near to the last carbon of LDAQO (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-o0l), we suggest that
B, is a water molecule polarized by other
waters that are in contact with the hydro-
gen-bonding network of GIn?%%: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
0.3s 1 (12, 16). Hopene formation releas-
es ~200 k]/mol at the bottom of the a -
barrel, exceeding by far the usual protein
stabilization energy of ~50 kJ/mol. The
barrel does not disintegrate because its a
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 (1), 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, respectively. 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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synthase (HVS) (9). Vetispiradiene (Fig.
1) is a precursor to the phytoalexins so-
lavetivone and lubimin. Both enzymes
have similar reaction mechanisms (9); in
fact, several TEAS-HVS chimeras pro-
duce mixtures of the natural reaction
products 5-epi-aristolochene and vetispi-
radiene (10).

In order to better understand terpene
cyclase mechanisms, we have determined
X-ray crystal structures at 2.2 to 2.8 A
resolution of TEAS alone and in complex-
es with two different substrate analogs.
Recombinant TEAS was expressed in Es-
chericia coli, purified and crystallized (11).
We determined the initial structure for a
TEAS-HVS chimeric cyclase (CH3) (10)
by multiple isomorphous replacement with
anomalous scattering (MIRAS) with data
to 2.8 A resolution (Table 1). After den-
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epi-aristolochene vetispiradiene

b

TEAS HVS

farnesyl diphosphate (FPP)

Fig. 1. (A) Reactions catalyzed by TEAS and HVS.
(B) Schematic view of the TEAS-farnesyl hydroxy-
phosphonate (FHP) complex. Blue rods represent
a-helices in the NH,-terminal domain; orange
rods represent a-helices in the COOH-terminal
domain. Loop regions shown in green are disor-
dered in the native TEAS structure. The NH,-ter-
minal domain forms a twisted a-barrel made up of
eight short (10 to 15 residues) helices surrounding
a surface cavity filled by ordered water molecules.
The COOH-terminal domain consists of a two lay-
ered barrel of a-helices surrounding a hydropho-
bic and aromatic-rich active site pocket. Helix H is
disrupted between segments H1 and H2 by
Pro*3°, but its interhelical packing with helix G is
accommodated by a corresponding kink in helix G
between G1 and G2 (residues 400 to 404). Within
this kink, hydrogen bonds between the hydroxyl
group of Thr4®! and the carbonyl oxygen of resi-
due 398, and between the hydroxyl group of
Thr492 and the carbonyl oxygen of residue 399
disrupt the main chain intrahelical hydrogen bond-
ing of helix G. Naming of helices in the COOH-

sity modification, a nearly complete CH3
model was built and refined against the
CHB3 diffraction data to 2.8 A. This model
was then used for construction of the ini-
tial TEAS model with diffraction data for
native TEAS crystals extending to 2.25 A
(Table 1). The TEAS model was refined
to an R factor of 19.9% with good stereo-
chemistry (12).

TEAS consists entirely of a-helices and
short connecting loops and turns, and is
organized into two structural domains
(Fig. 1B). The backbone of the NH,-ter-
minal domain (residues 36 to 230) aligns
structurally with the catalytic cores of two
glycosyl hydrolases: glucoamylase (PDB
code 3GLY) from Aspergillus awamori (13),
and endoglucanase CelD (PDB code
1CLC) from Clostridium thermocellum.
(14). The function of this domain in

A-C loop

terminal domain corresponds to the convention used for FPP synthase (FPS) (75). (C) Surface electro-
static representation of the hydrophobic active site pocket of TEAS in the closed, FHP-bound structure.
The surface is colored by electrostatic potential, with blue corresponding to paositive, red to negative,
and white to neutral regions. FHP is shown in stick representation with carbons in green. Panel (B) was
generated with RIBBONS (24) and panel (C) was prepared with GRASP (24).
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TEAS is unknown. The COOH-terminal
domain aligns structurally with avian FPP
synthase (FPS), despite their lack of se-
quence similarity (15).

