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ABSTRACT. The X-ray crystal structures of R304K trichodiene synthase and its complexes with inorganic
pyrophosphate (RPand aza analogues of the bisabolyl carbocation intermediate are reported. The R304K
substitution does not cause large changes in the overall structure in comparison with the wild-type enzyme.
The complexes withR)- and ©§)-azabisabolenes and P#nd three Mg@* ions, and each undergoes a
diphosphate-triggered conformational change that caps the active site cavity. This conformational change
is only slightly attenuated compared to that of the wild-type enzyme complexed withsN?@, in which

R304 donates hydrogen bonds to BRd D101. In R304K trichodiene synthase, K304 does not engage

in any hydrogen bond interactions in the unliganded state and it donates a hydrogen bond tq only PP
the complex with R)-azabisabolene; K304 makes no hydrogen bond contacts in its complex wiahdPP
(9-azabisabolene. Thus, although the R30401 hydrogen bond interaction stabilizes diphosphate-
triggered active site closure, it is not required forgPR binding. Nevertheless, since R304K trichodiene
synthase generates aberrant cyclic terpenoids with a 5000-fold reduckiQfKn, it is clear that a properly
formed R304-D101 hydrogen bond is required in the enzynsebstrate complex to stabilize the proper
active site contour, which in turn facilitates cyclization of farnesyl diphosphate for the exclusive formation
of trichodiene. Structural analysis of the R304K mutant and comparison with the monoterpene cyclase
(+)-bornyl diphosphate synthase suggest that the significant loss in activity results from compromised
activation of the PPleaving group.

Cyclic terpenoids, natural products derived from acyclic flavorings. A more significant health-related benefit of plant
isoprenoid precursors such as geranyl diphosphatg (C terpenoids is their potential pharmaceutical utility, e.g., the
monoterpenes), farnesyl diphosphates(€esquiterpenes), cancer chemotherapy drug paclitaxel (Taxd), @ntima-
and geranylgeranyl diphosphate,{@iterpenes), are found larials such as artemisinin fromrtemisia annua(10),
in myriad life forms where they serve a wide variety of antimicrobials such as linalool and citranellal fravielissa
physiological and ecological function$-3). Bacteria and officinalis (balm) (L1), and antifungal agents such@sand
fungi produce numerous cyclic sesquiterpene antimicrobial -pinenes from tea tree oilLp).

and antifungal agents that target competing organisms and | pacteria, plants, and fungi, cyclic sesquiterpeneg)(C
thereby confer a selective advantage to the host organismare derived from the acyclic, linear precursor farnesyl
For example, variouStreptomycespecies secrete terpene  diphosphate (FPPJhrough multistep reactions catalyzed by
antibiotics @, 5), and certain species ¢fusariumsecrete  sesquiterpene synthases (also known as sesquiterpene cy-
the trichothecane class of antibiotic8).(In comparison, clases) 2, 13, 14). The highly reactive carbocation inter-
plants produce ¢, Ci5, and Go cyclic terpenoids for defense  mediates of terpenoid cyclization reactions are protected from
against fungi and insects. For exampdjes grandiggrand  pylk water during catalysis by a diphosphate-triggered
fir) secretes multiple cyclic terpenoids in response to stem conformational change that caps the cyclase active site. The
wounds and insect attacK)( Interestingly, cyclic terpenoids  molecular recognition of the substrate diphosphate group is
contribute to the desirable taste and aroma of plants such agchieved by metal coordination interactions with divalent
Sabia officinalis (sage) 8), leading to their use as culinary  metal ions (M@", or sometimes M#) (15, 16) and by
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Ficure 1: (a) Superposition of the active sites of trichodiene synthase, unliganded (green) and complexed with diphosphate (yellow),
reveals that D101 and R304 break hydrogen bonds with R62 and T69, respectively, to form a new salt link with each other, thus capping
the active site. Diphosphate is colored red and magenta. Solvent atoms are omitted for clarity,?andnsligre represented as spheres.

