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ABSTRACT. The 2.4 A resolution X-ray crystal structure of D100E trichodiene synthase and the 2.6 A
resolution structure of its complex with inorganic pyrophosphate are reported. The D100E amino acid
substitution in the so-called “aspartate-rich” motif does not result in large changes to the overall structure
of the enzyme. In the pyrophosphate complex, however, pyrophosphate coordinatestwiondat the

mouth of the active site without causing large changes in the structure of the enzyme. This contrasts with
pyrophosphate binding in the wild-type enzyme, where pyrophosphate coordinates tire®igand
triggers a significant conformational change that closes the mouth of the active site and optimizes packing
density in the enzymesubstrate complex. The attenuation of active site closure in D100E trichodiene
synthase compromises enzyrgibstrate packing density and confers additional spatial and conformational
degrees of freedom on the substrate and carbocation intermediates, which in turn results in the formation
of five alternate sesquiterpene products in addition to trichodiene. By extension, then, the diversity of
terpene cyclases in biology may have evolved in part by amino acid substitutions that fine-tune structural
changes dependent on metdlphosphate complexation that govern the formation of the active site template
and enzyme substrate packing density.

Sesquiterpenes are hydrocarbon compounds that derivesynthaseq), 5-eptaristolochene synthas@)( and farnesyl
from a single precursor molecule, farnesyl diphosphate, in adiphosphate synthas&d) and Sm" in aristolochene synthase
wide variety of organisms. Sesquiterpene cyclases (also(8). This motif appears as'®®DSKD in trichodiene synthase,
known as sesquiterpene synthases) are metal-dependerand the D100 carboxylate coordinates twoa¥gpns with
enzymes that convert farnesyl diphosphate into over 300 synsynbidentate geometry in the complex with inorganic
different cyclic sesquiterpenes with widely varying structures pyrophosphate and, presumably, with farnesyl diphosphate
and stereochemistried {5). Four X-ray crystal structures as well @). Importantly, the residues in the aspartate-rich
of sesquiterpene cyclases have been reported to datemotif also mediate a diphosphate-induced conformational
pentalenene synthase frd@treptomyceslC5319 6), 5-epr change that closes the active site to solvéhtAccordingly,

aristolochene synthase froMicotiana tabacum(7), aris- it is not surprising that even the conservative D1bagino
tolochene synthase froRenicillium roqueforti(8), and, most acid substitution results in a 22-fold loss of activity as
recently, trichodiene synthase frdrusarium sporotrichio- measured byk../Km (11). Surprisingly, however, D100E

ides (9). The structures of these cyclases are remarkably trichodiene synthase also produces five sesquiterpene prod-
similar despite a lack of significant amino acid sequence ucts in addition to trichodiene, including the newly charac-
identity. Such structural similarity suggests evolution from terized terpene, isochamigrene (Figure 13)( Thus, this
a common ancestral enzyme that, subject to different mutant represents in effect an in vitro evolutionary step
evolutionary pressures in a variety of life forms, underwent toward the biosynthesis of novel sesquiterpene products.
mutation to yield diverse active site topologies. Here, the X-ray crystal structure of D100E trichodiene
The role of metal ions in sesquiterpene biosynthesis is well synthase is reported in both the unliganded state (2.4 A
studied. All sesquiterpene cyclases contain the consensugesolution) and in complex with the reaction product pyro-
“aspartate-rich motif’, DDXX(D,E), and X-ray crystal phosphate (2.6 A resolution). Comparison of these structures
structures show that this motif binds Kfgin trichodiene  with the corresponding structures of the wild-type enzyme
reveals the structural basis for the evolution of product
T This work was supported by National Institutes of Health Grant specificity.. In partiCU|ar’, a significant diphosph_ate-induced
GM56838 (to D.W.C.) and Merit Award GM30301 (to D.E.C.). conformational change is severely attenuated in the mutant,

* Atomic coordinates of D100E trichodiene synthase and its complex thus opening alternate reaction pathways to the substrate.
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* To whom correspondence should be addressed at the Department : :

of Chemistry, University of Pennsylvania, 231 South 34th St., The .D]'.O.OE mutant .Of trichodiene synthase frdn

Philadelphia, PA 19104-6323 [215 898-5714 (office); 215 573-2201 Sporotrichioidesvas previously prepared and overexpressed

(fax); chris@rock.chem.upenn.edu (e-mail)].
§ University of Pennsylvania. 1 Abbreviations: D100E, aspartate-186glutamate; rms, root mean
'Brown University. square.