The enzyme active site was identified
in the hydrophobic pocket of the COOH-
terminal domain by the location of two
Mg?* coordination sites at its opening, by
the location of bound substrate analogs,
and by comparison of the structure with
the published FPS structures (15). Two
Mg?* ions are coordinated on opposite
sides of the entrance to the active site
pocket in positions analogous to those in
FPS, and constitute a diphosphate binding
site. Asp®®! coordinates Mg,** in the na-
tive TEAS structure, and the side chain
carboxyl of Glu*>”® provides a longer range
interaction. Asp>® provides an additional
coordination bond in the enzyme with
substrate analogs bound. Asp*°' and
Asp®® are part of a -DDXXD- sequence
found in terpene cyclases and were previ-
ously assumed to constitute a binding site
for the required divalent metal (16).
Asp*®! directly contacts Mg,2", whereas
Asp®*? demonstrates no direct metal coor-
dination. The side chains of Asp*,
Thr*#8, Glu**?, and one water molecule
coordinate Mg, 2*. In the native TEAS
structure the A-C and ]-K loops and the
residues NH,-terminal of residue 36 are
disordered (Fig. 1B). Given their location
near the entrance to the active site pock-
et, the flexibility of these regions results in
an open active site that displays a number
of solvent accessible hydrophobic residues
poised to bind - the hydrophobic farnesyl
chain of FPP.

In order to pinpoint the contributions
of particular side chains to substrate and
product specificity and to elucidate the
stereochemical control exerted by TEAS
during farnesyl cyclization, we examined
the complexes between TEAS and two
FPP analogs: a farnesyl hydroxyphospho-
nate (FHP), and a trifluoro-farnesyl
diphosphate (F;-FPP). Complexes with
each were obtained both by incubation of
TEAS with analog prior to crystallization
and by soaking native crystals in solutions
containing the analogs.

The native TEAS model, lacking the
J-K loop and the residues NH,-terminal of
residue 36, was refined against data from
the TEAS-FHP complex (17). Difference
electron density maps calculated with
phases derived from this partial model re-
vealed new electron density for FHP, and
the previously disordered NH,-terminal
segment, A-C loop, and J-K loop (Fig. 2,
top panel). The ordering of these loops
upon FHP binding results in a closed,
solvent-inaccessible active site pocket, as
expected for binding the hydrophobic sub-
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strate and for protecting reactive carbo-
cation intermediates from attack by water
(Fig. 1C). As the J-K loop (residues 521 to
534) becomes ordered, it forms a lid that
clamps down over the active site entrance
in the presence of FHP. This clamp places
Tyr>?7 next to Trp??, forming an extend-
ed aromatic box deep within the active
site pocket. The A-C loop, which contains
Arg®®* and Arg?®, translates inward to-
ward the active site on FHP binding, po-
sitioning the side chain of Arg?®* in close
proximity to the C1 hydroxyl group of
FHP. Arg®® hydrogen bonds with residues
on both the J-K loop and the NH,-termi-
nal segment in the FHP complex. Both
Arg*® and Arg?®® are conserved among
many terpene cyclases. On FHP binding, a
third Mg?" site, designated Mg *™, forms.
The single phosphonate group of FHP binds
between Mg ** and Mg ?*. Much of the
FHP farnesyl tail exhibits strong electron
density as it extends back into the hydropho-
bic active site.

In the TEAS-F;-FPP complex (18), we
observe a well-ordered diphosphate binding
pocket; the A-C loop and the NH,-termi-
nal segment exhibit well-defined electron
density, the A-C loop translates toward the
active site, and there is strong electron den-
sity for the F5-FPP diphosphate moiety. The

Table 1. Data collection, structure determination, and refinement. Diffrac-
tion data for chimeric and derivative crystals were collected on a Mac-
Science imaging plate detector DIP2020K (MacScience Corp.) with double
focusing Pt/Ni coated mirrors and CuKa x-rays. All other data sets were
collected at the Stanford Synchrotron Radiation Laboratory, beamline 7-1
(A = 1.08 A) on a MAR imaging plate system. Crystals were stabilized by
soaking in synthetic mothor liquor containing 20% ethylene glycol, and
subsequently frozen in a 100 K nitrcgen gas stream. Data sets were

hydrophobic pocket, however, remains flex-
ible; the J-K loop and the F;-FPP farnesyl
chain are disordered (Fig. 2, bottom panel).

