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Abstract: Site-saturated mutagenesis experiments were carried out on the His234 residue of Saccharo-
myces cerevisiae oxidosqualene-lanosterol cyclase (ERG7) to characterize its functional role in ERG7 activity
and to determine its effect on the oxidosqualene cyclization/rearrangement reaction. Two novel intermediates,
(13a.H)-isomalabarica-14(26),17E,21-trien-35-ol and protosta-20,24-dien-34-ol, isolated from ERG7H234X
mutants, provided direct mechanistic evidence for formation of the chair-boat 6—6—5 tricyclic Markovnikov
cation and protosteryl cation that were assigned provisionally to the ERG7-catalyzed biosynthetic pathway.
In addition, we obtained mutants that showed a complete change in product specificity from lanosterol
formation to either protosta-12,24-dien-3-ol or parkeol production. Finally, the repeated observation of
multiple abortive and/or alternative cyclization/arrangement products from various ERG7H234X mutants
demonstrated the catalytic plasticity of the enzyme. Specifically, subtle changes in the active site affect
both the stability of the cation—s interaction and generate product diversity.

Introduction located at the 232 position of human OSC and corresponding
to the 234 position o§accharomyces carigsiacERG7, remains

- . . - L ambiguous. For example, Corey performed substrate-analogue
(OS) into polycyclic sterols and triterpenoids, which is catalyzed labeling experiments orS. cereisiae ERG7 and obtained

Egmoﬂedxossgiigif%yct::lﬁzsaetisc;nmr\g:/rii aen:l'la%ftwI);nciljlv;ers?og:g_several labeled substrates covalently attached around the His234
piexp y i 9 ' b position (Scheme 1). This suggested that the residue may act

tion steps. Over 100 distinct triterpenoid skeletons, with the . A .
CagHsoO formula, mainly form tetracycles and pentacycles. Less to stabilize the reaction intermediateshoma et al. suggested,
5 ' ' based on the X-ray structure of human OSC, that the His232

frequently, monocyclic, bicyclic, tricyclic, and hexacyclic . . ” .
triterpenoids have been isolated from various soufcé$The and”Phe696 res!dues were spatially posmongd n o.rder.to
stabilize the anti-Markovnikov secondary cation, which is

diverse product profile is mainly controlled by the preorganized generated at the C-14 position during the C-ring formation,

substrate conformation, as well as interactions between the : 0 .
S . - - throughs interactionst! The same residue was also suggested
cationic intermediate for deprotonation and the functional groups

of the catalytic amino acid residues of the enzyme. In fungi (1) Abe, I.; Rohmer, M.; Prestwich, G. Ethem. Re. 1993 93, 2189-2206.
and mammals, oxidosqualene-lanosterol cyclase (ERG7, EC (2) Wendt K. U.; Schulz, G. E.; Corey, E. J.; Liu, D. Rngew. Chem., Int.

X . ) ) g Ed. 200Q 39, 2812-2833.
5.4.99.7) is proposed to bind OS in a chéddoat-chair (3) Xu, R.; Fazio, G. C.; Matsuda, S. P. Phytochemistri2004 65, 261—

(C—B—C) substrate conformation and initiate cyclization via ("1 k. Liu, v. T.: Chang, C. HChemBioCher2005 6, 1177-1181

the protonation of oxirane oxygen, by a conserved aspartic acid and references therein.

: : : ot ; : (5) Corey, E. J.; Virgil, S. CJ. Am. Chem. S0d.991 113 4025-4026.
residue. This reaction propagates cyclization which will forma &) Corey’ £ 3" Virgil, . C. Cheng, H.. Baker, C. H.: Matsuda, S. P. T.:

protosteryl cation, followed by the 1,2-shifts of the hydride and . gingh, \é JS_arcsr?ar, SlH. _Agw.kChegw. :9%995 (1111811F§1T951L1SE)Q.S «
methyl groups to the lanosteryl C-8 cation. Final deprotonation ) e e 1o f;sy'lz"%atsu 2 . F. 15 5, D5 song, 2.
occurs through abstracting a proton, either at the original C-9 (8) Hart, E. A.; Hua, L.; Darr, L. B.; Wilson, W. K.; Pang, J.; Matsuda, S. P.

