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Abstract
Trichodiene synthase from Fusarium sporotrichioides contains two metal ion-binding motifs
required for the cyclization of farnesyl diphosphate: the “aspartate-rich” motif D100DXX(D/E) that
coordinates to Mg2+

A and Mg2+
C, and the “NSE/DTE” motif N225DXXSXXXE that chelates

Mg2+
B (boldface indicates metal ion ligands). Here, we report steady-state kinetic parameters,

product array analyses, and X-ray crystal structures of trichodiene synthase mutants in which the
fungal NSE motif is progressively converted into a plant-like DDXXTXXXE motif, resulting in a
degradation in both steady-state kinetic parameters and product specificity. Each catalytically active
mutant generates a different distribution of sesquiterpene products, and three newly detected
sesquiterpenes are identified. In addition, the kinetic and structural properties of the Y295F mutant
of trichodiene synthase were found to be similar to those of the wild-type enzyme, thereby ruling out
a proposed role for Y295 in catalysis.
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Sesquiterpene synthases catalyze the metal ion-dependent cyclization of the universal acyclic
substrate, farnesyl diphosphate (FPP), to form one of more than 300 known monocyclic,
bicyclic, or tricyclic hydrocarbon or alcohol products of widely varied structure and
stereochemistry [1–5]. These cyclic products represent branch points in terpenoid biosynthesis.
Further modifications of cyclic sesquiterpenes and diterpenes involving downstream enzymes
such as the cytochrome P450s of Artemisia annua and Taxus brevifolia, or the Fe(II)-α-
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ketoglutarate-dependent hydroxylase PtlH of Streptomyces avermitilis, confer highly useful
properties on these terpenoid templates by forming products with anticancer, antimalarial, and
antibiotic properties [6–8].

The typical FPP cyclization cascade is initiated by the ionization of the allylic diphosphate
moiety, triggered by a complex network of hydrogen bond and metal ion coordination
interactions. Three catalytically obligatory Mg2+ (or Mn2+) ions are required for catalysis [5,
9,10]. These metal ions are coordinated by two conserved signature sequence motifs that
characterize all known terpene cyclases: an aspartate-rich motif, which usually appears as
DDXX(D,E); and the so-called NSE/DTE motif, which usually appears as (N,D)DXX(S,T)
XXX(E,D) (boldface type indicates typical metal ion ligands). Comparison of 54 plant, fungal,
and microbial cyclases reveals that the second metal ion-binding motif is conserved as
NDXXSXXXE in most fungal and microbial enzymes, while it occurs as DDXXTXXXE in
most plant cyclases [11, current studies].

Trichodiene synthase from Fusarium sporotrichioides is an 89 kDa homodimer that catalyzes
the cyclization of FPP to form trichodiene as the major product [10,13] (Fig. 1). This cyclase
contains the aspartate-rich motif D100DSKD (D100 coordinates to Mg2+

A and Mg2+
C; D104

does not coordinate to metal ions in this cyclase) and the NSE/DTE motif N225S229E233 (these
residues chelate Mg2+

B) [14]. Site-directed mutagenesis of the aspartate-rich motif has
established that substitution of glutamate for D100 or D101 decreases the catalytic efficiency
(kcat/KM) of the enzyme 22-fold or 6-fold, respectively, in comparison with the wild-type
enzyme, and decreases the proportion of trichodiene formed with a concomitant increase in
the generation of several additional sesquiterpene coproducts [15]. X-ray crystal structures of
D100E trichodiene synthase and its complex with Mg2+

3-PPi reveal that the diphosphate-
triggered active site closure observed in the wild-type enzyme [14] is highly attenuated in this
mutant, perhaps as a consequence of incomplete metal ion binding (Mg2+

C is not observed)
[16]. Compromised metal ion binding is thus associated with a decrease in both the rate and
the specificity of catalysis.