(b) Superposition of ¢traces of trichodiene synthase: unliganded (green) artd R complex (yellow). The PRanion (red) illustrates

the location of the active site; helices and loops that undergo significant diphosphate-induced conformational changes are indicated.

mechanism. Once PBinds, R304 breaks a hydrogen bond phate-triggered conformational change that caps the active
with T69 to form hydrogen bonds with Pénd D101 (which site cavity, we now report the X-ray crystal structures of
breaks a hydrogen bond interaction with R62) (Figure 1a) R304K trichodiene synthase and its complexes with both
(17). These conformational changes, and those involving the (4R)-7-azabisabolene [designatd®){azabisabolene], a cat-
N-terminus (M1-P5), helices 1, D, H, K, and L, and-A, ionic analogue of the natural bisabolyl carbocation interme-
D—D1, H—a-1, }-K, and K—L loops (Figure 1b), are likely  diate, and its enantiomer $+7-azabisabolene [designated
triggered by the diphosphate group of the FPP substrate aqS)-azabisabolene] (Figure 2b23).

well. The trichodiene synthase mechanism is summarized
in Figure 2a 18). MATERIALS AND METHODS

Mutagenesis studies indicate that conservative mutations  Site-Directed Mutagenesis of R304K Trichodiene Synthase.
of R304 (3-K loop), D101 (helix D), or D100 (helix D)  The R304K mutation was introduced by PCR mutagenesis.
compromise activity 19, 20). For example, consider D100,  The trichodiene synthase expression vector pZW03 was used
which coordinates to Mga and Mg*c (17). The D100E 35 the template. The forward primer incorporated two point
mutation results in a 22-fold decrease kp/Ku and the mutations that altered a codon from Arg (AGG) to Lys
formation of five aberrant products in addition to trichodiene (AAA; boldface): 3-G CAC TTG TGC GAT CGCAAA
(20). The crystal structure of D10OE trichodiene synthase TAC CGC CTT AGC GAG-3 The optimal reaction mixture
shows that the diphosphate-triggered conformational changefor PCR amplification of the mutagenic insert was as
is highly attenuated, partly due to compromised metal binding follows: 125 ng each of forward and reverse primerg).1
(21). D101E trichodiene synthase exhibits a 5-fold decrease of the 10 mM dNTP mix, 2 or 4L of 16 nguL wild-type
in kea/Km and the generation of five aberrant products in plasmid, 10uL of Stratagene reaction buffer, and 2.5 units
addition to trichodiene 20). In comparison, the R304K  of Pfu turbo polymerase, in 50L. The lid of the thermal

mutation resul_ts in a 5000-fold decreasekin/Ky as well ~ cycler was preheated to 10%C, and after the initial
as the generation of at least two aberrant products in additiondenaturation of the reaction mixture (without the polymerase)
to trichodiene 19). at 95°C for 1 min, 2.5 units of the polymerase was added

To probe the importance of R304 as a hydrogen bond to the mixture. Sixteen cycles, each consisting of denaturation
donor to diphosphate and its structural role in the diphos- at 95°C for 30 s, annealing at 55C for 1 min, and a 10
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Ficure 2: (a) Postulated mechanism for the cyclization of farnesyl diphosphate (FPP) to trichodiene by trichodiene synthase. OPP is

diphosphate and NPP nerolidyl diphosphat8)( (b) (R)-Azabisabolene, a cationic analogue of the bisabolyl cation in the trichodiene

synthase mechanism, is a strong competitive inhibitor in the presence of inorganic diphosphatétiiRRK; of 0.51uM (22); similarly,

the enantiomerS)-azabisabolene binds in the presence ofWth a K; of 0.47uM (22), suggesting that the stereochemical discrimination

is weak at the corresponding step in catalysis.