) ) . T.J. Am. Chem. Sod.999 121, 9887-9888.
site or after a hydride shift from C-9 to C-8 to form lanosterol. ©) JouberT B. ,\,TTHU; L_;?\Aatsjhda' S. P. Org. Lett.200Q 2, 339-341.

i i i - (10) Meyer, M. M.; Segura, M. J. R.; Wilson, W. K.; Matsuda, S. PAlgew.
Recent structurereactivity studies of ERG7, via X-ray i . 43080 35 4060 4003,

crystallographic analyses coupled with bioorganic and muta- (11) Thoma, R.; Schulz-Gasch, T.; D'Arcy, B.; Benz, J.; Aebi, J.; Dehmlow,
; H inei H P H.; Hennig, M.; Stihle, M.; Ruf, ANature2004 432 118-122.
t'on?" d_ata’ have prowded de_eper mSIth_ into _the catalytlc (12) Lodeiro, S.; Segura, M. J.; Stahl, M.; Schulz-Gasch, T.; Matsuda, S. P. T.
cyclization/rearrangement reaction mechanism, diverse product ~ ChemBioChen2004 5, 1581-1585.

+ ; i ; 4 3) Wu, T. K.; Chang, C. HChemBioChen2004 5, 1712-1715.
profiles, and functional role of specific res_|du’€_§. However, 14) Wu. T. K Yu, M. T.; Liu, Y. T.; Chang, C. H.; Wang, H. J.: Diau, E. W.
the functional role of a particularly interesting histidine residue, G. Org. Lett.2006 8, 1319-1322.
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Scheme 1. Incubation of 20-Oxa-oxidosqualene with Sterol-Free S. cerevisiae Microsomal Protein Resulted in Isolation of a Protostane
Derivative and Characterization of a Covalently Attached (*) Peptide Fragment Product near His2347

S. cerevisiae
ERG7

20-oxa-oxidosqualene

to act as a base that deprotonates to form lanosterol or mayExperimental Section

function as, part. of a catalytic basg dyad that will influence Generation of Mutants. Mutagenesis of His234 in the wild type
deprotonation, VIaahydrog_en-bondlng nerorK, to Fhe hydroxyl ERG7 gene was performed using the QuickChange site-directed
group of Tyr503. We previously performed site-directed mu- mytagenesis kit (Stratagene Inc., La Jolla, CA). The oligonucleotide
tagenesis experiments on the His234 residue of ERG7 10 primers used were the following, with substitutions underlined and silent
determine its catalytic activity and product proffi&he results mutation italicized: ERG7H234X-Degeneratel:dfTGGGTTNNS-
showed that the ERG4Y mutant is viable, indicating it is ~ ACTCGAGSTGTTTACATT)-3; ERG7H234X-Degenerate2:-8(AAT-
functional, and produces multiple triterpenes, including mono- GTAAACACCTCGAG SNNAACCCA)-3. Mutations were confirmed
cyclic achilleol A, truncated rearranged protosta-12,24-dien- by DNA sequencing using the dideoxy chain-termination method and
38-ol, lanosterol, and parkeol. This suggests that His234 of ?X)AEA PRISM s.lootalitose%uencer (,;\p;t)hed B'tosdy,Stte”:BFOStertCt'tyz

; ; . i . The recombinant plasmids were electroporated into the yeast strain
ER.G7 can play a_ke)_/ rple n the_foIIOWIng pro.cgsses. Stablhzmg TKW14, selected for growth on SPAdet+Lys+His+Met+Ura+
various carbocationic intermediates and guiding deprotonation

. o . o .~ hemintG418t+Erg plates, and then reselected on-SAle+Lys+
reactions. In addition, His234 of ERG7 can assist in generating His+Met+Ura+hzrr[1)in+G418+5-FOA plates, to determine Wyhether

product diversity, indicating that it has functions beyond acting he ERG7 mutant protein could complement the cyclase deficiency
as the catalytic base. The combination of these findings suggests;f Tkw14, as described previousty? Transformants were grown in

a more complex interaction between the amino acid functional Sb+Ade+Lys+His+Urat+Met+Hemint+Erg medium for nonsaponi-
group at the His234 position and cationic intermediates and fiable lipid extraction and column chromatography.

provokes further investigation into the effects of substitution  Analysis of Extracts from Mutants. The extracts were fractionated

of other amino acids on the catalytic activity and product profile by silica gel column chromatography using a 19:1 hexane/ethyl acetate
of the cyclase. mixture in order to obtain products that migrated between the

A “site-saturated mutagenesis” approach is the r(_:‘placer,m:mtfollowmg: oxidosqualene and lanosterol, IanosFeroI-posmoned, and

. . . . . _lanosterol and ergosterol compounds. The fractions were assayed by
of the target residue with each of the other proteinogenic amino .