To date, the dissection of the NSE/DTE-Mg2+
B coordination motif in terpene cyclases by site-

directed mutagenesis has not been accompanied by X-ray crystal structure analysis.
Accordingly, we now report the first exploration of structure-function relationships for this
motif in trichodiene synthase. In particular, we probe the apparent preference for NSE in
microbial and fungal cyclases and DTE in plant cyclases. We also report the structure and
function of the Y295F mutant to test a proposed role for this residue as a general base during
catalysis [16]. Surprisingly, although the wild-type and mutant enzymes generate
predominantly trichodiene, all active enzymes are found to generate up to 16 different
sesquiterpene products, based on gas chromatographic and mass spectrometric (GC/MS)
analysis of product mixtures.

Materials and Methods
Site-directed mutagenesis

Single site-specific mutations were introduced in the wild-type expression vector pZW03,
using Stratagene’s QuikChange Site-Directed Mutagenesis kit. Optimal PCR conditions were
previously described [17]. The plasmid for the N225D/S229T double mutant was generated
by using the N225D plasmid as template.
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Expression, purification, and crystal structure determination of trichodiene synthase
mutants

The plasmid containing the gene encoding each trichodiene synthase variant was transformed
into Escherichia coli BL21 (DE3), overexpressed, purified, and crystallized by the hanging
drop vapor diffusion method as described for wild-type trichodiene synthase [14]. The
complexes between mutant trichodiene synthases and pyrophosphate (PPi) were prepared using
the same crystal soaking protocol used for the preparation of the complex with wild-type
trichodiene synthase [14]. The mutant trichodiene synthases crystallized essentially
isomorphously with the wild-type enzyme (space group P3121, a = b = 122.2 Å, c = 151.2 Å)
[14]. We were unable to grow crystals of S229T trichodiene synthase. Crystals were prepared
for data collection by cryoprotection in 25% ethylene glycol and flash cooling in liquid
nitrogen.

Diffraction data were collected at the Advanced Light Source, Berkeley (beamline 5.0.2),
National Synchrotron Light Source, Brookhaven National Laboratory (beamline X12C) and
Cornell High Energy Synchroton Source (beamline F1). Data were indexed and merged using
the program MOSFLM/Scala [18,19] or HKL2000 [20]. The structures were solved by the
difference Fourier technique. The programs CNS [21] and O [22] were used in refinement and
rebuilding, respectively. Noncrystallographic symmetry constraints were used in the initial
stages of refinement and subsequently relaxed into appropriately weighted restraints as judged
by Rfree as refinement progressed. Molecular models shown in the figures were prepared with
Bobscript version 2.4 or Raster3D version 2.7d [23–25]. Data collection and refinement
statistics are reported in Table 1.

Determination of kinetic parameters of mutant trichodiene synthases
Trichodiene synthase mutants were assayed as previously described [26] in 10 mM Tris (pH
7.8), 5 mM MgCl2, 15 % glycerol, and 5 mM β-mercaptoethanol. Each series of assays was
performed 2–4 times using concentrations of [1-3H]FPP (80–100 mCi/mmol) ranging from
0.025–60 μM. Optimal enzyme concentration was determined by incubating a fixed amount
of radiolabeled substrate with varying concentrations of each mutant enzyme. A concentration
at which the enzyme concentration dependence of product formation was linear, and where
<10 % of substrate was turned over, was used for determination of kinetic parameters. The
mixture was overlaid with 0.75 mL of hexane immediately after addition of enzyme and
incubated for 7–10 min at 27–30 °C. The reaction was quenched by addition of 75 μL of 100
mM EDTA (pH 8.0) and vortexed for 25 s. The mixture was vortexed with an additional 0.75
mL of hexane before extraction of products. Hexane was removed using a Pasteur pipette. The
hexane extract was passed through a silica gel column directly into a scintillation vial
containing 5 mL of scintillation fluid. The aqueous phase was extracted with an additional 2
X 0.75 mL of hexane and passed through the same silica gel column. Finally, the column was
washed with an additional 0.75 mL hexane. The scintillation counts were measured using a
Beckman scintillation counter.

