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Three triterpenes having the 6/6/5-fused tri- and
6/6/6/5-fused tetracyclic skeletons were isolated from an
incubation mixture of the mutated F601A enzyme, these
products being in accordance with a Markovnikov closure.
Successful trapping of the tricyclic cationic intermediate by
using the squalene analog having a highly nucleophilic
hydroxyl group leads us to propose that the ring expansion
process of the 5-membered C-ring is involved in the
squalene cyclization cascade.
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The biocyclization of squalene 1 into the pentacyclic
triterpene, hop-22(29)-ene 2, which is mediated by squa-
lene-hopene cyclase (SHC), is one of the most sophisti-
cated biochemical reactions (Scheme 1).” Hopan-22-o0l 3
is a minor product. (35)-2,3-Oxidosqualene also under-
goes polyolefin cyclization by eukaryotic cyclases (OSC)
in a similar manner to 1.” Recent studies on the sub-
strate analogs and the SHC enzymes altered by site-
directed mutations have given new insight into the
polycyclization mechanism.'™ It has been believed that
acyclic molecule 1 is folded into an all pre-chair confor-
mation inside the enzyme cavity and that the C- and D-
rings are formed by anti-Markovnikov closure (Scheme
1).) However, the involvement of a ring expansion proc-
ess has recently been disclosed with respect to the D-ring
formation.*® Such a ring expansion reaction also occurs
in the C-ring formation by lanosterol synthase.*” X-ray
analyses of Alicyclobacillus acidocaldarius SHC have
been reported and the active sites were suggested,®® but
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the hypotheses presented still remain inconclusive be-
cause of insufficient point mutation experiments. To
date, a few mutation experiments targeted at the active
sites have been reported and have revealed that the aro-
matic residues of Trp 169, 312 and 489*!%!) together
with acidic Asp residues 376 and 377'? were crucial to
the catalysis. In a series of point mutation experiments
targeted for aromatic amino acids,!? we have suggested
that Trp169 may reside close to the C-18 methyl of the
Markovnikov-type intermediate (the dammarene skele-
ton).? Very recently, Merkofer et al. have reported the
GC pattern of the altered products by mutated F601A
SHC,' but the structures of the altered products have
not been determined, other than that of the 17-epi-dam-
marene. We have independently investigated the func-
tion of Phe601 with the protocol of site-directed muta-
genesis.'¥ We report here the structures of the two
unidentified compounds produced by mutant F601A,
which are composed of a 6/6/5-fused tricyclic skeleton,
and propose the new cyclization mechanism that ring ex-
pansion of the 5-membered C-ring intermediate occurs
during the C-ring construction of 2, based on a trapping
experiment of the tricyclic carbocation intermediate by
using a substrate analog with a highly nucleophilic
hydroxyl group.