. . . . ) . gas chromatographymass spectrometry (GEMS) and examined for
aCIdS', This technique Wa§ applied .tO obtain a deu’?‘”ed under- triterpenoid products with a molecular masswt = 426. The products
standing of the effects, either steric or electrostatic, of other i vz = 426 were acetylated and isolated by AgN®pregnated
amino acids, substituted at the His234 position. The following silica gel chromatography using 15% diethyl ether in hexane, as
are features of the mutant enzymes: the enzyme conformation previously describe#® 2! Products were identified using 600 MHz
the cation- interactions between the carbocationic intermediate nuclear magnetic resonance (NMR) and-@@S analyses. GEMS
and side chain functional group, and the product profile. Two was performed on an Agilent 6890N chromatograph equipped with a
novel intermediates, (b34)-isomalabarica-14(26), E721-trien- DB-5HT column (30 mx 0.25 mm I.D., 0.1um film; oven gradient
3B-ol and protosta-20,24-dienal, were isolated, for the first ~ t 50°C for 1. min, and then 10C per min until 300°C, held at 300
time, from the ERG7 mutants. These products correspond to C for 8 min, 250°C inlet; splitless, flow rate 1 mL/min).
truncation of the cyclization/rearrangement cascade, precisely _Molecular Modeling. Molecular-modeling studies were performed,

. _ using the Insight Il Homology program with the X-ray structure of
at two prgwou_sly pr.Oposed and long SOUght stages, EH.B c lanosterol-complexed human OSC as the templatde MODELER
6—6—5 tricyclic cation and protosteryl cation, respectively.

. . ‘ program is designed to extract spatial constraints such as stereochem-
Previous work by Corey et al. using ERG7 in substrate-analogueistry main-chain and side-chain conformation, distance, and dihedral

affinity labeling experiments generated trapped products, im- angle from the template structure. The resulting structure was optimized
plicating these cations as intermediates, and our work hereusing an objective function that included spatial constraints and a
demonstrates directly that they &ré. Mutants with 100% CHARMM energy function. The objective function combines free ener-
altered product specificity that produce either protosta-12,24- gy perturbation, correlation analysis, and combined quantum and molec-
dien-3-ol or parkeol instead of lanosterol were also obtained. ular mechanics (QM/MM) to obtain a better description of molecular-
Taken together, these results further support the hypothesis thateVe! structure, interactions, and energetics. The homologous model
diversity in product specificities could be obtained through a structgre,wnh the ‘Iowest objective function, was e_valuated further using
subtle change of the shape of the active site and/or by the Align2D algorithm for sequence-structure alignnf@it.

repositioning of crucial functional groups throughout the course Chemical Shifts of Protosta-20,24-dienf-ol: Chemical shifts
Ofpevolution%S*w group 9 were referenced to Si(Ghi and are generally accurate-t@.01 ppm.

(18) Kushiro, T.; Shibuya, M.; Ebizuka, Eur. J. Biochem1998 256, 238—
(15) Ourisson, GPure Appl. Chem1989 61, 345-348. 244,
(16) Corey, E. J.; Matsuda, S. P.; Bartel,Boc. Natl. Acad. Sci. U.S.A993 (19) Freimund, S.; Kopper, $arbohydr. Res2004 339, 217-220.
90, 11628-11632. (20) Vroman, H. E.; Cohen, A. H. Lipid Res.1967, 8, 150-152.
P