Alternatively, the reaction mixture was overlaid with 1 mL ethyl acetate in a screw-cap glass
vial immediately after addition of enzyme and the cap was tightly screwed on before incubation
at 30 °C. After 7–10 min, the reaction mixture was vortexed for 30 s. Ethyl acetate denatures
the enzyme to quench the reaction. After the organic and aqueous layers separated, 0.4 mL of
ethyl acetate was removed and added to scintillation fluid. For each substrate concentration, a
blank was run to account for buffer-catalyzed FPP solvolysis. The counts for each blank were
subtracted from the corresponding counts for the reaction mixture and corrected for the total
volume.
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Incubation of mutant trichodiene synthases with farnesyl diphosphate
Analysis of cyclization products generated from FPP was performed using gas
chromatography–mass spectroscopy (GC/MS) as previously described [13,15]. All glassware
was washed and baked in an oven prior to use to ensure the removal of any possible trace
contaminants. Farnesyl diphosphate (50–500 μM) was incubated with or without purified wild-
type or mutant trichodiene synthase (1 mg) in 4 mL buffer (10 mM Tris (pH 7.8), 5 mM
MgCl2, 15% glycerol, and 5 mM β-mercaptoethanol) and overlaid with HPLC-grade n-pentane
(Fisher P399-1) in a glass test tube at 30 °C for 3–20 h. Reaction products were extracted with
HPLC-grade n-pentane and the extracts were purified on a 3-cm 230–400 mesh silica gel
column. The purified extract was concentrated on an ice-water mixture under reduced pressure
until the volume decreased to <50 μL and the concentrate was analyzed by GC/MS. Reaction
products were initially analyzed using a Hewlett–Packard 6890 gas chromatograph (GC)
coupled to a 5973 mass selective detector (MSD) operating in a CI mode, and equipped with
an HP-5MS capillary column (0.25 mm i.d. x 30 m with 0.25μm film) (Agilent Technologies).
2 μL of analyte was injected in splitless mode into the gas chromatograph-mass spectrometer.
The oven temperature was maintained at 35 °C for 1 min, increased at the rate of 5 °C/min to
230 °C, followed by a 20 °C/min increase to 280 °C. The temperature was held at 280 °C for
20 min.

Identification of products generated by D100E trichodiene synthase
GC/MS (electron ionization or EI) was performed on a Hewlett-Packard Series 2 GC-MSD
and equipped with an HP-5MS capillary column (30 m x 0.25 mm) at 70 eV EI, operating in
a positive ion mode. The oven temperature was increased from 50 °C to 280 °C, at a rate of 5
°C/min. Each of the products was identified by direct comparison with the spectra of the
corresponding reference compounds in the MassFinder 3.0 Library (http://massfinder.com) or
with those of authentic standards.

Results
Kinetic parameters of trichodiene synthase mutants

Interestingly, relatively conservative amino acid substitutions in the NSE/DTE motif result in
significant changes in catalytic efficiency. The N225D mutation results in only a 6-fold increase
in KM, but with kcat decreased by 28-fold, the overall catalytic efficiency (kcat/KM) is
diminished 177-fold relative to that of the wild-type enzyme (Table 2). The S229T mutation
results in a 77-fold increase in KM, but with kcat decreased by only 9-fold the overall catalytic
efficiency is diminished 708-fold (Table 2). Notably, S229T trichodiene synthase has a short
half-life and 90 nM protein samples become inactive in less than a day. The N225D/S229T
mutant is completely inactive under the conditions of the assay. Finally, the kinetic parameters
for Y295F trichodiene synthase (Table 2) are not significantly different from those observed
for the wild-type enzyme [26].

