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INTRODUCTION

Terpenoid cyclases catalyze the conversion of linear

polyisoprenoid substrates to polycyclic terpenes in so-

phisticated cyclization cascades at high regioselectivity

and stereoselectivity and thus catalyze key steps in the

biosynthesis of sterols and triterpenes.1 The proposed

classification of cyclases on the basis of their reaction

mechanisms subdivides them into Classes I and II

enzymes.1 Class I enzymes produce an allylic carbocation

species via Mg21 ions facilitating the abstraction of a

pyrophosphate from their substrate. Class II cyclases such

as the bacterial squalene-hopene cyclases (SHC) and the

eukaryotic oxidosqualene cyclases (OSC) form a carboca-

tion species by the protonation of a double bond or an

epoxy group,2 and therefore do not depend on substrates

having a pyrophosphate group. Thus, they are promising

enzymes for applications in industrial biotechnology.

SHCs and OSCs, belong to the triterpene cyclases and

catalyze a similar reaction, but the sequence similarity

between SHCs and OSCs is low. While more than 700

sequences of SHCs and OSCs have been described3, only

two crystal structures have been published yet: the SHC

of Alicyclobacillus acidocaldarius (AacSHC)4 and the

human OSC (HsaOSC)5. Despite the low sequence simi-

larity between members of both protein families, they
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ABSTRACT

Triterpene cyclases catalyze a broad range of cyclization reactions to form polycyclic triterpenes. Triterpene cyclases that con-

vert squalene to hopene are named squalene-hopene cyclases (SHC) and triterpene cyclases that convert oxidosqualene are

named oxidosqualene cyclases (OSC). Many sequences have been published, but there is only one structure available for each

of SHCs and OSCs. Although they catalyze a similar reaction, the sequence similarity between SHCs and OSCs is low. A fam-

ily classification based on phylogenetic analysis revealed 20 homologous families which are grouped into two superfamilies,

SHCs and OSCs. Based on this family assignment, the Triterpene Cyclase Engineering Database (TTCED) was established. It

integrates available information on sequence and structure of 639 triterpene cyclases as well as on structurally and function-

ally relevant amino acids. Family specific multiple sequence alignments were generated to identify the functionally relevant

residues. Based on sequence alignments, conserved residues in SHCs and OSCs were analyzed and compared to experimen-

tally confirmed mutational data. Functional schematic models of the central cavities of OSCs and SHCs were derived from

structure comparison and sequence conservation analysis. These models demonstrate the high similarity of the substrate

binding cavity of SHCs and OSCs and the equivalences of the respective residues. The TTCED is a novel source for compre-

hensive information on the triterpene cyclase family, including a compilation of previously described mutational data. The

schematic models present the conservation analysis in a readily available fashion and facilitate the correlation of residues to

a specific function or substrate interaction.
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share a common fold: two connected (a/a) barrels which
enclose a large hydrophobic cavity.6 The putative sub-

strate access channel is located in one of the (a/a) bar-

rels, the catalytic amino acid, a protonating aspartic acid

is located in the other (a/a) barrel.7 Several conserved

aromatic amino acids are located along the substrate

binding cavity to stabilize the carbocation intermediates.