(17) Buntel, C. J.; Griffin, J. H. Insopentenoids and Other Natural Products: (21
Evolution of sterol and triterpene cyclase®Nes, W. D., Ed.; ACS
Symposium Series 562; American Chemical Society: Washington, DC, (22
1994; pp 44-54. (23

ascal, R. A. J.; Farris, C. L.; Schroepfer, G. JAdal. Biochem198Q
101, 15-22.
Sali, A.; Blundell, T. L.J. Mol. Biol. 1990 212 403-428.
Sali, A.; Blundell, T. L.J. Mol. Biol. 1993 234, 779-815.
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IH NMR (600 MHz, CDC}): 6 5.08 (m, 1H, H-24), 4.88 (s, 1H, H-21),
4.86 (s, 1H, H-21), 3.22 (dd, = 11.7, 5.0 Hz, 1H, H-8), 2.60 (dt,J
=9.2, 8.8 Hz, 1H, H-1&), 2.10 (m, 1H, H-22), 2.04 (m, 1H, H-23),
1.97 (d,J = 3.6 Hz, 1H, H-18), 1.95 (m, 1H, H-22), 1.92 (m, 1H,
H-7(), 1.91 (m, 1H, H-23), 1.75 (m, 2H, H-16), 1.68 @= 4.6 Hz,

1H, H-20), 1.66 (s, 3H, H-26), 1.58 (s, 3H, H-27), 1.52 (m, 1H, A2
1.49 (m, 1H, H-6), 1.46 (m, 1H, H-P), 1.44 (1,J = 14.1 Hz, H-9),
1.43 (d, 1HJ = 10.3 Hz, H-®), 1.42 (d,J = 3.3 Hz, 1H, H-15), 1.38

(d, J = 3.5 Hz, 1H, H-B), 1.37 (d,J = 2 Hz, 1H, H-Ir), 1.20-1.19

(m, 1H, H-1k), 1.19-1.18 (m, 1H, H-6), 1.18-1.17 (m, 1H, H-7

), 1.17-1.16 (m, 1H, H-1B), 1.16-1.14 (m, 2H, H-12), 1.07 (s, 3H,
Me-30), 0.96 (s, 3H, Me-29), 0.87 (s, 3H, Me-19), 0.82 (s, 3H,
Me-18), 0.76 (s, 3H, Me-28}3C NMR (150.77 MHz, 30 mM solution

in CDCl;, 25°C) ¢ 16.10 (C-28), 17.48 (C-18), 17.69 (C-27), 18.57
(C-6), 21.98 (C-30), 22.38 (C-19), 23.09 (C-11), 25.14 (C-12), 25.70
(C-26), 27.30 (C-23), 27.65 (C-16), 29.08 (C-29), 29.11 (C-2), 32.88
(C-1), 33.35 (C-15), 34.81 (C-7), 36.81 (C-10), 38.62 (C-22), 39.15
(C-4), 39.95 (C-8), 43.88 (C-17), 44.52 (C-13), 45.68 (C-9), 47.66
(C-5), 50.67 (C-14), 79.33 (C-3), 108.78 (C-21), 124.36 (C-24), 131.43
(C-25), 152.04 (C-20).

Chemical Shifts of (13tH)-Isomalabarica-14(26),1E,21-trien-
3p-ol: Chemical shifts were referenced to Si(§Hand are generally
accurate to+0.01 ppm.*H NMR (600 MHz, CDC}): 6 5.11-5.08
(m, 2H, H-17 and H-21), 4.84 and 4.60 (s and s, 1H and 1H,;-T4),
3.23 (dd,J=11.7, 5.0 Hz, H-&), 2.17-2.11 (m, 2H, H-16), 2.07 (d,

J = 8.9 Hz, 1H, H-1&), 2.06 (m, 2H, CH-20), 2.04 (m, 1H, H-16),
1.98-1.94 (m, 3H, H-18, H-15, and CH-19), 1.87-1.83 (m, 1H,
H-15), 1.75-1.71 (m, 1H, H-2v), 1.66 (s, 3H, Me-24), 1.631.62 (m,

1H, H-28), 1.61 (m, 1H, H-B), 1.582 (s, 3H, Me-23), 1.579 (s, 3H,
Me-25), 1.55 (s, 1H, H-1@), 1.54-1.51 (5H, H-%, H-93, H-113,
H-60), 1.48-1.37 (m, 3H, CH-1, H-11n), 1.28-1.19 (m, 2H, H-B,
H-70), 1.09 (s, 3H, Me-27), 0.96 (s, 3H, Me-29), 0.93 (s, 3H, Me-28),
0.75 (s, 3H, Me-30):3C NMR (149.90 MHz, 30 mM solution in CDg|
25°C) ¢ 15.81 (C-30), 16.01 (C-25), 17.68 (C-23), 18.55 (C-6), 20.74
(C-11), 23.11 (C-28), 25.69 (C-24), 26.53 (C-16), 26.72 (C-20), 28.36
(C-12), 29.08 (C-29), 29.17 (C-2), 29.64 (C-27), 31.93 (C-7), 34.27
(C-1), 35.27 (C-10), 39.06 (C-4), 39.22 (C-15), 39.69 (C-19), 44.79
(C-8), 46.70 (C-5), 52.31 (C-9), 56.47 (C-13), 79.53 (C-3), 109.14
(C-26), 124.15 (C-17), 124.37 (C-21), 131.29 (C-22), 135.14 (C-18),
155.08 (C-14).