Product array analysis of wild-type and mutant trichodiene synthases
Incubation of wild-type and mutant trichodiene synthases with FPP generates trichodiene as
the major product along with up to 15 additional products [13, current studies]. Five of the
additional products were identified in previous studies of D100E trichodiene synthase: β-
farnesene, α-bisabolene, β-bisabolene, cuprenene, and isochamigrene [15]. Three more of the
additional products were identified as α-barbatene, α-acoradiene, and β-acoradiene; proposed
cyclization mechanisms are shown in Fig. 1. These sesquiterpene products were identified by
comparison with authentic standards or by comparison of retention index ± 5) and EI-mass
spectrum with terpenes in the MassFinder 3.0 Terpenoids Library of Dr. Detlev H. Hochmuth
(http://www.massfinder.com). The remaining seven minor products could not be identified,
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however, due to low concentrations or absence of matching compounds in the MassFinder and
other MS data libraries. Product arrays of known products of wild-type and mutant trichodiene
synthases are summarized in Table 3 and both EI and CI mass spectra of identified products
can be found in the Supplementary Material.

N225D trichodiene synthase structures
The crystal structure of unliganded N225D trichodiene synthase is identical to that of the wild-
type enzyme [14] with only minor differences evident in side chain conformations (Fig. 2).
The r.m.s. deviation for 349 Cα atoms between the two structures is 0.55 Å. Interestingly, as
also observed in unliganded R304K trichodiene synthase [17], unliganded N225D trichodiene
synthase binds one Mg2+ ion coordinated by D100 and E164 in the active site of monomer B
(Fig. 2a). This metal ion most closely corresponds to Mg2+

C in the structure of the wild-type
enzyme complexed with Mg2+

3-PPi [14].

In the N225D trichodiene synthase-Mg2+
3-PPi complex, the Mg2+

3-PPi cluster binds to the
active site of monomer B of the dimer (Fig. 3). This monomer undergoes diphosphate-induced
conformational changes, with D101 and R304 forming a salt link to cap the active site cavity,
as observed for the PPi-bound wild-type enzyme [14]. The r.m.s. deviation between the
unliganded and liganded forms of this mutant is 1.4 Å for 349 Cα atoms, and the r.m.s. deviation
between the Mg2+

3-PPi complexes of the mutant and wild-type enzymes is 0.19 Å for 349
Cα atoms. These r.m.s. deviations indicate that N225D trichodiene synthase undergoes
complete active site closure upon the binding of Mg2+

3-PPi. Notably, the Mg2+
B coordination

polyhedron is essentially identical to that observed in the wild-type enzyme, with D225
occupying the coordination site formerly occupied by N225 (Fig. 3). As a consequence of the
N225D substitution, however, the Mg2+

B-O coordination distance for residue 225 shortens
from 2.5 Å to 2.3 Å, and the Mg2+

B-O coordination distance for E233 (which is opposite residue
225) lengthens from 2.0 Å to 2.6 Å due in part to a 36° conformational change in sidechain
torsion angle χ3. These structural changes may be due to the additional negative charge
introduced by the N225D substitution in the Mg2+

B coordination polyhedron. Additionally,
Mg2+

C and Mg2+
A move by 0.4 Å and 0.3 Å relative to their positions in the PPi-bound wild-

type enzyme [14], even though these metal ions do not interact directly with D225.

N225D/S229T trichodiene synthase structure
The structure of this mutant is generally similar to that of the wild-type enzyme, but some
differences are observed for the conformations of certain active site residues, e.g., E233 and
R304 (Fig. 4) [14]. The r.m.s. deviation of 349 Cα atoms with the wild-type enzyme is 0.87 Å.
The double mutation may affect binding of co-product PPi, since we were unable to prepare
crystals of the complex with Mg2+

3-PPi.

