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Abstract

B-Amyrin, a triterpene, is widely distributed in plants and its glycosides confer important
biological activities. Mutagenesis studies on -amyrin synthase are very limited as compared with
those of squalene-hopene cyclase and lanosterol synthase. This study was conducted to elucidate
the function of the F474 residue of Euphorbia tirucalli B-amyrin cyclase, which is highly conserved
in the superfamily of oxidosqualene cyclases. Nine site-specific variants with Gly, Ala, Val, Leu,
Met, Tyr, Trp, His, and Thr were constructed. We isolated 9 products from these mutants in
addition to B-amyrin and determined the chemical structures. The Gly and Ala mutants produced
significantly larger amounts of the bicyclic products and a decreased amount of 3-amyrin,
indicating that the F474 residue was located near the B-ring formation site. Surprisingly, the Ala
variant produced (9BH)-polypoda-7,13,17,21-tetraen-3f3-ol and
(9BH)-polypoda-8(26),13,17,21-tetraen-3B-ol, which are generated from a chair-boat folding
conformation. This is the first report describing the conformational change from the chair-chair into
the chair-boat folding conformation among the reported mutagenesis studies of oxidosqualene
cyclases. Substitution with aliphatic amino acids lacking w-electrons such as Val, Leu, and Met led
to a significantly decreased production of bicyclic compounds, and in turn exhibited a higher
production of B-amyrin. Furthermore, the Leu and Met variants exhibited high enzymatic activities:
ca. 74% for Leu and ca. 91% for Met variants as compared to the wild-type. These facts
unambiguously demonstrate that the major role of Phe474 is not to stabilize the transient cation via
cation-rt interaction, but is to confer the appropriate steric bulk near the B-ring formation site,
leading to the completion of the normal polycyclization pathway without accumulation of abortive
cyclization products.

Introduction

Triterpenes are one of the most abundant natural products and have important biological
activities. Specifically, the glycosides, i.e., saponins, found in plants have been used as medicines.”
2 The structural diversity of triterpenes is remarkable as more than 100 different carbon skeletons
are known." Prokaryotes (bacteria) produce a 6,6,6,6,5-fused pentacyclic triterpene called hopene
and hopanol. Animal and fungi also produce a 6,6,6,5-fused tetracyclic lanosterol skeleton. On the
other hand, plant triterpenes exhibit remarkable structural diversity. Among plant triterpenes, the
following are well known: cycloartenol (a primary metabolite) with a 6,6,6,5-fused tetracycle,
[B-amyrin consisting of a 6,6,6,6,6-fused pentacycle, and lupeol possessing a 6,6,6,6,5-fused
skeleton. All of the triterpene scaffolds are constructed by enzymatic ring-forming reactions of
squalene or (3S)-2,3-oxidosqualene (1), catalyzed by squalene cyclase and oxidosqualene cyclase
(OSC), respectively.® To date, squalene-hopene cyclase (SHC)** from Alicyclobacillus
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acidocaldarius and oxidosqualene-lanosterol cyclases from Saccharomyces cerevisiae® ° and hog
liver” have been studied in detail by the protocols of the mutagenesis and/or substrate analogs. The
hopene skeleton is biosynthesized from all pre-chair folding conformation.™* Lanosterol is
constructed by the chair-boat-chair-chair conformation of 1.7 ® p-Amyrin 2 is widely distributed
in the plant kingdom, and constitutes the fundamental core of glycyrrhizin, a major bioactive
compound derived from the underground parts of Glycyrrhiza (licorice) plant, which possesses a
wide range of pharmacological properties. B-Amyrin scaffold is constructed by the folding of 1 in
the chair-chair-chair-boat-boat conformation (Scheme 1).° However, the mutagenesis studies on
[-amyrin synthase are very limited as compared with those of SHC and lanosterol synthase. In fact,
only three papers % have been published until now. The functions of the active site residues have
been assigned only in light of the product distribution, but no enzymatic activity has been reported
for the site-specifically mutated OSCs. By assessing the in vivo activities, we reported

<Scheme 1>

the experimental evidence indicating that the Asp of the D**C***TA motif, which is highly
conserved in OSCs, triggers the initiation of the polycyclization reaction and that the C564 is
involved in hydrogen bond formation with the carboxyl residue of D485, resulting in an acidity
enhancement.'% Scheme 1 shows the cyclization pathway to afford 2. In a preceding paper, we
addressed the function of Phe728 by mutagenesis experiments and found that the main role was to
stabilize cationic intermediates by the r-electrons of Phe728, i.e., through cation-r interaction,
which was inferred from the assessment of the enzymatic activities.’® Structures of the
accumulated triterpenes by some of the site-directed variants indicated that Phe728 stabilizes the
6,6,6,6-fused baccharenyl 6 and oleanyl secondary cations 8. Furthermore, we successfully isolated
the triterpenes derived from malabaricanyl 4, dammarenyl 5, lupanyl 7, and oleanyl cation 8.
Herein, we report the functional analysis of the Phe474 moiety of Euphorbia tirucalli f-amyrin
synthase (EtAS), which is highly conserved in OSCs and SHCs (see Supporting Information Fig.
S1). Mutations at position 474 afforded 9 new enzymatic products 9-17 in addition to B-amyrin 2.
The Ala and Gly mutants afforded a large amount of bicyclic products 9-13, generated from
bicyclic cations 3 and 3’, suggesting that F474 is located in proximity to the B-ring formation site.
Very interestingly, the F474A mutant afforded the 6,6-fused bicyclic products 9 and 10 with 93-H
stereochemistry, the configuration of which indicated that 1 was folded in a chair-boat
conformation, differing from the normal chair-chair conformation that leads to 9o.-H
stereochemistry (see cation 3 in Scheme 1). Thus, we succeeded in altering the conformation by
mutation, and this is the first report to induce an energetically unfavorable boat conformation from
the favorable chair conformation (chair—boat). Seven other variants, i.e., Val, Leu, Met, Thr, His,
Tyr, and Trp mutants, were constructed to address the exact function of the F474 residue. The
relative enzyme activity measured in vivo and the product distribution ratio suggested that steric
bulk at position 474 was more critical to the completion of the normal polycyclization pathway
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rather than the rt-electrons of Phe, i.e., the stabilization of the carbocation intermediate via cation-n
interaction. Herein, we describe the structural determination of products generated by the mutants
and the polycyclization pathway leading to the products, and discuss the function of the F474
residue based on the enzymatic activities measured in vivo.