The positions of the two analogs in the
TEAS active site suggest a binding mode for
the natural substrate FPP that is consistent
with the known product specificity of
TEAS. Both the phosphonate of FHP and
the B-phosphate of F;-FPP reside in nearly
identical positions between Mg, ?" and
Mg ?"; the C1 hydroxyl of FHP also lies
near the position of the a-phosphate of
F;-FPP, near Mg ?*. Utilizing these struc-
tural constraints, we modeled the binding
mode for FPP (Fig. 3A). This model of
TEAS complexed with its natural substrate
defines our proposed catalytic mechanisms
for 5-epi-aristolochene biosynthesis in
TEAS, and vetispiradiene biosynthesis in
the related enzyme HVS, that are consis-
tent with the cyclization pathways proposed
on the basis of biochemical data (9).

In our proposed mechanism, as diphos-
phate is generated (Fig. 3A), its additional
negative charge would be offset by interac-
tions with the three Mg> ™ ions, Arg?*, and
Arg*!. This concentrated region of positive
charge may serve to direct the diphosphate
away from the hydrophobic pocket where a
number of highly reactive carbocations
form throughout the reaction. The released

diphosphate, if not constrained, would like-
ly capture the newly formed allylic carbo-
cation at Cl or C3, thereby regenerating
FPP (C1 attack) or its tertiary allylic isomer
nerolidyl diphosphate (C3 attack). The al-
lylic carbocation of the intermediate is po-
sitioned near the main chain carbonyl oxy-
gens of residues 401 and 402 at the kink in
helix G. These carbonyls are not involved
in hydrogen bonding within the helix; in-
stead, their dipole moments are directed
toward the positive charge delocalized over
Cl1, C2, and C3. Movement of the allylic
carbocation deeper into the active site
would improve this dipolar stabilization by
positioning the carbocation closer to the
peptide carbonyls of residues 401 and 402 as
well as closer to the dipole of Thr*® hy-
droxyl group (Fig. 3B). Just as the Mg?™ and
arginines directed the diphosphate away
from the active site, these dipoles would
direct the cationic end of the farnesyl chain
into the hydrophobic active site, poised for
attack on C10.

Once C1 has been positioned near the
7 orbitals of the C10-C11 bond, electro-
philic artack at C10 would create a C1-
C10 bond and a tertiary carbocation on
C11 (Fig. 3C). The quadrupole of Tyr>%7
is nicely positioned to stabilize the posi-
tive charge on Cl1. In turn, the newly

processed with DENZO (25) and scaled with SCALEPACK (25). The struc-
ture was solved by MIRAS; heavy atom sites were located with difference
Patterson and difference Fourier maps. Sites were refined and initial phas-
es were calculated with ML-PHARE (26), giving a figure of merit of 0,39.
This initial phase set was improved and the phases extended to 2.8 A by
solvent flattening and histogram matching with the program DM (27),
assuming a solvent content of 65%. All models were constructed with
program O (28) and refined with XPLOR (29).

Data collection statistics

, Reflections Data completeness (%) RemT (%) (/o) . . Anomalous
Crystal Res%itlon measured ik S(%a)s Pgevlvsg;g phasing
(N) Al Outer Al Quter Al Quter P powert
shell shell shell
CH3 2.8 121,533 97.7 98.5 11.0 46.3 7 4
K,PtCl, 3.0 60,109 56.2 60.5 8.0 4.2 9 2 5 0.88 0.25
CH,HgCI 3.5 43,166 89.0 88.0 10.3 41.6 7 2 3 1.10 0.27
Lu (acetate), 3.5 18,493 58.3 59.0 15.4 43.9 5 2 1 0.71
TEAS 2.25 272,509 952 96.7 6.3 27.5 11 6
FHP 2.8 136,072 98.3 96.3 18.7 531 5 2
F,-FPP 2.15 268,076 91.5 70.3 7.6 46.9 8 3
Refinement statistics
Structure Resolution range R factor§ oo d Bond lengths Bond angles
A) (all data, %) (all data, %) (rmsd,®) (rmsd,®)
TEAS 20-2.25 19.9 24,2 0.005 1.21
FHP 100-2.8 23.4 28.1 0.011 1.29
F,-FPP 40-2.25 25.0 204 0.019 1.42

*Figure of merit = [ P(d) exp(id)dd / [ P(d)dd where P is the probability distribution of &, the phase angle.

of reflection h for its symmetry and Friedel equivalents.

and Fp,(+) and F,(—) are observed amplitudes for Bijvoet pairs in heavy atom derivatives.

and calculated structure factors, respectively. R,
calculated with no sigma cutoff.

free
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TReym = 2 Iy — U1/ 2y f, where (1)) is the average intensity

