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Abstract Sterol biosynthesis inhibitors (SBIs), dis-
covered in the late 1960s and subsequently used com-
mercially to treat ergosterol-dependent fungal diseases,
represent a unique drug class targeted at an enzyme in a
biosynthetic pathway. To date, few drugs have been
commercialized as enzyme inhibitors; yet, prescription
of SBIs has emerged as the gold standard for some cases
of non-life-threatening antifungal chemotherapy and in
crop protection. SBIs are not designed for their struc-
tural resemblance to the sterol molecule; they none-
theless can engender a curative effect by interfering
with sterol production and homeostasis in the patho-
genic organism. The increased use of SBIs in recent
years, particularly the azole antifungals, has resulted in
the development of resistance to those drugs, necessi-
tating additional work to further our understanding of
antifungal resistance and to explore opportunities to
develop new enzyme inhibitors and uncover new en-
zyme targets that can regulate carbon flux in the post-
lanosterol/cycloartenol pathway. This article reports
general considerations for enzyme mechanism and ac-
tive-site probes using inhibitors of the C-methylation
reaction, including a potential new class of antifungal/
antiparasitic agents of phytosterol synthesis tailored as
mechanism-based inactivators. These steroid-based
compounds prepared with different sterol side chain
functionalities are designed to reversibly or irreversibly
impair the sterol methyltransferase, an enzyme ex-
pressed in pathogenic microbes and plants but not in
the human host. The salient aspects of these and related
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topics directed toward the enzyme recognition of sterol
structure, and the inhibitory properties and catalytic
competence of a series of specifically modified substrate
analogs that affect sterol methyltransferase action are
discussed.

Primarily due to their impact upon plant and human
health, the similarities and differences in sterol content
between microbes of eukaryotic origin and more ad-
vanced systems, the functions of the various sterols and
biosynthetic intermediates, as well as the character-
ization of the enzymatic reactions involved have all
received substantial investigation. An important goal
of most of these studies is to provide basic information
about sterol biochemistry from which drugs, herbi-
cides, etc., can be developed to exploit a fundamental
difference in sterol homeostasis (involving the type and
amount of cellular sterol) between the pathogenic mi-
crobe and its host, whether human or plant. Excellent
reviews that cover the topic of sterol biosynthesis
inhibitors are available [1-4]; the last time this subject
was reviewed in the journal Lipids was in 1986 by the
Strasbourg group, who made seminal contributions to
the field [5].

Ergosterol Homeostsasis

The major sterol of microbes, ergosterol accumulates
in the cell at ca. 20-100 fg/cell; this contrasts with the
sterols of advanced plant and animal systems, sitos-
terol and cholesterol respectively, that occur at ca.
3,000 fg/cell [6] (Fig. 1). Ergosterol and sitosterol are
regarded as phytosterols (sterols that contain a 24-alkyl
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Fig. 1 Representative zoosterol and phytosterols (24-alkyl sterols). The structure of ergosterol is boxed to show different domains of
the nucleus and a side chain of functional significance; arrows indicate structural features of key importance

group in the sterol side chain), whereas cholesterol is
regarded as a zoosterol (sterols that lack a 24-alkyl
group in the sterol side chain) [6]. The physiological
importance of ergosterol to fungal-plant/human inter-
actions provide a biochemical paradigm that ergos-
terol-dependent diseases can be cured or eradicated
though the disruption of ergosterol homeostasis. The
key element of this paradigm is that de novo sterol
synthesis and the structural features of ergosterol are
important to fungal growth and that loss of the native
ergosterol structure, such as through blockage of the
addition of the C24-methyl group to the intermediate
structure, will harm cell physiology.

The first evidence that disruption of ergosterol
homeostasis can lead to impaired fungal growth was
the study by Nes and coworkers, who in the 1970s
cultured yeast anaerobically to generate sterol auxot-
rophy. By supplementing the culture medium with
different sterols, they established the functional sig-
nificance of the structural features of yeast ergosterol
and demonstrated that lanosterol and other interme-
diates were harmful to cell proliferation and mor-
phology [7, 8]. From a functional perspective, the
structural features can be divided into the ring and side
chain requirements (cf. the ergosterol structure in
Fig. 1). For the ring, the 35-OH group is obligatory for
growth, whereas the presence of C4 and C14 methyl
groups in the nucleus did not allow growth. There ap-
peared to be little advantage in the presence of double
bonds compared to the fully saturated B-ring sterol. In
the side chain, the 24 -methyl group was obligatory for
growth, but better growth still was observed with the
natural side chain containing a 24f-methyl group and
A?*-double bond. By comparing the growth response to
sterols with opposite configurations at C20 and C24,
only sterols with the natural configuration at C20R-
and C24f-methyl groups supported growth. This work
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highlighted, for the first time, the importance of sterol
specificity that can manifest itself in ergosterol-
dependent diseases, and permitted a rational manipu-
lation of ergosterol homeostasis that will lead to cell
death. The importance of ergosterol to other microbial
systems and sitosterol to plants in growth has been
reported and confirms the original observations. In
further work on this issue, several groups were able to
show that sterol played a dual function in microbial
physiology [1, 6, 7, 9-11]: the first as a bulk membrane
component and the second as a “‘sparking” compound
to signal cell proliferation; this second function uses
orders of magnitude less sterol than that required in
the membrane. Clearly, if those features that are
essential for growth could be exploited as antifungal
targets, then it should be possible to obtain an effective
inhibitor for therapeutic purposes and for crop pro-
tection.

The study of ergosterol biosynthesis in fungi and
protozoa became of particular interest after it was
discovered that specifically acting compounds, the
‘““azoles” [4], a diverse group of compounds including
the imidazoles, triazoles, pyrimidines and pyridines,
interfere quite precisely in fungal metabolism, mainly
in one or three steps of the lanosterol-ergosterol
pathway [viz., with the Ergllp, Erg24p and Erg2p].
The mechanism of action by which many of the azoles
interrupt ergosterol synthesis is based on their ability
to bind to the 14a-demethylase enzyme [CYPS5I1,
Ergllp] with greater affinity in fungal cells than to the
14a-demethylase in animal cells. A common structural
feature of these compounds that promote enzyme
inhibition is an unsubstituted imidazole ring or triazol
ring, bound via the N-3 atom of the heterocycle to a
carbon atom in the remainder of the molecule.

From a compound intervention standpoint, im-
paired activity that disrupts carbon flux would be
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expected when substrates are produced on which the
enzymes fail to catalyze; consequently, these sub-
strates should become deleterious to the cell because
they are present in abnormally high concentration
and contain structural features harmful to membrane
structure and function. This proposal has been con-
firmed in studies which show that impaired Ergllp
activity can lead to an accumulation of lanosterol and
24(28)-methylene lanosterol in inhibitor-treated cells,
causing these cells to die [4]. A related set of
experiments has been performed with anaerobic
yeast and a no-growth result occurred when cells
were supplemented with lanosterol, consistent with
the observations of the inhibitor-treated fungi. Al-
though the activity of the 14a-demethylase enzyme
can be interrupted by azole treatment, thereby gen-
erating lanosterol in vivo, it is not necessarily the
presence of the 14o-methyl group [C32] on the back
face of the sterol molecule that prevents proper ste-
rol-lipid interactions in the lipid leaflet; rather it is
more likely the presence of the C4-geminal methyl
group on the sterol molecule that can perturb the
hydrogen bonding ability of the C3-hydroxyl group in
the membrane [12]. Removal of the Cl4-methyl
group is necessary to allow for the introduction of
the A>-bond in the nucleus, which can also have
functional significance [10].

