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Structure and Function of a Squalene Cyclase
K. Ulrich Wendt, Karl Poralla, Georg E. Schulz*

The crystal structure of squalene-hopene cyclase from Alicyclobacillus acidocaldarius
was determined at 2.9 angstrom resolution. The mechanism and sequence of this
cyclase are closely related to those of 2,3-oxidosqualene cyclases that catalyze the
cyclization step in cholesterol biosynthesis. The structure reveals a membrane protein
with membrane-binding characteristics similar to those of prostaglandin-H, synthase,
the only other reported protein of this type. The active site of the enzyme is located in
a large central cavity that is of suitable size to bind squalene in its required conformation
and that is lined by aromatic residues. The structure supports a mechanism in which the
acid starting the reaction by protonating a carbon-carbon double bond is an aspartate
that is coupled to a histidine. Numerous surface « helices are connected by characteristic
QW-motifs (Q is glutamine and W is tryptophan) that tighten the protein structure,
possibly for absorbing the reaction energy without structural damage.

The cyclization reactions catalyzed by
squalene cyclases (S-cyclases) and 2,3-ox-
idosqualene cyclases (OS-cyclases) are high-

ly

complex (1) and give rise to various
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fused-ring compounds (2, 3). Although
these enzymes have been well studied ear-

lier (2, 4), present-day recombinant tech-
niques have contributed much to the un-
derstanding of their function and reactivity

(1,

5). Early suggestions for the reaction

mechanism favored a concerted process (2),
whereas current hypotheses (6, 7) dissect a
series of carbocationic intermediates (Fig.
1). Recently, the OS-cyclases became tar-
gets for the development of antifungal and
anticholesteremic drugs (8). The integral
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membrane protein character of these en-
zymes is generally accepted (9, 10). As
shown below, the S- and OS-cyclases have
related sequences and should therefore have
similar spatial structures. We now present
the crystal structure of a bacterial S-cyclase
at 2.9 A resolution.

Recombinant squalene-hopene cyclase
from Alicyclobacillus acidocaldarius has been
previously crystallized in three distinct
forms (11). For phase determination by
multiple isomorphous replacement (MIR),
we used the crystal form A’, which contains
three polypeptide chains in the asymmetric
unit that show only small displacements
from the threefold symmetry of crystal form
A (Tables 1 and 2). A molecular model was
derived from the A’ crystal MIR electron

Squalene

~ N

Hopene

Fig. 1. The proposed reaction steps in squa-
lene-hopene cyclases involving carbocationic in-
termediates. The general acid B,:H protonates (H)
squalene at C3, whereas the general base B,
deprotonates at C29 of the hopenyl cation. In a
side reaction, the cation is hydroxylated forming
hopan-22-ol.

Domain 1

PR T P S R 2

density. This model was then refined in
crystal form A, which shows exact threefold
symmetry with only one chain in the asym-
metric unit (Table 2). In agreement with
our gel permeation chromatography results
and those of others (12), the crystal struc-
ture reveals the presence of a dimeric en-
zyme. Both subunits are related by a twofold
axis and form a polar interface of 850 AZ.
Each subunit consists of 631 amino acid
residues and has a molecular mass of 71,569
daltons; residues 1 to 9 and 629 to 631
could not be located in electron density
maps. The chain is organized in two do-
mains (Fig. 2), forming a dumbbell shape.
Domain 1 is an ag-a barrel of two concen-
tric rings of parallel a helices (Fig. 3) that
resembles the chain fold of glucanases and a
farnesyl transferase (13). Domain 2 is in-
serted into domain 1 and contains an a-a
barrel, which appears to be an evolved ver-
sion of the a4-a, barrel. Both barrels point
with the amino ends of their inner a helices
toward the molecular center, which consists
of long loops from both domains forming a
small B structure and enclosing a large cav-
ity of about 1200 A3 (14).