Results and Discussion

Plasmids carrying the ERG#4X (with X denoting the

were indistinguishable from authentic achilleol A, protosta-12,-
24-dien--ol, lanosterol, and parkeol standardsbyand!3C
NMR, as well as GEMS. A fifth compound migrating on the
GC column with a retention time of 0.25 min relative to parkeol
was isolated and demonstrated to be protosta-20,24-gieni-3
based on the following data. The compound showed a distinct
IH NMR chemical shift with one olefinic protony(5.08) and
two methylene protons)(4.88, 4.86), as well as seven methyl
singlets ¢ 1.66, 1.58, 1.07, 0.96, 0.87, 0.82, and 0.76). The
150 MHz 3C NMR spectrum revealed the presence of one
secondary-quaternary and one tertiary-quaternary substituted
double bond § = 108.78, 152.04 and 124.36, 131.43 ppm).
The latter is characteristic of a double bond at the hydrocarbon
side chain. The HSQC spectrum showed that the olefinic
methylene protons @t 4.88 and 4.86 are attached to the carbon
at 108.78 ppm, while the methine protonda®.60 is attached

to the carbon at 43.88 ppm (C-17). In tAel—1H COSY
spectrum, the methine proton@g.60 shows connectivity with
the two olefinic methylene protons ét1.75 and the methine
proton até 1.97, which are attached to carbons at 27.65 ppm
(C-16) and 44.52 ppm (C-13), respectively. In the HMBC
spectrum, thé 2.60 methine proton is coupled Byto carbons

at 152.04 ppm (C-20), 27.65 ppm (C-16), and 44.52 ppm
(C-13). Thed 2.60 methine proton is coupled By connectivity

to a carbon at 108.78 ppm (C-21), as well as to 38.62 (C-22)
and 50.67 ppm (C-14). The HMBC also established that the
tertiary vinylic proton ¢ 5.08) is coupled byJ to carbons at
27.30 (C-23) and 131.43 ppm (C-25), as well as3Bycon-
nectivity to carbons at 38.62 ppm (C-22), 17.69 ppm (C-27),
and 25.70 ppm (C-26). Additional HSQC and HMBC correla-
tions showedJ connectivity between olefinic methylene protons
(6 4.88 and 4.86) and carbons at 38.62 ppm (C-22) and 43.88
ppm (C-17). These correlations unambiguously establish key
structural features of the two double bonds located between C-20
and C-21, and C-24 and C-25, respectively. Finally, the pres-
ence of NOEs among Me-19/Me-28, Me-18/H-21, Me-18/H-9,
Me-19/H-9, Me-29/H-3, and H-3/H-5, as well as the absence
of NOEs among Me-19/Me-30, Me-18/Me-30, and Me-18/H-
17, confirm the structure to be protosta-20,24-digre8 a
product withA2%-24double bonds and a C-ghydrocarbon side

saturated mutations) mutations were constructed by polymerase.,ain configuration (Figure 1A). This is the first reported

chain reaction (PCR) using two complementary synthetic

oligonucleotide primers containing degenerate bases at the
His234 position. The constructs were analyzed to determine

whether they could support viability of a HEM1 and ERG7
double-knockous. cereisiaestrain, TKW14, that is only viable
when supplied with exogenous ergostérbi2*wild-type ERG7
expressed from a plasmid supports growth of TKW14 in the
absence of exogenous ergostéfoNext, the product profiles

generated by the ERG7 mutant enzymes (in a strain expressin
the mutant enzyme as the oxidosqualene cyclase) were analyzeo‘?
Strains grown in liquid media were harvested, and nonsaponi-

fiable lipid (NSL) extracts were prepared. Products were
separated using AgNE&impregnated silica gel columns, and
those with a molecular mass ofz = 426 were characterized
using GC-MS and NMR.