Results and Discussion
Identification of triterpene products generated by site-specific mutants

Nine site-directed variants were constructed by substituting Phe474 with Gly, Ala, Val, Leu,
Met, Thr, His, Tyr, and Trp. Mutagenesis of F474 in the wild type pYES2-EtAS/CT, which was
constructed by us,'*® was performed using the QuikChange site-directed mutagenesis method, and
then transformed into Saccharomyces cerevisiae GIL77 lacking the gene encoding lanosterol
synthase. The products were monitored with GC (Supporting Information Fig. S2). The GCMS
analyses showed that the Ala mutant produced 8 triterpenes other than 3-amyrin 2. Large-scale
cultures (50 L) enabled us to isolate all of the triterpene products. The mutant yeast cells collected
by centrifugation were suspended in 1 L of 15% KOH/MeOH and refluxed 3 times, followed by
extraction of the lipophilic materials with n-hexane (1 L x 9). The cyclic triterpene-rich fraction
was obtained by partial purification on an SiO, column to remove oxidosqualene 1,
dioxidosqualene, and non-triterpene impurities using a mixture of hexane:EtOAc as the eluent
(100:5 or 100:20). The triterpene-containing fraction (ca 320 mg) was acetylated with Ac,O/py and
further purified on an SiO, column with hexane:EtOAc (100:0.5) to completely remove the
dioxidosqualene. Figure 1 shows the GC profile of the acetate fraction from the Ala mutant.

<Figure 1>

The acetate derivatives were subjected to repeated HPLCs (Inertsil ® Sil-100A) using a mixture of
hexane and THF (100:0.1 or 100:0.07) as eluents to afford the pure triterpene products 9-16.
Structures of all of the enzymatic products were determined by detailed NMR analyses including
DEPTs, *H-'H COSY, HOHAHA, NOESY, HSQC, and HMBC. Substrate 1 has 8 methyl groups.
The *H-NMR spectrum of product 9 (600 MHz, CDCls) showed the presence of 5 vinylic methyls
(each 3H, s) at &4 (ppm) 1.67, 1.61, 1.61, 1.60, and 1.68. Four olefinic protons were observed at oy
(ppm) 5.22 (1H, bs) and 5.12 (3H, m), indicating that 4 double bonds were present in compound 9.
This finding suggested that 9 had a bicyclic framework. In the HMBC spectrum, the two methyl
groups Me-23 (&4 0.865, 3H, s) and Me-24 (64 0.934, 3H, s,) had correlations with C-3 (&c 81.28,
d), C-4 (6c 37.51, s), and C-5 (&¢ 41.84, d). Me-25 (64 0.902, 3H, s) also showed HMBC cross
peaks with C-5, C-1 (¢&¢ 33.75, t), and C-9 (oc 53.80, d). Furthermore, the vinylic Me-26 (o4 1.67,
3H, s) exhibited HMBC correlations with C-9 and C-7 (& 118.8, d). These findings indicated that 9
had a bicyclic scaffold. To our surprise, a definitive NOE was observed between H-9 (&4 1.23, m)
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and Me-25 (Supporting Information Fig. S3.1.7), indicating the 93-H configuration. Thus, 9 was
determined to be (98H)-polypoda-7,13,17,21-tetraen-33-ol, which has never been reported as a
natural product before. This structure clearly suggested that the boat folding conformation (Scheme
2) was allocated to the B-ring construction of 9, which is in sharp contrast to the chair folding
conformation for the B-ring construction of -amyrin scaffold leading to the 9a-H configuration
(see cation 3 in Scheme 1). Product 10 (600 MHz, CDCI3) showed 4 olefinic methyl groups (o
1.57, 1.60, 1.60, and 1.68; 3H, s for each of the Me signals) and 3 olefinic protons (&4 5.12, m, 3H)
in addition to one methylidene group (CH,-26: o4 4.54, 1H, bs; 4.71, 1H, bs), indicating that 10
was also a bicyclic product. H-26 had HMBC correlations with C-8 (oc 148.5, s), C-9 (Jc 57.44, d),
and C-7 (oc 30.94, t). A strong NOE between Me-25 (o4 0.930, 3H, s) and H-9 (o4 1.59, m) was
confirmed (Supporting Information Fig. S3.2.7), verifying that 10 also had (9BH)-stereochemistry.
Thus, 10 was also generated from the chair-boat conformation for the construction of the A/B-fused
ring system. The polypodatetraene skeleton is assigned for bicyclic products with the
(9aH)-configuration.*? Compound 10 was reported to be one of the enzymatic products by S.
cerevisiae lanosterol synthase Tyr707 mutants.®® The detailed 2D NMR analyses indicated that
products 11 and 12 were also bicyclic triterpenes. However, an NOE was not found between Me-25
and H-9, but an unambiguous NOE was observed between H-5 and H-9 (see Supporting
Information Fig. S3.3.7, S3.3.8, S3.4.7, S3.4.8), demonstrating that 11 and 12 had 9a-H
configurations and were produced in the chair-chair conformation in accordance with the
biosynthetic pathway of -amyrin. Products 11 and 12 were isolated from Cratoxylum
cochinchinens.' The 3-deoxy-derivatives of 11 and 12 were first isolated as fern constituents from
polypodiaceous and aspidiaceous plants.*? The *H NMR spectrum of product 13 (600 MHz, C¢Ds)
showed 5 vinylic methyl groups (o4 1.70, 1.72, 1.76, 1.80, 1.80; 3H, s, for each of the signals). In
the HMBC spectrum, Me-26 (o4 1.72, 3H, s) had cross peaks with C-8 (oc 126.2, s) and C-9 (¢
139.9, s). Therefore, the structure of 13 could be assigned as polypoda-8(9)-13, 17, 21-tetraen-3p-ol.
Lodeiro et al. pointed out that 11-13 could be produced as artifacts from 1 with a prolonged
treatment with SiO,.*® However, the high production of 11 and 12 negated the possibility of the
artifacts. In addition, there was no indication that 9 and 10 were produced as artifacts,** and they
were produced in a relatively high yield (Table 1). Thus, 9-12 were enzymatic products, not
artifacts. Product 13 was isolated as the enzymatic product of the Arabidopsis thaliana At5g42600
gene product.’® Products 14 and 15 were previously isolated from the triterpene mixture of the
F728 variant'® and the structures of 14 and 15 were identified by NMR and GC-MS, which were
completely identical to those of the triterpenes isolated in the genome mining study of Oryza
sativa. The 'H NMR spectrum of product 16 (400 MHz, C¢Dg) showed no vinylic Me group,
indicating that 16 was the fully cyclized product of 1. Me-27 (o4 1.115, 3H, s) had HMBC
correlations with C-14 (oc 158.1, s), C-18 (oc 49.13, d), and C-12 (oc 33.97, t). Me-26 (o4 1.199,
3H, s) also had a HMBC cross peak with C-14. Thus, the double bond was located at C14-C15. The
HMBC cross peaks from Me-28 (o4 0.933, 3H, s) were definitively found for C-16 (oc 38.02, t)
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and C-22 (o 35.42, t). Both Me-29 and Me-30 showed HMBC correlations with C-20 (oc 28.99, s),
C-19 (¢ 33.43, t), and C-21 (oc 37.00, t). A clear NOE was observed between Me-28 (o4 0.933,
3H, s) and H-18 (&4 1.17, 1H, ms). The detailed NMR analyses indicated that the structure of 16
was taraxerol as shown in Scheme 2. Recently, the gene encoding taraxerol synthase was cloned
from Kalanchoe daigremontiana.™ The Met variant produced 17, which was not found in any other
mutants. The yeast encoding EtAS F474M was cultured (24 L). As described above, the cell pellets
collected by centrifugation were suspended in 15% KOH/MeOH and refluxed, followed by
extraction of lipophilic materials with n-hexane. The obtained non-saponifiable lipids (645 mg)
were subjected to column chromatography on SiO, (hexane: EtOAc=100:3-5) to yield the triterpene
fraction including dioxidosqualene, followed by acetylation with Ac,O/py. Repeated
chromatography on SiO, (hexane:EtOAc=100:0.4) removed dioxidosqualene and gave the enriched
fraction of the triterpene acetates. Normal phase HPLC (hexane: THF=100:0.025) successfully
afforded the pure acetate of 17 (10.9 mg). In the *H NMR spectrum (600 MHz, CDCls), no olefinic
methyl proton was observed, indicating that a pentacyclic skeleton could be assigned to 17. Me-26
(641.070, 3H, s) had HMBC correlations with C-8 (6c 147.6, s), C-13 (6c 37.02, s), C-14 (oc 41.60,
s), and C15 (&¢ 31.66, t). In the HOHAHA spectrum, H-7 (o4 5.46, 1H, br s) had cross peaks with
H-6 (o4 1.98,1H, m; 2.12, 1H, m) and H-5 (o4 1.36,1H, m). These data indicated the double bond
was positioned at C7-C8. Me-27 (o4 1.082, 3H, s) had HMBC correlations with C-12 (oc 36.06, t),
C-13, C-14, and C18 (oc 46.84, d). Me-28 (o 1.055, 3H, s) showed HMBC cross peaks for C-16
(6 36.08, t), C-17 (6 30.94, s), C-18, and C-22 (oc 36.57, t). From both Me-29 and Me-30 (o4
0.976, 3H, s, and 0.966, 3H, s, respectively), clear HMBCs were found for C-19 (¢ 34.60, t), C-20
(0c28.23, s), and C-21 (oc 33.87, t). In the NOESY spectrum, the following correlations were
found: H-5/H-9, Me-25/Me26, Me-26/H-18, Me-28/H-18, and H-18/Me-30. Thus, product 17 was
determined to be multiflorenol as shown in Scheme 2. Kushiro and coworkers reported 17 as one of
the enzymatic products of Arapidopsis thaliana LUP 5.%° The structures of all triterpenes 9-17
(Scheme 2) were confirmed by detailed 2D NMR analyses (Supporting Information Fig.
S3.1~S3.9).