min extension at 68°C, were performed. The reaction and the azabisabolenes were prepared using the same crystal

program concluded with a 10 min final extension at°€3 soaking protocol used for the preparation of the respective

and the reaction mixture was held at°@ until the PCR complexes with Y305F trichodiene synthag#)( R304K

tubes were removed from the cycler. To each reaction trichodiene synthase crystallized essentially isomorphously

mixture was added &L of Dpnl enzyme before incubation  with the wild-type enzyme (space grol3:21,a =b =

for 1 h at 37°C. The reaction mixtures were immediately 122.2 A,c=151.2 A) (L7). Crystals were prepared for data

placed on ice and transformed into XL1-Blue supercompetent collection by cryoprotection in 25% ethylene glycol and

cells using the protocol recommended by Stratagene andflash-cooling in liquid nitrogen.

plated on LB-agar plates containing 58g/mL ampicillin. Diffraction data were collected at the Brookhaven National

Mini-preps (Qiagen mini-prep kit) from overnight cultures Laboratory (beamline X12B). Data were indexed and merged

of single colonies of transformants yielded plasmids that were using HKL2000 25). The structures were determined by the

subsequently sequenced (DNA Sequencing Facility, Uni- difference Fourier technique. CN3g) and O @7) were used

versity of Pennsylvania), using a primerl00 nucleotides in refinement and rebuilding, respectively. Noncrystallo-

upstream of the mutation site, to confirm that the mutation graphic symmetry constraints were used in the initial stages

was incorporated. of refinement and subsequently relaxed into appropriately
Expression, Purification, and Crystallization of R304K weighted restraints as judged IRt as refinement pro-

Trichodiene SynthaseThe plasmid containing the gene gressed. Molecular models shown in the figures were

encoding R304K trichodiene synthase was transformed into prepared with Bobscript version 2.2§, 29). Data collection

Escherichia colBL21(DE3), overexpressed, and purified as and refinement statistics are reported in Table 1.

described for wild-type trichodiene synthase,(23), and

crystallized by the hanging drop vapor diffusion method RESULTS

described for wild-type and mutant trichodiene syntha$@s ( Unliganded R304K Trichodiene Syntha3éne structure

21, 24). The complexes between R304K trichodiene synthase of unliganded R304K trichodiene synthase (Figure 3) is
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Table 1: Data Collection and Refinement Statistics

R304K R304Kk-Mg?*s-PR—(R)-azabisabolene ~ R304KMg?:-PR—(S-azabisabolene
resolution range (A) 562.9 80-2.5 60-2.75
no. of reflections (measured/unique) 194638/29285 224114/42643 190271/30875
completeness (%) (overall/outer shell) 99.2/100 91.9/75.8 88.6/91.1
Rmergé (overall/outer shell) 0.078/0.454 0.084/0.343 0.138/0.554
/o{overall/outer shell) 30.7/5.0 15.9/4.1 13/3.2
no. of protein atonts 5792 5747 5692
no. of solvent atonfs 58 195 97
no. of metal ion% 2 3 3
no. of ligand atonts — 24 9
no. of reflections used 27821/1435 40318/2130 29151/1523
in refinement (work/free)
R/Ryec 0.213/0.254 0.216/0.251 0.216/0.256
rms deviation
bonds (A) 0.007 0.007 0.007
angles (deg) 1.2 1.1 1.2
proper dihedral angles (deg) 18.1 18.6 18.9
improper dihedral angles (deg) 0.8 0.8 0.8
aRmerge = Y |Ij — MOVY ]}, wherel; is the observed intensity for reflectignand jCis the average intensity calculated for reflectjofrom

replicate data® Per asymmetric uni€t R = 3IIFs| — |FdI/3|Fo|, whereR and Reee are calculated by using the working and test reflection sets,

respectively.

a.\

R182

E164

R182 R182
E164
® D100 D100

D101 D101 \

Ficure 3: Active site of unliganded R304K trichodiene synthase. (a) Simulated annealing omit maps of K304 %nidrMaye colored
cyan (6.@) and maroon (84), respectively. The mutated side chain is well-defined by clear electron density. Metal coordination interactions
are represented by black dotted lines. (b) Superposition with the active site of unliganded wild-type trichodiene synthase (purple).