Y295F trichodiene synthase structures
The structure of this mutant is generally similar to that of wild-type trichodiene synthase (Fig.
5) [14]. Although the r.m.s. deviation with the wild-type enzyme of 349 Cα atoms of 0.94 Å
is relatively high in comparison with r.m.s. deviations of other mutant trichodiene synthase
structures determined to-date [14,16,17], this is largely due to differences in some poorly
ordered segments in the mutant, e.g., the N-terminal P5-T28 segment and the L307-Y329 loop.
Regardless, it is clear that the Y295F substitution does not introduce significant structural
perturbations in the active site.

Interestingly, as with R304K [17] and N225D trichodiene synthases, unliganded Y295F
trichodiene synthase binds one Mg2+ ion in the active site of monomer B (Fig. 5a). This metal
ion is coordinated by D100 and E164, as observed in R304K and N225D trichodiene synthases,
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and it most closely corresponds to Mg2+
C in the structure of the wild-type enzyme complexed

with Mg2+
3-PPi [14].

Finally, the structure of Y295F trichodiene synthase complexed with Mg2+
3-PPi is identical

to that of the Mg2+
3-PPi complex with the wild-type enzyme (Fig. 6) [14], with an r.m.s.

deviation of 0.23 Å for 349 Cα atoms. The metal ion-binding site appears to be slightly
perturbed, however, such that the r.m.s. deviation of the metal ion positions in this mutant
complex with that of the wild-type enzyme complex is 0.6 Å. The binding of the Mg2+

3-PPi
cluster results in complete active site closure, with an r.m.s. deviation of 0.99 Å for 349 Cα
atoms in comparison with the uncomplexed mutant enzyme.

Discussion
Catalytic importance of the NSE/DTE motif

Substrate affinity is not substantially attenuated in N225D trichodiene synthase, as indicated
by only a 4-fold increase in KM (Table 2). Moreover, since the structure of the Mg2+

3-PPi
complex is essentially identical for the N225D mutant and the wild-type enzyme, it is
reasonable to expect that the binding of the Mg2+

3-FPP complex is also identical in the mutant
and wild-type enzymes. The apparently slight attenuation of substrate affinity may result from
the introduction of an additional negative charge from the protein to the Mg2+

B coordination
polyhedron, which in turn would weaken the charge-charge interaction between Mg2+

B and
FPP. The 28-fold reduction in kcat may similarly result from Mg2+

B coordination phenomena,
for example if the additional negative charge in the metal ion coordination polyhedra
compromises the metal ion-dependent activation of the diphosphate leaving group in the first
step of catalysis, or if it compromises the release of Mg2+

B that may accompany rate-
determining product dissociation [27].

A more significant effect on catalysis is observed for S229 mutants of trichodiene synthase.
The 77-fold increase in KM measured for S229T trichodiene synthase is the highest observed
thus far for a trichodiene synthase mutant. This may be a consequence of the energetic cost for
the conformational change of this side chain between the metal ion-free and metal ion-bound
structures. In the wild-type enzyme, S229 undergoes a 142° rotation around side chain torsion
angle χ1 in order to achieve Mg2+

B coordination. Analysis of the wild-type enzyme structure
[14] suggests that the nearby side chain of Y305 (which donates a hydrogen bond to PPi in the
wild-type enzyme) may sterically hinder this conformational change in S229T trichodiene
synthase. Additionally, the Cγ atom of the T229 side chain would clash with the main chain
atoms of residues D225 or D226, or the side chain of E233. Thus, the S229T substitution may
perturb this region of the protein structure. In bornyl diphosphate synthase, the corresponding
residue, T500, does not undergo a conformational change upon the binding of ligands [28].