Polycyclization pathway of 1 to form products 9-17

Scheme 2 shows the cyclization pathway of 1 to yield each of the enzymatic products 9-17.
(3S)-1 was folded in a chair-chair conformation to give bicyclic cation 3, while the chair-boat
conformation afforded cation 3’. Elimination of H-7 in the cationic intermediates 3’ and 3 could
produce 9 and 12, respectively. Deprotonation of Me-26 in 3’ and 3 afforded 10 and 11,
respectively. Cation 3 was further cyclized to give malabaricanyl cation 4 with a 6,6,5-fused
tricyclic ring system, which underwent a ring enlargement to provide a 6,6,6-fused tricyclic cation,
followed by a further cyclization to give 6,6,6,5-fused tetracyclic cation 5 (damamrenyl cation).
During this cyclization process, two different folding conformations were possible: a
chair-chair-chair-boat conformation led to cation 5, while a chair-chair-chair-chair conformation
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furnished 5’(17-epi-dammarenyl cation). The anti-periplanar 1,2-migrations of the hydride and
methyl group, followed by elimination of H-7, led to the production of 14 and 15, which could be
produced from the false intermediate 5’ and the actual intermediate 5, respectively. According to
Scheme 1, cation 5 underwent a ring expansion to give cation 6 which then cyclized to provide 7.
Further ring expansion afforded 8 with a C-19 cation. A successive antiparallel 1,2-shifts of the
hydrides gave 8 with a C-13 cation: H-18a to C-19 and H-13f to C-18. Removal of 12a-H gave 2.
The shift of Me-27 to the C-13 cation and deprotonation of 158-H (in anti-periplanar fashion) gave
16. The antiparallel 1,2-shifts of Me-27 to C-13 and Me-26 to C-14, followed by the elimination of
Ta-H, provided 17.

<Scheme 2>
Product distribution ratio generated by the site-specific variants

Table 1 shows the product distribution ratios (%) generated by the mutants. We reported that
the wild-type EtAS produced tetracyclic products 14 and 15 in very small amounts (3.3%), in
addition to a large amount of 2 (96.7%).2°* The Gly and Ala variants afforded a much higher
production of bicyclic compounds (9~12) up to 75~94%, but the production of 2 was significantly
decreased (5.9~21%), indicating that the polycyclization reaction terminated at the premature
bicyclic stage by these mutations and that F474 was located near the B-ring formation site of the
reaction cavity, which was further supported by homology modeling of 3-amyrin synthase prepared
based on the X-ray crystal structure of human lanosterol cyclase (Supporting Information Fig. S4).
This finding suggests that the rt-electrons of the F474 residue stabilizes the transit C-8 carbocation
intermediate via cation-r interaction, leading to the complete polycyclization reaction. However,
the substitution with aliphatic amino acids lacking n-electrons, such as Val, Leu, and Met, gave
significantly decreased amounts of the bicyclic compounds, and in turn exhibited a higher
production of 2 (Table 1). This finding strongly indicated that the appropriate steric size, nearly
equivalent to Phe (wild-type), was more critical to the completion of the polycyclization reaction of
1 than the n-electron density (see van der Waal’s volume " shown in the legend of Figure 2). The
importance of the steric volume was further supported by the finding that the Ala variant was
superior to the Gly mutant in terms of the production of 9 and 10 (chair-boat conformation). The
Thr variant also afforded bicyclic product 9 (from a chair-boat folding, 1.8%) and products 11 and
12 (from a chair-chair folding, 36.6%), together with a decreased production of pentacycles 2 and
16 (55.3%). The high production of the bicyclic compounds by the Thr mutant would be ascribed to
the decreased steric bulk as found for the Gly and the Ala mutants.