In addition, 16 amino acid long sequence repeats, called

the QW motifs, with the consensus sequence [K/R][G/

A]X2-3[F/Y/W][L/I/V]X3QX2-5-GXW were described to

occur up to six times in SHCs and up to four times in

OSCs.8,9 The residues forming the QW motifs are

located at the surface of the enzymes and have been pro-

posed to enhance stability of the protein to cope with

the highly exothermic cyclization reaction.4

Bacterial SHCs accept terpens of varying length from C15

to C30 as substrates.10 The SHC from Alicyclobacillus acido-

caldarius (AacSHC) is an effective hopanoid producer under

high temperature and was the first SHC gene character-

ized.11 Since then, further SHC genes have been identified

in other bacteria such as Alicyclobacillus acidoterrestris,12

Bradyrhizobium japonicum,13 Methylococcus capsulatus,14

and Zymomonas mobilis.13,15 In contrast to the double

bond protonating SHCs, OSCs accept substrates such as oxi-

dosqualene that contain an epoxy group. OSCs are almost

exclusively produced by animals, plants, and fungi, and are

further subdivided according to their products. OSCs that

produce lanosterol (lanosterol synthases) are mainly pro-

duced by animals and fungi. The best characterized enzymes

are the human lanosterol synthase (HsaOSC)5 and the

lanosterol synthase from Saccharomyces cerevisiae

(SceERG7).16 Other OSCs that have been described are for

example the cycloartenol synthase from Arabidopsis thaliana

(AthCAS1) and the b-amyrin synthase from Nigella sativa.17

Up to now, almost 100 cyclization products have been

described for OSCs.18 This diversity makes OSCs an inter-

esting subject for functional studies. In the pharmaceutical

industry, OSCs are widely applied as targets for cholesterol-

lowering drugs or antifungal agents.19

All OSCs and SHCs have the same catalytic residue, a

protonating aspartic acid, which is embedded into two dif-

ferent sequence motifs: DxDD20 and DCTAEA21,22 in

SHCs and OSCs respectively. In SHCs, the acidity of the

aspartic acid is enhanced by a hydrogen bond to an adja-

cent histidine.1 In OSCs, the acidity is enhanced by hydro-

gen bonding to two adjacent cysteines.6 Several conserved

residues in the substrate binding cavity were described to

stabilize the cationic intermediates.6 Mutational studies

investigating some of these residues revealed a broad spec-

trum of altered, mainly shorter products.

It has been demonstrated previously that protein fam-

ily databases provide a reliable framework for studying

the relationships between sequence, structure, and func-

tion of enzyme families, such as the Lipase Engineering

Database (LED)23 and the Cytochrome P450 Engineering

Database24,25 (CYPED), and to identify functionally rel-

evant residues or selectivity-determining positions by a

comprehensive, systematic sequence analysis of all family

members.26,27 A similar online resource does not yet

exist for triterpene cyclases. Thus, we established the Tri-

terpene Cyclase Engineering Database (TTCED, http://

www.ttced.uni-stuttgart.de) as such a resource, following

the same strategy to assemble, classify, and analyze the

family of triterpene cyclases.

Furthermore, to meet the rising demand for engineered

biocatalysts in industrial cyclization reaction, we con-

structed schematic models of the SHC and OSC substrate

binding cavities to facilitate protein engineering of triter-

pene cyclases by correlating conservational data of amino

acids with a specific function or substrate interaction.

METHODS

Database setup

The Triterpene Cyclase Engineering Database (TTCED)

was established within the DWARF system, a local data

warehouse which was designed to integrate data on

sequences, structures, and functional annotation with tools

for extraction, transformation, and loading data from pub-

licly available databases.28 An initial sequence set was

extended based on a BLAST29 search for homologous

proteins with an empirically determined E-value cut-off of

10230 to establish a preliminary database. Sequences shar-

ing 98% identical residues and originating from the same

source organism were assigned to one single protein entry,

and the longest, nonputative sequence was considered as

reference sequence. For proteins with known structure, all

PDB30 entries were retrieved and stored. To improve con-

sistency and quality of the classification, multiple sequence

alignments were generated using CLUSTAL W.31 False

positive sequences were removed. The protein entries were

classified in superfamilies and homologous families based

on multiple sequence alignments, and a phylogenetic tree

calculated by using PROML from the PHYLIP32 package.

The Jones-Taylor-Thornton-Model33 was used applying

default parameter settings. A further BLAST search with

an E-value of 10250 was performed and manually vali-

dated for each superfamily and homologous family. Anno-

tation information was manually enriched by additional

information on active site residues and QW-motifs.

Web interface

An online accessible version of the TTCED was gener-

ated (http://www.ttced.uni-stuttgart.de) and can be

browsed by family or source organism. For each super-

family and homologous family, precalculated multise-

quence alignments are provided where functionally rele-

vant amino acids are highlighted and the annotation in-

formation is displayed upon moving the cursor over the

respective amino acid. Secondary structure information
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was calculated using DSSP34 and displayed within the

multiple sequence alignments. For each alignment col-

umn a conservation score was calculated using PLOT-

CON.35 For each family, a phylogenetic tree can be

visualized by an in-house developed visualization tool

and coloured either by source organism, by temperature

optimum (as annotated in GenBank), by sequence length,

or by other properties. All entries in the alignments and

trees are linked to their respective source database entries.

Family-specific HMM-profiles were calculated by

HMMER (http://hmmer.janelia.org/). An archive, con-

taining all data is provided for download. The database

is permanently curated and regularly updated.

Structural analysis of A. acidocaldarius SHC und
H. sapiens OSC

PDB structures of A. acidocaldarius SHC (AacSHC) and

H. sapiens OSC (HsaOSC) in complex with the inhibitor

2-azasqualene (PDB entry 1UMP36) and the product la-

nosterol (PDB entry 1W6K5), respectively, were used to

analyse the binding pockets. For visualization and analysis

PyMOL37 was used. Substrate-interacting residues, all of

them in direct contact with the ligand, were determined

using the LPC analysis software.38 Amino acids at a dis-

tance of 5 Å or less from a substrate-interacting residue

were regarded as second sphere residues.