10.1021/bi011960g CCC: $22.00 © 2002 American Chemical Society
Published on Web 01/17/2002



D100E Trichodiene Synthase Structure Biochemistry, Vol. 41, No. 6, 20020733

A
e M g+2
i\ = + PP
OPP
farnesyl diphosphate trichodiene

B

+ \

trichodiene (45%) B-bisabolene (11%})

e Mg+2 \ ’\
N BN i\ h ﬁ\x + PP
+
OPP
a-bisabolene (11%) B-farnesene (11%)
farnesyl diphosphate
q * @»
cuprenene (7%) isochamigrene (14%)

Ficure 1: (A) Cyclization reaction catalyzed by trichodiene synthase. (B) Sesquiterpene products generated by D100E trichodiene synthase
(OPP= diphosphate; BR= inorganic pyrophosphate). Relative yields of each product are in parentheses.

in Escherichia coli(13). The mutant enzyme was purified  Tpe 1: Data Collection and Refinement Statistics
and crystallized in the same manner as described for the wild-
type enzymeq), and crystals were soaked with pyrophos- data set D100E complex
phate using the same protocol as described for the wild-type resolution range (A) 2524 526

enzyme-pyrophosphate comple@), The mutant crystallizes reflections (measured/unique) ~ 295631/52222  246608/41214

diphosphate

isomorphously with the wild-type enzyme (space group completeness (%) 99.8/100 99.8/100
P3:21,a=b=122.7 A,c = 151.5 A) with two molecules (overall/outer shell

in the asymmetric unit, chain A and chain B. Diffraction E}"g{%ﬁég\{g?g/&lﬁgr shell) %‘552/0'366 gé%illo.m?
data for both unliganded and pyrophosphate-liganded enzyme solvent atoms (no.) 382 240
crystals were collected at Argonne National Laboratories ligand atoms (no.) 0 11
SBC-CAT (beamline 19-ID). Data were indexed and merged reﬂ(‘jvcg'r‘l)(;}fe‘f)ed inrefinement  44195/3854 37680/3111
using the program HKL200@.4). The structures were solved  R/R,.» 0.215/0.248 0.223/0.256
using difference Fourier techniques using the wild-type  rms deviations

pyrophosphate complex (consisting of two chains with 354 ggg%ss(é)eg) 01-0107 %0107
residues each less the pyrophosphatetins, and solvent proper dihedrals (deg) 19.1 19.0
molecules) as a starting model. The programs CNS &nd improper dihedrals (deg) 0.8 0.8

O (16) were used in refinement and rebuilding, respectively.  aR ...= | — OG/3l;, wherel; is the observed intensity for
Noncrystallographic symmetry restraints were applied through- reflectionj and il is the average intensity calculated for reflectjon
out the refinement. The root mean square deviations betweerfrom replicate data® R = 3 ||Fo| — |Fc|l/3|Fcl, whereR and Ryec are
monomers A and B are 0.11 and 0.27 A for 354 &oms calculated by using the working and test reflection sets, respectively.
for the final structures of unliganded D100E trichodiene
synthase and its pyrophosphate complex, respectively. Elec-alleviated by 20 cycles of rigid body minimization followed
tron density for the pyrophosphate ligand was observed only by 200 cycles of conjugate gradient minimization using CNS.
in the active site of chain B, possibly due to a crystal contact During refinement, pyrophosphate and Mgatoms were
that partially occludes the active site of chain A. Data fixed, with a harmonic restraint of 10 kcal maIA 2 applied
collection and refinement statistics are reported in Table 1. to the hydrocarbon portion of the substrate, intermediate, or
For modeling of enzymesubstrate and enzymdénter- product. Nonbonded interactions in the crystal lattice were
mediate complexes, the program MacroMod#&) (vas used included in the minimization, but no other constraints were
to generate energy-minimized structures of farnesyl diphos- applied to the protein atoms. Explicit hydrogen atoms were
phate, reaction intermediates, and products with explicit included on the enzyme but not on the substrate, intermediate,
hydrogens included subject to conformational constraints or products. Energy minimizations calculated with and
consistent with specific bond-making and bond-breaking without explicit hydrogen atoms on a test set of intermediates
steps in trichodiene formatior8,(18—20). These models  yielded identical results.
were then manually docked into the enzyme active site using Calculations of the active site volume were performed
O, and bad contacts between enzyme and model wereusing the program VOIDOQ2(1—23). The volume reported
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Ficure 2: The B monomers in trichodiene synthase crystals. (A) Superposition of th&aces of wild-type (yellow) and D100E (cyan)
trichodiene synthases. (B) Superposition of ther@ces of D100E trichodiene synthase, unliganded (cyan) and complexed with pyrophosphate
(yellow). The residues that undergo conformational change are indicated as follows: N-termintfs, H = 229-233, and H-a-1 =