<Table 1>
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Thus, by altering the steric bulk and taking into account the product distribution ratios, it can be
concluded that an appropriate steric volume is required for the completion of the polycyclization to
form 2. The substitutions of Phe with other aromatic amino acids such as His, Tyr, and Trp led to
significant differences in the product distribution ratios. The Tyr variant showed a similar product
distribution as the wild-type (Phe), albeit with a small amount of 16 (4.9%). Furthermore, a bicyclic
compound was not produced. The steric bulk of Tyr is the similar as that of Phe (the wild-type), but
the former is slightly larger than the latter (see van der Waal’s volume in Figure 2). Thus, the Tyr
mutation would have led to a slight production of 16 via a shunt pathway. The Trp mutant has a
largest steric bulk among the natural amino acids. This would have guided the high production of
bicyclic compound 11 (30 %) and the relatively decreased formation of 2 (70%). This finding also
provides additional evidence that the appropriate steric volume at this position is essential to
acquiring the normal polycyclization pathway. As for the His variant, a small amount of bicyclic 12
(3.0 %) and a high production of 2 (ca 90%) was observed, thus the product distribution was not
much different from that of the Met or Leu variant (Table 1). Indeed, the steric volumes of the three
amino acid residues Leu, Met, and His are similar (see van der van der Waal’s volume in Figure
2).'" It is noticeable that alteration of the steric bulk, irrespective of increase or decrease in steric
size, afforded both bicycles 9~12 and pentacycles 16 and17. The mutations at position 474 could
bring about the local change of the protein architecture (namely, the B-ring formation site). Thus, a
somewhat improper orientation of 1 near the B-ring could lead to the production of the bicycles.
The inappropriate disposition of 1 inside the reaction cavity could further perturb the D/E-ring
formation sites and the deprotonation sites could be altered to form 16 and 17.

Enzymatic activities of the mutants relative to that of the wild-type enzyme.

With the exception of our preceding papers,'® ® few reports describing the expression levels of
OSC mutants are available. In order to assess the in vivo enzymatic activities, the quantities of the
OSC protein expressed and the triterpene products accumulated in the yeast GIL77 must be
estimated. The expressed amounts of OSC are frequently found to be none or significantly
decreased. In previous papers,'® ° we introduced a western blot protocol to quantitatively measure
the amounts of the expressed EtAS enzymes. All of the variants produced substantial amounts of
EtAS enzymes, as shown in Supporting Information Fig. S5.1. The amounts of triterpenes were
quantified by GC analysis using geranylgeraniol as the internal standard (see Fig. S5.2 for total
amounts of 2, 16 and 17; Fig. S5.4 for those of 14 and 15; Fig. S5.6 for those of 11 and 12; Fig.
S5.8 for those of 9 and 10). The enzymatic activities were estimated as follows: the amounts of
triterpene produced were divided by the amounts of the expressed enzymes. Fig. S5.3, Fig. S5.5,
Fig. S5.7 and Fig. S5.9 depict the enzymatic activities for the production of 2, 16 and 17, those for
14 and 15, those for 11 and 12, and those for 9 and 10, respectively. Figure 2 depicts the enzymatic
activities of each variant for the production of all the triterpenes, which are plotted against the
activity of the wild-type (100%). The relative activities of the F474H and the F474W variants were
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ca 25% and ca 5% of the wild-type, respectively. On the other hand, the Tyr mutant showed ca

92 % activity. Mecozzi et al. reported that the cation-x electron binding energies of the aromatic
rings with Na* were as follows: 21.0 for His, 27.1 for Phe, 26.9 for Tyr, and 32.6 kcal/mol for
Trp,*® thus it is envisaged that the activity of the Tyr mutant is nearly equivalent to that of the
wild-type (Phe) and that the Trp mutant has a most significantly enhanced activity, but the activity
of the Trp variant was modest (Figure 2). The significantly decreased activity of the Trp mutant
was also found in the F365W mutant of Alicyclobacillus acidocaldarius SHC (Supporting
Information, Fig. S1),%® %and also in the F728W mutant of EtAS, % despite the two Phe residues
having been demonstrated to stabilize the transient cation through cation-r interaction. When the
activities of the His, Tyr and Trp mutants were evaluated, it seemed that the aromatic side chains
likely acted as m-electron donors to stabilize the transient cation 3 or 3’ via cation-m interaction, as
discussed in the functional analysis of F728.2%° However, the mutants replaced with aliphatic amino
acids, especially Leu and Met variants possessing no aromatic w-electrons, also exhibited high
activities to yield pentacycles from oleanyl cation 8; ca 74% for Leu and ca 91% for Met variants.
This fact unambiguously demonstrated that the major role of EtAS Phe474 is not to stabilize the
transient cation via cation-rw interaction, but is to confer the appropriate steric bulk near to the
B-ring formation site, so that the normal polycyclization pathway was achieved without
accumulation of abortive cyclization products. The van der Waal’s volume of Tyr (0.6115 nm°) is
not much different from that of Phe (0.55298 nm®), although Tyr is slightly larger than Phe. This
would have given rise to nearly the same activity between the Tyr mutant (ca 92%) and the
wild-type EtAS. The markedly larger volume of Trp (0.79351 nm®) than that of Phe could give a
significantly decreased activity (5% of the wild-type) and the concomitant production of bicyclic
compound 11. This could be explained as follows:

<Figure 2>

the Trp residue occupied a large volume in the active site and caused a local conformational change
at the B-ring formation site. This idea was supported also by the functional analyses of EtAS
F728W™ and SHC F365W mutants.*® 9 When the enzymatic activities for the production of 2, 16,
and 17 were analyzed, the amounts of the pentacylces produced by each of the mutants increased in
proportion to the van der Waal’s volume, i.e., Gly<Ala<Val<Leu<Met<Tyr mutants (see the arrow
shown in Figure 2). However, the production of 2, 16, and 17 by the Thr and His variants were
significantly decreased, although the van der Waal’s volume of Thr is between those of Ala and
Val. Furthermore, the volume of His is nearly the same as that of Leu and Met. This finding
suggests that a different mechanism(s) is involved in the cyclization reaction of the Thr and His
variants. The basic imidazole ring readily forms the hydrogen-bonded network with the
neighboring amino acid residues, possibly resulting in significant perturbation of the active site.
Thus, the marked decrease in the activity was observed. The polar hydroxyl group in Thr also has a
similar function, i.e., hydrogen bonding with other amino acids, such as the imidazole ring, thus
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leading to a marked decrease in the activity. Why did the Gly and Ala mutants give a larger amount
of the bicyclic compounds? The B-ring formation site of the Gly and Ala mutants would be loosely
packed due to the introduction of significantly decreased steric volumes. Thus, substrate 1 may
have been improperly situated around the B-ring formation site in the reaction cavity. The
quantities of the bicyclic products were gradually decreased when the van der Waal’s volumes
came close to the steric size of Phe. The volume of Thr is larger than that of Ala, but smaller than
that of Val, which may have thus conferred somewhat higher or decreased activity of the Thr
variant compared to that of the Val or the Ala mutants, respectively (13.4 % for the Thr, 6.8% for
the Val and 34% for the Ala mutants, see Figure 2 and the sum of the values shown in Figs. S5.7
and S5.9, Supporting Information). We measured the circular dichroism spectra (CD) of the
mutants in order to inspect whether the protein structure of the mutated EtAS was altered
(Supporting Information Fig. S6). However, the change in the CD spectra was very small if at all
visible, probably suggesting that the local change of the protein architecture could not be detected
by CD. In summary, the enzymatic activities estimated here demonstrated that the steric volume at
position 474 was critical to the completion of the normal polycyclization pathway, but the
n-electrons of Phe do not play a major role in the catalytic action. This is the first report indicating
the more crucial role of the steric bulk of the aromatic active site rather than the =-electrons in the
polycyclization cascade by triterpene cyclases.