Ergosterol Biosynthesis

In the early stages of formation, the synthetic pathway
to fungal ergosterol uses an isoprenoid pathway to
squalene oxide similar to the one involved in choles-
terol formation (viz, the acetate-mevalonate pathway);
thereafter the pathway can diverge into routes that are
phylogentically distinct based on whether the organism
will synthesize lanosterol (animals and fungi) or cyclo-
artenol (plants) (Fig. 2) [12, 13]. In most fungi and
many protozoa, the following key transformations from
lanosterol to ergosterol take place in the order: (1)
methylation at C24; (2) demethylation at C4 followed
by demethylation at C14; (3) double bond transforma-
tions in the nucleus from A® to A%, and (4) double bond
transformations in the side chain at C24(28) and
C22(23). The yeast Saccharomyces cerevisiae is an
important exception; methylation at C24 occurs after
C4-demethylation. In Prototheca wickerhamii there is
an additional enzyme system not present in fungi that is
involved in catalyzing the opening of the 9f,19-cyclo-
propane ring in the cycloartenol structure characteristic
of a plant pathway to ergosterol. Higher plants can also
synthesize 24f-methyl sterols similar in structure to
ergosterol but these are obtained through a different
route (Path 3 in Fig. 2). They can also produce 24-ethyl
sterols where the 24-ethyl group is stereochemically

Fig. 2 Proposed general Squalene
pathway for the biosynthesis 10,1
of A’-phytosterols from the Squalene Oxide
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opposite to the C24-methyl group in fungal sterol
ergosterol (Path 3 in Fig. 2).

Phytosterol Diversity

It has become increasingly evident that considerable
variability can exist during the post-squalene stages of
ergosterol (phytosterol) synthesis among microbes, and
this may partially explain the different responses to
sterol biosynthesis inhibitors in pathogenic organisms.
In some cases, the organism’s sterol content and/or
composition and hence its synthetic pathway can un-
dergo a marked change as a function of host—parasite
interactions or from morphological switching of the
single cell to the hyphal phase of growth. In order for
these changes to occur in the sterol synthetic pathway,
the relevant enzymes that compose the pathway must
undergo a change in activity and/or transcript level
accompanied by a change in protein level. In the par-
asite Trypanosoma brucei, which causes sleeping sick-
ness, the protozoan form cultured on a lipid-deficient
medium contains significant levels of 24-methyl sterols,
whereas the main sterol is cholesterol in the blood-
stream form; there are no detectable 24-methyl sterols
in these cells [14]. Presumably, the cholesterol is ab-
sorbed from the host, causing the set of ergosterol
enzymes in the parasite to be down-regulated. In a
similar fashion, the opportunistic pathogen Pneumo-
cystis carinii, isolated from its animal host, contains 31
sterols but no ergosterol; the main sterol cholesterol is
also absorbed from the animal host [15].

In the phytopathogen Gibberella fujikuroi, 38 dif-
ferent sterols have been identified at different stages of
development with multiple 24f-methyl sterol end-
products produced, including ergosterol during myce-
lial growth [16]. In the fungal-like pathogen P. wick-
erhamii, the microbe can synthesize ergosterol by a
cycloartenol-based pathway [13], whereas in the zygo-
mectous fungus Mortierella alpina [17], the major ste-
rol synthesized by the mycelia is cholesta-5,24-dienol
(desmosterol), with minor amounts of 24-alkyl sterols,
suggesting that desmosterol is the membrane insert and
the 24-alkyl sterol(s) is the “‘sparking’ compound. In
M. alpina, as reported for P. carinii, no ergosterol can
be detected in the organism.

Several microbes have been found to utiliize an
unconventional phytosterol synthetic pathway that in-
cludes the ability to use a mevalonate-independent
route to squalene [18, 19]. In the case of unconventional
phytosterol side chain construction, multiple 24-alkyl
sterol products are formed by sterol methyltransferase
(SMT) catalysis in T. brucei [20], rather than a single
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product as found in S. cerevisise [21]. Other examples
of unconventional phytosterol C-methylation pathways
include formation of the AZ@"-olefins with a 24p-
methyl group in P. wickerhammi [22] and in T. brucei,
the formation of a 24-dimethyl group in trypanosomoid
phytosterols [20], the formation of multiple C24-alkyl-
ated sterol side chains in P. caranii (analogous to
the product outcome that has recently been found to be
catalyzed by plant SMTs [23]), and the synthesis of
the 24f-methyl group in 22,23-dihydrobrassicasterol in
G. fujikuroi by a route distinct from the route to
ergosterol [24].

A distinguishing feature of phytosterols is the SMT-
catalyzed introduction of the 24-alkyl group. This class
of catalyst can be appealing targets for the design of
inhibitors to inhibit microbe growth, since they lie on a
pathway that is essential to phytosterol formation and
are absent from the sterol pathway in animals. SMTs
are unique since they not only catalyze the C-methyl-
ation reaction sterospecifically and with a high degree
of substrate specificity, but they can also provide a
critical slow step that is used to regulate carbon flux in
post-squalene pathway transformations [6]. Interest-
ingly, when the SMT is blocked in certain pathogens it
will promote the accumulation of lanosterol or cyclo-
artenol analogous to the situation in azole-treated
fungal cells [1-6]. Having identified the SMT as a
biochemical target, we can now address what is known
about its C-methylation reaction, enzymatic properties
and tests involving substrate analogs, concluding with
future directions that incorporate recent findings about
reversible and irreversible inhibitors affecting SMT
action and their potential use in medicine and agri-
culture.

SMT: Steric-Electric Plug Model of Binding
and Catalysis

The crucial C-methylation reactions that generate the
parent phytosterol side chain skeletons are catalyzed by
enzymes collectively known as sterol methyltransferas-
es [25]. These enzymes bind a A**-sterol acceptor mol-
ecule and a methyl donor AdoMet cofactor to produce a
24-methylated (ethylated) sterol product and AdoHcy.
The SMTs can be divided into two families based on
their genetics and substrate preference for a sterol with
a side chain structure of A?*GY-(SMT1) or A%
(SMT2) [26]. However, largely based on our recent
work which showed that SMT isoforms from different
sources exhibit a high degree of substrate specificity for
either zymosterol, cycloartenol, lanosterol and 24(28)-
methylene lophenol, there has been a refinement of the
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Enzyme Commission’s (E.C.) classification of the
reactions they catalyze [21]. By also considering the
genetics and substrate specificity, the SMTs can be
classed as follows; SMT1 zymosterol 24-methyltrans-
ferase (E.C. 2.1.1.41); SMT1 cycloartenol 24-methyl-
transferase (E.C. 2.1.1.142); (no E.C. number assigned
for a lanosterol-binding SMT) and SMT2 24-methylene
lophenol C-methyltransferase (E.C. 2.1.1.143). There-
fore, in the E.C. classification of enzymes, SMT activity
can be classified according to the catalytic mechanism
of their active site into one of four mechanistic sets that
involve the generation of a C-methyl-A>*®®- and
APCD_ABCH_and AP olefin. Although, as we will
show below, SMT1 or SMT2 may be characterized by
one of these catalytic mechanisms, this characteristic is
not yet used in the E.C. nomenclature.

