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The x-ray crystal structure of recombinant trichodiene synthase
from Fusarium sporotrichioides has been determined to 2.5-A
resolution, both unliganded and complexed with inorganic pyro-
phosphate. This reaction product coordinates to three Mg2* ions
near the mouth of the active site cleft. A comparison of the
liganded and unliganded structures reveals a ligand-induced con-
formational change that closes the mouth of the active site cleft.
Binding of the substrate farnesyl diphosphate similarly may trigger
this conformational change, which would facilitate catalysis by
protecting reactive carbocationic intermediates in the cyclization
cascade. Trichodiene synthase also shares significant structural
similarity with other sesquiterpene synthases despite a lack
of significant sequence identity. This similarity indicates diver-
gence from a common ancestor early in the evolution of terpene
biosynthesis.

Sesquiterpene synthases (also known as terpenoid cyclases)
catalyze the conversion of a universal substrate, farnesyl
diphosphate, into more than 300 known terpene cyclization
products with different structures and stereochemistries (1-5). It
is striking that such broad product diversity is achieved by a
structurally homologous group of enzymes, each of which typ-
ically has evolved to catalyze a single cyclization reaction with
exquisite structural and stereochemical precision. Some cyclases,
however, exhibit more relaxed precision (6-10). Facile mutation
and evolution of terpenoid cyclases represents an effective
strategy to maximize product diversity in terpenoid biosynthesis.

All sesquiterpene synthases characterized to date are soluble
proteins with monomer M, = 40-60 kDa and require divalent
metal cations, usually Mg?* and sometimes Mn?*, as cofactors
for catalysis. Most but not all sesquiterpene synthases are active
as monomers. Metal ion(s) bind to the so-called aspartate-rich
motif DDXX(D,E), that is found in all known terpene cyclase
amino acid sequences (4, 5, 11). The x-ray crystal structures of
three cyclases have been solved to date: pentalenene synthase
from Streptomyces UC5319 (12), S-epi-aristolochene synthase
from Nicotiana tabacum (13), and aristolochene synthase from
Penicillium roqueforti (14). Despite a lack of significant overall
sequence identity, these enzymes all share the “terpenoid syn-
thase fold” (12), which is also shared by avian farnesyl diphos-
phate synthase (15) and human squalene synthase (16). Struc-
tural similarity maintained in the face of broad synthetic diversity
indicates divergence from a common ancestor early in the
evolution of terpene biosynthesis. Interestingly, two evolution-
arily distinct folds are observed in other terpene biosynthetic
enzymes: an unrelated a-helical fold exhibited by squalene-
hopene cyclase (4) and an «/B fold exhibited by undecaprenyl
diphosphate synthase (17).

Trichodiene synthase is a sesquiterpene cyclase that catalyzes
the formation of trichodiene in the biosynthesis of antibiotics and
mycotoxins (refs. 3 and 18; Fig. 1). We now report x-ray crystal
structures of recombinant trichodiene synthase from Fusarium
sporotrichioides (19) and its complex with pyrophosphate. These
structures reveal an unusual dimeric terpenoid cyclase that
undergoes a substrate-induced conformational change to trigger
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Fig. 1.  Cyclization of farnesyl diphosphate to trichodiene is the first com-
mitted step in the biosynthesis of nearly 100 different trichothecene toxins
and antibiotics produced by as many as 10 genera of fungi, of which T-2 toxin
in F. sporotrichioides is an example. OPP, diphosphate.

the cyclization cascade. Additionally, these structures provide a
foundation for understanding the results of numerous enzyme
mechanistic and site-directed mutagenesis experiments (20-24).