Database analysis

For the analysis of conserved residues within the

TTCED entries, three multisequence alignments were

generated: separate alignments for the SHC superfamily

(325 proteins) and the OSC superfamily (314 proteins),

and an alignment including the SHC and the OSC super-

family (639 proteins). To enhance the alignment quality,

8 SHC sequences of homologous family SHC_1 (TTCED

sequence id: 1, 2, 3, 5, 6, 911, and 912) were excluded

because of a C-terminal loop region that disrupted the

multiple sequence alignment. Additionally, 7 OSC

sequences causing misalignments (TTCED sequence id:

308, 371, 372, 373, 429, 566, and 832) were excluded.

Positions were considered as conserved if one amino acid

at the respective position was found in more than 70%

of the sequences in the multiple sequence alignment.

RESULTS

Phylogeny

The analysis of the multisequence alignment and the

phylogenetic tree of all triterpene cyclases, resulted in

two superfamilies: 325 proteins were assigned to the SHC

superfamily, 314 proteins to the OSC superfamily. Within

the two superfamilies, the proteins were assigned to one

of 10 homologous SHC families or 10 homologous OSC

families. The SHC superfamily contains mainly proteins

of bacterial origin (Fig. 1). The homologous family

SHC_1 (8 proteins) consists of predicted proteins from

different families. The homologous family SHC_2 (29

proteins) contains the well characterized SHCs from the

Bradyrhizobium strains BTAi1 and ORS27839 and Zymo-

monas mobilis.40 The biochemically and structurally well-

characterized SHC from Alicyclobacillus acidocaldarius

(AacSHC) belongs to the homologous family SHC_3 (40

proteins) as well as uncharacterized SHCs from Frankia

and Streptomyces species. Homologous family SHC_4

(42) consists mainly of SHCs from Geobacter species and

uncultured organism. Homologous family SHC_5 (16

proteins) is the only homologous family in the SHC

superfamily that contains fungal SHCs, prevalently from

Aspergillus and Ajellomyces species. Characterized plant

SHCs like the hydroxyhopane synthase from Adiantum

capillus-veneris41 and the dammaradiene synthase from

Dryopteris crassirhizoma42 can be found in homologous

family SHC_6 (24 proteins) beside a majority of bacterial

SHCs. The homologous families SHC_7 (19 proteins)

and SHC_8 (13 proteins) contain predicted SHCs from

different bacterial families and uncultured organism. Ho-

mologous family SHC_9 (84 proteins) is the largest fam-

ily that contains SHCs from Proteobacteria. The homolo-

gous family SHC_10 consists mainly of SHCs from Bacil-

lus strains.

The OSC superfamily consists mainly of proteins from

metazoa, fungi, single-cell eukaryota, and plants (Fig. 1).

Anyway, the homologous families OSC_1 (3 proteins)

and OSC_2 (2 proteins) contain predicted OSCs from

Bacteria. OSCs from Euglenozoa like the characterized la-

nosterol synthase from Trypanosoma brucei43 form the

homologous family OSC_3 (5 proteins). Homologous

family OSC_4 (77 proteins) contains the characterized

fungal lanosterol synthases from Cephalosporium caeru-

lens,44 Pneumocystis carinii,45 and Saccharomyces cerevi-

siae46,47 (SceERG7), and the clavaric acid producing cy-

clase of Hypholoma sublateritium,48 as well as from other

uncharacterized fungal OSCs. Homologous family OSC_5

(22 proteins) consists mainly of metazoan lanosterol syn-

thases, originating for example from Rattus norvegicus49

and from Homo sapiens5 (HsaOSC) which is also the

only OSC with structure information. Predicted OSCs

from Stramenopiles form the homologous family OSC_6.

The homologous families OSC_7 to OSC_10 contain

mainly OSCs from plant origin.

Among these, the homologous family OSC_7 (5 pro-

teins) contains putative proteins from Micromonas and

Ostreococcus species. The characterized cycloartenol syn-

thases from Adiantum capillus-veneris41, Arabidopsis

thaliana50 (AthCAS1), Betula platyphylla,51 and Ricinus

communis52 can be found in homologous family OSC_8

(58 proteins). The lanosterol synthase from Arabidopsis

thaliana53 and Lotus japonicus54 were assigned to

homologous family OSC_9 (39 proteins). Homologous

family OSC_10 (100 proteins) is the largest family,
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containing b-amyrin, cycloartenol and lupeol synthases.