The aligned sequences of S-cyclase and
human OS-cyclase are presented in Fig. 4.
The S-cyclase contains eight QW-sequence
motifs (15), five of which are also present in
the OS-cyclases. Seven of the eight motifs
assume virtually identical polypeptide con-
formations. The side chains of Q and W are
stacked, forming hydrogen bonds with the
amino end of the adjacent outer barrel helix
and with the carbonyl end of the preceding
outer barrel helix, respectively (Fig. 3). The
QW-motifs connect all outer helices of the

Domain 1

Domain 2

Domain 2

Fig. 2. Stereoview of squalene-hopene cyclase chain fold with labeled NH,- and COOH-termini (N
and C), inhibitor position (L), and channel entrance (E). Color code: internal (yellow) and external (red)
barrel helices, B structure (green), QW-motifs (purple), and a8 in the nonpolar plateau (white).

1812

a4-0, barrel and several outer helices of the
other a-a barrel, thus stabilizing the whole
protein (Figs. 2 and 3).

The active site is located in the large
central cavity (Fig. 5A), as indicated by the
bound competitive inhibitor (16) N,N-di-
methyldodecylamine-N-oxide (LDAQO) (in-
hibition constant K; = 0.14 pM). This lo-
cation is corroborated by a putative mecha-
nism-based inhibitor that labeled the equiv-
alent of Asp>? at the top of the cavity (Fig.
5A) (17) and similar experiments were done
that labeled segments containing residues
lining the cavity (18). Moreover, mutation
of Asp*™ or Asp*”? inactivated S-cyclase
(19), and mutation of the equivalent of
Asp®’® (18) inactivated OS-cyclase. Finally,
the active site location at the amino ends of
the inner helices of the ag-0; barrel corre-
sponds to those of the four enzymes with
similar barrel structures (13).

The central cavity can be accessed
through a nonpolar channel between the

helices of domain 2 (Fig. 5A). This domain

ISNSNSS!

Domain 1

Fig. 3. Chain fold topology showing a helices
(circles), one 3,,-helix (hexagon), B strands
(squares), and QW-motifs (zigzag) with marked
chain directions upward (thin) and downward
(thick). Domain border positions are given. The
top sketch shows how the outer ring of the ag-a
barrel is stabilized by the QW-motifs, one of which
deviates from the others.
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consists of an a-o barrel including a 3,4-
helix (Fig. 3) that leaves space for the cross-
ing channel. Helix a8 with the following
loop, the segment between a6 and a7 as
well as loop a15-a16 (Figs. 2 and 3), form a
large and rather mobile nonpolar plateau on
the protein surface that surrounds the chan-
nel entrance (Fig. 5B).

This plateau has a solvent-accessible
surface of about 1600 A2 (14) and is en-
circled by a ring of positively charged res-
idues (Fig. 5B), which suggests that the
plateau plunges into the nonpolar center
of a membrane, whereas the ring forms salt
bridges with the displaced phospholipid
and sulfolipid head groups. Such a model
characterizes a monotopic membrane pro-
tein (20) and explains how the substrate
squalene diffuses from the membrane in-
terior, where it is dissolved (21) into the
central cavity.

The dimer interface contains, in large
part, residues from domain 2 (Fig. 6A). It
orients the nonpolar plateaus in parallel
(Fig. 6B). Such nonpolar plateau twins
also occur with the other structurally
known monotopic membrane protein (Fig.
6C), prostaglandin-H,-synthase (22). This
enzyme has a completely different chain
fold but also takes up its substrate from the
membrane. The resemblance of these ar-
rangements indicates a functional role as,
for instance, a doubling of the membrane
interaction per particle.

In S-cyclase the channel between the
nonpolar plateau and active site contains a
constriction formed by Phe!®, Vall74,
Phe®**, and Cys*** (Fig. 7), which appears
to block it (Fig. 5A). Residues 434 and 435,
however, are on a mobile loop that contacts
a surface loop around position 210 with
even higher mobility (23). We therefore
suggest that the constriction behaves as a
gate that permits substrate passage.