FRouiie = ClFen = Fol = Fagaie / (& [Fpn = Fp |); phasing power = S |Fyaiql/ Zll1Fpl 8P (i99) + Fiael — IFenlls
anomalous phasing power = 3 |F,()| / 2 [[Far(+) = Fau(—)] = 2F,ica0Sinde | where Fyy .., is the calculated heavy atom structure factor, || and |Fp,| are the observed
amplitudes for the protein and heavy atom derivatives respectively, ¢¢is the experimental phase, F,() is the imaginary component of the calculated heavy atom structure factor,

§R factor = (2|F s = Foach / 2 (Fops) Where Fuy o
is calculated in an analogous manner for 5% of the data that has never been used for refinement. Both values were

and F__,. are the observed

calc
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formed carbocation at C11 will substan-
tially increase the acidity of the C12 and
C13 methyl protons. As modeled, the car-

boxyl group of Asp®?® would abstract a

proton from C13 (cis methyl group) lead-
ing to the formation of a neutral germa-
crene intermediate (Fig. 3D).
Subsequently, the reaction requires pro-
ton addition at C6. In the closed conforma-
tion observed in the TEAS-FHP complex,
an Asp**.Tyr’?°-Asp°® triad organizes on
the interior surface of the active site as the
J/K loop, containing Tyr’*® and Asp®?®,
clamps over the active site. A carboxyl
oxygen from each Asp side chain is within
hydrogen bonding distance of Tyr>2%s hy-
droxyl group (Fig. 2, top panel). In the
proposed TEAS-germacrene complex, the
Tyr>%° hydroxyl group also resides near C6
of germacrene (Fig. 3D). In our proposed
reaction scheme, the carboxyl group of
Asp** would remove the hydroxyl proton
from Tyr*2°. At the same time, the phenol-
ic oxygen at Tyr>?° would accept a proton
from Asp®%®. Tyr°%° then could donate this
newly positioned proton to the double bond
of germacrene at C6 (Fig. 3E). In a concert-
ed fashion, Tyr>2® would re-accept the pro-
ton currently on the Asp*** carboxyl group.
Concomitant with the C6 protonation by
Tyr>%°, germacrene would undergo a second

Farnesyl Hydroxyphosphonate
C440

ring closure as the  orbitals on C2 and C7
line up for the formation of the C2-C7
sigma bond. The resulting bicyclic eudes-
mane carbocation intermediate (Fig. 3F)
with the positive charge on C3 would be
stabilized by the summed dipoles of the
main chain carbonyls of residues 401 and
402 and the Thr**® hydroxyl group.

In order to ensure either 5-epi-aris-
tolochene (TEAS) or vetispiradiene (HVS)
synthesis, both enzymes subsequently sta-
bilize a carbocation centered on C7. In
both cases, the C2 hydride first migrates to
the planar C3 carbocation along the top of
the bicyclic ring system leaving a tertiary
carbocation with planar geometry at C2
(Fig. 3F). C7 abuts the aromatic face of
Trp?™, and stabilization afforded by this
aromatic quadrupole would selectively po-
sition the electrophilic center at C7.
Shifting the carbocation to C7 from C2
occurs via two different routes that distin-
guish the TEAS catalyzed synthesis of 5-
epi-aristolochene (Fig. 3, G, to],) and the
HVS catalyzed synthesis of vetispiradiene
(Fig. 3, G, to L,). In TEAS, the eudes-
mane carbocation intermediate with the
positive charge centered at C2 would exist
in a conformation that orients the C7-
C14 sigma bond parallel to the empty p
orbital on C2. This conformer would fa-

Farnesyl Hydroxyphosphonate

Y520
w273 a‘

Trifluoro-faresyl
pyrophnaphm

wz'ra ‘ “"‘"

czm By "

Fig. 2. Stereo views of the TEAS active site. Blue dashed lines are hydrogen bonds; green dashed lines
are coordination bonds. The top panel illustrates the TEAS-FHP complex. FHP is emphasized with dark
gray bonds. The lower panel illustrates the TEAS-F,FPP complex. The diphosphate moiety is empha-
sized with dark bonds. The rest of the F;-FPP molecule, which exhibits weak electron density, is
indicated with dashed bonds. Figure was prepared with MOLSCRIPT (24) and RASTERS3D (24).
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cilitate the migration of the C14 methyl
group from C7 to C2 (Fig. 3G,). The
conformation of the resulting carbocation
with a positive charge positioned on C7
directs a proton on C8 toward the indole
ring of Trp??3. The presence of the carbo-
cation center on C7 greatly increases the
acidity of the proton at C8 which may
now be removed by Trp?” (Fig. 3H,),
giving rise to a positive arenium ion
(TrpH™* at residue 273) and the final re-
action product, 5-epi-aristolochene (Fig.
3L).