Characterized members of this homologous family are

the b-amyrin synthase of Nigella sativa17, the arabi-

diol,55 and the lupeol synthase56 of Arabidopsis thaliana

as well as the b-amyrin synthase of Betula platyphylla.51

Substrate-interacting residues

For each superfamily and homologous family an anno-

tated multisequence alignment was generated. Annotations

were derived from the GenBank entries and manually

enriched by information from literature on protonation

site, carbocation stabilizing residues, and QW-motifs.

An analysis of enzyme-substrate contacts in the crystal

structure of AacSHC in complex with 2-azasqualene revealed

36 residues in direct contact with the substrate analogue.

The analysis of HsaOSC in complex with lanosterol resulted

in 31 substrate-interacting residues. The amino acid conser-

vation at these positions was analyzed by two multisequence

alignments (Supporting Information Table SI). nine posi-

tions were conserved in more than 70% of all triterpene

cyclases: three tryptophans, three tyrosines, two phenylala-

nines, and the catalytic aspartic acid (W169, W312, F365,

D376, W489, Y495, F601, Y609, Y612 according to AacSHC

numbering; W230, W387, F444, D455, W581, Y587, F696,

Y704, Y707 according to HsaOSC numbering) (Table I). 12

additional substrate-interacting residues were identified that

are conserved (�70%) in the SHC superfamily (Table II).

Four of them (A419, Y420, G600, and F605 according to

AacSHC numbering) are conserved in more than 90%. In

the OSC superfamily, 13 additional positions are conserved

in more than 70 % (Table III). Four of them were conserved

in more than 90% of the sequences (Y98, F103, W192, and

E532 according to HsaOSC numbering).

The second sphere

Based on the substrate-interacting residues, a ‘‘second

sphere’’ was defined as all residues in a distance of 5 Å

or less from the substrate-interacting residues. The amino

acid frequency of these positions was analyzed (Sup-

porting Information Table SII). Totally, 131 second

sphere residues were found for SHCs and 117 for OSCs,

but only 9 of these positions were conserved more than

80% of all triterpene cyclases: an aspartic acid, a glycine,

two prolines, two threonines, a tyrosine, and two trypto-

phans (A176, D313, F363, T378, T449, G487, W558,

Y612, F617 according to AacSHC numbering; P239,

D388, F442, T457, T534, G579, W654, Y707, P712

according to HsaOSC numbering). Another five positions

Figure 1
Taxonomic distribution in homologous families of the TTCED. The TTCED could be separated into two superfamilies: the S_SHC (upper diagram)

and the S_OSC (lower diagram). The taxonomic spreading and number of members of each family is indicated by colour and size of each bar.
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were conserved in 70% of all triterpene cyclases (P146,

P429, P433, Y540, F616 according to AacSHC number-

ing; T210, L512, P517, F633, F711 according to HsaOSC

numbering) (Table IV). Additional, 48 and 58 positions

were conserved in the SHC superfamily, respectively in

the OSC superfamily (Supporting Information Table SII).

DISCUSSION

Database size and classification

Sequence and structure information on 639 triterpene

cyclases was assembled and integrated into a consistent,

nonredundant database (Triterpene Cyclase Engineering

Database, TTCED). Two superfamilies and 20 homolo-

gous families resulted from phylogenetic clustering, and

family-specific annotated multisequence alignments are

provided for further examinations. In a systematic search

for triterpene cyclases, Frickey and Kannenberg3 identi-

fied 729 sequences, while our analysis identified 817

sequences. The additional sequences were attributed to

recent GenBank and Protein Data Base entries. Proteins

differing only in few positions were grouped into a single

TTCED entry, resulting in 639 unique protein entries.

Table I
Residues That Are Predicted to Interact With the Substrate Analogue 2-Azasqualene (SHC) or the Product Lanosterol (OSC) and Are Conserved in

All Triterpene Cyclases

Amino acid and
position in AacSHCa

Amino acid and
position in HsaOSCb

Amino acid and
position in SceERG7

Amino acid and
position in AthCAS1

Frequency in the
SHC superfamily

Frequency in the
OSC superfamily

W169 W230 W232 W255 79% W; 13% S 86% W
W312 W387 W390 W416 99% W 100% W
F365 F444 F445 F472 97% F 85% F; 13% L
D376 D455 D456 D483 99% D 100% D
W489 W581 W587 W610 100% W 99% W
Y495 Y587 Y593 Y616 99% Y 98% Y
F601 F698 F699 F726 77% F; 16% L 89% F
Y609 Y704 Y707 Y734 97% Y 95% Y
Y612 Y707 Y710 Y737 99% Y 92% Y

aStructure available: PDB entry 1UMP.
bStructure available: PDB entry 1W6K.