233—-241. (C) Superposition of the Qraces of wild-type trichodiene synthase, unliganded (cyan) and complexed with pyrophosphate
(yellow). The residues that undergo conformational change are indicated as follow$—19, 1-A = 19-29, D= 99-102, D-D1 =

103-105, D2= 113-119, H= 229-233, H—a-1 = 233-241, }-K = 300-307, K= 307—311, K-L = 312-319, and L= 320-336.
Pyrophosphate-induced conformational changes in the wild-type enzyme are much more pronounced than those observed in the D100E
mutant.

is the volume occupied by a probe sphere of 1.4 A radius in type and mutant structures is 0.56 A (Figure 2A). Electron
the active site cavity. Each volume calculation was repeateddensity maps of unliganded and pyrophosphate-liganded
10 times with randomly oriented models and averaged to D100OE trichodiene synthase clearly reveal the substitution
remove orientational errors, as instructed by the program of aspartate by the longer side chain of glutamate at position
authors 22). Volume calculations on substrates and inter- 100 in the aspartate-rich motif (Figure 3A).
me;diates include explicit hydrogens and were performed  The structure of the D100E trichodiene synthaggro-
using the program MacroMode1 ). phosphate complex is significantly different from that of the
RESULTS wild-type enzyme-pyrophosphate complex. In the mutant,
the liganded structure superposes onto the unliganded
The D100E substitution does not significantly perturb the structure with an rms deviation of 0.44 A for 354 &oms
overall structure of trichodiene synthase, and the root mean(Figure 2B). This contrasts with the much greater structural
square (rms) deviation of 349,Gitoms between the wild-  differences observed in the wild-type enzyme, for which the
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Ficure 3: (A) Simulated annealing omit map of the active site of the D100E trichodiene syrthasshosphate complex (contoured at
30); pyrophosphate, Mg ions, and residues within 3.5 A of pyrophosphate andMgere omitted from the structure factor calculation.

(B) Hydrogen-bonding interactions in the pyrophosphate complex of D100E. Note the differences in interactions with the wild-type
pyrophosphate complex shown with the same view (C).

liganded structure superposes onto the unliganded structure Clearly, the wild-type enzyme exhibits a pyrophosphate-
with an rms deviation of 1.42 A for 349 Gatoms (Figure induced conformational change that is severely attenuated
2C). In both wild-type and mutant enzymes, pyrophosphate in the D100E mutant. In the wild-type enzyme, pyrophos-
caps the active site cleft and sequesters it from solvent. Thatphate binding causes up 6 A structural changes in the,C
the alternate products formed in the mutant reaction do notatoms of helix 1, the A loop, helix D, the D-D1 loop,
arise from premature nucleophilic quenching by water is helix H, the H-a-1 loop, helix J, the 3K loop, helix K,
consistent with this observation. However, the active site the K—L loop, and helix L (Figure 2C)9). In the D100E
cavity thus formed has a greater volume (364 A3) in mutant, the only structural changes triggered by pyrophos-
the mutant than that observed in the wild-type enzyme phate binding are in the first five residues of the N-terminus,
pyrophosphate complex (324 5 A3). For reference, the  helix H, and the H-o-1 loop (residues 229241) (Figure
volume of the hydrocarbon product of the reaction, trichodi- 2B). The helix H-H—a-1 loop region has high averadge
ene, is 230 A factors in both unliganded and liganded structures (63 and
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Ficure 4: Mechanisms of product formation by D100E trichodiene synthase (©BiBhosphate; PRP= inorganic pyrophosphate). On the
basis of analysis of the crystal structure, possible candidates for the catalytic bases (:B-ENZ) are inorganic pyrophosphate and the side
chains of E100, Y295, and/or Y305.