The ERGT23*Xmutants showed diverse profiles of products
with a molecular mass afvz = 426. Four product compounds

(24) Shi, Z.; Buntel, C. J.; Griffin, J. Hroc. Natl. Acad. Sci. U.S.A994 91,
7370-7374.
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isolation of this product derived from the protosteryl cation
without rearrangement of the C-dhydride.

A sixth distinct product isolated from the ERG?4L,
ERGH234M ERGH234D gnd ERG234N mutants was deter-
mined to be (18H)-isomalabarica-14(26),E/21-trien-F-ol,

a chair-boat (C-B) 6—6—5 tricyclic product with transsyn—
trans stereochemistry and429.17.21double bonds. Confirmation

f the structure, including the stereochemistry and connectivity
f C-8 and C-13, was obtained by analyzing the following NMR
and MS spectroscopic data. First, the El low mass spectrum
showed a molecular ion at/z = 426 and fragment peaks at
357, 339, 289, and 247, corresponding to the molecular formula
CaoHs00 ([M]*), [M — CsHg]*, [M — CsHg — H20]*, [M —
CioH17 ™, and [M — CiaHa1 — Ho ™, respectively. Further, the

IH NMR showed signals of seven methyl singlei< (66, 1.582,
1.579, 1.09, 0.96, 0.93, 0.75), two singlets of double bond
protons ¢ 4.84, 4.60), and two multiplet double bond protons
(6 5.11-5.08). These NMR results indicate the presence of two
hydrocarbon side chain double bonds and one exocyclic double
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Figure 1. Bond connectivity and stereochemistry established by HMBC/HSQG&(d NOEs {>) spectra of (A) protosta-20,24-dier-8l and (B) (13H)-
isomalabarica-14(26), E/21-trien-3-ol.

Table 1. Product Profile of S. cerevisiae TKW14 Expressing the ERG7H234X Sjte-Saturated Mutants

amino acids product profile

substitution no products achilleol A iso-malabarica-14(26),17,21-trien-3/3-ol protosta-12,24-dien-3(-ol protosta-20,24-dien-3/3-ol lanosterol parkeol
Gly 29 7 17 47
Ala 17 13 30 40
Val 42 58
Leu 30 39 31
lle 70 30
Pro 64 36
Cys 7 4 67 22
Met 17 10 31 42
Asn 26 23 14 27 10
GIn 100
Ser 100
Thr 100
Tyr 14 26 51 9
Phe 66 14 20
Trp 100
Lys \%
Arg \
His 100
Asp 58 30 12
Glu 49 51

bond. The!3C NMR also showed the presence of two tertiary- mal protein ofS. cereisiag which resulted in the isolation of
quaternary and one secondary-quaternary substituted doubléwo truncated products, a g7acetylprotostane derivative and
bonds ¢ = 124.37, 131.29 and 124.15, 135.14, as well as an isomeric tetracyclic compound, structurally similar to the
109.14, 155.08 ppm), which are similar to those of the tricyclic protosta-20,24-dienf3ol and (13«H)-isomalabarica-14(26),-
nucleus. Furthermore, the HSQC spectrum established that thel 7E,21-trien-$-0l.56 The absolute configuration of (&B1)-
double bond protons ai 4.84 and 4.60 are attached to the isomalabarica-14(26),E/21-trien-F-ol was not determined
carbon at 109.14 ppm (C-26) and that the methine proten at directly within the lanosterol biosynthetic pathway but had been
2.07 is attached to the carbon at 56.47 ppm (C-13). In the provisionally assigned based on biosynthetic evidence. Thus,
HMBC spectrum, the) 2.07 methine proton is coupled By this work describes the first intermediate of the oxidosqualene
to carbons at 155.08 ppm (C-14), 44.79 ppm (C-8), and 28.36 cyclization/rearrangement cascade that is derived from the direct
ppm (C-12), as well as b3d to carbons at 109.14 ppm (C-26), trapping of the G-B 6—6—5 Markovnikov tricyclic cation.