Fig. 4. Sequence alignment of
squalene-hopene cyclase from A.
acidocaldarius (top row) and hu-
man liver 2,3-oxidosqualene-cy-
clase (bottom row) from program
CLUSTAL. Secondary structures
(29) and QW-motifs are marked in
the color code of Fig. 2. Asterisks

REPORTS

Table 1. MIR phasing in crystal form A’ (P3,27,a = b = 140.9 A, ¢ = 243.8 A), which is closely
related to form A (P321, ¢ axis one-third) with one asymmetric chain (7 7). For the “native” data (NAT)
and all soaks we used single and double mutants containing D376C (Asp at position 376 mutated to
Cys). The soaks were as follows: M1 and M2, methylmercury acetate; T1, T2, and T3, tetrakis(ace-
tomercury)methane; Cl, chloromercury ferrocene; and KHg, K,Hg(CN),. Phasing was initiated with
the difference-Patterson of T1 and performed with MLPHARE (25), resulting in a f|gure of merit of
0.424 at 3.2 A resolution. T3 was from double-mutant C50S-D376C and lacked the major site of T1
and T2. Because of the close relation with form A, all sites are triplicate.

Item NAT M1 M2 T1 T2 T3 Cl KHg
Soak (mM) - 1 10 1 5 5 10 2
Soak time (days) - 0.25 2.5 0.1 2 1 3 30
Resolution (&) 28 34 4.2 5.4 39 4.0 5.4 3.0
Completeness (%) 83 75 91 94 93 88 91 83
(last shell) 44 29 66 78 85 72 58 65
Redundancy 3.9 2.4 2.3 2.6 2.0 2.0 2.6 1.7
Average l/o 59 10.0 15.4 17.2 10.0 8.3 17.9 9.3
Rsym (%) 8.3 59 3.7 3.2 6.4 6.7 3.2 4.8
(last shell) 17.0 16.2 6.8 75 115 10.3 8.2 12.0
Rieo (%)t - 176 257 18.1 20.1 18.2 16.1 16.1
Sites - 12 12 9 9 3 9 9
Reuis (%)% - 57 75 51 73 86 58 79
Phasing power - 1.63 1.29 2.57 1.23 0.86 2.08 0.76

*Rsym = 2,' =l / 3/, withj = (hKl, i), where J;is the intensity for the reflection j, and (/) is the mean intensity for multiply
measured reflections. . tReo = Sl Frn = F| /SpueFe Where Fon and Fo are the derivative and native structure
factor amplitudes, respectively.  $Reuis = 11 Fon = Fpl = Ful /3Ry with j = (centric hkl), where Fy is the
calculated heavy atom structure factor.

Fig. 5. The color-coded
surface representations
(30) with nonpolar (yel-
low), positive (blue), and
negative (red) areas. (A)
View similar to Fig. 2 but
rotated around a vertical
axis and sliced. The cut-
ting plane (checked)
opens the large internal
cavity with the bound in-
hibitor LDAO. The non-
polar channel runs to the
left, opening into a non-
polar plateau. The chan-
nel constriction (C) ap-
pears closed, but it is
mobile enough to be
readily opened. At the
upper left, hopane (two views) is shown at scale. (B) View similar to Fig. 2 directly onto the 1600 A2
nonpolar plateau with the channel entrance (E) at its center and two nonpolar side chains pointing to the
outside. This is the only large nonpolar region on the surface.
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The central 1200 A2 active site cavity
is mainly nonpolar, but it has a highly
polar patch at the top (Figs. 5A and 7). It
is lined by numerous aromatic residues
that could stabilize the carbocationic in-
termediates of the cyclization reaction by
their mw-electrons (7). The residues lining
the cavity are well conserved but show a
gradient with highest conservation at the
top and lowest at the bottom. This gradi-
ent indicates that the first reaction step
common for S- and OS-cyclases occurs at
the polar top of the cavity and that the
variable features are at the bottom. Ac-
cordingly, the initially protonating acid
B,:H (Fig. 1) should be at the top; base B,
of S-cyclase should accept a proton at the
bottom end of the cavity; and B, of the

Fig. 6. Ca backbone plots of the two structur-
ally known monotopic membrane proteins,
both showing parallel nonpolar plateaus (thick
lines) that facilitate fusion with the membrane.

