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Cyclobranol 8A, an analog of the cycloartenol substrate 1A for the plant sterol C24-methyltransferase
(SMT), was shown to be an acceptor of the soybean SMT1 as well as an inhibitor of enzyme action.
The Km and kcat for 8A was 37 lM and 0.006 min�1, respectively. The enzyme-generated product was
identified by MS and 1H NMR to be a C24, C25-doubly alkylated D24(28)-olefin 10A. Inhibitor treatment
was concentration and time-dependent affording an apparent Ki of 25 lM, a maximum rate of inactiva-
tion of 0.15 min�1 and a partition ratio (kcat/kinact) calculated to be 0.04.

� 2008 Elsevier Ltd. All rights reserved.
Sterol C24-methyltransferases (SMT) are crucial enzymes in the
biosynthesis of the phytosterol side-chain construction, and they
are responsible for the formation of 24-alkyl sterols used as mem-
brane inserts and phytohormones.1 On the basis of several lines of
evidence, it has recently been proposed that the conversion of
cycloartenol 1A to 24(28)-methylene cycloartanol 3A by soybean
SMT1 (E.C. 2.1.1.142) proceeds with the intermediacy of the dis-
crete C25-cation 2 as shown in Scheme 1.2 In this pathway, the
intermediate 2 generated by a nucleophilic attack by the D24-dou-
ble bond of cycloartenol on the methyl group of the sulfonium
group of AdoMet is catalyzed to 3 regio- and stereoselectivity. Typ-
ically, the C24(28)-methylene side chain of the first C1-transfer
reaction in plants provides the olefinic system required of the sec-
ond C1-transfer reaction giving rise to the C24-doubly alkylated
side chains 5, 6, and 7 (Scheme 1).3 However, in rare cases, as
shown with the protozoan SMT1, intermediate 2 rather than con-
verting to 3 exclusively can partition to 8 which then is C24 meth-
ylated to form the doubly alkylated sterol 12.4 On rare occasions,
the side-chain structure 10 has been detected in plants,5 although
its enzymatic synthesis remains enigmatic.

One approach to developing mechanistic insight into the
C-methyl transfer reaction involves determining the effects of sub-
strate modifications on enzyme activity. Kinetic evaluation of a
series of substrate analogs synthesized by soybean and related
plants showed that none derail the soybean SMT1 activity in a
time-dependent manner suggesting that the natural C24-methyl
All rights reserved.

: +1 806 742 1289.
intermediate(s) 2 was safeguarded from entering into a covalent
linkage with the enzyme.2,6 Alternatively, the substrate mimic re-
lated to 1A 26,27-dehydrocycloartenol was determined to undergo
catalysis to a novel side chain elongated C26 sterol and to form an
abortive complex.6a It was concluded that the soybean SMT1, like
that of other SMTs, is highly stringent with regard to substrate rec-
ognition. We now report that the soybean SMT1 can C-methylate
8A, and is specifically labeled by a C24-methylated cyclobranol
intermediate, showing the enzyme has much greater versatility
to accept natural substrate analogs than previously noted.3b,6e On
the other hand, this acceptability of unnatural substrates can lead
to negative consequences that inactivate the enzyme, and this may
explain why the side-chain structure 8 is usually formed late in the
phytosterol pathway by an isomerization-type reaction involving 9
and is attached to the cholesterol nucleus not readily accepted by
the plant SMT1.3b,6e,7

Preliminary studies to evaluate the catalytic effectiveness of
cyclobranol (8A) were carried out with crude microsome-bound
sunflower SMT, which revealed that the enzyme binds the analog
in an unproductive mode (no conversion to product), yet it can
act as a competitive inhibitor generating a Ki value of approxi-
mately 100 lM.8 To evaluate the potential for catalysis of 8A di-
rectly using a cloned enzyme,2 we synthesized fresh samples of
cyclobranol from 24(28)-methylenecycloartanol C3-acetate by io-
dine isomerization followed by HPLC fractionation to generate
the pure substrate.8,9 In this case, the analog so tested generated
similar catalytic competence to the C-methylation of cycloartenol
by soybean SMT1.10 The favorable kinetics for the conversion of
substrate to product was determined for 1A and 8A to be Km/kcat
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Scheme 1.