Since 1978, a series of investigations carried out
using intact organisms and recombinant SMT by sev-
eral research groups has greatly added to the present
understanding of C-methyl transfer reactions catalyzed
by SMT. In one case, the results support a nonstop
(concerted) mechanism for the first C;-transfer that
produces a single product with a 24-methyl AZ*C®.
olefin, whereas the second series of studies provides
the first evidence for a step-wise ionic mechanism for
the second C;-transfer, which generates multiple
product sets such as those with a mixture of 24-methyl
(or ethyl) A**®®_ and A»C7_olefins. The stereochem-
ical features on the path to the second C;-transfer
reaction were the same as those noted in the first C;-
transfer reaction [25]. Thus, the enzymatic transfer of a
methyl group of AdoMet to a A**®®_olefin acceptor
sterol occurs on the Si-face of the original substrate
double bond such that the C25 configuration obtained
during the first C;-transfer reaction is retained during
the second C;-transfer reaction. Based on the above
considerations, related work with plant, fungal and
protozoan SMT isoforms with unique sterol specificity,
the results from other relevant biogenetic studies, and
the conclusions drawn from model reactions [27], a
general scheme for the first and second C;-transfer
methylation reactions has been proposed (Fig. 3) and
embodied in the “steric—electric plug’” model of sterol/
AdoMet binding and catalysis [28] (Fig. 4).

This stereochemical model predicts the structural
features of the sterol molecule needed to generate a
productive Michaelis—Menten complex that includes a
free 3-OH group, a planar tetracyclic nucleus, a side
chain that orients to the “right”” (C20R-configuration)
in a pseudocyclic conformation, and a double bond
located at position C24. A related, central prediction of
the model is that the ProE-26 of the A**-substrate
derived from C2-MVA becomes the ProS-C26 of the

24-methyl(ene) product as a consequence of an Sy2
type mechanism that involves f-face nucleophilic at-
tack by the m-electrons of the A**-bond on the S-methyl
group of AdoMet coupled to a stereospecific 1,2-hy-
dride shift of H24 to C25 on the Re-face of the original
substrate double bond (Fig. 4).

C-Methylation Reaction Progress

The observed regiochemistry and stereochemistry of
any particular sterol C-methylation reaction depends
upon the precise amino acid contacts resulting in the
active center with specific nucleophilic groups on the
sterol acceptor. One approach to designing potent
inhibitors of the SMT that can disrupt these interac-
tions is to unmask the probable structure of the tran-
sition state of the chemical reaction catalyzed by the
enzyme. Kinetic constants involved with catalytic effi-
ciency, k.ac and k../ Ky, are measures of the stabiliza-
tion of the catalytic transition state of the enzyme,
where the K4, K; and K, values are measures of sub-
strate/inhibitor binding affinity [29]; the term “‘transi-
tion state stabilization” is often used in the literature to
refer to specific electrostatic interactions that are
strengthened in the transition state. In the case of the
yeast SMT-catalyzed reaction, one can envisage the
involvement of a transient interaction in the activated
complex between the C24 and C25 cationic interme-
diate(s) and the active site of the enzyme. Electrostatic
interactions that occur in the SMT active site between
enzyme and substrate can be disrupted by transition
state analogs, such as 24(R,S)25-epiminocholest-8-
enol, that possess a positively charged functional group
at physiological pH. In our research laboratory we
recently determined (for the first time for any enzyme
that acts on sterol) the relevant kinetic constants to
establish a free-energy diagram for an SMT enzyme-
catalyzed reaction [6, 30]. As demonstrated schemati-
cally in Fig. 5, the reaction coordinate proceeds ener-
getically uphill, from the binding interactions of the
ground state (associating sterol and AdoMet) to the
interactions of the activated complex (which involve
stabilizing the making and breaking of chemical bonds
associated with the methylation—deprotonation reac-
tion, product formation, and then the release of the
products from the enzyme)[6, 30].

In work carried out by the Strasbourg group [5], it
was found that the high-energy intermediate [carbo-
cation (2 in Fig. 4)] generated at C25 during the
methylation—deprotonation reaction could be replaced
by a positively charged nitrogen atom (e.g., protonated
form) introduced at C25 to mimic the structure of the
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putative ‘“‘charged” intermediate formed during catal-
ysis. If the transition state stabilization is equated to
the binding energy, a stable analog that mimics the
structure of the transition state should bind to an en-
zyme more tightly than the native substrate, i.e., it
should bind with a strength at least three orders of
magnitude higher than that of the best substrate for the
enzyme [5]. In support of this view, utilizing the yeast
SMT we found that the K, for zymosterol is 30 uM,
whereas a transition state analog and potent noncom-
petitive inhibitor of the C-methylation reaction,
24(R,S),25-epiminocholest-8-enol, generated a K;
value of 3 nM [31]. From the K;/K; values for the iso-
stere cholest-8-enol and its ‘‘charged” counterpart
24(R,S),25-epiminocholest-8-enol [30], we calculate a
A(AG) of 5.6 kcal/mol; this amount of binding energy
reflects the contribution of electrostatic association to
the total energy of formation of the inhibitor-enzyme
complex in wild-type enzyme. In related work using a
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plant SMT, Rahier et al. [S] reported a similar value for
the K, of cycloartenol and K; values for 25-azacyclo-
artenol in the micromolar and nanomolar range,
respectively, as well as a value of 5.1 kcal/mol when
comparing a similar set of inhibitors. However, the
mechanistic work fails to show whether SMT actually
lowers the activation energy for the making and
breaking of bonds in the activated complex, or whether
it simply forces the selection of a single reaction
channel through the precise control of substrate con-
formation and the positions of counter ions that affect
product outcome.

SMT1 and SMT?2 Isoforms

Over the past several years there have been remark-
able advances in the study of SMT enzymes, because it
has been possible to generate recombinant species of
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Fig. 5 A hypothetical free energy profile for the sterol methyl-
transferase-catalyzed activity representing the C-methylation
reaction that proceeds through the formation of a high-energy
chemical intermediate (activated complex) by way of a C24-

the native enzyme. Until now, the type and number of
SMTs involved in catalyzing the product diversity ob-
served in nature were not known. These enzymes had
remained incompletely characterized until recently
because of their low concentration in tissues, their
membrane-bound nature and their lack of stability
during purification efforts. Using cloned enzyme, it is
now known that the pure SMT has unique properties
that contribute to sterol specificity, kinetic and reaction
properties, and to slow turnover, which serves to con-
trol carbon flux under physiological conditions. The
cloned SMT from plant, fungi and protozoa possesses a
pH that ranges from 6 to 8 with an optimum pH of 7.5,
it is tetrameric with four identical subunits, and it has
theoretical pl values that range from 5.4 to 7.5. The
predicted molecular masses of the monomeric SMTs
range from 38 to 43 kDa. The amino acid sequences
deduced are reasonably similar to each other (21-78%
identity), with 130-197 amino acids conserved in the
primary structure [10, 21, 25, 27].