88 A2, respectively), so observed differences in this segmentMg?*; is coordinated by the side chains of N225, S229, and
may arise from conformational disorder. Additionally, in the E233. The Mg's binding site loses one coordination
wild-type enzyme a new hydrogen bond forms between D101 interaction with the side chain of E233 in the mutant. In the
and R304 upon pyrophosphate binding. In the D100E wild-type enzyme-pyrophosphate complex, D100 coordi-
mutant-pyrophosphate complex, this hydrogen bond is nates Mg"a and Mg *c with synsynbidentate geometry.
absent: D101 remains hydrogen bonded to R62, as observedn the mutant, the Mg ,—E100 carboxylate separation is

in the unliganded wild-type enzyme structu@®. ( increased by 1 A. Therefore, E100 makes only a long-range
The active site of the mutant complexed with pyrophos- electrostatic interaction with Mga. Weaker binding of
phate shows electron density consistent with twc?igns Mg*"a results, and M a is accordingly characterized by a

and one molecule of inorganic pyrophosphate (Figure 3A,B). weaker electron density peak. The electropositive environ-

This contrasts with the corresponding structure of the wild- ment surrounding the diphosphate leaving group of farnesyl

type enzyme—pyrophosphate Comp|eX, in which three Mg diphosphate would thus be weaker in D100E trichodiene

ions are observed (Figure 3C). The aver&gctor of the  synthase than in the wild-type enzyme due to the binding of

ligand atoms (85 A is high compared to the rest of the Only two Mg* ions and the loss of two critical diphosphate

protein chain (43 A), probably due to low-occupancy ligand ~arginine contacts.

binding. Also, in contrast with the wild-type enzyme

pyrophosphate complex, pyrophosphate does not hydrogerP'SCUSSloN

bond with R182 and R304 in the D100E mutant. The  The mechanism of trichodiene biosynthesis has been

pyrophosphate position is shiftedl.3 A from its position  extensively studied (Figure 43,(18—20). Briefly, ionization

in the wild-type enzymepyrophosphate complex. of farnesyl diphosphate and recapture of the pyrophosphate
Interestingly, the Mg"a and Mg'g sites in the mutant  ion result in isomerization to @-nerolidyl diphosphate,

are compromised by the D100E mutation (Mg is not which can undergo rotation about the newly generated C2

visible). In the wild-type enzymepyrophosphate complex, C3 bond from a transoid to a cisoid conformation. Reion-



D100E Trichodiene Synthase Structure Biochemistry, Vol. 41, No. 6, 2002L.737

(3A)-nerolidyl diphosphate

PP,

[j-farnesene

Ficure 5: -Farnesene synthesis. (A) Model oR)3nerolidyl diphosphate in the D100E active site. The?Mipns are silver spheres. (B)

The molecular surfaces of the protein (magenta) afj-(&rolidyl diphosphate (cyan) are displayed. (C) Deprotonation of C15, possibly
by pyrophosphate, results in the formationfefarnesene. The molecular surface of the diphosphate leaving group is in red. This figure
was prepared with GRASR4).

ization of (R)-nerolidyl diphosphate and electrophilic attack from the same aspartate-rich motif, all showed formation of
by the C1 carbocation on the E&€7 & bond yield the five aberrant products in addition to the natural trichodiene
bisabolyl carbocation intermediate. The C6 carbocation then (11, 12).
attacks the C18C11 .z bond to form the five-membered Here, we demonstrate for the first time the structural
ring of the first bicyC”C intermediate. This SpeCieS, with a consequences of the D100E substitution: pyrophosphate
carbocation at C10, subsequently undergoes a 1,4-hydrideyinding geometry is perturbed such that only two¥ipns
shift from C6, followed by tandem methyl migrations from pind, and the pyrophosphate position in the active site is
C7 to C6 and then from C11 to C7, with final deprotonation  shifted. This strongly implies that the diphosphate position
at C12 to yield trichodiene. is likewise perturbed in the enzymeubstrate complex, and
Structural and enzymological studies of trichodiene syn- this situation likely leads to aberrant product formation. That
thase have implicated D100 in catalyis11, 12). Mutation the active site in the D100E trichodiene synthaggrophos-
of this residue to glutamate results in more than a 20-fold phate complex is 12% larger than in the corresponding
decrease ink.a/Ky, resulting from a combined 2.5-fold complex with the wild-type enzyme additionally complicates
decrease itk.or and an 8-fold increase iy (11). The rate- the cyclization reaction by allowing for multiple substrate
determining step for wild-type trichodiene synthase has beenbinding conformations, which in turn can contribute to
shown by rapid chemical quench and single turnover aberrant product formation. Modeling studies of the wild-
experiments to be product release, which occurs at a rate 40ype enzyme implicate the side chain of D100, or the
times slower than the rate of substrate ionizati®é).(For diphosphate molecule itself, as the catalytic base in the final
the observed 2.5-fold net reduction ki, for the D100E step of the reactiordj. Therefore, with the D100E substitu-
mutant, the slow product off-rate therefore should mask a tion, the position of the catalytic base is potentially altered,;
more profound decrease in the rate of farnesyl diphosphatemoreover, E100 may or may not serve as a catalytic base in
consumption. Indeed, single turnover experiments on the alternate cyclization cascades.
D101E mutant, which exhibits an 5.5-fold decreasdid The structural basis for aberrant product formation by
Kwm resulting from a combined 3.4-fold decreasekig and D100E trichodiene synthase can be rationalized from the
an 1.6-fold increase iy (11), have shown a nearly 100-  structure of the enzyme and the well-studied mechanism of
fold decrease in the rate of substrate consumption. Mosttrichodiene synthesislb) (Figure 4). Four of the aberrant
interestingly, these two mutants, as well as the D104E mutantproducts result from premature deprotonation of intermedi-
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Ficure 6: Alternate product formation from the bisabolyl carbocation intermediate. The model of the bisabolyl carbocation has two
conformations (A). The first (white) is similar to the wild-type model. The second (cyan) is allowed by the greater active site volume of
D100E trichodiene synthase. Both productive (B) and aberrant (C) conformations fit well into the active site cavity as evidenced by the
molecular surface renderings of the protein (magenta), bisabolyl carbocation (cyan), and pyrophosphate (red). Deprotonation of C8, possibly
by the side chain of Y305, results in the formationoebisabolene (D). Deprotonation of C14, possibly by the side chain of Y295, results