Conclusions

The EtAS F474 residue corresponds to the F365 moiety of SHC in the amino acid alignment
(Supporting Information, Fig. S1). We have definitively demonstrated that the F365 of SHC plays a
key role in the stabilization of the bicyclic cation (3-deoxy-3) through cation-r interaction.* ¢ This
suggests that the m-electrons of F474 may also have a critical role for the enzymatic catalysis via
cation- interaction, but this study demonstrated that the steric bulk at position 474 has a more
important role for -amyrin construction, rather than w-electron densities. In the case of SHC, the
enzyme activities of the F365Y and the F365W mutants were significantly decreased, despite the
n-electron densities of Tyr and Trp being increased, compared to that of Phe (the wild-type).*® The
B-ring formation site would be tightly packed. Thus, introduction of Tyr and Trp with larger steric
bulks into the F365 position induced the local conformational change, which led to the decreased
enzymatic activities resulting from the loose binding of the squalene substrate.*® By the substitution
of F365 with unnatural mono-, di-, trifluorophenylalanines, we first succeeded in demonstrating that
the higher electron density of the w-electrons gave rise to higher enzymatic activities by determining
the K and kea:.*® A fluorine atom is extremely electronegative but has a similar van der Waal’s radius
compared to that of a hydrogen atom. Thus, the function of F365 could be assigned to stabilization of
the cationic intermediate through cation-r interaction. On the other hand, cation-r interaction cannot
be assigned to the function of F474, because the Leu and Met variants with no aromatic w-electrons
had significantly enhanced activities (oleanane-type skeleton: 60% and 82% of the wild type,
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respectively, see Supporting Information Fig. S5.3). Furthermore, oleanane-type triterpenes were
produced in proportion to the van der Waal’s volume (Figure 2). This finding implies that B-amyrin
synthases might exist in nature where the aliphatic amino acid(s) is substituted at the position
corresponding to the F474 of EtAS. Arabidopsis thaliana LUP2 (Supporting Information Fig. S1)
produces B-amyrin, a-amyrin and lupeol (55:30:15).%° Recently, we elucidated the function of the
triterpene cyclase from rice plant (AK070534), which produces achilleol B.** Achilleol B is a
seco-type triterpene®® and is biosynthesized from oleanyl cation 8 through twice C-C bond cleavages
(Grob fragmentations).'* Recently, Qi et al. reported the p-amyrin synthase (AsbAS1) from Avena
strigosa.”>? In the three triterpene cyclases, Leu residue is replaced rather than Phe at this position
(Supporting Information Fig. S1). Recently, sequence and structure information on 639 triterpene
cyclases were assembled by Racolta et al., who reported the Triterpene Cyclase Engineering
Database (abbreviated as TTCED).?® The Phe474 residue of EtAS is highly conserved in 85% of
OSC superfamily, but this position is substituted with Leu in 13% of the putative OSCs (see Table S1
in Supporting Information). These findings suggest that aliphatic Leu residue at this position also
work for the normal polycyclization reaction as exemplified in Figure 2. In this study, we succeeded
in the preparation of (9BH)-polypodatetraenes (9 and 10), which were formed through the chair-boat
conformation. This is the first report to describe the conformational change from chair-chair into
chair-boat in triterpene biosyntheses. Wu et al. also reported the alteration of from the
chair-boat-chair conformation into the chair-chair-chair conformation by mutating S. cerevisiae
lanosterol cyclase Phe 699, yielding the tricyclic malabaricatriene core (boat—chair for B-ring).* In
the mutagenesis experiments of F445 in S. cerevisiae lanosterol synthase, which corresponds to EtAS
F474 in the amino acid alignment (see Fig. S1), the following triterpenes were isolated:
isomalabaricatriene, lanosta-7, 24-diene-3f3-ol and parkeol, but no production of bicyclic compounds
was reported, ® despite EtAS F474 mutants creating substantial amounts of bicyclic compounds
9~12. This finding suggests that the protein structure of EtAS is somewhat different from that of S.
cerevisiae lanosterol synthase. It was assumed that the function of the F445 in the lanosterol synthase
is to stabilize the C14 cation of the tricyclic intermediate and to direct the final deprotonation site
during lanosterol biosynthesis. ® However, the major role of EtAS F474 is not to stabilize the
transient cation through cation-m interaction, but is to guide the normal polycyclization pathway to
yield B-amyrin where the deprotonation site is not altered. In conclusion, the enzyme architecture,
the location of EtAS F474 in the reaction cavity and the function for the catalysis would be
somewhat different from those of S. cerevisiae lanosterol synthase and Alicyclobacillus
acidocaldarius SHC.

11
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Experimental Section

Instruments

NMR spectra were recorded in CDClI3 or CgDg with a Bruker DMX 600 or DPX400
spectrometer. The chemical shifts (o) are given in ppm relative to the residual solvent peak as the
internal reference (onw=7.26 and oc=77.0 ppm for CDCls; 64=7.28 and 6c=128.0 ppm for CgDs). GC
analyses were done on a Shimadzu GC-2014 chromatograph fitted with a flame ionization detector
(J&W DB-1 capillary column, 0.25 mm x 30 m). GC/MS spectra were obtained with a JIMS-Q1000
GC K9 (JEOL) instrument under electronic impact at 70 eV with a Zebron ZB-5ms capillary
column (0.25 mm x 30 m), the oven temperature being elevated from 220 to 270 °C (3 °C/min).

Mutagenesis experiments

Mutagenesis of Phe474 in wild-type pYES2-EtAS/CT was performed with the QuikChange
site-directed mutagenesis method. The following oligonucleotide primers were used; substitutions
are underlined.
For the F474G variant: sense primer, 5’-GGATCATGGACTGGCTCTGATCAGGATCATGGTTGG -3’;
and antisense primer, 5’-CCAACCATGATCCTGATCAGAGCCAGTCCATGATCC -3’.
For the F474A variant: sense primer, 5’-CCAAAGGATCATGGACTGCCTCTGATCAGGATC -3’;
and antisense primer, 5’-GATCCTGATCAGAGGCAGTCCATGATCCTTTGG -3’.
For the F474V variant: sense primer, 5’-GGATCATGGACTGTCTCTGATCAGGATCATGGTTG
-3’; and antisense primer, 5’-CAACCATGATCCTGATCAGAGACAGTCCATGATCC-3".
For the F474L variant: sense primer, 5’-CCAAAGGATCATGGACTTTGTCTGATCAGGATC -3’;
and antisense primer, 5’-GATCCTGATCAGACAAAGTCCATGATCCTTTGG -3°.
For the F474M variant: sense primer,
5’-CCAAAGGATCATGGACTATGTCTGATCAGGATCATGGTTGG -3’: and antisense primer,
5’-CCAACCATGATCCTGATCAGACATAGTCCATGATCCTTTGG-3".
For the F474Y variant: sense primer, 5’~-CCAAAGGATCATGGACTTACTCTGATCAGGATC -3’;
and antisense primer, 5’-GATCCTGATCAGAGTAAGTCCATGATCCTTTGG-3".
For the F474W variant: sense primer, 5’-CCAAAGGATCATGGACTTGGTCTGATCAGGATC-3’:
and antisense primer, 5’-GATCCTGATCAGAACCAGTCCATGATCCTTTGG-3".
For the F474H variant: sense primer, 5’-CCAAAGGATCATGGACTCACTCTGATCAGGATC-3’:
and antisense primer, 5’-GATCCTGATCAGAGTGAGTCCATGATCCTTTGG-3".
For the F474T variant: sense primer, 5’-CCAAAGGATCATGGACTACCTCTGATCAGGATC-3’:
and antisense primer, 5’-GATCCTGATCAGAGGTAGTCCATGATCCTTTGG-3".
PCRs were conducted with a 16-cycle program: 98 °C for 0.5 min, 60 °C for 1 min, 68 °C for 9 min,
and a final extension at 68 °C for 9 min. KOD-plus DNA polymerase (Toyobo) was used with dNTPs
(0.2 mM), dimethylsulfoxide (5%) and MgSQO4 (0.1 mM) in a final volume of 50 uL. Mutations were
confirmed by DNA sequencing with the dideoxy chain-termination method and a Beckman Coulter
CEQS8000 (Beckman Coulter).