Fungi and protozoa have the genetics to express a
single SMT (SMT1), whereas plants have a genome for
SMT families and can express up to three SMT iso-
forms—one of the SMT1 type (C;-methylation activ-
ity) and two of the SMT2-type (C,-methylation
activity) [21]; the different SMT activities possess dif-
ferent substrate properties and can produce various
C24-methylated products. Both SMT1 and SMT2 from
plants are currently known to be capable of performing
either of the Ci-transfer methylation activities,
whereas the yeast SMT1 only performs the first
C,-transfer methylation activity. The protozoa SMT1

methyl C25-cationic [or that of a C24(25)-bridged carbenium
ion] intermediate. Compounds 1-4 assayed with the enzyme and
the experimental values provided in the energy diagram are
taken from [6, 30]

can perform two C;-methyl transfers, but the doubly
(C24-alkylated product is different from that formed in
plants [21]. There appear to be at least five sterol
molecules that can serve as optimal substrate for the
SMT, as shown in Fig. 6. In the case of fungi and
protozoa, either lanosterol, 24(28)-methylene lanos-
terol (euboricol) or zymosterol are the preferred sub-
strates of the enzyme. In the case of plants,
cycloartenol or 24(28)-methylene lophenol are the
preferred substrates for the enzyme. Equilibrium
dialysis and time-dependent inhibition experiments
indicate that the enzyme characteristically contains one
active center with subsites for sterol and AdoMet. The
turnover numbers for SMT1 and SMT2 are similarly
slow, about 0.01 s, and the K,, values for the optimal
substrates for these enzymes are about the same,
around 30 pM [20, 25, 27].

Biosynthetic pathways often involve enzymes that
catalyze reversible bond formation, as determined for
the A%- to A’-sterol isomerase. Alternatively, the plant
SMT was found to act in an irreversible manner, with
AdoMet binding predominantly in the forward direc-
tion. The enzyme activity responds to allosterism; in
soybean, the SMT1 is subject to down-regulation by
the final product (K; of 65 uM), sitosterol (it is ergos-
terol in the case of yeast SMT1), but not by either
cholesterol or ergosterol, and to up-regulation by
physiological concentrations of ATP (400 uM) [25].
The position of SMT1 in, for instance, the soybean
phytosterol pathway (in the first step), the relatively
irreversible nature of the binding isotherm involving
the cosubstrates, and the allosteric nature of the
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Fig. 6 Functional
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enzyme, together with the fact the SMT gives rise to
the product diversity are all consistent with the SMT
acting as the rate-limiting enzyme of phytosterol syn-
thesis.

In cases where there is credible steady-state kinetic
data for enzyme-catalyzed bisubstrate reactions, the
yeast SMT1 is shown to proceed by a different reaction
pathway than the one that operates for the plant SMT1
[23, 31]. In both cases, the cosubstrates, sterol and
AdoMet, are bound to the enzyme at the same time at
some point during the course of the reaction, forming a
ternary complex. The possibility of the intervention of
an X-group bound intermediate was eliminated
experimentally; rather, for yeast a concerted addition—
elimination C-methylation reaction was demonstrated
kinetically [25]. In the yeast SMT1 case, a random
ordered bi bi mechanism operates, where either sub-
strate can bind first to the enzyme, and either product
can leave first. For the plant SMT1, it was found that
the AdoMet binds first to the SMT. Interestingly, the
plant SMT1 can catalyze the second C;-transfer reac-
tion in a mechanistically different way to the first C;-
transfer, using a bi rer reaction to catalyze the A>*?-
substrate [32].

SMT Sequence Relatedness
Over the past ten years, SMTs have been cloned, se-

quenced and purified from each of the major phylo-
genetic groups, including plant, fungi and protozoa.
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Including the four families which represent enzymes of
the SMT1 and SMT2 isoforms, sequences of another 60
SMTs are now available. Of the 383 amino acids in the
S. cerevisiae SMT, 78 residues were completely con-
served (21%) in those that we studied, including the
SMT1-types Glycine max, Crytpoccocus neoformans,
and Trypanosoma brucie and the SMT2-type Arabid-
opsis thaliana. Overall, yeast SMT contains a distinct
number of aromatic amino acids that are completely
conserved (16 out of 47 with 34% identity), and two
notable conserved regions of about ten amino acids
each, referred to as Regions 1 and 3. In the yeast SMT,
Region 1, which is highly hydrophobic with about 50%
aromatic residues, spans Tyr81 to Phe91, and Region 3
spans Tyr192 to Pro201. Regions 1 and 3 are found
only in the SMT, suggesting that they might have
functional importance with respect to sterol biosyn-
thesis. A third region that also contains ten amino
acids, referred to as Region 2, spans Leul24 to Pro133.
This signature motif is present in other AdoMet-
dependent methyl transferases, where it is known to be
part of the AdoMet binding site and therefore likely
functions in the SMT structure in a similar fashion.
The possibility that several of the electron-rich
aromatic residues with n-systems of indoles and phenyl
groups might be part of the active center that directs
the folding of the sterol side chain close to the AdoMet
and contributes negative point charges that allow ion
pairs to form, which could stabilize the developing
cationic center(s) on the methylating substrate, was
considered [25, 27]. The high degree of sequence
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conservation in Regions 1-3 led us to perform leucine
screening by site-directed mutagenesis of the aromatic
residues in these regions [29-31]. We discovered that
none of the conserved aromatic residues were essential
to activity, but in the case of the S. cerevisiae SMT
Tyr81 (Region 1) and Tyr192 (Region 3), substitution
with a related aromatic amino acid can lead to altered
substrate specificity, product formation and differential
control of the first versus the second C;-transfer reac-
tion, consistent with the hypothesis that aromatic
amino acid residues at the active site play a crucial role
in the C-methylation reactions. On the other hand, loss
of activity was associated specifically with His-90 and
Glu-195.

Chemical and photoaffinity labeling studies pro-
vided direct proof that Regions 1 and 3 are part of the
sterol binding subsite and Region 2 is part of the
AdoMet binding subsite. Supporting data, using site-
directed mutagenesis, revealed that the aromatic ami-
no acids of Regions 1 and 3 play a functional role in
catalysis by managing reaction channeling that con-
tributes to product diversity, whereas the histidine-90
residue in Region 1 and the glutamic acid-195 residue
in Region 3 may act as the deprotonating agent and
counter ion, respectively. According to Kyte-Doolittle
hydropathy plot analysis, the SMTs are moderately
hydrophilic proteins without apparent membrane-
spanning domains [25]. Thus, microsomal SMTs appear
to associate weakly with membranes; this may explain
the ease of solubilization from wild-type sources under
mild conditions and their association with lipid drop-
lets upon cell disruption.