in the formation off3-bisabolene (E). This figure was prepared with GRA3B).(

ates along the normal reaction pathway, and one results fromaccompanied by increased susceptibility to nonproductive
a ring expansion migration reaction. As previously men- reactions. We now rationalize the formation of each aberrant
tioned, the active site is 12% larger in the D100E mutant product in view of the crystal structure of D100E trichodiene
than in the wild-type enzyme, increasing from 324 to 364 synthase.

A3, respectively. Notably, as the substrate undergoes cy- The acyclic sesquiterperfefarnesene results from depro-
clization, its hydrocarbon volume decreases: the hydrocarbontonation at C15 of either farnesyl diphosphaté&)¢&erolidyl
portion of farnesyl diphosphate is approximately 242 A diphosphate, or the corresponding allylic cation. In the model
whereas the volume of trichodiene is 238 k other words, of the D10OE trichodiene synthaseerolidyl diphosphate

in the substrate— intermediates— products succession, complex (Figure 5A,B), the C15 methyl group is close to
progressively smaller molecules are contained in a largerthe substrate diphosphate group, suggesting that this species
active site cavity. Decreasing volume is thus potentially could potentially deprotonate C15. This abortive pathway
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Ficure 7: Alternate product formation from the C6 carbocation intermediate. The model of the C6 carbocation shows two potential
conformations in the active site: one consistent with the formation of trichodiene and cuprenene (white) and the other consistent with the
formation of isochamigrene (cyan). Increased conformational freedom results from increased active site volume in D100E trichodiene
synthase (A). The productive conformation fits well into the active site as indicated by the molecular surface rendering of the protein
(magenta), bicyclic carbocation (cyan), and diphosphate (red) (B). Two methyl migrations and deprotonation of C12 by either pyrophosphate
or the side chain of E100 in this conformation lead to trichodiene production (C). Deprotonation of C1, possibly by pyrophosphate, in this
intermediate leads to the production of cuprenene (D). The aberrant pathway conformation for the bicyclic carbocation is also accommodated
by the larger active site of the mutant (E). A ring expansion and deprotonation of C14 by pyrophosphate leads to the formation of isochamigrene
(F). This figure was prepared with GRASP4.
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yielding p-farnesene prevents the formation of a cyclic the bisabolyl carbocation (240*fto the product trichodiene
terpene product (Figure 5C). On the basis of the observed(230 A%). As the substrate volume decreases, the energetic
product distribution, the productive pathway of cyclization gaps separating the trichodiene biosynthetic pathway from
to the bisabolyl carbocation partitions with this nonproductive aberrant pathways also decrease, from 1.25 kcathfot
pathway with a ratio of 88:111¢). Thus, the D100E the pathway leading to the acyclic sesquiterpé+iarnesene
substitution introduces a branch point with an energetic to 0.46 kcal mot* for the pathway leading to isochamigrene
separation of 1.25 kcal mol that nevertheless favors the and cuprenene. Thus, the larger active site of the D100E
productive cyclization pathway over the nonproductive mutant becomes increasingly less effective as a template for
quenching pathway. conformational control of increasingly smaller reactants as
All five cyclic terpene products (including trichodiene) the cyclization proceeds.
require the formation of the bisabolyl carbocation intermedi-
ate (Figure 6A-C). The D100E substitution sustains the main CONCLUSIONS