In comparison, residue Y305 of trichodiene synthase corresponds to Y572 of bornyl
diphosphate synthase, a plant monoterpene cyclase. However, Y572 does not interact with the
diphosphate moiety or with T500 in the DTE motif of bornyl diphosphate synthase [28], so
the specific intramolecular and intermolecular interactions of residues in the NSE/DTE motif
and their neighbors appear to have divergently evolved in fungal and plant cyclases based on
these two examples. Accordingly, it is not straightforward to swap the NSE-Mg2+

B motif of a
microbial or fungal cyclase with the DTE-Mg2+

B motif of a plant cyclase. The complete
inactivity of N225D/S229T trichodiene synthase (Table 2) is probably due to a combination
of the additional negative charge in the Mg2+

B coordination polyhedron as well as the hindered
conformational changes required for the bulkier T229 residue to achieve Mg2+

B coordination.
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Catalytic importance of Y295
Previous modeling studies of carbocation intermediates in the trichodiene synthase active site
had suggested that Y295 could conceivably serve as the catalytic base responsible for the
deprotonation of the final carbocation intermediate (Fig. 1) [16]. GC/MS analysis of the
reaction products from both wild-type and Y295F trichodiene synthases reveals, however, that
the major product of each enzyme is trichodiene (Table 3). Moreover, since Y295F trichodiene
synthase exhibits nearly identical kinetic parameters to those of the wild-type enzyme (Table
2), we conclude that Y295 does not function as a general base in the trichodiene synthase
mechanism.

If Y295 is not the general base that catalyzes the final proton abstraction in the trichodiene
synthase mechanism, then what alternatives remain? Structural studies of farnesyl diphosphate
synthase and aristolochene synthase indicate that the distal oxygen of the substrate diphosphate
moiety is ideally positioned to abstract a proton from the final carbocation intermediate [29,
30]. Moreover, structural studies of wild-type and Y305F trichodiene synthases complexed
with Mg2+

3-PPi reveal a water molecule trapped in the active site that coordinates to Mg2+
C

[14,31], and structural studies of bornyl diphosphate synthase reveal a water molecule trapped
in the active site along with the cyclization product [28]. Therefore, we speculate that either
the PPi anion or a trapped water molecule serves as the final general base in the trichodiene
synthase mechanism.

Mechanistic inferences regarding product diversity
The hydrophobic and aromatic residues lining the active site cleft of trichodiene synthase form
a template that enforces the proper conformation and orientation of the flexible FPP substrate
and subsequently formed carbocation intermediates leading to formation of trichodiene. This
template, however, is somewhat permissive in the wild-type enzyme as indicated by the
observation of low percentages of alternative cyclization products [13] (Table 3). Significantly,
this permissiveness is exaggerated in most active site mutants, and it is suggested that the
structural basis of such product promiscuity is simply the increased volume of the active site
cleft [16,31]. It is also notable that a single-point mutation can cause a preferential increase in
the generation of one particular alternative product. For example, the Y295F mutation causes
a 19-fold increase in the generation of β-bisabolene relative to the fraction of this sesquiterpene
side product generated by the wild-type enzyme (Table 3). The Y295F mutant exhibits an active
site contour and kinetic parameters that are generally similar to those of the wild-type enzyme
[14], so it is clear that even subtle changes to the active site template for FPP cyclization – the
substitution of a hydrogen atom for a hydroxyl group – can result in significantly altered product
arrays. This phenomenon is reminiscent of Keasling’s results with γ-humulene synthase
mutants, in which 3–5 simultaneous mutations in the active site template alter and refocus
product selectivity without compromising overall activity [32]. It is possible that multiple
mutations in the active site template of trichodiene synthase may similarly lead to the formation
of new sesquiterpene products. The alteration of residues that buttress the active site can also
dramatically refocus the cyclization specificity of a sesquiterpene cyclase [33], demonstrating
that subtle changes in the active site contour caused by mutation of neighboring residues rather
than residues defining the cleft itself can result in altered product arrays.