Materials and Methods

Crystal Structure Determination. Trichodiene synthase was puri-
fied as described (20), omitting the initial ammonium sul-
fate precipitation step. Additionally, after anion exchange
chromatography, the enzyme was loaded onto a methyl-HIC
column (Bio-Rad) equilibrated with 10 mM Tris, pH 7.8, 5 mM
MgCl,, 5 mM B-mercaptoethanol, 15% glycerol, and 1.5 M
ammonium sulfate. The enzyme was eluted with a step gra-
dient of 1 M ammonium sulfate for 2 column volumes and
applied to a Superdex 200 column (Amersham Pharmacia
Biotech) equilibrated with 10 mM Tris, pH 7.8, 5 mM MgCl,,
and 5 mM B-mercaptoethanol. Crystals were grown from
hanging drops of 4 ul of enzyme (20 mg/ml) and 2 pl of
precipitant buffer (0.1 M Hepes, pH 6.9, 50 mM CacCl,, and
6-10% (wt/vol) polyethylene glycol 8,000) equilibrated over a
reservoir of 0.5 ml of precipitant buffer. Crystals appeared
within a week, grew to 0.5 X 0.5 X 0.30mm, and belonrged to
space group P3;21 (a = b = 1222 A, ¢ = 151.2 A; two
molecules in the asymmetric unit, solvent content = 66%).
For derivatization, crystals were transferred to a solution of
0.1 M Hepes, pH 6.9, 10% polyethylene glycol 8,000, and 0.2 mM
lead acetate for 2 h. For cryoprotection, the crystals were
transferred gradually to a buffer containing 0.1 M Hepes, pH 6.9,
10% polyethylene glycol 8,000, and 25% glycerol or ethylene
glycol. Initial x-ray diffraction data sets used to generate initial
electron density maps (native-1 and lead acetate) were collected
at the Stanford Linear Accelerator Center (beamline 7-1). A
2.5-A resolution data set (native-2) was collected at the Ad-
vanced Photon Source (Structural Biology Center-Collaborative
Access Team). Crystals of the trichodiene synthase-pyrophos-
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Table 1. Data collection statistics

Figure of merit,®

2.8 A,
Reflections, Completeness %, Rmerge,* before/after
measured/ overall/outer overall/ Number Phasing density
Data set Resolution, A unique shell outer shell Risot of sites power* modification
Native-1 2.7 266462/36943 99.5 (99.7) 0.047 (0.335)
Native-2 2.5 386732/45629 99.1 (94.5) 0.069 (0.310)
Lead acetate 2.7 237535/36235 99.6 (100.0) 0.061 (0.305) 0.217 4 1.11 0.33/0.74
Diphosphate 2.5 193928/46785 98.1 (99.6) 0.069 (0.306)

*Rmerge = 2|l — (D|/21, where [ is the observed intensity and (/) is the average intensity for replicate data.

*Riso = 2(Feul — |Fp)/2 |Fpl, where |Fpn| and |Fp| are the structure factor amplitudes of the derivative and native data sets, respectively.
*Phasing power = (Fu)/E, where (Fy) is the root mean square heavy atom structure factor, and E is the residual lack of closure.

SFigure of merit = 3(cos Aa;)/n, where Ag; is the error in the phase angle for reflection j, and n is the number of reflections.

phate complex were prepared by soaking in a solution of 0.1 M
Hepes, pH 6.9, 10% polyethylene glycol 8,000, 1 mM MgCl,, and
2 mM sodium pyrophosphate for 2 h. Crystals were isomorphous
with those of the native enzyme, and data were collected at
the National Synchrotron Light Source (beamline X12C). All
data were scaled and integrated by using the programs DENZO
and SCALEPACK (25). Data collection statistics are reported in
Table 1.

Initial phases were calculated by single isomorphous replace-
ment with anomalous scattering using two lead sites per mono-
mer. Heavy atom positions were refined with MLPHARE (26), and
density modification was performed with DM (26, 27). Each
polypeptide chain and ordered solvent molecules were fit into
the resulting electron density maps with 0 (28) and then refined
against all data with cNs (29). The C termini (R355-E374) are
disordered in both monomers, and the N terminus (M1-F4) of
monomer B is disordered, thus these residues are excluded from
the final model. Strict noncrystallographic symmetry constraints
were used initially and relaxed into appropriately weighted
restraints as guided by Rgree. The noncrystallographic symmetry
axis is the dyad axis of the dimer. The final model has excellent
geometry with 92 and 8% of residues adopting most favored and
additionally allowed conformations, respectively.