mostly similar to that of the unliganded wild-type enzyme enzymes, R304 donates a hydrogen bond to T69 and D101
(17). However, D-D1, J-K, and H-a-1 loops and helix K accepts a hydrogen bond from R@2(21, 24). In contrast,
appear to shift slightly from their positions in the wild-type K304 of R304K trichodiene synthase does not form any
enzyme. The rms deviation between the two structures ishydrogen bonds and the nearest polar residues>adré

0.54 A for 349 G atoms. In the unliganded forms of these away. Possibly, the amino group of K304 hydrogen bonds
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Ficure 4: Active site of R304K trichodiene synthase complexed with?’d’R and (R)-azabisabolene (yellow carbon skeleton). (a)
Simulated annealing omit maps of K304,;PiRetal ions, andR)-azabisabolene are colored cyan @&,&reen (5.4), maroon (5.2), and

blue (4.®), respectively. Metal coordination interactions are shown as black dotted lines. (b) Superposition with the active site of wild-type
trichodiene synthase complexed with ¥MgPR (purple). Hydrogen bonds and metal coordination interactions in the mutant are shown as
gray and black dotted lines, respectively.

with water molecules that are disordered at the modestbetween the unliganded and liganded forms of R304K
resolution of this structure determination. The DMR62 trichodiene synthase is 1.2 A for 353 @toms (in compari-
hydrogen bond remains intact in this mutant. son, the rms deviation between the unliganded and*ddg
Interestingly, in contrast with the unliganded forms of PR-liganded forms of the wild-type enzyme is 1.4 A for 349
wild-type, D100E, and Y305F trichodiene synthasks 21, C. atoms). The overall conformational changes are, in
24), unliganded R304K trichodiene synthase binds onéMg general, similar to the diphosphate-induced conformational
ion in the active site of monomer B (Figure 3a). This metal changes described for wild-type trichodiene synthase and
ion is coordinated by the side chains of D100 and E164, involve the N-terminus (M1-P5), helices 1, D, H, K, and L,
and four water molecules. This metal ion most closely and I-A, D—D1, H—o-1, J-K, and K—L loops (L7) (Figure
corresponds to Mgc in the structure of the wild-type  1b). However, conformational changes in helix H andDi,
enzyme complexed with PEFigure 1a) {7). Metal binding H—a-1, and J-K loops are slightly attenuated. Accordingly,
in the absence of diphosphate has previously been observedhe rms deviation between the Kg-PR-liganded forms of
in the active sites of two other unliganded terpene cyclases,wild-type and R304K trichodiene synthases is 0.35 A for
5-epiaristolochene synthas20f and ¢-)-bornyl diphosphate 353 G, atoms.

synthase %1). It is not clear how the R304K mutation Metal ions in the active site of R304K trichodiene synthase
facilitates M@*c coordination by D100 and E164 in the interact with D100, N225, S229, E233, and, RPthe same
unliganded mutant. fashion that is observed in the ¥fg-PR complex with the

R304K Trichodiene Synthas#g?*s-PP-(R)-Azabisab-  wild-type enzyme (Figure 4). Mdc also makes a long-range
olene ComplexThe M@*s-PR cluster binds to the active  electrostatic interaction with E164 (2.9 A). The;R®ion
site of monomer B of the dimer (Figure 4). As established appears to rotate slightly toward the mouth of the active site
for wild-type (17) and Y305F 24) trichodiene synthases, and is stabilized by metal coordination interactions and
PR binding triggers a conformational change in monomer hydrogen bonds with R182 and K304. In wild-type, D100E,
B (ligand binding to monomer A is hindered due to and Y305F trichodiene synthases,;Pd&so receives a
interlattice contacts). The side chain of K304 donates a hydrogen bond from K2321(/, 21, 24). Surprisingly, the
hydrogen bond to RPut not to D101. The rms deviation length of this interaction increases te4 A in the R304K
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a.