12
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The constructions and the cultural conditions of the mutants.
The detailed methods were reported in the previous papers. 1°

Measurements of in vivo protein expression levels and CD measurement.
These experimental protocols were described in the preceding paper.'%®

Spectroscopic data of enzymatic products 9 ~17 acetates.

(9BH)-Polypoda-7,13,17,21-tetraen-3pB-ol, i.e., (9BH)-y-Polypodatetraen-3p-ol acetate.

'H-NMR (600 MHz, CDCls) §0.902 (3H, s, Me-25), 1.18 (1H, m, H-11), 1.23 (1H, m, H-9), 1.28
(1H, m, H-1), 1.38 (1H, dd, J=11.4, .5.4 Hz, H-5), 1.51(1H, m, H-11), 1.599 (3H, Me-29), 1.606
(6H, s, Me-27 & Me-28), 1.666 (3H, bs, Me-26), 1.678 (3H, s, Me-30), 1.70 (2H,m, H-2), 1.71 (1H,
m, H-1), 1.86 (1H, m, H-6), 1.96 (1H, m, H-6), 1.98 (4H, m, H-15 & H-19), 2.02 (2H, m, H-12),
2.063 (3H, s, CH;-CO), 2.07 (4H, m, H-16 & H-20), 4.50 (1H, dd, J=8.4, 6.6 Hz, H-3), 5.12 (3H, m,
H-13, H-17 & H-21), 5.22 (1H, bs, H-7). *C-NMR (150 MHz, CDCls) § 15.96 (q, C-24), 15.96
(g, C-27 or C-28), 16.16 (g, C-27 or C-28), 17.61 (q, C-29), 170.8 (s, C-31), 21.23 (g, CH3-CO),
22.11 (q, C-25), 23.28 (g, C-26), 23.57 (t, C-6), 23.94 (t, C-2), 25.61 (g, C-30), 26.78 (2C, t, C-16
& C-20), 27.77 (q, C-23), 29.94 (t, C-12), 31.77 (t, C-11), 33.75 (t, C-1), 36.46 (s, C-10), 37.51 (s,
C-4),39.71 (2C, t, C-15 & C-19), 41.84 (d, C-5),. 53.80 (d, C-9), 81.28 (d, C-3), 118.8 (d, C-7),
124.3 (d, C-21), 124.4 (d, C-13 or C-17), 124.5 (d, C-13 or C-17), 131.1 (s, C-22), 134.9 (s, C-14

or C-18), 135.2 (s, C-14 or C-18), 136.9 (s, C-8). 170.8 (s, CH3-CO) EIMS: see Fig. S3.1.1.
HREIMS: calcd. 468.39673; found 468.39715. [a]p>= -30.0 (c=0.05, CHCIs).

(9BH)-Polypoda-8(26),13,17,21-tetraen-3p-ol, i.e., (9BH)-a-polypodatetraen-3p-ol acetate.
'H-NMR (600 MHz, CDCls) 50.848 (3H, s, Me-24), 0.873 (3H, s, Me-23), 0.930 (3H, s, Me-25),
1.11 (1H, bd, J=12.6 Hz, H-1), 1.33 (1H, m, H-11), 1.38 (2H, m, H-5 & H-6), 1.52 (1H, m, H-11),
1.570 (3H, s, Me-27), 1.59 (1H, m, H-9), 1.602 (6H, s, Me-28 & Me-29), 1.62 (1H, m, H-6), 1.678
(3H, s, Me-30), 1.68 (2H, m, H-2), 1.71 (1H, m, H-12), 1.78 (1H, m, H-1), 1.88(1H, m, H-12), 1.98
(4H, m, H-15 & H-19), 2.052 (3H, s, CH3-C0), 2.07 (4H, m, H-16 & H-20), 2.08(1H, m, H-7),
2.17 (1H, bd, J=12.0 Hz, H-7), 4.47(1H, dd, J=9.0, 6.6 Hz, H-3), 4.54(1H, bs, H-26), 4.71(1H, bs,
H-26), 5.12 (3H, m, H-13, H-17&H-21). *C-NMR (150 MHz, CDCls) §16.01 (g, C-27 or C-28),
16.09 (g, C-27 or C-28), 16.65(q, C-24), 17.68 (q, C-29), 21.30 (g, CH;-C0O), 22.47 (g, C-25),
22.99 (t, C-6), 24.14 (t, C-2), 25.68 (q, C-30), 26.51 (t, C-11 or C-12), 26.60 (t, C-11 or C-12),
26.71 (t, C-16 or C-20), 26.77 (t, C-16 or C-20), 28.20(q, C-23), 30.94 (t, C-7), 33.94 (t, C-1),
37.59(s, C-10), 37.75(s, C-4), 39.74 (2C, t, C-15 & C-19), 45.12(d, C-5), 57.44(d, C-9), 81.09 (d,
C-3), 109.7 (t, C-26), 124.3 (d, C-21), 124.4 (d, C-13 or C-17), 124.5 (d, C-13 or C-17), 131.2 (s,
C-22),134.9 (s, C-14 or C-18), 135.1 (s, C-14 or C-18), 148.5 (s, C-8), 170.9 (s, CH3-CO). EIMS:
see Fig. $3.2.1. HREIMS: calcd. 468.39673; found: 468.39627. [0]p*°=-8.08 (c=0.07, CHCl5); no
13
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report of [a]p for this compound. To confirm the stereochemistry of 98-H, the NMR spectra of this
compound were measured again in the C¢Dg solution (see Fig. S3.2.10 and Fig. S3.2.11, NOESY
spectrum, in Supporting Information).