In vetispiradiene synthesis by HVS, an
energetically allowed 60° rotation around
the C2-C7 bond of the eudesmane carbo-
cation intermediate with the positive
charge centered on C2 would result in a
conformation in which the C7-C8 bond is
now parallel to the empty p orbital of C2
(Fig. 3G,). In this conformation, the
methylene group C8 migrates from C7 to
C2, resulting in the collapse of the origi-
nal six-membered ring to a five-membered
ring. The resulting carbocation intermedi-
ate directs a proton of C6 toward the
indole ring of Trp?*”. As described for
TEAS, the greatly enhanced acidity of this
proton could allow facile deprotonation by
Trp?™ (Fig. 3H,), giving rise to a positive
arenium ion (TrpH*residue 273), and the
reaction product vetispiradiene (Fig. 31,).
In both enzymes, the active site would
again become solvent-accessible following
product dissociation as the A-C and J-K
loops and residues at the NH,-terminus
become mobile. The TrpH™ cation would
then lose a proton to the surrounding
aqueous environment.

Trp?™ is postulated to act as a proton
acceptor during the final deprotonation
step for two reasons. First, the size and
positioning of the indole ring allows it to
accept an acidic proton from either C8
(Fig. 3H,) or C6 (Fig. 3H,) as would be
required in the chimeric TEAS or HVS
enzymes that catalyze the synthesis of both
5-epi-aristolochene and vetispiradiene
(10). No other proton acceptors are posi-
tioned to abstract a proton from C6 or C8
without a substantial reorientation of one
or more of the cyclic intermediates. Mu-
tation of Trp*? to either nonaromatic or
aromatic residues results in cessation of
epi-aristolochene or vetispiradiene syn-
thesis (19). Second, the greatly reduced
nucleophilicity of the indole ring, com-
pared to general bases such as histidine,
aspartate; or glutamate, greatly diminishes
the likelihood of inadvertent enzyme al-
kylation by the highly reactive carboca-
tion intermediate. While the enzymatic
roles proposed here for Trp?’? are novel,
there is chemical precedence for both qua-
drupole mediated cation interactions (20)
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and for electrophilic aromatic substitu-
tions in indole ring systems (21). In the
solvent shielded active site of TEAS or
HVS, the arenium cation formed upon
protonation of the indole ring of Trp?”3
would be more energetically stable than
the eudesmane carbocations, due to the
presence of the nitrogen atom and the
extended conjugation of the indole ring.

Modeling the structure of HVS based
on our crystallographic model of TEAS
suggests that the residues which directly
line the active site are conserved between
the two enzymes; product selectivity,

therefore, likely derives from the amino
acid differences in layers surrounding the
active site. This pattern of conservation
suggests that the catalytic residues re-
quired to form the two products are the
same, and that specificity depends on hav-
ing a particular active site conformation
determined by the surrounding layers.
This model is consistent with the obser-
vation that TEAS and HVS chimeric en-
zymes can produce mixtures of 5-epi-aris-
tolochene and vetispiradiene. These mul-
tiproduct chimeric enzymes, in which the
active site topology is influenced by a

D525

Y520

Al .
“}‘.‘:‘/
D444 \x D525

14 F Eudesmane

Y520

Vetispiradiene

Fig. 3. Proposed catalytic mechanisms of TEAS and HVS based on the TEAS crystal structures. (A)
through (F) are reaction steps common to both TEAS and HVS. (G,) through (l,) are specific to TEAS,
and (G) through (l,) are specific to HVS. Carbocations are yellow, protons are light blue, and aromatic
quadrupoles are indicated with purple lines. intermediate structures are numbered according to the
acyclic precursor, FPP (A). Figure was generated with Chem3D (CambridgeSoft).
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combination of interactions from the two
wild-type enzymes, still catalyze terpene
cyclization, but have lost the ability to
select a single conformation of the eudes-
mane intermediate that would give rise to
a single product.