The structure of the trichodiene synthase-pyrophosphate
complex was solved by difference Fourier methods using the
unliganded structure as a starting point. Monomer B exhibited
clear electron density for three Mg?* ions and one pyrophos-
phate molecule; monomer A did not, possibly because of an
active site partially blocked by crystal lattice interactions. In
refinement, noncrystallographic symmetry restraints were not
applied to polypeptide segments exhibiting pyrophosphate-
induced conformational changes (residues 1-29, 99-105, 229-
242, and 300-335). Final refinement statistics are recorded in
Table 2.

Modeling. Farnesyl diphosphate, intermediate carbocation, and
trichodiene structures were generated with MACROMODEL (30),
and a Monte Carlo conformational search yielded minimum
energy conformations for each. The search was constrained to
conformations that would support the reaction coordinates of
C-C bond formation previously determined for trichodiene
biosynthesis. For example, the C1 and C6 atoms of farnesyl
diphosphate, which form a six-membered ring in the first elec-
trophilic cyclization, were constrained to a separation of 3.5 A.
The resulting structures were docked manually into the active
site by using 0. Finally, 30 cycles of rigid body and 200 cycles of
conjugate gradient energy minimization with CNS optimized the
structure of each enzyme-ligand model. In energy minimiza-
tions, pyrophosphate, Mg* ions, and associated water molecules
were fixed, and a harmonic restraint of 10 kcal'mol~!*A~2 was
applied to the carbon portions of the substrate or intermediate.
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Nonbonded interactions in the crystal lattice were included in
the minimization, but no other constraints were applied to the
protein atoms. Changes of as much as 0.5 A were noted in the
side chain positions of D100, D101, K232, D236, Y295, and Y305
after energy minimizations, but no changes in backbone posi-
tions were observed.

Results and Discussion

Structure of Native Trichodiene Synthase. The trichodiene synthase
structure is formed by 17 a-helices (Fig. 24), six of which (C, D,
G, H, I, and J) define a conical and hydrophobic active site cleft.
The aspartate-rich motif starting at residue 100, DDSKD, is
located at the C-terminal end of helix D (Fig. 24). Mutagenesis
studies demonstrate that D100 and D101 are important for
catalytic activity (21). On the opposite wall of the active site
cavity, at the C-terminal end of helix J, is the “basic motif”
starting at residue 302, DRRYR (Fig. 24). Mutagenesis studies
of R304, Y305, and R306 in this motif similarly indicate impor-
tance for catalysis (20).

Native and recombinant trichodiene synthases are ho-
modimers (19), and the dimeric quaternary structure shown in
Fig. 2B is the first observed for a terpenoid cyclase. Farnesyl
diphosphate synthase is also a homodimer (15), but the dimer
interface differs substantially from that observed in trichodiene
synthase. Moreover, active sites are oriented in a parallel fashion
in the farnesyl diphosphate synthase dimer and in an antiparallel
fashion in the trichodiene synthase dimer. Additionally, the
dimer interface in trichodiene synthase does not overlap with the
domain-domain interface between the N-terminal domain and

