, the amines could
undergo oxidation to the corresponding N-oxides, thus acting as
prodrugs for a functionality known to be a transition-state mimic
of OSC epoxide opening.'® Third, the amines could be oxidized
by a one-electron process and thus act as mechanism-based in-
activators'! to irreversibly inactivate SE or OSC. A variety of
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Figure 1. Time dependency of inactivation of trisnorsqualene cyclo-
propylamine (1). Incubations of 0.5, 5, 7, and 10 min were performed
with inhibitor concentrations of 0, 0.4, I, and 2 uM.

Table I. ICs, Values of SE and OSC Inhibition for Compounds 1-8°

N X X x x X
ICy (SE),  ICy (OSC),
compd X uM uM
1 CH,NH-c-C;H;s 2 ni
2 CH,N(CH,)-¢c-C;Hj; 100 ni
2b CH,N(O)(CH,)-c-C;H; 200 40
3 NH-c-C;H;s 4 ni
4 CH,NHEt 200 ni
5 CH,NH(i-Pr) ni ni
6 CH,N(CH,), 20 ni
7 CH,0H 4 ni
8 CH,NH, 200 ni

9The abbreviation ni represents no inhibition at [I] = 400 uM. ICs,
values for OSC were calculated by subtracting SE inhibitory effects
from inhibition in mixed OSC + SE assays. 2-Aza-2,3-dihydro-
squalene (6), trisnorsqualene alcohol (7), and trisnorsqualene amine
(8) were previously reported as SE inhibitors (see ref 4a and 14).

cyclopropylamines are potent mechanism-based inactivators of
mitochondrial monoamine oxidase, plasma amine oxidase, and
cytochrome P-450 enzymes.!2 Although SE is believed to be an
external flavoprotein monooxygenase,'? the mechanism by which
the delivery of one oxygen atom to squalene occurs is poorly
understood. Squalenoid cyclopropylamines may address these
mechanistic questions.

Because oxidation of squalene might be initiated at either the
C-2 or C-3 position, both the N-2 (trisnorsqualene) analogue 1
and the N-3 (tetranorsqualene) cyclopropylamine analogue 3 were
required. The N-methyl analogue 2 and N-methyl N-oxide 2b
test for procyclase inhibitory activity (secondary amines 1 and
3 would be converted to hydroxylamines).

Compounds 1-3 and 2b were tested for pig liver SE and OSC
inhibition. The results are presented in Table . Secondary amine
1 is one of the most potent inhibitors of vertebrate SE known, with
ICsy = 2 uM."* Interestingly, amine 3, bearing one less methylene
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unit, was only slightly less potent (ICso = 4 pM).I5  N-
Methylcyclopropylamine 2 was a poor inhibitor of SE and showed
only a moderate decrease in [!4C]lanosterol formation at 100 uM.
Although not as potent as several related compounds for OSC
and SE mixtures,'® N-oxide 2b was a modest inhibitor of OSC
(ICs = 40 uM), as indicated by an accumulation of [**C]squalene
epoxide. These results suggest that oxidation of the nitrogen atom
to the corresponding N-oxide does not occur in vitro. The dif-
ference in activity between secondary and tertiary amines 1 and
2 can be attributed to steric perturbation.

The time dependency and irreversibility of inhibition of SE by
cyclopropylamine 1 was investigated. Figure 1 shows a time
dependency of inactivation with X, = 2.4 uM and k;,,, = 0.055
min~.'® Addition of excess squalene (ca. 400 uM) to a mixture
of 1 (2 pM) and pig liver microsomes caused complete recovery
of SE activity, illustrating substrate protection.

Amine 1 was not readily removed from the crude inactivated
enzyme mixtures. However, incubation of *H-labeled cyclo-
propylamine 1 (prepared from reductive amination of [*H]tris-
norsqualene aldehyde)* with crude pig liver homogenate, followed
by anion-exchange chromatography, resulted in complete recovery
of the radiolabeled amine 1 (detected by radio-TLC) and full
restoration of SE activity.!” Thus, cyclopropylamine 1 cannot
be a mechanism-based inactivator of SE. Instead, it is probable
that there exists a strong electrostatic interaction between enzyme
and inhibitor. The protonated amine may mimic the transient
positive charge which develops at the C-3 and/or C-2 positions
during the epoxidation of squalene.

Secondary amines 4 and 5 analogous to cyclopropylamine 1
are less potent inhibitors of SE by more than 2 orders of magnitude
(ICs = 200 uM and >400 uM, respectively). Replacement of
alkyl substituents by the cyclopropyl moiety can result in increased
inhibition.!*  The reasons for the increased activity of many
cyclopropane-containing analogues are poorly understood and
involve a combination of steric and electronic effects.'®

In conclusion, trisnorsqualene cyclopropylamine (1) is a potent
inhibitor of pig liver SE. Because 1 does not appear to be a
mechanism-based inactivator of SE, interaction between enzyme
and inhibitor is most probably electrostatic in nature. Structural
studies of cyclopropylamine variants suggest that there is con-
siderable flexibility for the position of the nitrogen atom. However,
the strong requirement of the cyclopropyl moiety for SE inhibition
suggests that there also exists a specific, but as yet undefined,
interaction between the cyclopropyl ring and SE.
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The recent discovery of the “zinc finger” structural motif and
its wide occurrence in nucleic acid binding proteins has greatly
increased interest in zinc—cysteine coordination.!> We have been
studying the coordination chemistry of zinc and spectroscopically
observable metals with similar structural requirements to serve
as models for zinc—cysteine metalloproteins.*7 Herein, we report
the synthesis and structure of the first example of a trigonal planar
[M(SR);]}" complex of zinc.

The reactions of ZnSO,7H,0 with 5 equiv of lithium
2,3,5,6-tetramethylbenzenethiolate (LiS-2,3,5,6-Me,CcH) in
CH;CN and 1 equiv of (n-PrgyN)Br gave a white crystalline
compound, which was recrystallized from CH;CN. The 'H NMR
spectrum of the product indicated the empirical ratio of one
(n-Pr)4N cation per three thiolate ligands and no resonance for
CH;CN. An X-ray crystal structure established the monomeric,
three-coordinate nature of the anion in [(n-Pr),N][Zn(S-
2,3,5,6-Me,C¢H);] (Figure 1).8 The sum of the three S-Zn-S
angles equals 360.0°, indicative of the planar ZnS; coordination.
The distortions from 3-fold symmetry (S1-Zn-S82, 110.11 (7)°;
S1-Zn-S3, 134.10 (8)°; S2-Zn-83, 115.78 (7)°) result from the
stacking interactions between two of the aromatic rings.

This result is surprising with respect to the known coordination
chemistry of zinc® and particularly its coordination with thiolate
ligands.!® Three coordination is extremely rare for Zn(1I) and
Cd(I1),"*-** although it is more commonly observed for other d'°
transition metals, Hg(1I), Cu(I), Ag(I), and Au(I).'* The
structure of 1 must be considered in relationship to other structures
that would have been suggested by precedent. It is not a
[(RS),Zn(,-SR),Zn(SR),]% dimer as has been characterized
for SR = SEt and SPh or a Zn,(u,-SR)¢L, adamantane clus-
ter.!%1516 1t has previously been demonstrated with a number
of different metals that ortho-disubstituted aromatic thiolates have
a reduced tendency to bridge metal centers.%!” This effect is not
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