Squalene-hopene cyclase from Alicyclobacillus acidocaldarius (AacSHC) and oxidosqualene cyclases from Homo sapiens (HsaOSC), Saccharomyces cerevisiae (SceERG7)

and Arabidopsis thaliana (AthCAS1) are compared. With the exception of the catalytic D (bold), all residues stabilize the cationic intermediate.

Table II
Residues for the Alicyclobacillus acidocaldarius to Interact With the

Substrate Analog 2-Azasqualene and Are Conserved More Than 70% in

all SHCs

Amino acid and
position in AacSHCa

Frequency in the
SHC superfamily

L36 74% L; 21% F
F129b 77% F; 16% M
W169b 79% W; 13% S
A170 74% A; 18% S
I261b 74% I; 22% Y
P263b 78% P; 11% S; 10% T
W312b 99% W
F365b 97% F
D374b 100% D
D376b 99% D
D377b 100% D
A419 93% A
Y420b 96% F
F434b 77% F; 12% I
W489b 100% W
Y495b 99% Y
G600b 94% G
F601b 77% F; 16% L
F605b 92% F
Y609b 97% Y
Y612b 99% Y

aStructure available: PDB entry 1W6K.
bMutation published (Supporting Information Table SI).

Table III
Residues Which Are Predicted to Interact With the Product Lanosterol

and Are Conserved More Than 70% in OSC

Amino acid
and position
in HsaOSCa

Amino acid
and position
in SceERG7

Amino acid
and position
in AthCAS1

Frequency in
the OSC

superfamily

Y98 Y99b - 90% Y
F103 F104 F123 92% F
W192 W194b W217 95% W
W230 W232b W255 86% W
V236 V238 V261 77% V; 13% I
G336 A339 G366 70% G; 19% A
I338 V341 V368 79% V; 14% I
W387 W390 W416 100% W
F444 F445b F472b 85% F, 13% L
V453 V454b I481b 75% V; 19% I
D455 D456b D483 100% D
C456 C457b C484 93% C
F521 F528 F550 88% F
I524 I531 I553 77% I
E532 E539 E561 97% E
C533 C540b C562 96% C
W581 W587b W610 99% W
Y587 Y593 Y616 98% Y
V695 V698 V725 70% V; 12% A
F696 F699b F726 89% F
Y704 Y707 b Y734 95% Y

Oxidosqualene cyclases from Homo sapiens (HsaOSC), Saccharomyces cerevisiae

(SceERG7), and Arabidopsis thaliana (AthCAS1) are compared.
aStructure available: PDB entry 1W6K.
bMutation published (Supporting Information Table SI).
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A phylogenetic analysis demonstrated the separation

into predominantly prokaryotic SHCs and eukaryotic

OSCs, as pointed out by previous studies.3 Fungal pro-

teins were found in both superfamilies, indicating that

fungi should be able to convert oxidosqualene as well as

squalene. Some organisms such as Aspergillus niger express

both SHCs and OSCs which has been supposed to be

derived by lateral gene transfer.3 Furthermore, the classifi-

cation of the OSCs into homologous families according to

their sequence similarity coincides well with their taxo-

nomic classification and their product preference. In con-

trast, in the SHC superfamily such a strong correlation

between homologous family assignment, taxonomic classi-

fication and biochemical properties cannot be found.

Many SHC homologous families consist of sequences orig-

inating from different bacterial phyla. This could be due

to the more common horizontal gene transfer in bacteria.

Schematic models of the substrate binding
cavity

The systematic analysis of all members of the triterpene

cyclase family resulted in a set of 23 residues which are

highly conserved in all triterpene cyclases and therefore

might have a functional or structural role. Some of these

positions are known substrate-interacting residues, while

other positions, mainly in the second sphere, have not

been described yet. To make the information on conserva-

tion and putative function of conserved positions more

readily available, we developed schematic models of the

substrate binding cavity for SHCs and OSCs (Figs. 2 and

3, respectively). The model of the SHC substrate binding

cavity is consistent with a model for the AacSHC substrate

binding cavity published previously.57 Thus integration of

the conservation data for the SHC and OSC superfamilies

into the models allows easy identification of functionally

relevant amino acids in SHCs and OSCs.