Table 2. Refinement statistics

Structure Native Diphosphate
Protein atoms 5,846 5,882
Solvent atoms 283 310
Ligand atoms 0 12
Resolution range, A 30-2.5 25-2.5
Data cutoff, o 0 0
No. of reflections, work/free 37,480/3,196 38,849/3,333
R/Riree 0.218/0.250 0.220/0.257
Rms deviations
Bonds, A 0.007 0.012
Angles, ° 1.2 1.4
Dihedrals, ° 18.6 19.5
Impropers, ° 0.7 0.9
Average B factors, A2 (rms deviation)
Main chain 43.9 (1.2) 34.2 (1.0)
Side chain 45,5 (1.7) 35.6 (1.7)
Ligand — 50.4
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Fig. 2. (A) Stereoplot of the trichodiene synthase monomer. The aspartate-rich motif beginning at residue 100 (DDSKD) on the upper wall of the active site
is magenta, and the second metal-binding motif starting at residue 223 (WVNDLMSFYKE) is orange. The basic motif beginning at residue 302 (DRRYR) is yellow.
Helical segments are designated by the convention used for farnesyl diphosphate synthase (15) and contain the following residues: 1, 6-19; A, 29-48; B, 50-55;
C,60-77; D, 83-102; D1, 107-110; D2, 113-119; E, 126-139; F, 144-164; G, 177-194; H, 207-233; -1, 243-251; |, 255-277; J, 282-301; K, 307-311; L, 320-336; M,
348-353. (B) Structure of the trichodiene synthase dimer. Important motifs are colored as in A. The figure was generated with moLscripT (37) and rasTER 30 (38, 39).

the cyclase domain in 5-epi-aristolochene synthase (13). The
dimer interface of trichodiene synthase buries a total of 5,300 A2
solvent-exposed surface area (=50% is hydrophobic).
A search using the combinatorial extension protocol (31)
reveals significant structural similarity among the terpenoid
synthases despite only 6-15% sequence identity (Fig. 3). Nota-
bly, all these enzymes use farnesyl diphosphate as either sub-
strate or product, and all these enzymes catalyze chemical
reactions with highly reactive carbocations. Therefore, in diver- Qﬁjv
gent evolution from a common ancestor, this a-fold evolved to r
accommodate different reactions by mutation of the active site Aristolochene Synthase 5-epi-Aristolochene Syntt
contour, i.e., the template for farnesyl diphosphate binding.

Trichodiene Synthase-Diphosphate Complex. The electron density
map of the trichodiene synthase-pyrophosphate complex reveals
three bound Mg?" ions and one molecule of inorganic pyro-
phosphate in monomer B (Fig. 4). Two metal-binding regions are
evident in the active site. First, the carboxylate of D100 (the first
residue of the aspartate-rich motif on helix D) coordinates to

Mg+ and Mg2* ¢ with syn,syn-bidentate geometry. The corre- = @
sponding aspartate also coordinates to Mg?>*4 and Mg?*¢ in fr i e il ="
5-epi-aristolochene synthase (13) and farnesyl diphosphate syn- N

Fi yl Diphosphate Sy Pentalenene Synthase

thase (32) and Sm™ in aristolochene synthase (14). No other
residues in the aspartate-rich motif of trichodiene synthase
participate directly in metal binding.

The second metal-binding region of trichodiene synthase is
comprised of N225, S229, and E233 on helix H, which coordinate
to Mg>*g. The corresponding region is also found in 5-epi-
aristolochene synthase, where D444, T448, and E452 coordinate
to Mg?* (13). These residues are part of a consensus sequence,
V(V.)(N,D)D(L,LLV)Y(S,T), identified in all known monoter-
pene, sesquiterpene, and diterpene synthase sequences (33).

Additionally, crystal structures show that a nearby, highly con- Sl Ohae TR ——
served glutamate completes the Mg?*y binding site (E233 in

trichodiene synthase and E452 in 5-epi-aristolochene synthase). S e S 55 i
PILEUP analysis of a group of 32 monoterpene, sesquiterpene, TS | 39 A (238) | 40A(205) | 32A212) | 33 A(251) | 36 A (192)
and diterpene synthases reveals that this glutamate is part of a FDPS - 3.7A(193) 3.4?(244) 2.9/;\\“59) 3.5?(25)
highly conserved, 11-amino acid consensus sequence, (L,Y)(V, E“?-\SS = = RAaG) ;:2 Ag;; ;:g Aig.f,;
L,A)(N,D)D(L,L,LV)X(S,T)XXXE; residues in bold define a PS 5 = - - 34A091)