Substrate Analogs and Topological Considerations

Substrate, transition state and dead-end analogs tested
with SMTs have long been useful for mapping the
substrate specificity of the active site with regard to
stereochemistry, three-dimensional shape, charge sig-
nificance of functional groups or for determining the
binding order of substrates and the molecular param-
eters of inhibition. In addition, we recently found that
tight-binding SMT inhibitors can be used in an exper-
imental strategy to determine the active enzyme con-
centration in wild-type cultured cells. The substrate
specificity of SMT has been explored with a variety of
analogs of zymosterol, cycloartenol and lanosterol. In a
manner reminiscent of the forces involved in binding
sterol to phospholipids in the membrane, the affinity of
SMT for its substrates depends on polar interactions
with the C3-hydroxyl group and C-24 double bond and
nonpolar interactions with the nucleus and side chain.

The molecule must be flat and the sterol side chain
oriented to the “right-handed” conformation for opti-
mal catalysis. The most extensive investigations of
analogs used to test a specific region of the SMT1 and
SMT?2 were performed in this laboratory using com-
pounds that differed in a single structural modification
associated with a specific domain of the putative native
substrate, referred to as Domain A, B, C or D (cf.
Fig. 1), as summarized in Structures 1-5. The SMT1
can accept either a 4-demethyl sterol, such as zymos-
terol, or a 4,4-dimethyl sterol, such as cycloartenol,
depending on the source of the enzyme (fungus or
plant, respectively).

Structure—Activity Studies: Substrates

When using V,./Ky, determinations as the measure of
catalytic competence for substrates assayed with the
SMT, the SMT1 from a fungus and plant was found to
recognize the stereochemistry, bulk and polarity at C3
(and at C4) [25]. Structure 1 shows substrates with
modifications in Domain A. The yeast SMT1 prefers
compound 2 with a 3f-hydroxyl group that is unhin-
dered by a neighboring methyl group [3] at C4. It also
accepts compounds 4 and 6 in which the 3-OH group
has been replaced with a related oxygen-containing
group. Alternatively, the plant SMT1 prefers a sub-
strate that possesses the 3f-hydroxyl group with C4
substituted by a geminal methyl group, compound 10.
The plant SMT1 will also accept compounds 13 and 15,
but not the related methyl ether (compound 14), which
is the case for the yeast SMT1. The results imply that
the active sites of these SMT1 enzymes differ with
respect to specific contact amino acids that are in-
volved in hydrogen bonding to Domain A of the sterol
molecule. The plant SMT2, which is not as extensively
studied as the SMT1 isoforms because it is difficult to
generate test sterols with a A’-nucleus, has been shown
to prefer C4-monomethyl sterols with a 3f-hydroxyl
group (e.g., compounds 17 vs. 18) [32].

In Structure 2, modifications of the sterol nucleus
that refer to Domain B are explored. Sterols with a
A A7 or A’ nucleus (monoene or diene) are good
substrates for the plant or fungal enzyme, with ABO).
sterols being the optimal substrates. Alternatively,
sterols with a A**)-nucleus are poor substrates. Dre-
iding models reveal that A3 sterols are flatter than the
other sterols tested with the SMT. An unexpected
finding was that the yeast SMT1 utilized both of the
140-methyl sterols tested (compounds 25 and 26), con-
verting them to C24(28)-methylene product (as judged
by HPCL radiocounting against appropriate reference
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Structure 1

Zymosterol

Fod

Cycloartenol

specimens and GC-MS). Earlier speculations [5] that
9p,19-cyclopropane plant sterols are bent in shape, that
they produce 24o-methyl sterols as a direct conse-
quence of C-methylation, but that they cannot be con-
verted to a 24f-methyl sterol product because of their
three-dimensional shape (Fig. 7), indicated that the
ring structures in these substrates were similar [33].
Since plant sterols that contain a 9f,19-cyclopropane
ring structure have been found to be ‘““flat” in solution
and the solid state [39], the enzymatic results obtained
with the two substrates (compounds 25 and 26) are
consistent with one another. In a second set of activity
assays using plant SMT1 from soybean and sunflower
[23, 34], we discovered that by assaying the structural
isomers with a A”*-bond and a 9f,19-cyclopropane
group, A°~A®-A’ (compounds 27 to 30 and 32) or no
double bond in the nucleus (compound 31), the optimal
substrate for the SMT contained a 9f,19-cyclopropyl
group whereas the corresponding saturated sterol
(lanostanol) that can flex somewhat into various phys-
iological conformations failed to bind productively,
suggesting that double bond character is important for
locking the nucleus into a preferred conformation for
binding. Further modification of the ring by changing
the structure of the A/B ring system from flat to bent
(compound 34) or inverting the centers at C13, C14
and C17 to rearrange the methyl groups in C/D ring
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junctions and the stereochemistry of the 17(20) bond
(compound 33) eliminated productive binding of the
substrate. These results are keeping with the proposal
that the substrate must possess a specific flat shape to be
catalyzed by the SMT [25].

In Structure 3, the structure and stereochemistry at
C20 were tested using SMTs from S. cerevisiae and P.
wickerhamii [22, 35]. First, compounds 35 and 37
(which place the sterol side chain into the ‘‘right-han-
ded” conformation) were converted to methylated
product, whereas compounds 36 and 38 (which orient
the sterol side chain into a “left-handed” conforma-
tion) were not accepted as substrates. These results
suggest that the natural 20R configuration in the sterol
side chain is crucial to SMT-catalyzed reactions. The
SMT enzyme can also catalyze a reaction with the
planar A?°C?E. 24 dienol substrate (compound 39),
which proves that tetrahedral character at C20 is not
essential for sterol binding to the SMT.

In Structure 4, the sterol side chain structure has
been modified in terms of double bond position, dou-
ble bond character, length and heteroatom substitution
[22, 35, 36]. The presence of a A**-bond is crucial to
catalysis. However, as found by studying the binding
abilities of the substrate cholest-8-enol (compound 48,
Kq4 of 10 uM), it binds somewhat less effectively than
zymosterol (cholesta-8,24-dienol; compound 40, Ky of
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4 uM) and it can impair catalytic activity since it has a
K; of ca. 100 uM, suggesting that sterol can compete in
the active site with native substrate. Activity is lost
when the double bond in the side chain is moved to the

Cycloartenol

Fig. 7 Alternative C-methylation reaction pathways that form
240-methyl and 24f-methyl sterols from substrates of possible
distinct conformations: flat (lanosterol) or bent (cycloartenol);
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Structure 3

A?*- (compound 41) or A*- (compound 42) position,
but the A?*®sterol can undergo methylation to
product (compound 44) [20]. Steric hindrance pro-
duced by the addition of a methyl group at C24
(compounds 44 and 51) can prevent methylation of the
A**-substrate [33]. However, compounds 44 and 51 can
both inhibit the yeast SMT, suggesting that the yeast
SMT active site has limited freedom to accept added
bulk to the side chain. Moving the substrate double
bond from A**®)- to generate a A24(28)—acceptor pre-
vents the substrate from undergoing methylation by
the wild-type yeast SMT, but in the case of the native
SMTT1 from plants, the A>*@®®.acceptor is recognized in
the second Ci-transfer reaction; both of the methyla-
tion activities can occur at the same active center in
plant SMT1 and SMT2 isoforms, suggesting distinct
subsites for binding the A?*®>- and A?*®®_olefins.
Conjugated double bonds in the side chain at C22 and
C24 or at C24 and C26 are not harmful to activity.
Upon testing compound 45 with a truncated side chain,
a requirement for the terminal branch in the side chain
becomes apparent. Upon testing a homolog, compound
46, a modest lengthening of the chain by one carbon
was found to be tolerated by the SMT. The latter
observation is worth noting, since in the case of the
methylene cyclopropane (compound 47 [37]) the

Fungal Route
Bc

Vascular Plant Route

work by the Nes research group discovered that the plant
pathway illustrated does not operate in nature (adapted from
Nes [25])
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substrate was methylated on the cyclopropane bridge-
head C26 rather at C24, which is typical of all other
A**-acceptor sterols. The A%*-acceptor sterols catalyzed
by the SMT were incorporated into the methylated
sterol product regiospecifically; the methylene cyclo-
propane gave rise to a diene with double bonds at A%
and A*, whereas all other A**-acceptors produced a
A**@®)_olefin product.