The reaction is initiated upon binding of the substrate

to the initial substrate binding site (AacSHC: W312;

HsaOSC: W387, T502) and by subsequent protonation by

the initial protonation site (AacSHC: D374, D376, Y495;

HsaOSC: V453, D455, Y587). The residues of the substrate

binding cavity bind the substrates (AacSHC: F129, I261;

HsaOSC: W192, G336) and stabilize the cationic inter-

mediates (AacSHC: W169, F365, D377, Y420, W489, F601,

F605, Y609, Y612; HsaOSC: Y98, W230, H232, T381,

F444, C456, Y503, W581, F696, C700, I702, Y704, Y707).

Mutants of AacSHC,20,58–71 SceERG7,72–82 Arabidopsis

thaliana OSC (AthOSC),77,79,83–86 Cephalosporium caer-

ules OSC,44 and Aspergillus fumigatus OSC87 with amino

acid exchanges at these positions have been reported to

produce incomplete cyclization products with 1, 2, 3, 4, or

5 rings formed. The model represents this information by

aligning the respective positions to specific areas in the

model: area A for 1-ring products, area B for 2-ring prod-

ucts, area C for 3-ring products, area D for 4-ring prod-

ucts and area E for 5-ring products. For instance, the

AacSHC variant D377C, a mutation in area A, leads to

incomplete cyclization products with 1 ring,20 the variant

F365A, a mutation in area B, leads to products with 2

rings61 and the variant F601A, a mutation in area D, leads

to products with 3 and 4 rings.61

The substrate binding cavity is connected to the sol-

vent by two tunnels distal to the initial protonation site

(Figs. 2 and 3). The two tunnels are visible in SHC and

OSC structures (PDB entries 1UMP and 1W6K respec-

tively). One tunnel, the distal entrance, has been sug-

gested as a putative substrate entrance (‘‘distal en-

trance’’),66 while the tunnel at the side could function as

a product exit or water channel (‘‘side exit’’).

Table IV
Second Sphere Residues Conserved More Than 70% in SHC and OSC

Amino acid and
position in AacSHCa

Amino acid and
position in HsaOSC b

Amino acid and
position in SceERG7

Amino acid and
position in AthCAS1

Frequency in the
SHC superfamily

Frequency in the
OSC superfamily

P146 T210 P212 P235 76% P; 18% F 89% P
A176 P239 P241 P264 95% P 89% P
D313 D388 D391 D417 96% D 87% D; 11 % E
F363 F442 W443 W470 94% W 94% W
T378 T457 T458 T485 83% T; 17% S 88% T
P429 L512 M519 L541 73% L 74% L
P433 P517 P524 P546 98% P 78% P; 13% A
T449 T534 T541 T563 80% T; 16% S 93% T
G487 G579 G585 G608 96% G 96% G
Y540 F633 M636 Y659 79% Y; 13% S 70% Y; 11% F
W558 W654 W657 W682 96% W 88% W
Y612 Y707 Y710 Y737 99% Y 92% Y
F616 F711 F714 F741 81% F; 13% Y 76% F; 12% Y
P617 P712 P715 P742 95% P 84% P; 11% T

Squalene-hopene cyclase from Alicyclobacillus acidocaldarius (AacSHC) and oxidosqualene cyclases from Homo sapiens (HsaOSC), Saccharomyces cerevisiae (SceERG7),

and Arabidopsis thaliana (AthCAS1) are compared.
aStructure available: PDB entry 1UMP.
bStructure available: PDB entry 1W6K.
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Residues conserved in SHCs and OSCs

Despite an complete conservation of the catalytic as-

partic acid (D376 and D455 in AacSHC and HsaOSC,

respectively), the protonation sites of SHCs and OSCs

differ considerably, due to the different acidity required

for protonation of their substrates squalene and oxidos-

qualene.4,5 In SHCs the catalytic aspartic acid is flanked

by two conserved aspartic acids (D374 and D377) and is

located in the DxDD motif,1 in OSCs the catalytic aspartic

acid is located within the DCTAEA motif.6,22 Our

sequence analysis demonstrated that the x in the DxDD

motif predominantly is valine (47% valine, 25% isoleu-

cine, and 14% leucine), while the second alanine in the

DCTAEA motif is replaced by glycine in 52% of all OSCs.