complete Mg?"g binding site. The Mg?" ions mediate a complex ] o _ S
network of enzyme-pyrophosphate interactions (Fig. 4B). How- Fig. 3. Stru.cturaI5|m|Iar|ty ofter_pene synthases. Regions of structural similarity
ever, a diphosphate moiety seems to be required for high affinity ~ (e) comprise the core terpenoid synthase fold. At the bottom are the rms
L . . . deviation of C* atoms and the number of structurally similar residues (in paren-
metal bm,dmg,’ because metal bln('ilng is not observed in the theses). The enzymes are trichodiene synthase (TS), farnesyl diphosphate syn-
empty active site of monomer A or in monomers A and Bof the 5 (FDPS, PDB code 1UBW), aristolochene synthase (AS, PDB code 1DI1),

unliganded enzyme. 5-epi-aristolochene synthase (EAS, PDB code 5EAT), pentalenene synthase (PS,
In addition to multiple metal coordination interactions, py-  PDB code 1PS1), and squalene synthase (SQS, PDB code 1EZF). OPP, diphosphate.
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Fig. 4.

(A) Simulated annealing omit map of the trichodiene synthase-pyrophosphate complex generated with the Fourier coefficients |Fops| — |Fcald] and phases
calculated from the final model omitting diphosphate and Mg?2* ions (contoured at 50). Refined atomic coordinates for pyrophosphate, three Mg?* ions (gray
spheres), and coordinated water molecules (red spheres) are superimposed. (B) Hydrogen bond and metal coordination interactions in the trichodiene
synthase-pyrophosphate complex. (C) The diphosphate-triggered conformational change is shown by superposition of a C* trace of the unliganded structure
(cyan) and the liganded structure (yellow), oriented as shown in Fig. 2A. The pyrophosphate molecule (red) is shown for reference. (D) View looking directly into
the active site reveals that D101 breaks a salt link with R62 to form a new salt link with R304. Because R304 also donates a hydrogen bond to pyrophosphate,

this interaction shows how the substrate diphosphate group can trigger a conformational change to cap the active site.

rophosphate also accepts hydrogen bonds from R182 and K232,
as well as R304 and Y305 of the basic motif (Fig. 4B). The N
terminus (M1-P5), helices 1, D, H, J, K, and L, and loops 1-A,
D-D1, H-a-1, J-K, and K-L undergo pyrophosphate-triggered
conformational changes such that their C* positions move by as
much as 6 A (the rms deviation of 349 C* atoms is 1.4 A; Fig. 4C).
These conformational changes are likely triggered by the sub-
strate diphosphate group as well. Intriguingly, after diphosphate
binding D101 breaks a poorly oriented salt link with R62 and
forms a new salt link with R304 (which breaks a hydrogen bond
with T69) that closes the mouth of the active site cleft (Fig. 4D);
accordingly, mutation of R304 or D101 compromises catalytic
activity (20, 21). These conformational changes bring ligand-
binding residues closer together, sequester the active site from
solvent, and likely trigger diphosphate leaving group departure
in catalysis.

Significantly, these ligand-induced conformational changes
differ from those observed in other terpene synthases. Confor-
mational changes in S-epi-aristolochene synthase involve the N
terminus and loops A-C and J-K (rms deviation of 0.4 A for 514
C« atoms; ref. 13), and conformational changes in farnesyl
diphosphate synthase involve loops F-G, H-a-1, and a-2-a-3
(rms deviation of 0.3-0.9 A for 367 C* atoms; ref. 32). That these
synthases use different protein segments to seal their active sites
from solvent during catalysis is intriguing and suggestive of
divergent evolution from a common ancestor.
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Structure-Based Mechanism. By using the structure of the tri-
chodiene synthase-pyrophosphate complex and the mechanism
of trichodiene formation (3, 34-36) as a guide, we have con-
structed a structure-based model of the trichodiene synthase
reaction (Fig. 5). The active site contour is complementary in
shape and hydrophobicity to the energy-minimized model of
farnesyl diphosphate in its productive conformation (Fig. 54 and
B), and substrate ionization is triggered by diphosphate inter-
actions with R304, K232, R182, Y305, and the Mg>" ions
subsequent to active site closure.