52.31 ppm (C-9), 39.22 ppm (C-15), 31.93 ppm (C-7), 29.64  The product profiles of each mutant are summarized in Table
ppm (C-27), and 20.74 ppm (C-11), thus establishing connectiv- 1. Several mutants including ER&?*M, ERGH#23L, and

ity of the germinal protons on the double bond adjacent to a ERG#234P produced (1&H)-isomalabarica-14(26),E/21-
tricyclic nucleus. Finally, the presence of NOEs between trien-33-ol as part of the product profile. The ERE?4C,
Me-28/Me-30, Me-27/H-13, and Me-28/H-9, as well as the ERG#234A and ERG234C mutants produced protosta-20,24-
absence of NOEs between Me-27/Me-28, Me-27/H-9, Me-28/ dien-33-ol, in addition to other products. Interestingly, the
H-5, and H-9/H-13, were uniquely consistent with the stereo- ERG#23N mutant simultaneously produced (ii3)-isomala-
chemistry of the € B 6—6—5 tricyclic nucleus. These findings  barica-14(26),1%,21-trien-3-ol, protosta-20,24-dieng3ol, pro-

unambiguously establish the structure to beoiBisomala- tosta-12,24-dien430l, lanosterol, and parkeol, but not mono-
barica-14(26),1E,21-trien-3-ol, which is a tricyclic abortive  cyclic achilleol A. In contrast, the ERG7*Smutant produced
cyclization product withA1426).17.21double bonds and trars a minor amount of protosta-12,24-diefi-8 as the sole product.

syn—trans stereochemistry on the-6—5 tricyclic nucleus The ERGT'234Q@mutant produced lanosterol as the sole product.
(Figure 1B). Interestingly, Corey and co-workers incubated the Finally, the ERG7234T and ERG723W mutants produced minor
20-oxa analogue of oxidosqualene, with the sterol-free microso- amounts of parkeol as the sole product.
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Scheme 2. Proposed Cyclization/Rearrangement Pathways of Oxidosqualene in S. cerevisiae TKW14 Expressing ERG7H234X
Site-Saturated Mutations

(13 aH)-isomalabarica-
14(26),17E,21-trien-3p-ol

HO” 7

C-14 cation

lanosteryl C8/C9 cation

As shown in Scheme 2, protonation of the epoxide group of from H-95 to H-83 generates the lanosteryl C-9 cation that
prefolded OS initiates opening of the oxirane ring and A-ring undergoes deprotonation at C-8 and C-11 to form the sterol
cyclization to a monocyclic C-10 cation (lanosterol numbering). precursors, lanosterol and parkeol, respectively.

This is followed by deprotonation from Me-25, resulting in the The lack of a high-resolution crystal structurefcereisiae
production of achilleol A5 Further cyclization of the B- and  wild-type and mutated ERG7 proteins when bound to substrate
C-ring proceeds, via a chaiboat conformation and a Mark-  or product makes it difficult to determine how ER®G#X
ovnikov-favored 6-6—5 ring closure, to produce a tricyclic  saturated mutants generate multiple product profié&To
C-14 cation that directly abstracts the C-26 proton, yielding determine how the ERG?4X mutants differentially affect
(130H)-isomalabarica-14(26), Ef21-trien-F-ol. C-ring expan- deprotonation positions and generate multiple product pro-
sion from the tertiary cyclopentylcarbinyl cation leads to anti- files, we used a homology model derived from the human OSC
Markovnikov secondary cyclohexyl carbocation, followed by X-ray crystal structure (Figure 2). Using this model, the tem-
D-ring annulation to generate the protosteryl C-20 cation, a plate and homology modeled structures showed good accord-
tetracyclic carbocation with the natural CR6onfiguration and ance of secondary structure and 3-D profile, as previously
C-178 side chain. Direct deprotonation of the protosteryl cation described:111314The homology model of ERG7 showed that
at C-21 generates protosta-20,24-dighe8 as the end product.  the His234 hydrogen bonds connect with Tyr510 and are spa-
Alternatively, a backbone rearrangement of Hxt7200. and tially near the C-13 and C-20 positions of lanosterol. Fkelec-
H-130—170, via 1,2-hydride shifts, generates the C-13 cation tron-rich pocket of His234 is also optimal to stabilize the elec-
that, when combined with elimination of H-12, yields protosta- tron-deficient cationic intermediate. Simulated substitution of
12,24-dien-B-ol with a A2 double bond. Finally, skeletal = ERG#234with other amino acid residues showed that this posi-
rearrangement involving two additional methyl-group shifts tion affects steric or electrostatic interactions between the cat-
(Me-146—Me-135 and Me-&—Me-14a) and a hydride shift ionic intermediate and the active site residue side chain. For

