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The triterpene cyclases amino acids sequences were aligned using Clustal W, as implemented in the CLC Sequence Viewer (CLC bio), and the figure was 

made by GenDoc (http://www.nrbsc.org/gfx/genedoc/). EtAS: Euphorbia tirucalli -amyrin synthase (AB206469), PNY1: Panax ginseng -amyrin synthase 

(AB009030), BPY: Betula platyphylla -amyrin synthase (AB055512), PSY: Pisum sativum -amyrin synthase (AB034802), AtLUP1: Arabidopsis thaliana 

multifunctional triterpene cyclase (At1g78970), TRW: Taraxacum officinale lupeol synthase (AB025345), OEW: Olea europaea lupeol synthase (AB025343), 

BPW: Betula platyphylla lupeol synthase (AB055511), AtCAS1: Arabidopsis thaliana cycloartenol synthase (At2g07050), PsCAS: Pisum sativum cycloartenol 

synthase (D89619), PgCAS: Panax ginseng cycloartenol synthase (AB009029), BpCAS1: Betula platyphylla cycloartenol synthase (AB055509), AtLAS1: 

Arabidopsis thaliana lanosterol synthase (At3g45130), HsLAS: Homo sapiens lanosterol synthase (P48449), MmLAS: Mus musculus lanosterol synthase 

(AK044016), ScLAS: Saccharomyces cerevisiae lanosterol synthase (P38604), SHC: Alicyclobacillus acidocaldarius squalene-hopene cyclase
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Table S1. Functions of the active site residues. The locations of each of the residues in the reaction cavity are also shown in Scheme 2 and Fig. 1.  

EtAS S. cerevisiae LaS (Erg7) 

Catalytic Sites Constructed 

Mutants 

Product Profile (see Fig. 2) 

and Site Locations 

Functions Sites Equivalent to 

EtAS (see Fig. S1 in 

the ESI) 

Constructed 

Mutants 

Product Profile Functions 

W25723  A, V, L, F, Y Pentacylic lupeol 26 as major 

product. Located at E-ring 

site. 

Cation- complex with oleanyl 

cation 9 and CH- complex with 

Me-30 of substrate, which is 

quite different from W232 in 

Erg7. 

 

W23229 W232X Protosta-12,24-dien-

3-ol (I), lanosterol 

(II), parkeol (III). 

Discussed based on the electron 

and the steric effect on the 

H234:Y510-hydrogen bond network. 

Located in proximate to H234, thus 

mutations at this position impair the 

H234:Y510 catalytic dyad structure. 

Y25923 A, V, I, L, H, F, 

W 

Tetracycle 18 as major 

products. Located at D-ring 

site. 

Cation- complex with 

baccharenyl cation 7. 

H23430-32, 34 H234X Achilleol A (11), 

tricycle (13H)-

isomalabarica-14(26), 

17E, 21-trien-3-ol 

(IV), I and II. 

Located at C/D-ring site. Hydrogen 

bonding with Y510. 

Responsible for the formation of 

H234:Y510 catalytic dyad structure. 

F41323 A, V, M, S, T, 

Y, W 

Tetracycle 18 as major 

products. Located at D-ring 

site. 

Appropriate steric bulk, not -

electron.  

T38436, 38 T384Y Tetracycles with 

double bonds 

different from 

lanosterol (e.g., III, 

Discussed by combination with V454 

and Q450,38 but the function is not 

clearly assigned. 

Located at D-ring site. 

S7 



9-lanosta-7,24-dien-

3-ol V, and II. 

F47421 G, A, V, L, M, 

T, H, Y, W 

Bicyclic products 12─16 were 

produced from the Gly and 

Ala mutants by chair-boat and 

chair-chair folding 

conformations. Located at B-

ring site. 

 

Steric bulk, not -electron, 

significantly differing from 

Erg7 F445 residue.  

F44539 F445X II, III, IV and V 

. 

Importance of -electron density was 

proposed (perhaps cation- 

interaction), differing from the 

functional analysis of the EtAS F474, 

but the function is not clearly 

specified. Interacts with Tyr99, 

Trp390, Tyr510, Tyr707 and Tyr710 

residues to form a -electron-rich 

pocket. The function of the F445Y 

mutant has not been reported. Located 

at A/B-ring site. 

V48326 G, A, S, I, F Monocycles 10 and 11 from 

Gly and Ala mutants, but -

amyrin 2 from the Ile variant. 

Located at A-ring site. 

 

Steric bulk. V45435-37 G, A Camelliol C (10) and 

11 from Gly and Ala 

mutants, but 

lanosterol II from 

Leu and Ile mutants. 

Camelliol C 

synthase:37 which is 

replaced by Ala at 

this position. 

Steric bulk, the same function as in 

EtAS. Initiation (A-ring) site. 
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D48512 N, E No enzymatic products 

generated. Initiation site for 

the cyclization reaction. 

D485C486TA motif. 

Proton attack at epoxide ring.  D45618a, b 

(human lanosterol 

D4559) 

N ─ 

 (not reported) 

Presumed based on human lanosterol 

X-ray analysis but no mutation 

analysis. Proton attack on the epoxide 

ring, initiation site for the cyclization 

reaction, D455C456TA motif. 