Recapture of one of the a-phosphate oxygens by the C3 cation
results in the formation of (3R)-nerolidyl diphosphate (Fig. 5C),
conclusively demonstrated to be an intermediate in the reaction
(24). Free rotation about the C2-C3 bond from the transoid to
the cisoid conformation orients the empty p orbital of C1 in the
derived allylic carbocation toward the C6-C7 = orbital to
facilitate C1-C6 bond formation subsequent to or concomitant
with diphosphate departure. Because the diphosphate moiety
plays an important structural role in active site closure, it likely
remains bound throughout the cyclization cascade. Bound py-
rophosphate also may play an important role in electrostatic
stabilization of positively charged carbocationic intermediates
during catalysis.

The bisabolyl carbocationic intermediate results with a half-
chair cyclohexene conformation (Fig. 5D). The C7 carbocation
could be stabilized by a cation- interaction with the side chain

Rynkiewicz et al.



Fig.5. Model of enzyme-substrate complex showing active site residues (A) and van der Waals surfaces (B) (protein atoms omitted for clarity). The cyclization
cascade proceeds through intermediates nerolidyl diphosphate (C), bisabolyl carbocation (D), and bicyclic carbocation (E) to trichodiene (F). OPP, diphosphate;
PP;, pyrophosphate; B-ENZ, catalytic base. The figure was generated with Grase (40).
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of Y93. The cyclohexene ring can rotate such that the empty p
orbital of C7 is oriented toward the C10-C11 7 orbital. After
C7-C11 bond formation, the resulting bicyclic secondary car-
bocation at C10 could be stabilized through long range electro-
static interactions with both D100 and pyrophosphate. Next,
three carbocation-driven migrations occur. First, the C6-H
migrates to the C10 carbocation through a 1,4-hydride transfer
facilitated by the conformation of the intermediate (Fig. S5E).
The side chain of L97 appears to provide a steric barrier to
potentially competing C12 or C13 methyl migration reactions.
Two 1,2-methyl migrations subsequently occur: the first from C7
to the carbocation at C6 and the second from C11 to the newly
generated carbocation at C7. This second methyl migration is
specific for C13, the migration of which may be kinetically
favored, because it would provide anchimeric assistance to the
departing C7 methyl group; migration of C12 to C7 appears to
be sterically hindered by T96. Finally, the C11 carbocation is
quenched by proton elimination from C12, possibly mediated
either by the carboxylate of D100 or pyrophosphate to yield
trichodiene (Fig. 5F). Although neither aspartate nor pyrophos-
phate is strongly basic, either is sufficiently reactive to abstract
a proton from the extremely acidic trichodiene carbocation (pK,
~ —10). In turn, protonation of either group could disrupt
intermolecular interactions with pyrophosphate, thereby trig-
gering product release.
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Variant trichodiene synthases with amino acid substitutions in
the diphosphate binding site exhibit altered product specificity
(22-24). Changes in the diphosphate position would affect both
the proper positioning of the substrate in the active site as well
as the substrate-induced conformational change. These struc-
tural changes could result in the formation of alternate products
because of incorrect folding of the substrate and/or premature
quenching of the reaction by solvent.

In conclusion, the x-ray crystal structures of dimeric tri-
chodiene synthase and its complex with pyrophosphate allow us
to visualize a putative substrate-induced conformational change
involving different secondary structural elements than those
implicated in two other sesquiterpene synthases: farnesyl diphos-
phate synthase (32) and 5-epi-aristolochene synthase (13). The
trichodiene synthase structures allow us to formulate a structure-
based mechanism that rationalizes a wealth of mutagenesis and
enzymological data (20-24). Future structural studies of site-
specific mutants and enzyme-inhibitor complexes would allow us
to test and clarify the mechanism proposed in Fig. 5.
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