Strikingly, the observation of the two acoradiene diastereomers in the product arrays of both
wild type and mutant trichodiene synthases provides the first evidence that trichodiene synthase
is capable of generating and stabilizing both (R)- and (S)-bisabolyl cations in its active site:
the (R)-bisabolyl carbocation is an intermediate in trichodiene biosynthesis, and the (S)-
bisabolyl carbocation is an intermediate in acoradiene biosynthesis (Fig. 1).
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Similarly striking is the identification of α-barbatene in the product array of wild-type and
mutant trichodiene synthases (Table 3), the biosynthesis of which must proceed through several
new intermediates derived from the (R)-bisabolyl cation (Fig. 1). This is the first tricyclic
sesquiterpene product identified for trichodiene synthase and its generation clearly requires a
permissive active site template to accommodate the steric demands of the third cyclization
reaction illustrated in Fig. 1. Future mutagenesis and structural studies of trichodiene synthase
will allow us to probe and define the structural basis of specificity in the formation of alternative
cyclization products.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Red box: Postulated mechanism for the cyclization of farnesyl diphosphate (FPP) to trichodiene
by trichodiene synthase; OPP = diphosphate, NPP = nerolidyl diphosphate [12]. For a proposed
mechanistic variation, see the recently reported work of Hong and Tantillo [34]. Proposed
mechanisms leading to alternative sesquiterpene products are also indicated.
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Fig. 2.
Active site of unliganded N225D trichodiene synthase. (a) Simulated annealing omit maps of
D225 and magnesium ion are shown in cyan (4.7Å) and maroon (6.0Å), respectively. The
Mg2+ ion is shown as a gray sphere. Metal ion coordination interactions are shown in black.
(b) Superposition with the active site of unliganded trichodiene synthase (purple).
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Fig. 3.
Active site of N225D trichodiene synthase complexed with Mg2+

3-PPi. (a) Simulated
annealing omit maps of PPi and metal ions are shown in cyan (7.5Å) and maroon (6.8σ),
respectively. Metal ion coordination and hydrogen bond interactions are shown in black and
gray, respectively. (b) Superposition of the active sites of PPi-bound wild-type (purple) and
N225D (magenta) trichodiene synthases. Note that the metal ion coordination and hydrogen
bond interactions are similar in the wild-type (purple) and N225D trichodiene synthases (black
and gray).
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Fig. 4.
Active site of N225D/S229T trichodiene synthase. (a) Simulated annealing omit maps of the
side chains of D225 and T229 are shown in cyan (5.0Å). (b) Superposition with the active site
of unliganded wild-type trichodiene synthase.
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Fig. 5.
Active site of Y295F trichodiene synthase. (a) Simulated annealing omit maps of F295 and
the Mg2+ ion are shown in cyan (6.0Å) and maroon (4.5Å), respectively. The Mg2+ ion is
shown as a gray sphere. (b) Superposition with the active site of unliganded wild-type
trichodiene synthase (purple).
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Fig. 6.
Active site of Y295F trichodiene synthase complexed with Mg2+

3-PPi. (a) Simulated annealing
omit maps of PPi and Mg2+ ions are shown in cyan (9.8Å) and maroon (7.5Å), respectively.
(b) Superposition of the active sites of PPi-bound wild-type (purple) and Y295F (magenta)
trichodiene synthases. Note that the metal ion coordination and hydrogen bond interactions are
similar in the wild-type (purple) and Y295F trichodiene synthases (black and gray).
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Table II
Kinetic Parameters of Mutant Trichodiene Synthases

Trichodiene synthase kcat (s
−1) KM (μM) kcat/KM (M−1s−1) (x 106)

Wild-typea 0.138 ± 0.004 0.078 ± 0.0056 1.77
N225Db 0.005 ± 0.0003 0.485 ± 0.016 0.01
S229Tb 0.015 ± 0.004 6.0 ± 0.8 0.0025

N225D/S229Tb inactive - -
Y295Fb 0.111 ± 0.005 0.069 ± 0.005 1.59

a
From reference 26.

b
Standard deviations for kcat and Km are the calculated statistical errors for the nonlinear least-squares regression fit of the data to the Michaelis-Menten

expression, with R values typically >0.98.
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