C48612 A Decreased activity by ~50%. 

Initiation site for the 

cyclization reaction. 

 

Increases the acidity of D485. 

 

C45734 

(human lanosterol 

C4569) 

C457G34 11 Presumed based on human lanosterol 

X-ray analysis. Increases the acidity 

of D455.9  

 

W53426  A, V, I, M, H, 

F, Y 

The activities of all the 

mutants decreased 

significantly. 

Steric bulk keeps the substrate 

at the correct position in the 

reaction cavity; hydrogen 

bonding between Y259 and 

W534 is unlikely, unlike Erg7 

(H232:Y510 dyad). 

Y51029-34  Y510X Y510F:33 II and 

tricyclic iso-

malabarica-triere 

skeleton IV. Y510K 

and Y510W:31 10 and 

11. Y510A: 31 11, II 

and III. 

Hydrogen bonding with H234. The 

Y510:H-234 complex plays a key role 

in constructing the active-site 

structure for lanosterol scaffold 

biosynthesis. Located at C8-C9 

(sterol numbering). This residue 

possibly abstracts H-9 proton. 

E56326  D, Q, N, I  Gln, Asn and Ile mutants gave 

negligible activity, while Asp 

mutant retained activity. 

Initiation site. 

Increases the acidity of D485.  E539 (not reported) ─ ─ ─ 

C56412 A Negligible activity. Initiation 

site. 

Increases the acidity of D485. C540 (not reported) ─ ─ X-ray analysis: .9 Increases the acidity 

of D455 
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C5339 (human 

lanosterol) 

W61226 A, V, I, M, H, 

F, Y 

Aliphatic variants showed 

negligible activity. Aromatic 

mutants had high activity. A 

small amount of 28 was 

confirmed by W612Y and 

W612F variants. Located at 

A- and/or B-ring site. 

Cation- complex with 

monocyclic cation. 

W58734 

 

W587Y, 

W587F 

I, III, IV, protostra-

13(17),24-dien-3-ol 

VI. 

Stabilization of monocyclic and/or 

bicyclic cations via cation- 

interaction (CH- and/or - stacking 

interactions among Y707, Y99 and 

F699). 

F72822 A, I, M, H, Y, 

W 

As major products, aliphatic 

mutants afforded tetracycle 

21, whereas the aromatic Tyr 

variant gave -amyrin 2. 

Located at D/E-ring site. 

Cation-interaction as the main 

function; the effect of steric size 

on cyclization is minimal.  

F699 42-44 

 

 

 

F699X 

(X=T, S, Q, 

C, Y, L, I, 

N, H, M)  

Tricycles IV and VIII 

produced from a 

chair-boat-chair 

conformation. 

Tricycle VII were 

generated from chair-

chair-chair structure, 

43 and tetracycles VI, 

IX and X from 

intermediates bearing 

17H and 17H.43  

Phe699 is located near C-17 of D-

ring, but the function of Phe699 was 

discussed based on the combination 

of the Tyr99, Tyr707 and His234 

residues.43 

M72926 G, A, V, L, F, 

W, H, N, Q 

G, A mutants: 43 28 (major); 

V, L, F variants: -amyrin 2 

(major), E-ring site. 

Steric bulk keeps the substrate 

at the correct position in the 

reaction cavity. 

N700 (not reported) ─ ─ ─ 
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L73426 A, G, V, I, M, 

F, V, W 

Taraxerol 30 from Gly, Ala, 

Val mutants, in addition to -

amyrin 2. Located at D-ring 

site. 

Steric bulk keeps the substrate 

at the correct position in the 

reaction cavity. Possiblly CH- 

interaction with Y736 

I70544 I705X The following 

products were 

generated: II, IV, 

VII, VI, VIII, IX, X, 

XI, XII and XIII,  

The function of Ile705 was discussed 

based on the combination of Tyr99 

and Tyr707 residues. Stabilization of 

the ring structures consisting of 

tricycle, and tetracycle. Located at 

C/D-ring site. 

Y73626 A, S, L, M, F, 

W 

Phe variant produced only -

amyrin 2 in high yield, but 

other mutants did not give 

aberrant cyclization products. 

Located at C-ring site. 

Possibly CH- interaction with 

Y736. Phe mutant has high 

activity, possibly indicating that 

the effect of the OH group on 

polycyclization is not 

significant. 

Y70745 Y707X 13, II, III and V. OH group of the Tyr is proximal to 

the C-8/C-9 cation, stabilizing the C-

8/C-9 cation of bicyclic and 

protosteryl C-8/C-9 cation. Located 

B-ring site. 

 

─: not reported.  

Structure of the enzymatic products (I─XI and 10, 11 and 13) were produced by Erg 7 mutants are shown in the Figure S2.
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Figure S2. Structures of enzymatic products I─XI and 10, 11 and 13, which were 

generated by Erg 7 mutants. These products were reported by the Wu and the 

Matsuda groups. Structures of compounds 10, 11 and 13 are identical to those of 

Figure 2 in the Text, including the compound numbering. 
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