OS-cyclases should be near to the center
of the substrate where proton uptake from
the lanosteryl cation is expected (4). Our
proposal appears to be consistent with the
experiments of (I8) where a histidine
equivalent to Trp'®” near to the cavity
center (Fig. 7) was labeled in later reac-
tion steps, but it appears to disagree with
the suggestion of (17) that Asp>’® is near
a position equivalent to ring E of hopene.

The polar top of the cavity has the
sequence motif DXDD (X, any amino
acid) of the S-cyclases (residues 374 to
377), which is important for catalysis (19).
The OS-cyclases contain only the second
aspartate residue, and this is crucial for
catalysis (I18). A similar catalytic motif,
DDXXD, is present in farnesyl diphos-

The channel entrances (E) for substrate uptake are labeled. (A) Homodimeric S-cyclase viewed along the
molecular diad. (B) S-cyclase viewed from the top of (A). (C) Homodimeric prostaglandin-H,-synthase

(22) oriented like the S-cyclase in (B).

Aspmv - N -
- e
= OLeu36

Trple9
Phel66
Alal70

dﬂv%l o
Vall74

Cysd3s

PRe60S S merda g
Yall74

Trpl6!

Al2l170
Pro26:

Vawoz %\m;

Cysa3s

Phed34

Fig. 7. Stereo view of the active site cavity with the inhibitor LDAQO inits (2F, — F,) electron density at a
level of 1.3¢. The view is similar to Fig. 5A. Among the aromatic residues shown, Trp312, Phe385, Trp489,
Tyr495, Phef01, Tyreo®, and Tyr®'2 are conserved in all known sequences of the family. The top end of
the cavity is highly polar, and there is a polar net at the bottom.
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phate synthase, which runs also through a
cationic intermediate but appears to use
this motif for metal binding (24). Because
the chain folds are different, there is no
evolutionary connection.

In S-cyclases Asp*™ and Asp®”’ of the
DXDD motif are hydrogen-bonded (2.6 A
distar}cc) and close to the hydrogen-bonded
(2.7 A distance) pair Asp*”#His**! (Fig. 7).
We propose that the pair Asp>’*Asp®”’
carries a negative charge that stabilizes a
positive charge on Asp®*’®:His**! and thus
Asp®® in its protonated form. For the reac-
tion, squalene diffuses into the central cav-
ity where it assumes the required conforma-
tion (Fig. 1) with its C3 atom near to the
putative proton on Asp>7®. We propose that
Asp®?® is the acid B;:H which protonares
the first C-C double bond, creating a car-
bocation that steps through the squalene
chain and converts it to hopene (Fig. 1).
The protonation leaves Asp?"®:His**! as a
stable salt bridge. The pair Asp®>’*:Asp®”’
might support the initial protonation step.
It is absent in the OS-cyclases, presumably
because epoxides are more readily proto-
nated than C-C double bonds.

Base B, of S-cyclase should be located
at C29 of the hopenyl cation, which is

Table 2. Structure refinement in crystal form A
(P321, a = b = 140.7 A, ¢ = 81.9 A) with one
asymmetric chain (77). After MIR phasing (Table
1), solvent-flattening, and density averaging over
the three asymmetric chains of A" (25), about 90%
of the sequence could be placed (26). The model
was then transferred to crystal form A, where gen-
uine native data were available, and refined with
X-PLOR (27) without any cutoff of the data. At the
end, B factors were refined as grouped atoms
(two groups per residue). The model had cys-
teines at all heavy atom sites. Residual density in
the central cavity was modeled as LDAO (77).
The model contains residues 10 to 628 and 38
water molecules, and 90% of the residues were
in the most favored regions of the Ramachand-
ran plot (28). Values in parentheses are for the
last shell (2.95 to 2.85 A). rmsd, root-mean-
square deviation.

ltem Value

20.010 2.9
53,288 (1579)
18,914 (1017)

Resolution (A)
Total reflections
Unique reflections

Completeness (%) 86 (49)
Redundancy 2.8(1.6)
Average l/o 11.9 (2.0)
Reym (%) 5.6 (36.4)
All atoms 5,017

R factor (%)* 16.7
Riee Of @ 5% set (%)7 24.3
rmsd bond lengths (A) 0.007
rmsd bond angles (degrees) 1.2