ring closure reaction to yield the bicyclic carbocation  The crystal structure of D10OE trichodiene synthase is the
intermediate, but this pathway partitions with two other g of 4 site-specific mutant of a terpenoid cyclase in which
deprotonation reactions that prematurely quench the bisabolyl,, 3mino acid substitution has been made in the aspartate-
carbocation to yield £)-(Z)-a-bisabolene (11% relative  ich motif. Comparison of wild-type and D100E trichodiene

yield) arjdﬁ-bisabolene (1_1%_re|ative y_ield)._ Possible rotation synthases complexed with pyrophosphate reveals the struc-
of the bisabolyl carbocation in the active site accommodated ral pasis of product diversity in the mutant: a larger active

by the larger active site cavity positions C8 for deprotonation gjta cayity that is less effective as a template for the exclusive
by the side chain of Y305 (Figure 6D) and positions C14 ,oqyction of trichodiene. Increased spatial and conforma-
for deprotonation by the side chain of Y295 (Figure 6E). I i5na) freedom of the substrate and reactive intermediates

the \_/vild-type enzyme, the subs_trate appears to be MOr€leads to increased nonproductive side reactions that yield
restricted and cannot rotate in this fashion. On the basis Ofaberrant products.

the observed product distributions, bicyclic carbocation Notably, the volume of the hydrocarbon portion of

formation partitions witho-bisabolene angB-bisabolene g hqtrate farnesyl diphosphate is 24% dnd the active site
fqrmatlon with a ratio of 66:11:11; i.e., an energgtlc volume of the wild-type enzymepyrophosphate complex
difference of 0.66 kcal mot separates the productive g 354 £ |t follows that the substrate binds in the active
pathway of bicyclic carbocation formation from the two i cavity with a packing density of 75%. This value is

premature quenching pathways introduced by the D100E ;omparaple to that of 74% for close-packed identical spheres,
substitution. Despite the introduction of this branch pointin i is within the range of 7678% measured for crystals of
the cyclization cascade, the productive cyclization pathway gma| organic molecules, and it is identical to the average
remains favored but less so than in the previous step. packing density of the interior of a folded prote28}. Thus,
From the bicyclic carbocation intermediate (Figure 7A), he active site template in a high-fidelity (i.e., single-product)
two nonproductive pathways are introduced in the D100E (g/hanoid cyclase has evolved to optimize the packing density
mutant. A 1,4 hydride transfer followed by deprotonation at t the supstrate and reaction intermediates in the enzyme
C1 leads to the formation of cuprenene (7% relative yield) 4.tive site. In the D100E mutant (active site volum@64
(Figure 7D_). In the models, C1 is located close to pyrophos- R3), enzyme-substrate packing density decreases to 67%,
phate, which may play the role of the catalytic base 10 5nq ths is sufficient to open up alternate reaction pathways
generate cuprenene. The shift of pyrophosphate from its,yit, relatively small energetic barriers. Moreover, these
position in the wild-type enzyme may explain why this  gnergetic barriers decrease with decreasing packing density
deprotonation pathway only occurs in the mutant. Alterna- o 5 ccessively formed reaction intermediates. Simply put,
tively, after the 1,4 hydride transfer, the substrate can rotate e |ower the packing density of the terpenoid substrate or
about the C6:C7 bond such that the bond of C7-C8 carbocation intermediate, the greater the chances of aberrant
overlaps with the emptyr orbital of the C6 carbocation  hroqyct formation. Possibly, aberrant product formation in
(Figure 7E,F). Expansion of the five-membered ring t0 @ Six- gher site-specific mutants of trichodiene synthase, or even

membered ring forms the new €€8 bond. The resulting o\ o|ytionary mechanisms that broaden or redirect the product
carbocation at C7 is quenched by deprotonation from C14 4 ersity of terpenoid cyclases, can be explained from the

to form isochamigrene (14% relative yield). Notably, rotation p5sis of relaxed packing density in enzyrgaibstrate and/
about the C&C7 bond is sterically hindered in the wild- . enzyme-intermediate complexes.

type model but appears to be allowed in the D100E mutant

due to the 12% greater volume of the active site cavity. The ACKNOWLEDGMENT
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