The acidity of the aspartic acid is assumed to be enhanced

by a hydrogen bond to an adjacent histidine in SHCs

Figure 3
Schematic model of the OSC central cavity. The schematic model of the OSCs shows a putative distal substrate entrance and a possible product

side exit at one end of the cavity (right side) and the residues responsible for initial protonation at the other side of the cavity (dark green, left

side). Residues whose mutation leads to incomplete cyclization products are aligned to particular areas in the cavity to indicate the number of rings

in these products: A, orange 2 1 ring; B, blue 2 2 rings; C, light green 2 3 rings; D, purple 2 4 rings; E, red 2 5 rings. The numbering of the

residues is according to the HsaOSC numbering.

Figure 2
Schematic model of the SHC central cavity. The schematic model of the SHCs shows a putative distal substrate entrance and a possible product

side exit at one end of the cavity (right side) and the residues responsible for initial protonation at the other side of the cavity (dark green, left

side). Residues whose mutation leads to incomplete cyclization products are aligned to particular areas in the cavity to indicate the number of rings

in these products: A, orange 2 1 ring; B, blue 2 2 rings; C, light green 2 3 rings; D, purple 2 4 rings; E, red 2 5 rings. The numbering of the

residues is according to the AacSHC numbering.
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(H451 in AacSHC)1 or to two adjacent cysteines in OSCs

(C456 and C533 in HsaOSC)6. While both cysteines are

conserved in 90% of the OSCs, the histidine is replaced by

arginine in 77% of the SHCs. In accordance with this

finding, the AacSHC H451R variant retains 20% of its ac-

tivity, while the H451F is completely inactive.20

Highly conserved aromatic residues in the substrate

binding cavity play a crucial role in initial protonation

(AacSHC: Y495; HsaOSC: Y587), initial substrate binding

(AacSHC: W312; HsaOSC: W387), and cation stabiliza-

tion (SHC: W169, F365, W489, F601, Y609, Y612; OSC:

W230, F444, W581, F696, Y704, Y707).16,36,57 These

residues are located in the substrate binding cavity near

the protonation site. Residues farther away from the pro-

tonation site show a lower conservation. This could be

due to the different termination mechanisms and differ-

ent product preferences in the different SHCs and OSCs.

In addition to the 9 conserved substrate-interacting resi-

dues, 14 residues in the second sphere are conserved in all

triterpene cyclases. Most of the conserved second sphere

residues are located near the protonation site. 4 of these

second sphere residues have been analyzed by mutational

studies. Mutation of the AacSHC residues T378, Y540,

and W558 to alanine or leucine decreased the temperature

optimum of the enzyme.20,59,60 Mutation of D313 to as-

paragine decreased the specific activity.62 Thus, second

sphere residues contribute to specificity, catalytic activity,

or stability. However, a conservation analysis is not able to

differentiate between these functions.

Residues conserved in SHCs

Apart from the residues conserved in all triterpene

cyclases, additional residues are conserved only in SHCs or

OSCs. Eight of the 12 substrate-interacting residues con-

served in the SHC superfamily have been functionally char-

acterized by mutagenesis studies. F129, I261, D377, Y420,

and F605 (AacSHC numbering) are involved in the bind-

ing, stereo-control and stabilization of the sub-

strate.20,58,59,63 D374 is part of the protonation site,1

P263 and F434 are both located near the substrate entrance

and have been demonstrated to play a role in termina-

tion58,66 and in substrate gating, respectively, and are

therefore not included in the schematic model of the sub-

strate binding cavity. Position 420 mediates substrate bind-

ing and selectivity, as shown in previous mutational studies

in SHC of Zymomonas mobilie88 and in AacSHC.68 An

exchange of Y420 in AacSHC by a smaller alanine or gly-

cine led to bi- and tricyclic products highlighting the im-

portance of this residue in positioning and stabilizing the

substrate. The mutation of tyrosine to phenylalanine

decreased the specific activity, while increasing the affinity

to the substrate squalene.68 Interestingly, the large majority

of the SHCs (96%) have a phenylalanine at this position,

such as two SHCs of Zymomonas mobilis.40,89 This Gram-

negative bacterium was reported to have an untypical

membrane composition of bicyclic triterpenes and rear-

ranged hopenes.90 The presence of phenylalanine at

AacSHC position 420 in both Z. mobilis SHCs has been

suggested to result in their broad product spectrum.68

Four additional substrate interacting residues (L36,

A170, A419, and G600) have not yet been characterized

by mutation studies, although A419 and G600 are con-

served in more than 90% of all SHCs. Because of their

high conservation and close proximity to the substrate,

they might be functionally relevant and therefore are

interesting positions for mutation studies.