The question of whether the 24,25-double bond in
the sterol side chain could be replaced with an analog
containing a fixed-locus nitrogen atom to mimic the
developing olefin nucleophile of zymosterol by het-
eroatomic substitution of C24 or C25 has been exam-
ined with SMT from yeast, soybean and sunflower.
Neither the azirdine-containing compound 54 nor its
cyclopropane-containing surrogate (compound 52) nor
the 25-aza-containing side chain (compound 53) were
methylated by SMT, consistent with kinetic data that
showed they were reversible inhibitors [35, 39].

The first studies directed at defining the structural
parameters necessary for substrate recognition and
subsequent initiation of the C-methylation reaction
catalyzed by different SMT isoforms were confirmed
and extended by examining the natures and magni-
tudes of inhibition (measured via experimentally
determined Ki/K,, values) of a series of structurally
related substrate analogs with nitrogen or sulfur
introduced into the nucleus and/or side chain [35-40].
Using those nitrogen-containing analogs, which differ
in a single structural feature but are otherwise similar
to the natural substrate, and assuming that the recog-
nition of an analog and natural substrate arises from a
common set of enzyme interactions, it has been pos-
sible to identify and evaluate at least four critical
structural elements of recognition involving the same
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four domains reported before for the sterol structure.
The principal determinant during binding appears to
be associated with Domain A and the C3-hydroxyl
group, since removal of the C3-hydroxyl group in the
analog by replacement with hydrogen or by making a
derivative of the C3-acetate alone is capable of non-
competitively inhibiting the SMT at concentrations at
least an order of magnitude lower than the inhibitor
with the C3-hydroxyl group. The order of effectiveness
of 25-azasteroids at inhibiting yeast SMT is 25-azazy-
mosterol > 25-azalanosterol, and for plant SMT it is 25-
azacycloartenol > 25-azacholesterol or 25-azalanoster-
ol, consistent with the recognition of the sterol nucleus
by the fungal and plant SMT1.

The stereochemistries at C20 and Domain C are also
considered to be a major contributor to enzyme-sub-
strate interactions for SMT isoforms. Consistent with
earlier observations obtained using stereochemically
varied substrates that show that the enzyme prefers
20R-sterols with the 20f-hydrogen atom (Structure 3),
testing the diastereoisomeric pair of C20R and C20S-
22-azacholesterols with side chain 20o- or 20f-hydro-
gens, respectively (thereby placing the sterol side chain
in a “left-handed” or “right-handed” conformation),
revealed that the analog with the natural C20-config-
uration was a relatively potent noncompetitive inhibi-
tor of SMT (K; 250 nM), whereas the analog with the
unnatural C20 configuration was a weak competitive
inhibitor of SMT (K; 1.2 uM). The change in kinetic
pattern suggests that the two inhibitors bind to differ-
ent subsites in the active center of the enzyme.

The A**-bond associated with Domain D appears to
be recognized electronically and specific to the natural
side chain length, with a stringency paralleling that for
the binding of the hydrophobic portion of the substrate
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side chain. This follows from the observations that
transition state analogs with a C25-nitrogen (in the salt
form) inhibit the reaction three orders of magnitude
more than the K, for the natural substrate, as com-
pared to the related inhibitor with an oxygen function
(compound 64) which failed to inhibit the reaction, and
the 25-azasteroid with the terminal branch of the side
chain was eliminated from the structure, producing a
Ki/K,, value that was an order magnitude less than that
of the corresponding natural 25-azasteroid.

Structure—Activity Studies: Inhibitors

Structure 5 shows a set of inhibitors where modifica-
tions have been made to the structure and the location
of the nitrogen atom along the lateral side chain. The
“charged” aziridine compound 54 is more potent
against the yeast SMT than any of the other inhibitors
of similar structure for which compound 54 has been
tested. The 24(28)-ethyl-containing aziridine, com-
pound 55, is less effective against the SMT than the
24(25)-aziridine inhibitor due to the added steric bulk
at C24, which interferes with tight binding of the com-
pound in the active site of the yeast SMT. The structure
of the nitrogen—modified from a secondary amine
(compound 54) to a primary amine (e.g., compound 62)
to a tertiary amine (e.g., compound 61)—had a signifi-
cant effect on the inhibitor potency; the primary and
tertiary amines were less potent by about an order
magnitude than the secondary amine. Restricting
rotation of the side chain by including a A?*-bond
(compound 60) or by modifying the terminal branching
in the side chain (e.g., compounds 61 and 63) affected
the binding such that these compounds were about an
order magnitude less potent than the best inhibitor
tested with the yeast SMT 24,(R,S),25-epiminocholest-
8-enol. These results are consistent with the substrate
preference for a A**-sterol and a distinct C-methylation
mechanism performed by the yeast SMT; in this case,

Structure 5

the high-energy intermediate involves a bridged 24,25-
carbenium ion, and the mechanism is short-lived and
nonstop. On the other hand, in cases where the ionic C-
methylation mechanism is rather long-lived and occurs
step-wise to allow for a reversible hydride shift of H24
to C25, the C24,25-aziridine-containing inhibitor is less
potent against the plant SMT than the 25-aza-contain-
ing compounds (e.g., compound 56). When the C25-
sulfur derivatives are prepared in the salt form [5, 35],
they act in a similar fashion to C25-azasteroids and in-
hibit the SMT with equal effectiveness. The results
described here provide strong suggestive evidence for
the intermediacy of the predicted cationic species which
the sulfonium and ammonium analogs were intended to
mimic, and thus for the electrophilic nature and course
of this reaction type.

The nitrogen atom can be moved toward the distal
or proximal end of the sterol side chain, and the
inhibitor will continue to bind quite well to the SMT.
Inhibitors that contain a nitrogen function around
C24-C25 wusually impair catalysis between 1 and
50 nM. However, as the nitrogen atom is moved closer
to C20, the inhibitor becomes less potent. When the
inhibitor potency rises from the low nanomolar range
to the low micromolar range, we observed that the
kinetic pattern of inhibition changes from a noncom-
petitive-type to a competitive-type inhibition with re-
spect to zymosterol. In a similar fashion the steroidal
alkaloids solanidine and solasodine, which have the
sterol side chain cyclized into a fifth ring and contain a
nitrogen atom at about the equivalent of the C22-C23
position in the open extended side chain of cholesterol
(Fig. 8), also generate a competitive-type Kinetic pat-
tern and will inhibit the enzyme in the low micromolar
range [22, 36, 39]. The different K; values and kinetic
patterns of the various inhibitors tested with the SMT
indicate that they possess different modes of binding in
the active center.