Figure 1. Partial gas-liquid chromatographic separation of the non-saponifiable
lipid fraction derived from a preparative incubation (combined 12 independent
assays) of soybean SMT1 with saturating amounts of cyclobranol and AdoMet
extended for 12 h.
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of 30 lM/0.06 min�1 and 37 lM/0.006 min�1, respectively. These
results indicate that the replacement of a methyl group for a
hydrogen atom at C24 to the cycloartenol side chain has minimal
effect on sterol methylation activity.

Analysis of the product profile of the incubation with cyclobra-
nol by GC revealed a compound that eluted after the substrate
peak, as would be expected for the chromatographic movement
of a doubly alkylated sterol side chain, in approximately 20% yield
(Fig. 1).11

The retention time in GC and mass spectrum (Fig. 1) of this late
eluting material was similar to that of the three 24-ethyl(idene)
sterols with a M+ 454 amu formed by the soybean SMT1 incubated
with 24(28)-methylene cycloartanol.12

Isolation by HPLC9 and characterization of the biomethyl prod-
uct by high field (500 MHz) 1H NMR revealed the presence of dis-
tinct signals in the spectrum corresponding to the side-chain
methyl groups at d C21 (d, 0.968, J= 5 Hz), C26 (s, 1.061), C27 (s,
10.61), C28 (s, 4.835 and s, 4.667 corresponding to 1H each), and
C33 (s, 1.061) and other relevant signals of methyl groups in the
nucleus at d C18 (s, 0.967), 9b,19-cyclopropane signals at C19
(endo/exo- 0.553, J = 4.5 Hz/d, 0.335 J = 4.5 Hz) and nuclear methyl
groups at C30 (s, 0.967), C31 (s, 0.881), and C32 (0.892). These data
unambiguously establish that the side chain of the cyclobranol
metabolite is different from the previously synthesized 24-ethyl(i-
dene) sterols from 24(28)-methylene cycloartanol incubated with
the soybean SMT1; this new metabolite is a doubly alkylated biom-
ethyl sterol constructed with an exocyclic methylene group at C28
and a quaternary methyl group at C25 to give 10 (Fig. 2).5c



Figure 2. Mass spectrum of the soybean SMT1-generated cyclobranol.

Figure 4. Time-dependent inactivation of soybean SMT1 with cyclobranol. Log plot
of residual activity versus time: incubations were carried out with pure
recombinant enzyme diluted to 0.8 lM as described in Ref. 2; concentrations of
cyclobranol (I) were varied at 0, 10, 15, 25 and 50 lM for the pre-incubation time
that ranged from 0, 2.5, 5, 7.5–10 min; inset plot of enzyme half-lives (t1/2) for
inactivation versus 1/[I].
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Initial inhibition kinetics revealed that cyclobranol was a com-
petitive-type inhibitor (Ki = 25 lM) (Fig. 3), as shown previously
for the sunflower SMT. However, it is not a dead-end analog as
we considered before in view of our current findings that cyclobr-
anol is converted to a biomethyl product. The new finding of 10A
formation by the soybean SMT1 can likely arise from the greater
abundance of the cloned enzyme and amount of substrate used
in these assays than was used with the crude microsome-bound
sunflower enzyme preparation.