Forty-seven second sphere positions were found to be

conserved in the SHC superfamily, but only 11 positions

have yet been investigated by mutation studies. H451 is

important for the acidity of the protonating aspartic

acid.20 The residues W32, W406, and W417 are part of

QW motifs and have an effect on the stability of the

enzyme, but almost no effect on its specific activity.60

An alanine variant of T41 showed very little differences

in activity, stability and product preference, and the exact

function remains unclear.58 The Y372A and the Y606A

variants both showed no effects on activity, but the

Y372A variant displayed a slightly decreased temperature

optimum.59 The single mutant V381A had no effect on

activity, stability, and product preference but a triple mu-

tant containing this mutation (D277C/V380E/V381A)

switch the substrate preference from squalene to oxidos-

qualene.67 The three variants (D421N, D442N and

E535Q) reduce the optimal temperature of AacSHC.20

Residues conserved in OSCs

While for SHCs the formation of only a small spectrum

of products has been described yet, OSCs are known to

catalyze the formation of a broad range of natural prod-

ucts. The product spectrum has been further increased by

mutations inside and outside of the substrate binding cav-

ity. Five of the 13 conserved substrate-interacting residues

have been previously investigated by mutation studies of

Saccharomyces cerevisiae OSC SceERG7 (Y99, W194, V454,

C457, and C540, corresponding to Y98, W192, V453,

C456, and C533 in HsaOSC). Despite the high conserva-

tion of W194 (95% W) and V454 (75% V; 19% I), the

mutants W194F, V454I, and V454L showed no effect on

the activity of the enzyme.72,74,76 The role of residues

Y99, C457, and C540 have been analyzed by mutation

studies. A role of Y99 in the carbocation stabilization was

proposed, since most of the active Y99X mutants showed

incomplete cyclization products.91 Exchanging C457 by

an aspartic acid resulted in a reduced activity and it was

suggested that this was mediated by modulating the acid-

ity of the catalytic aspartic acid.78 A similar function was

suggested for C540, as an exchange to alanine did not

prove crucial to the enzymes activity.22

However, the mutation of functionally relevant amino

acids does not always result in changes of biochemical

S. Racolta et al.

8 PROTEINS



properties. While the single mutants of V454 (corre-

sponding to V453 in HsaOSC) have no effect, the double

mutants T384Y/V454I and T384Y/V454L showed a drift

in the product spectrum from lanosterol to parkeol and

9a-diol.74 Because the single mutant T384Y (corre-

sponding to T381 in HsaOSC) has no effect either,74 the

double mutants indicate a functionally relevant role of

the substrate-interacting residue V454 only with the

background of T384Y. At position 384 threonine and ty-

rosine are equally frequent (52 and 43%, respectively).

Another functionally relevant position, Y510 of SceERG7

(corresponding to Y503 in HsaOSC), was not found by

conservation analysis, because 62% of OSCs have tyro-

sine, 31% tryptophan at this position. This position cor-

responds to the functionally relevant and highly con-

served position 420 in SHCs and mutations of Y510 lead

to a reduced activity and incomplete cyclization.77 Other

substrate-interacting residues that are not conserved but

might be functionally relevant are H234 (57% H, 30%Y),

T531 (38% T, 23% A, 21% S), and I705 (55% I, 31% L)

(corresponding to H232, T502, and I702 in HsaOSC).

Mutation studies have confirmed that I70581 and

H23492 play a role in the determination of the product

profile. While five conserved substrate-interacting resi-

dues have been investigated by mutation studies, eight

conserved residues (F103, V236, G336, I338, F521, I524,

E532, and V695 according to HsaOSC numbering) have

not been functionally analyzed yet.

Forty-six positions in the second sphere are conserved

in the OSC superfamily. One position, W198, has been

investigated by mutation studies of S. cerevisiae lanosterol

synthase SceERG7 (corresponding to W196 in

HsaOSC),72 but no change in the activity or stability was

found. While no second sphere residues are part of the

SHC substrate binding cavity, the second sphere residue

C700 is included in the OSC model, as it corresponds to

the conserved substrate-interacting position F605 in

SHCs. The assignment of C700 to the second sphere is

probably due to the smaller size of the ligand used to

determine the substrate-interacting residues in OSC. The

separation between the substrate-interacting residues and

the second sphere positions is not fully definite and func-

tionally important residues can be directly interacting

with the substrate or can administrate their effect in

cooperation with such residues.

CONCLUSIONS

The TTCED represents the first integrated data source

for sequence and structure information on triterpene

cyclases and serves as valuable tool for the systematic

and comprehensive analysis of these enzymes in the con-

text of the whole protein family.

Especially the combination of conservation analysis and

functional information provided in this work, can guide fur-

ther engineering of triterpene cyclase specificity and activity.
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