It appeared possible that ‘““‘charged” nitrogen-con-
taining compounds (synthetically prepared or natural
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products) might serve as inhibitors of SMT until it was
appreciated that these compounds lack specificity in
terms of inhibiting enzymes of sterol biosynthesis,
particularly during cholesterol synthesis [41-44]. For
instance, the animal A%*-reductase enzyme operates in
a mechanistically similar way to the C-methylation
reaction, so high-energy intermediate analogs with side
chains shown in Structure 5 that inhibit SMT action
should, and indeed have been found to, inhibit the
animal A%*-reductase. For instance, testing triparinol (a
structural mimic of the natural products berberine and
palmatine that inhibit SMT [45]) which, like
24(R,S),25-epiminolanosterol, can inhibit both the
SMT and A**-reductase enzyme (Fig. 9) [33, 42], as an
antihypercholesterolemic agent led to a range of side
effects of sufficient severity to require withdrawal of
the drug from the market [46]. The steroidal alkaloids
from Veratrum (e.g., verazine) and Solanum steroidal
alkaloids (e.g., solasodine) have good antifungal
properties with ICs values in the range 35-50 uM [22,
47-49]. However, they can induce teratogenic effects in
cows, causing malformations during embryonic devel-
opment [50]. A further lack of specificity of these
inhibitors is indicated by 25-azacholesterol binding to
the human A% to A’-isomerase with a K; of 21 uM [43],
which might interrupt carbon flux in humans.

Mechanism-Based Inhibition of SMT Catalysis

A final series of analogs related to the native A®*-
sterol acceptor molecule have been prepared for use

Fig. 8 Representative natural
products with a nitrogen in
the structure that are found to
inhibit fungal growth and to o
inhibit the sterol

methyltransferase
HO'
Tomatidine

Solacongestidine

[¢] ’\0

AN l
N

H,CO H,CO

Berberine
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as possible mechanism-based inactivators to probe the
topography of the active site, to serve as leader
compounds for a new generation of antifungal/anti-
parasitic agents, and for use as compounds to quantify
active SMT concentrations in microbes and tissues.
Figures 10 and 11 show hypothetical mechanisms for
the inactivation of SMT by sterols with side chain
modifications (including heteroatomic substitution
with fluorine and sulfur or chemical alteration with
novel olefin combinations to render them more elec-
tron-withdrawing), thereby allowing for the produc-
tion of a unique reactive intermediate capable of
trapping an enzyme nucleophile. Each of the side
chain structures shown in Figs. 10 and 11 were pre-
pared with a cycloartenol, lanosterol, desmosterol or
zymosterol nucleus and the relevant inhibitor was
tested with SMT from plant, fungus or protozoan [20,
32, 38, 40, 51-53, Song Z, Nes WD, unpublished data].
Our hypothesis is that mechanism-based inactivation
of SMT requires ternary complex formation of the
inhibitor followed by substrate methylation that
undergoes rearrangement or delocalization to place a
positive charge in a region of the active site that does
not normally encounter electrophilic species. One or
more of the resulting allylic cation species generated
in the activated complex can serve as substrate to
react with an active site base or nearby nucleophilic
amino acid side chain, generating a covalent adduct
with the enzyme. Alternatively, as in the case of the
sulfur derivative (A, Fig. 11), the methylated inter-
mediate may serve as a methyl donor to methylate an
amino acid in the active site.

HO

Solasodine Verazine

CH;NH

Plakinamine B

Plakinamine A

OCH;
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X g
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Fig. 9 Postulated similarity
between the C-24 alkylation
and reduction of the sterol
side chain A**-bond and
inhibition by a hypothetical
transition state analog of the
reaction mechanism; the O
substrate mimic 24(R,S),25- a C]
epiminolanosterol and the
related compound triparanol

24(R,S),25-Epiminolanosterol

Triparanol

with structural features that

can mimic the hydrophobic

part of the sterol nucleus and

a charged nitrogen at the tail

portion of the molecule that 2
can mimic the protonated
nitrogen group in the tail
portion of the 24(R,S),25-
epiminolanosterol side chain
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Fig. 10 Two possible mechanisms for the conversion of 26,27-dehydrozymosterol (DHZ) to methylated product and potential modes
of inactivation by DHZ; of the two alternatives, only Path 2 is catalyzed by the SMT (adapted from Nes et al. in [38, 51])

As shown in Fig. 10, two possible mechanisms for the
inactivation of yeast SMT by activity assay with 26,27-
dehydrozymosterol can be envisioned. In Path 1, the
analog is expected to bind normally to the SMT and
undergo C-methylation at C24, as with the natural
substrate zymosterol. The resulting high-energy inter-
mediate containing a cyclopropyl cation should under-
go facile electrocyclic rearrangement to the more stable
allylic cation, in which a positive charge is generated at
C26. Presumably, the C26 cation can be placed in the
immediate vicinity of the enzymic base involved with
the normal C28-deprotonation step, which generates
fecosterol [cholesta-8,24(28)-dienol]. Since the allylic

cation cannot be discharged directly by deprotonation,
and it is presumably shielded from capture by water,
alkylation of the SMT can proceed to inactivate the
enzyme. The mechanism illustrated in Path 2 involves
the nucleophilic attack of a methyl group from AdoMet
on the C26 methylene cyclopropane, leading to a cy-
clopropyl cation followed by ring opening and ring
expansion. In this case, an alternative set of high-energy
intermediates can be predicted, including (1) the sec-
ondary carbonium ion at C24, which can eliminate a
proton directly from C23 to produce a AZCY_pond, or
the positive charge can be eliminated through covalent
attachment with an enzyme base, or (2) during the
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Fig. 11 Proposed modes of