Incubation of 1 (100 mg) with a cell-free homogenate
of mutant F601A, that had been prepared from a 4-L
culture, at 60°C and pH 6.0 for 16 h, afforded three par-
tially cyclized products 8, 9 and 15 in yields of 3.5, 2.2
and 20.0 mg, respectively, together with normal
products 2 (39.8 mg), 3 (4.2 mg) and recovered starting
material 1 (13 mg). Purification was carried out by SiO,
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column chromatography, eluting with hexane, and sepa-
ration of 8 and 9 was accomplished by C;s reversed
phase HPLC (THF:H,0=6:4). The structures of these
metabolites were determined by a detailed analyses of
2D NMR data, including 'H-'H COSY 45, HOHAHA,
NOESY, HMQC and HMBC, to be the tricyclic molec-
ules for 8 and 9,'¥ and the tetracyclic molecule for 15.%
The 6/6/5-fused tricyclic compounds have never previ-
ously been reported as SHC enzymatic products. No
premature products having mono- and/ or bicyclic skele-
tons could be detected. The accumulated amounts of 8
and 9 were less than that of 15; the ratio of (8+9) to 15
being 1 to 3.5, which was further confirmed by a GC
analysis. However, tricyclic 8 and 9, which were sig-
nificantly enhanced by this mutation, should be taken
into account in the polycyclization mechanism. Con-
comitant accumulation of tricyclic 8 and 9 together with
tetracyclic 17-epi-dammarene 15 strongly suggests that
the Phe601 residue is well-enough aligned within the en-
zyme cavity to participate in the construction of the 6/6-
fused C/D ring system. Tricyclic 8 and 9 indicate the ex-
istence of carbocation intermediates 6 and 7, which
could be formed in accordance with a Markovnikov
closure after the B-ring formation has been completed.
Cationic intermediates 6 and 7 could be subjected to the
deprotonation reaction from the methyl at C-14 to give
8 and 9 (path a), but they could also, by an alternative
path (b), undergo further cyclization to give 15 through
the ring expansion process of 5-membered C-ring inter-
mediate 6 or 7 into 13 (Scheme 2). If cyclization pro-
ceeds via 12 to directly give cation 16, greater steric
repulsion (1,3-diaxial interaction between each methyl
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at C-14 and C-18 of 12) would occur; thus, less-hindered
open conformation 13 could be arranged to give 15 via
14.9 The ring expansion process (path b) of tricyclic 6 or
7 competes with the deprotonation reaction (path a). An
alternative path (c¢) for the C-ring expansion step, which
does not lead to the formation of natural 2, could be pre-
sumed, but greater steric repulsion due to 1,3-diaxial in-
teraction would also occur between each methyl at C-8
and C-13 in 10, or between the methyl at C-8 and the
isoprenoid chain at C-13 in 11. Thus, the path (¢) is un-
likely. Phe601 may be arranged at the appropriate posi-
tion surrounding C-13 and C-14 of tricyclic 6 and 7 or
between C-13 and C-18 of tetracyclic 13. Computational
studies have revealed that equilibrium between the tertia-
ry cation (Markovnikov closure, 6 or 7) and the nearly
isoenergetic secondary cation (anti-Markovnikov
closure, 13) can be readily shifted by selective position-
ing of a nucleophilic group,' supporting the feasibility
of such a ring-expansion process. The aromatic quadru-
pole of Phe601 would correspond to the nucleophile.
The formation of 15 further suggests that this residue
may also be responsible for the ring expansion reaction
from 14 to 16, if it is localized at a favorable position
around C-17 and C-18 in 14. Wendt ef al. have suggest-
ed, on the basis of an X-ray analysis, that Phe601 might
be situated only at the C-18 carbocation of 14, but the
isolation of 8, 9 and 15 in this experiment strongly sug-
gests that this aromatic amino acid also stabilizes the C-
14 cation in tricyclic intermediates 6 and 7, in addition
to the 18-cation in 14.

The kinetic data for the wild-type and the F601 A mu-
tated SHCs in the formation of 2, which were deter-
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mined from Lineweaver-Burk plots at 30°C, were as fol-
lows: Kius, 16.7 and 1215 um; and Viyaxs, 0.097 and 0.29
nmol min~! ug™!, respectively for the wild-type and
F601A. The K, values were markedly increased by this
mutation. The looser binding to the active site, which is
responsible for construction of the 6/6-fused C/D ring
system, may have afforded a mixture of diastereomers 8
and 9 via improperly folded intermediate 4 or 5. Either 6
or 7 may be a true intermediate for the ring expansion
process. We have previously succeeded in trapping inter-
mediate 14 by using squalene analog C27-OH having a
highly nucleophilic nature.” Substrate analog C22-OH
17 was prepared to validate the assumption of the ring
expansion of the 5-membered C-ring in 6 or 7. Com-
pound 17 was synthesized by subjecting 1 to the epoxida-
tion reaction in CH,Cl, with m-chloroperbenzoic acid to
yield three regio-isomers of 2,3-, 6,7- and 10,11-0x-
idosqualene. These were treated with HsIO¢ to give a
mixture of the three corresponding aldehydes, and one
of them, the C22-aldehyde, being isolated by column
chromatography (Cys reversed phase) with CH;CN:H,O
(8:2) and then reduced with LiAlH, to obtain the desired
17. Incubation of 17 with wild-type SHC afforded 19'%
with an isolation yield of 32%, together with recovered
17 (55%), without trapping any other products (Scheme
3). The formation of 19 strongly suggests that the polycy-
clization reaction proceeds via tricyclic cation 18 (like 7)
to afford the tetrahydrofuran ring as a result of the
nucleophilic attack by the hydroxyl group on the cation
18. Compound 21, produced via anti-Markovnikov in-
termediate 20, was not detected in the incubation mix-
tures. This trapping experiment unambiguously sup-
ports the idea that the polycyclization of squalene
proceeds via discrete meta-stable 6/6/5-fused tricyclic
C-14 cation 7 prior to the ring expansion and the further
cyclization and that the cyclization reaction does not
proceed in such a manner, i.e. via anti-Markovnikov
closure, as shown in Scheme 1.

T. HOSHINO ef al.

In conclusion, we propose a new cyclization mechan-
ism by which the formation of 6-membered C- and D-
rings, anti-Markovnikov adducts, in hopene biosynthe-
sis occurs as a result of two ring expansion steps of the
5-membered C- and D-rings which have heen produced
in advance by Markovnikov closure, and that Phe601
would facilitate the C/D ring expansion reaction
through cation-r interaction.!®
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