Sequence alignments between TEAS
and other plant cyclases viewed in the
context of the TEAS structure suggest
that all plant cyclases share similar three-
dimensional structures. For example, the
large sequence insertions in taxadiene syn-
thase (TS) (22) with respect to TEAS
occur at the NH,-terminus, or within sol-
vent exposed loops in the NH,-terminal
domain. TS converts geranylgeranyl
diphosphate to the tricyclic taxol precur-
sor, taxadiene. Modeling the TS structure
on the basis of the three-dimensional fold
of TEAS suggests that the TS active site is
more spacious than that of TEAS, consis-
tent with the larger substrate of TS. The
TS active site is also rich in aromatic
residues, including Phe®? (Leu?*® in
TEAS), Trp?>? (Cys**° in TEAS), Phe®’
(Thr’'® in TEAS), and Tyr®*! (Tyr*?’ in
TEAS). Given the likely involvement of
aromatic quadrupoles in carbocation sta-
bilization, this extensive aromatic surface
may reflect the greater spatial distribution
of carbocations on various intermediates
in the proposed TS reaction mechanism
(23). In closing, the high resolution struc-
tures and comparative models that we de-
scribe provide a structural foundation for
efforts to create novel terpene cyclases.
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Crystal Structure of Pentalenene Synthase:
Mechanistic Insights on Terpenoid Cyclization
Reactions in Biology

Charles A. Lesburg, Guangzhi Zhai, David E. Cane,
David W. Christianson*

The crystal structure of pentalenene synthase at 2.6 angstrom resolution reveals critical
active site features responsible for the cyclization of farnesyl diphosphate into the tricyclic
hydrocarbon pentalenene. Metal-triggered substrate ionization initiates catalysis, and the
a-barrel active site serves as a template to channel and stabilize the conformations of
reactive carbocation intermediates through a complex cyclization cascade. The core active
site structure of the enzyme may be preserved among the greater family of terpenoid
synthases, possibly implying divergence from a common ancestral synthase to satisfy
biological requirements for increasingly diverse natural products.

Sesquiterpenes comprise a group of natural
products secreted by marine and terrestrial
plants, fungi, and certain microorganisms.

The structural diversity and stereochemical |

complexity of the C,;-isoprenoid skeletons
of these metabolites are remarkable. Indeed,
of the more than 300 cyclic sesquiterpenes
that have been characterized to date, each is
derived from a common acyclic precursor,
farnesyl diphosphate (1), in a reaction cata-
lyzed by a sesquiterpene cyclase (2). Many
cyclic sesquiterpenes exhibit useful medici-
nal properties and have been essential com-
ponents of the pharmacopoeia since times of
antiquity. For example, the sesquiterpenes
furanoeudesma-1,3-diene and curzarene are
responsible for the analgesic effects of myrrh
by interacting with brain opioid receptors,
thereby explaining the prescription of myrrh

Fig. 1. Ribbon plot (25) of pentalenene synthase.
The mouth of the active site cavity opens toward
the top of the figure, and the aspartate-rich seg-
ment beginning with Asp® is red. The dotted line
is the disordered Phe'%8-Asp'®4 loop, and the
Cys'28-Cys'36 disulfide linkage is yellow.

for use as a pain killer by Pliny the Elder,
Hippocrates, and their predecessors (3).

In addition to the 15-carbon sesquiter-
penes, the greater family of terpenoids in-
cludes the 10-carbon monoterpenes derived
from geranyl diphosphate, the 20-carbon
diterpenes derived from geranylgeranyl
diphosphate, the 25-carbon sesterterpenes
derived from geranylfarnesyl diphosphate,
and the 30-carbon triterpenes (sterols) de-
rived from two farnesyl diphosphate mole-
cules. Terpenoid cyclases (also known as
terpenoid synthases) perform critical bio-
synthetic tasks in metabolic pathways as
diverse as cholesterol biosynthesis in mam-

Fig. 2. Ribbon plot (25) of famesyl diphosphate
synthase (8) (PDB accession code 1FPS). The core
terpenoid synthase structure shared with pen-
talenene synthase is blue; the two aspartate-rich
segments [beginning with Asp?57 (left) and Asp''”
{right)] are red. The Asp''” segment of farnesyl
diphosphate synthase aligns with the Asp® seg-
ment of pentalenene synthase (Fig. 1). Both sub-
strates of this enzyme, isopentenyl diphosphate
and dimethylallyl diphosphate, are believed to bind
to the two aspartate-rich segments through bridg-
ing magnesium ions.
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