inactivation of the SMT by

substrate analogs designed to A
be mechanism-based
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initial rearrangement a second high-energy intermedi-
ate is formed with C26 methylated by AdoMet and C27
generating a cation, which can then interact with a base
from the enzyme. Ring strain and the rich n-electron
density associated with the overlapping sp® system
make the cyclopropanoid susceptible to C-methylation
from AdoMet and nucleophilic rupture, leading to
selectivity with respect to the direction of bond cleav-
age shown in Path 2. Recent studies performed using
wild-type and a Tyr81Trp mutant of the yeast SMT
indicate that the mechanism-based inactivation process
for 26,27-dehydrozymosterol-treated SMT follows Path
2 in Fig. 11 [30, 38]. The wild-type yeast SMT does not
appear to produce significant amounts of the C25(26)-
methyl, C25-OH product. However, by using the
Tyr81Trp yeast SMT mutant it has been possible to
show that the alternate high-energy intermediate that
leads to the C25(26)-methyl, C25-OH product together
with the other high-energy intermediate that leads to
the C25(27)-C24-OH product will associate with Re-
gions 3 and 1, respectively, to covalently modify the
enzyme [30]. The methylene cyclopropane-containing
substrate analog has been attached to the zymosterol
and cycloartenol nucleus and the resulting mechanism-
based inactivator tested with SMT1 and SMT2 from
fungi, plant and protozoa. The SMT from each group
was shown to catalyze the inhibitor to a similar
methylated product. In addition, the SMT1 from soy-
bean, yeast and Trypanosoma was strongly inactivated,
with kinaee values of 0.3, 1.5 and 0.3 min™' observed,
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respectively [20, 38, 51], whereas the SMT2 from
Arabidopsis was inactivated (kipace of 0.60 min™'), and
the yeast-like Prototheca SMT1 was not inactivated by
the inhibitor [51, 52]. The variation in the recognition
of the inhibitor by the yeast and yeast-like SMTs sug-
gests that subtle differences exist in the topographies of
the active sites of these enzymes. The results reported
here provide, for the first time, a route towards active
site labeling involving a substrate mimic that is com-
plementary to the previously described use of 24-sulfur-
containing steroids [35, 40, 54]; it is mechanistically
relevant that the location of the cations generated
during the catalysis of 26,27-dehydrozymosterol be-
come spatially distributed in a segment of inhibitor that
is different from the region on the natural substrate that
forms a C25 cation during catalysis. Thus, this class of
inhibitor should not necessarily be harmful to a
A**-reductase reaction (and hence, we discovered the
long sought after differential specificity in enzyme
mechanism that can be used in the design of second-
generation mechanism-based inhibitors containing
multiple sites in the sterol molecule modified either via
heteroatomic substitution or with another site devel-
oped to inhibit additional enzyme targets in sterol
synthesis, which can serve as dual action drugs). Finally,
the generation of a covalent adduct using 26,27-dehy-
drozymosterol is entirely consistent with the postulated
carbonium ion mechanism for the C;-(wild-type yeast
SMT) and C,-transfer activities (Tyr81Phe yeast SMT
mutant).
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The inhibitory properties of a set of rationally de-
signed analogs were tested recently with plant and
yeast SMTs [40, 51-53, Song Z, Nes WD, unpublished
data]. A shown in Fig. 11, two inhibitors were con-
structed with side chains of heteroatomic substitution
at C24 (A and B), and two inhibitors were constructed
with side chains of multiple olefin character involving a
A**-bond conjugated to a double or triple bond at-
tached to a C26 appendage (C and D). In each case, the
test compound inhibited one or more SMTs. The
inhibitors exhibited an irreversible-type and time-
dependent inactivation kinetic pattern against the
SMTs tested. For the soybean SMT, the sulfur and
fluorine-derivatives generated kj,,; values of 0.3 and
0.1 min, respectively, and the 24,26-diene compound
and 24,26-triple bond-containing compounds generated
Kinact values of 0.2 and 0.1 min?, respectively. Marked
specificity toward these inhibitors was observed be-
tween the fungal and plant SMTs. For instance, the
inhibitor with the 24,26-dienol side chain attached to
either the zymosterol or the cycloartenol nucleus to
ensure optimal binding generated a ki, value of
0.2 min~! for soybean SMT and 0.3 min™" for P. wick-
erhamii SMT, whereas no detectable enzyme inacti-
vation was observed following the assay of the 24,26-
dienol-containing inhibitor with the yeast SMT, al-
though in the latter case the inhibitor was turned over
to 24-methylated product, as determined by MS and
NMR characterization. These results suggest that the
SMT-active sites of the different enzymes are subtly
different. The proposed mechanism for inhibiting the
sulfur derivative is different from that of the other
analogs; the sulfur derivative is considered to undergo
methylation and then serve as a substrate to methylate
the enzyme active site (A, Fig. 11) [53]. Alternatively,
the other inhibitors are considered to form an adduct
with the enzyme during catalysis (B, C and D, Fig. 11).
The results indicate that, as with assays using the other
substrate and transition state analogs, interactions be-
tween the enzyme and the A**-bond in the sterol side
chain appear to be the major binding forces that affect
product formation, and this therefore provides a key
site in the sterol structure for chemical modification in
rational drug design.

An exciting new analytical method of quantifying
proteins crucial to phytosterol synthesis has emerged
from our work, which uses the knowledge that the
mechanism-based inhibitors bind to the SMT in stoi-
chiometric fashion. Thus, it has become possible to use
these inhibitors, especially sterols constructed with the
methylene cyclopropane-containing side chain, to
determine the concentration of active SMT in organ-
isms/tissues and to use this information to establish the

turnover number (k.,; values) for a specific enzyme
system in an intact system. In S. cerevisiae cultured to
the onset of growth arrest, the active SMT concentra-
tion was measured at 0.7 fg/cell, which contrasts with
the total SMT concentration measured from the same
preparations by Western blotting at ca. 5.0 fg/cell, and
the cellular ergosterol content, determined to be 40 fg/
cell by GC-MS (Song Z, Nes WD, unpublished data).
In separate work, the turnover numbers of the yeast
and soybean SMTs from microsome preparations of
wild-type material were found to be in excellent
agreement with that shown for the corresponding pure
enzyme, at ca. 0.01 s (Song Z, Nes WD, unpublished
data).

Summary

The past few years have seen major advances in the
design and testing of SBIs. The first generation of SBIs
that target ergosterol-dependent diseases are a defined
class of highly effective antifungal agents, whose
common structural features are the presence of a
nitrogen atom in the molecule and a greasy nature,
possessing limited volume to fit the active site. The
structures and mechanisms of action of those drugs are
unrelated to the class of lead compounds under review
here, many of which contain a nitrogen atom in the
steroid frame; however, several of the azasteroids tes-
ted so far, which show good specific activities in the low
nanomolar range in vivo and in vitro toward the SMT,
are not suitable for commercial use because cholesterol
synthesis can be affected in animals, causing side ef-
fects. In order to avoid the biological and mechanistic
concerns related to azasteroid-treatment of enzymes of
the cholesterol pathway, a second generation of sterol
biosynthesis inhibitors—mechanism-based inactivators
of SMT—are being developed as new alternatives for
plant protection and for use as therapeutics. Moreover,
these compounds could potentially be used in bio-
chemical diagnostics to quantify active enzyme iso-
forms, since they can be prepared for specific enzymes
of the phytosterol pathway and they can be used to
probe the uniformity and differences in active site
topography amongst SMTs of different origins. With
the arsenal of sterol analogs available to us now, we
can begin to address the many challenging mechanistic
and evolutionary questions about sterol enzymes that
still remain:

— What are the substrate-enzyme interactions in-
volved in the initiation and termination of C-meth-
ylation?
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How is the active center organized to recognize
acceptor molecule and inhibitor?

Is there a critical amino acid in the active center that
can be targeted for blockage via ligand binding to
provide a species-specific drug?

How and in what way has nature modified structural
motifs in the SMT during the evolution of this class
of catalyst to make them more or less susceptible to
a mechanism-based inactivator?

Studies in progress in this and other research labo-

ratories around the world will provide rationales to
develop new lead inhibitors of SMT action.
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