*Riscior = 21 Fo — Fol/2F,, where F, and F, are the ob-
served and calculated structure factors, respectively.
TRyee IS the cross-validation R factor computed for the test
set of reflections (5% of the total), which are omitted in the
refinement process.
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near to the last carbon of LDAO (Fig. 7)
where the protein offers no suitable resi-
due. Because the reported S-cyclase shows
a side reaction (10) resulting in about 10%
diplopterol {(hopan-22-ol), we suggest that
B, is a water molecule polarized by other
waters that are in contact with the hydro-
gen-bonding network of GIn?¢2.Glu®:
Glu®*:Arg!?’, which could store a proton
(Fig. 7). Diplopterol is formed if the front
water adds as hydroxyl to the last carbo-
cation instead of accepting the proton.

Taken together, squalene enters the
central cavity through the constriction,
which acts as™a gate, and is forced into the
unfavorable conformation necessary for
catalysis. The scale of the required actions
corresponds to the low turnover number of
0.3s71 (12, 16). Hopene formation releas-
es ~200 k]/mol at the bottom of the ag-0g
barrel, exceeding by far the usual protein
stabilization energy of ~50 kJ/mol. The
barrel does not disintegrate because its o
helices at the surface are connected and
thus stabilized by the QW-motifs, charac-
teristic for this enzyme family. The result-
ing excitation then facilitates the return of
hopene to the membrane.
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Structural Basis for Cyclic Terpene Biosynthesis
by Tobacco 5-Epi-Aristolochene Synthase

Courtney M. Starks, Kyoungwhan Back, Joseph Chappell,
Joseph P. Noel*

Terpene cyclases catalyze the synthesis of cyclic terpenes with 10-, 15-, and 20-carbon
acyclic isoprenoid diphosphates as substrates. Plants have been a source of these
natural products by providing a homologous set of terpene synthases. The crystal
structures of 5-epi-aristolochene synthase, a sesquiterpene cyclase from tobacco, alone
and complexed separately with two farnesyl diphosphate analogs were analyzed. These
structures reveal an unexpected enzymatic mechanism for the synthesis of the bicyclic
product, 5-epi-aristolochene, and provide a basis for understanding the stereochemical
selectivity displayed by other cyclases in the biosynthesis of pharmacologically impor-
tant cyclic terpenes. As such, these structures provide templates for the engineering of

novel terpene cyclases.

Terpene cyclases control the synthesis of
cyclic terpenoids including flavors and fra-
grances such as menthol and camphor,
plant defense chemicals like capsidiol and
lubimin (I), and more common com-
pounds like steroids and lipid-soluble vi-
tamins. Several cyclic terpenoids have
pharmacological activity; for example, li-
monene can inhibit tumorigenesis induced
in mice by particular carcinogens (2), and
the diterpenoid taxol has antitumor activ-
ity (3). Numerous terpene cyclases from
plant and microbial sources have been
characterized (4, 5). Although the plant
cyclases exhibit a significant degree of
similarity in amino acid sequence, very
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little similarity is observed between the
bacterial, fungal, and plant terpene cy-
clases (6). These soluble enzymes convert
the acyclic isoprenoid diphosphates gera-
nyl diphosphate (GPP, 10 carbon), farne-
syl diphosphate (FPP, 15 carbon), and
geranylgeranyl diphosphate (GGPP, 20
carbon) into cyclic monoterpenes, sesquit-
erpenes, and diterpenes, rtespectively. In
most cases, loss of diphosphate (pyrophos-
phate) from the enzyme-bound acyclic
substrate results in an allylic carbocation
that electrophilically attacks a double
bond further down the terpene chain to
effect the first ring closure. Additional
rearrangements involving transient carbo-
cations can include proton abstractions,
hydride and alkyl migrations, and addi-
tional electrophilic attacks.

TEAS (tobacco 5-epi-aristolochene
synthase) (7) from Nicotiana tabacum con-
verts farnesyl diphosphate (FPP) to 5-epi-
aristolochene (Fig. 1) (8), a precursor of
the antifungal phytoalexin capsidiol.
TEAS shares 77% amino acid identity
with Hyoscyamus muticus vetispiradiene
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