Acetates of a-and y-polypodatetraen-3p-ols. The detailed NMR data, [o]o and HREIMS data
were described in Supporting Information Fig. S3.3 and Fig. S3.4.

Polypoda-8(9)-13,17,21-tetraen-3p-ol acetate. *H-NMR (600 MHz, CsDs) 51.031 (3H, s, Me-23),
1.049 (3H, s, Me-24), 1.064 (3H, s, Me-25), 1.21 (1H, bd, J=12.3 Hz, H-5), 1.47 (1H, m, H-1), 1.50
(1H, m, H-6), 1.62 (1H, m, H-6), 1.696 (3H, s, Me-29), 1.722 (3H, s, Me-26), 1.758 (3H, s, Me-27
or Me-28), 1.76 (1H, m, H-2), 1.805 (6H, s, Me-30 and either Me-27 or Me-28), 1.85 (1H, m, H-1),
1.881 (3H, s, CH3-C0), 1.97 (1H, m, H-2), 1.99 (1H, m, H-7), 2.02 (1H, m, H-7), 2.06 (1H, m,
H-11), 2.26 (4H, m, H-15 & H-19), 2.28 (1H, m, H-11), 2.28 (2H, m, H-12), 2.33 (2H, m, H-16),
4.84 (1H, dd, J=11.8, 4.4 Hz, H-3), 5.38 (bt, J=6.9 Hz, H-21), 5.46 (2H, m, H-13 & H-17).
3C-NMR (150 MHz, C¢Ds) 516.14 (q, C-27 or C-28), 16.23 (g, C-27 or C-28), 16.92(q, C-24),
17.72 (g, C-29), 18.97(t, C-6), 19.59 (g, C-26), 20.24 (g, C-25), 20.83 (g, CH3s-CO), 24.53 (t, C-2),
25.83 (g, C-30), 27.10 (t, C-16 or C-20), 27.24 (t, C-16 or C-20), 28.20 (g, C-23), 28.80 (t, C-11),
29.54 (t, C-12), 33.88 (t, C-7), 34.94 (t, C-1), 37.94(s, C-4), 38.88(s, C-10), 40.20 (2C, t, C-15 &
C-19), 51.15(d, C-5), 80.57 (d, C-3), 124.7 (d, C-13 or C-17), 124.9 (d, C-21), 125.4 (d, C-13 or
C-17), 126.2 (s, C-8), 131.1 (s, C-22), 135.1 (s, C-14), 139.9(s, C-9), 169.9 (s, CH3-CO). EIMS: see
Fig. $3.5.1. HREIMS: calcd. 468.39673; found: 468.39657 [a]p?°= + 13.9 (c=0.04, CDCl5).

Taraxerol acetate. *H-NMR (400 MHz, C¢Dg) 50.79 (1H, m, H-5), 0.83 (1H, ddd, J=13.2, 13.2,
3.6 Hz, H-1), 0.933 (3H, s, Me-28), 0.944 (3H, s, Me-25), 1.019 (3H, s, Me-23), 1.051 (3H, s,
Me-24), 1.115 (3H, s, Me-27), 1.155 (3H, s, Me-30), 1.16 (1H, m, H-21), 1.17 (1H, m, H-18),

1.185 (3H, s, Me-29), 1.199 (3H, s, Me-26), 1.20 (1H, m, H-22), 1.44 (3H, m, H-7 & H-9 &H-11),
1.44(1H, m, H-6), 1.46 (1H, m, H-19), 1.48 (1H, m, H-1), 1.51 (1H, m, H-21), 1.57 (2H, m, H-6 &
H-22), 1.59 (1H, m, H-19), 1.64 (1H, m, H-11), 1.67 (2H, m, H-12), 1.71(1H, m, H-2), 1.84 (2H, m,
H-2 & H-16), 1.884 (3H, s, CH;-CO), 2.07 (1H, dd, J=9.6, 3.2 Hz, H-7), 2.17 (1H, dd, J=14.4, 3.2
Hz, H-16), 4.78 (1H, dd, J=12.0, 4.8 Hz, H-3), 5.75 (1H, dd, J=8.4, 2.8 Hz, H-15). *C-NMR (100
MHz, C¢Dg) 615.59 (g, C-25), 16.88 (q, C-24), 17.75 (t, C-11), 18.84 (t, C-6), 20.86 (g, CH3-CO),
21.48 (g, C-27), 23.83 (t, C-2), 26.13(q, C-26), 27.99 (q, C-23), 28.99 (s, C-20), 30.09 (2C, q, C-28
and either C-29 or C-30), 33.43 (t, C-19), 33.97 (2C, q, C-12 and either C-29 or C-30), 35.42 (t,
C-22), 36.06 (s, C-17), 37.00 (t, C-21), 37.34 (t, C-1), 37.76 (s, C-10 or C-13), 37.82 (s, C-4), 37.92
(s, C-10 or C-13), 38.02 (t, C-16), 39.19 (s, C-8), 41.31 (t, C-7), 49.13 (2C, d, C-9 & C-18), 55.50
(d, C-5), 81.17 (d, C-3), 117.3 (d, C-15), 158.1 (s, C-14), 170.0 (s, CH3-CO). EIMS: see Fig. S3.8.1.
HREIMS : calcd. 468.39673; found: 468.39691. [a]p?°= + 20.1 (c=0.65, CDCls).

14



Page 15 of 23 Organic & Biomolecular Chemistry

Multiflorenol acetate. ‘H-NMR (600 MHz, CDCls) 50.761 (3H, s, Me-25), 0.855 (3H, s, Me-23),
0.87 (1H, m, H-12), 0.934 (3H, s, Me-24), 0.965 (3H, m, Me-30), 0.976 (3H, s, Me-29), 1.055 (3H,
s, Me-28), 1.070 (3H, s, Me-26), 1.082 (3H, s, Me-27), 1.19 (1H, m, H-1), 1.24 (1H, m, H-21), 1.36
(1H, m, H-5), 1.37 (1H, m, H-16), 1.38 (2H, m, H-19), 1.43 (1H, m, H-11), 1.46 (1H, m, H-21), 1.48
(2H, m, H-22), 1.50 (1H, m, H-18), 1.54 (1H, m, H-11), 1.62 (2H, m, H-12 & H-16), 1.64 (3H, m,
H-2 & H-15), 1.70 (1H, m, H-1), 1.77(1H, m, H-15), 1.98 (1H, m, H-6), 2.051(3H, s, CH;-CO), 2.12
(1H, m, H-6), 2.16 (1H, m, H-9), 4.51(1H, dd, J=11.4; 4.2 Hz, H-3), 5.46 (1H, bs, H-7). *C-NMR
(150 MHz, CDCls) §13.20 (g, C-25), 15.96 (g, C-24), 17.09 (t, C-11), 21.32 (g, CH5-CO), 23.94 (t,
C-6), 24.20 (t, C-2), 26.16 (q, C-27), 27.09 (q, C-26), 27.64 (g, C-23), 28.23 (s, C-20), 30.94 (q,
C-28), 30.94 (s, C-17), 31.66 (t, C-15), 33.67 (q, C-29), 33.87 (t, C-21), 34.09 (q, C-30), 34.60 (t,
C-19), 35.06 (s, C-10), 36.06 (t, C-12 or C-16), 36.08 (t, C-12 or C-16), 36.57 (t, C-22), 36.80 (t,
C-1), 37.02 (s, C-13), 37.69 (s, C-4), 41.60 (s, C-14), 46.84 (d, C-18), 48.72(d, C-9), 50.24 (d, C-5),
81.17 (d, C-3), 111.5 (d, C-7), 147.6 (s, C-8), 171.0 (s, CH3-CO). EIMS: see Fig. $3.9.1. HREIMS:
calcd. 468.39673; found: 468.39555. [a]p?°= -16.9 (c=0.094, CDCl5).
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Scheme 1. Cyclization pathway of (3S)-2,3-oxidosqualene 1 to generate 3-amyrin triterpene 2. The
substrate 1 is folded in a chair-chair-chair-boat-boat conformation in the enzyme cavity and the
proton released from the DCTA motif attacks the epoxide ring, leading to the sequential
ring-forming reactions and the construction of the 6,6,6,6,6-fused pentacyclic ring scaffold 8 via
carbocationic intermediates 3-7. Oleanyl cation 8 undergoes the rearrangement reactions of
1,2-hydride shifts and deprotonation of the axial-oriented H-12 to yield B-amyrin 2.
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Figure 1. GC trace of the lipophilic materials obtained from F474A and F474M mutants.