To determine whether cyclobranol can act as an irreversible
inhibitor of the soybean SMT1, we examined the time-depen-
dent inhibition kinetics of increasing concentrations of 8A in
the standard assay with cycloartenol paired with [3H3-
methyl]AdoMet (Fig. 4).2 A replot of the inactivation data as
log % residual activity against time for the four inhibitor con-
centrations gave a series of straight lines (Fig. 4), showing that
the inactivation followed pseudo first-order kinetics under these
assay conditions. A plot of the reciprocal of kinact, determined
from the half-lives of inactivation, versus the reciprocal of ana-
log concentration (Fig. 4, inset) gave for the intercept a maxi-
mum rate of inactivation for soybean SMT1 with cyclobranol
0.15 min�1. Interestingly, in contrast to earlier reports of inhib-
itor action for the natural substrate analogs tested with variant
SMTs, 8A was found to permanently immobilize the enzyme in
this model.
1/[cycloarten
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Figure 3. Double reciprocal plot of initial rates versus the concentration of substrate for
increasing concentrations of inhibitor at 10, 15, 25, and 50 lM. Incubations were perfo
Escherichia coli harboring the soybean SMT gene (0.4 lM SMT, concentration of SMT was
The reactions were performed at 35 �C for 45 min. The soybean SMT1 was assayed with
Consistent with an active site directed inhibition of cyclobranol,
co-incubation with cycloartenol at 50 and 100 lM afforded protec-
ol] (uM)
.05 .10 .15

soybean SMT1 catalyzed turnover of cycloartenol in the presence of cyclobranol for
rmed with 1 mg of total protein of a 100,000 g supernatant fraction derived from
estimated from the SDS–PAGE gel) in a final volume of 600 lL of the standard assay.

10, 25, 50, and 100 lM cycloartenol with AdoMet fixed at 100 lM.



Figure 5. Radiofluorogram of soybean SMT1 treated with cyclobranol. Lane 1 is a
radiofluorogram of soybean SMT1 labeled by cyclobranol reacted with [3H3-
methyl]AdoMet and lane 2 is the migration of pure soybean SMT1 in SDS–PAGE gel
electrophoresis under similar chromatographic conditions as shown for lane 1. The
labeling reaction was carried out with 100 lM [3H3-methyl]AdoMet (0.6 lCi),
100 lM cyclobranol, and 0.8 lM pure SMT at 35 �C for 8 h.
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tion against inactivation, generating 37% and 49% C-methylation,
relative to the C-methylation activity of a control incubation con-
taining saturating amounts of cycloartenol and AdoMet only.

Incubation of cyclobranol paired with [3H3-methyl]AdoMet
resulted in specific covalent modification of the soybean SMT1,
as detected by fluorography of the SDS–PAGE separated proteins
(Fig. 5).

The results support the following mechanism whereby the
biomethyl product C24-methylene C25-methyl cycloartanol 10A
arises from the corresponding C24-dimethyl cation 2, followed
by 1,2-methyl migration of C28 on the Re-face of the original sub-
strate double bond generating alkylation at C25 and proton elimi-
nation at C33 to form an exocyclic methylene group (Scheme 1).
Covalent modification of soybean SMT1 requires partial C-methyl-
ation of 8A at the active site of the enzyme with trapping of the
cationic intermediate (presumably 2) by an active site nucleophile.
It is noteworthy that the C-methylation of cyclobranol by soybean
SMT1 was directional so that side chain 12 was not a product of the
C-methylation reaction. This observation leads to the conclusion
that formation of the transient carbocationic intermediates from
the ‘‘product-like” analog 8A orients in an active site pocket more
similar to the intermediate of cycloartenol catalysis than to the
intermediate of 24(28)methylene cycloartanol catalysis; as a result
proton abstraction can occur at C28 to yield a single turnover prod-
uct. However, the added bulk at C24 of 8A appears to contribute to
the bound sterol side chain in the activated complex thereby slow-
ing the timing of sterol C24-methylation to afford alkylation of the
enzyme. Further characterization of the labeled protein will cer-
tainly provide valuable information about the active site of this
important class of catalyst whose crystal structure is still lacking.
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