(25) Wendt, K. U.Angew. Chem., Int. ER005 44, 3966-3971. (26) Rajamani, R.; Gao, J. Am. Chem. So2003 125 12768-12781.
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Figure 2. Superposition of th&. cereisiae ERG 7234 wild-type (violet) with (A) ERG7*234F (orange) and (B) ERG73*M (blue) mutants. The black and
red dotted lines show interactions of the C-9 lanosterol cation (green) with the phenolic oxygen of Tyr510 in the wild-type af#¥ERGANt, respectively.

example, substitution of His234 with small nonpolar hydro- intrinsic His234:Tyr510 H-bonding network and/or sterically
phobic residues enlarged the distance between the amino acidilter the active site cavity structure. Consequently, different
side chain and the cationic intermediate near positions C-13interactions with the reaction intermediate or neighboring amino
and C-20. This, in turn, facilitated the production of parkeol, acid residues are produced, yielding diverse product profiles.
protosta-12,24-dienfBol, and protosta-20,24-dierB3l but Production of products with stringent specificity could be
interfered with achilleol A formation. Consistent with this obtained by a single amino acid substitution at the His234
observation is the increased production of parkeol and decreasegosition of ERG7. On the other hand, the repeated observation
production of protosta-12,24-dier-®| and protosta-20,24-dien-  of multiple triterpene products from various ERG¥X mutants
36-ol, when larger side chains, such as Val or lle, were demonstrates the difficulty in separating steric effects from
substituted for His234. Similarly, substitution of His234 with electrostatic interactions, when determining product specificity.
Tyr introduced both steric hindrance and electrostatic repulsion In parallel, isolation of (18H)-isomalabarica-14(26),E/21-

to Tyr510, causing relocation of the potential proton acceptors trien-33-ol and protosta-20,24-diens3ol provides long-sought
and forming both monocyclic and altered rearrangement prod- support for the hypothesis that formation of lanosterol from
ucts? The simulation of ERGT34 showed an increased oxidosqualene in ERG7-catalyzed cyclization/rearrangement
distance between hydroxyl group of Tyr510 and C-9 cation of reactions proceeds via the Markovnikow-8 6—6—5 tricyclic

the lanosterol 0~~0.8 A, changing from 4.5 A to about 5.3 A.  cation. The subsequent protosteryl cation, with the novel €-17
In addition, the Tyr510 side chain shifted slightly out of the hydrocarbon side chain intermediate, then undergoes rearrange-
active site cavity, allowing more achilleol A formation while ment and deprotonation. Further studies should focus on
blocking protosta-20,24-diens2ol production. Similarly, steric elucidating the precise molecular interactions involved in the

and electronic effects were also observed with ERSG' chair-boat bicyclic intermediate conformation and the required
ERG#234T and ERGT234W mutants, resulting in an altered rearrangements of 1,2-hydride and methyl groups to form
product profile from lanosterol to protosta-12,24-dig#8 and lanosterol.

parkeol, respectively. As shown in Figure 2B, an altered side  acknowledgment. We thank the National Chiao Tung
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cation— interaction between the intermediate carbocation and of China for financial support of this research under Contract
Phe699, resulting in destabilization of the Markovnikov tertiary No NSC-93-2113-M-009-012. We are grateful to Ms. Chu-
cation created at C-14 during the C-ring formation, and | an peng (National Tsing-Hua University) for performing the

consequently facilitates formation of (@Bl)-isomalabarica-14- MR spectra and to Dr. John H. Griffin and Prof. Tahsin J.
(26),17E,21-trien-$-ol.* However, the possibility that mutation  chow for helpful advice.

at His234 opens a new cyclization pathway leading to the
Markovnikov C-B 6—6—5 cation and subsequent formation
of (13aH)-isomalabarica-14(26), E{21-trien-3F-ol cannot be
excluded at the moment.

These experiments illustrate how subtle changes in the
ERG#?34 catalytic environment have electronic effects on the JA058782P

Supporting Information Available: Characterization of
(13aH)-isomalabarica-14(26),E/21-trien-F-ol and protosta-
20,24-dien-B-ol are described. This material is available free
of charge via the Internet at http://pubs.acs.org.
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