Each of the mutants was cultured. The yeast cells collected by centrifugation were saponified by
heating with 15%KOH/MeOH, followed by extraction of the lipophilic materials with hexane. The
hexane-extract was evaporated to dryness. The acetylated residues thus obtained were subjected to
GC analyses. GC column: J&W, DB-1, capillary (Length 30 m, 1.D.0.32 mm, Film Thickness 0.25
pum), Injection temp. 300°C; Column temp.:190-250°C (10°C/min), 250-270°C (0.35°C/min).

*: impurities. Ergosterol-Ac: ergosterol acetate.

Products 9~17 were numbered by the order of elution in GC analyses.
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Scheme 2. Cyclization pathway of substrate 1 to form bicyclic 9~13, tetracyclic 14 and 15, and pentacyclic
products 2, 16, and 17. Products 8~20 were numbered by the order of elution in GC analyses (Figure 1).
Compound Names: 9: (9BH)-polypoda-7,13,17,21-tetraen-3p-ol, i.e., (9BH)-y-polypodatetraen-33-ol; 10:
(9BH)-polypoda-8(26), 13,17,21-tetraen-3p-ol, i.e., (9pH)-a-polypodatetraen-33-ol; 11: polypoda-8(26),
13,17,21-tetraen-3p-ol, i.e., a-polypodatetraen-33-ol; 12: polypoda-7,13,17,21-tetraen- 3f3-ol,
i.e.,y-polypodatetraen-3p3-ol; 13: polypoda-8(9),13,17,21-tetraen-3p3-ol; 14: tirucalla-7, 24-diene-33-ol; 15:
butyrospermol; 16: taraxerol (13a—methyl-27-norolean-14-en-33-ol); 17: multiflorenol (13a-methyl-144-
methyl-26-norolean-7-en-3-B-ol).
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Table 1. Distribution ratio of the products (%) generated by each of the mutants. Each of the values represents the percentage of the triterpenes
produced. Products 9~17 were numbered by the order of elution in GC analyses (Figure 1).

Bicycle (C-B type) from

Bicycle (C-C type) from

Bicycle from

cation 3 cation 3 3or3 Tetracycle Pentacycle from cation 8

Product Total % of Total % of 14 from 15 from éTotaI % of Total % of
Number ° cation 3’ 1 cation 3 13 cation 5° cation 5 5'and 5. 2 16 L cation 8

wid | - - - - - - - 15 18 33 967 : i 96.7
FA74G 1.6 - 1.6 43.2 49.3 92.5 - - - - 5.9 - - 5.9
FATAA 7.5 1.9 : 94 12.8 53.5 66.3 0.3* 0.5 25 3.0 125 8.7 - 21.2
F4A74V - - - o 14.2 14.2 - 4.2 4.4 8.6 71.3 5.9 - 77.2
FA74L - - - - 12.0 12.0 - 2.0 4.1 6.1 81.9 - - 81.9
FA74M - - - 11 0.9 2.0 - 3.8 4.6 8.4 80.5 11 8.0 89.6
FA7T4AT 1.8 - 1.8 8.8 27.8 36.6 - 2.0 4.3 6.3 48.0 7.3 - 55.3
F474H - - - - 3.0 3.0 - 2.2 3.7 5.9 89.6 15 - 91.1
FA74Y - - - - . - - 1.9 31 5.0 90.1 4.9 - 95.0
FA74W 1 . - - 30.1 - 30.1 - - - ) 69.9 - - 69.9

C-B and C-C types of bicyclic products stand for the chair-boat and chair-chair conformations, respectively.

Product distribution ratio for the F474A variant was calculated as follows: 1.49 (Fig. S5.8) + 10.5 (Fig. S5.6) + 0.48 (Fig. S5.4) + 3.36 (Fig.
S5.2) = 15.83 (total amounts produced, mg/L-culture), thus,1.49/15.83x100=9.4% from cation 3’, 10.5/05.83x100=66.3% from cation 3,
0.48/15.83=3.0% from 5’ and 5, 3.36/15.83=21.2% from cation 8, the total % was calculated to be 99.9%. * Product 13 was excluded from the
calculation of the product distribution ratio, because a negligible amount was produced. The bolded numbers highlight the function of each of

the mutants.
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Figure 2. Enzymatic activities of the mutants relative to that of the wild type EtAS.
The wild-type activity (100%) indicates the sum of the relative activities shown in Fig.
S5.3 (production of 2) and Fig. S5.5 (production of 14 and 15). The activities for each
of mutant represent the total sum of the relative activities (%) estimated for respective
mutants, which are shown in Fig. S5.3, Fig. S5.5, Fig. S5.7, and Fig. S5.9 (Supporting
Information). The total activities for the mutants thus obtained were evaluated against
that of the wild-type EtAS (100%). Production of the pentacyclic oleanane skeleton
derived from cation 8 roughly increased in proportion to the increase in the van der
Waal’s volume (see the arrow directed up to the right). The van der Waal’s volumes
(nm®) for the side residues are as follows: Gly, 0.00279; Ala, 0.05702; Val, 0.25674;
Leu, 0.37876; Met, 0.38872; Thr, 0.19341; His, 0.37694; Tyr, 0.6115, Trp, 0.79351;
Phe (wild-type), 0.55298. The values were obtained from reference 17.
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This paper describes the importance of the steric bulk at 474residue for completion of the cyclization
cascade, but not m-electrons of the Phe residue, which was in a sharp contract to the function of

Phe728 residue (cation-m interaction, previously revealed by us).
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