Ficure 5: Active site of R304K trichodiene synthase complexed with*dPR and §)-azabisabolene. (a) Simulated annealing omit
maps of PR metal ions, and9)-azabisabolene are colored green ¢J,@naroon (4.6), and blue (4.5), respectively. Note that the electron
density is sufficiently ambiguous tha$)fazabisabolene cannot be modeled into the density. Metal coordination interactions are shown as
black dotted lines. (b) Superposition with the active site of wild-type trichodiene synthase complexed WithRRgpurple). Hydrogen

bonds and metal coordination interactions in the mutant are shown as gray and black dotted lines, respectively.

mutant. Although there is no charge difference between theit is conceivable that)-azabisabolene, the aza analogue of
side chains of arginine and lysine, the R304K mutation the enantiomer of the actual bisabolyl carbocation intermedi-
results in the loss of the R364101 hydrogen bond ate, may be bound in more than one orientation. Thus, we
interaction, and D101 appears to move away from the have not includedS)-azabisabolene in the final model.
mutated side chain (Figure 4b). The side chain of D101
retains its hydrogen bond interaction with R62. The side DISCUSSION
chain of K232 in the mutant moves a little closer to the  The R304K mutation results in a structural change in the
former position of the R304 guanidinium group. active site that apparently facilitates the binding of a
R304K Trichodiene Synthas#&lg®ts-PP,—(S)-Azabis- magnesium ion not previously observed in unliganded
abolene ComplexThe M¢?"s-PR cluster binds to the active  trichodiene synthase structures. The ion is coordinated by
site of monomer B only and interacts with the enzyme in a D100 in the DB°DSKD motif, E164, and four water
manner similar to that outlined above in the complex with molecules. This metal ion most closely corresponds té'ig
(R)-azabisabolene. Additionally, the diphosphate-induced in the wild-type trichodiene synthas®ig?"s-PR complex
conformational changes in monomer B are similar to those (17). Mg?*¢ in trichodiene synthase corresponds to2\ig
described above. The rms deviations of this complex with in 5-epiaristolochene synthasg0f and ¢)-bornyl diphos-
unliganded R304K trichodiene synthase and with wild-type phate synthase3(), and these enzymes contain glutamate
trichodiene synthase complexed with the WgPR cluster residues corresponding to E164 of trichodiene synthase:
are 1.2 and 0.37 A, respectively, for 353, Gtoms. 5-epiaristolochene synthase has E379, arddiornyl diphos-
Interestingly, §-azabisabolene binds to the active sites of phate synthase has E428(31). However, these glutamate
both monomers. However, electron density for the ligand is residues do not coordinate to metal ions in unliganded or
ambiguous in both active sites and precludes confidentliganded enzyme structures. Since the length of the E164
interpretation of the orientation and conformation 8J-( Mg?*¢ interaction in R304K trichodiene synthase increases
azabisabolene (Figure 5). Although both enantiomers of to 2.9 A upon the binding ofR)-azabisabolene and M-
azabisabolene have been shown to be equally effectivePR, we cannot identify any direct role in metal binding or
inhibitors of trichodiene synthase in the presence o5, catalysis for this residue in wild-type terpenoid cyclases.
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Ficure 6: (a) Active site of {+)-bornyl diphosphate synthase frof officinaliscomplexed with M§"s and product bornyl diphosphate

(yellow hydrocarbon moiety). Metal ions are represented as gray spheres. Hydrogen bonds and metal coordination interactions are shown
as gray and black dotted lines, respectively. (b) Active site of wild-type trichodiene synthase complexed Wiraivhcoproduct PP

Metal ions are represented as gray spheres. Hydrogen bonds and metal coordination interactions are shown as gray and black dotted lines,
respectively. The view corresponds to that in panel a, from within the active site.

In R304K trichodiene synthase complexed witR)-( interaction increases from 2.3 A in wild-type and Y305F
azabisabolene and Mig-PPR, the PR anion shifts 0.7 A trichodiene synthase complexek7(24) to 3.1 A in the
toward the mouth of the active site relative to its position in R304K trichodiene synthaség?*;-PR—(R)-azabisabolene
the complex with the wild-type enzyme. This results in a complex. Additionally, Mg"s moves 0.9 A from its position
larger active site cavity with a volume of 512 Avhich is in the wild-type and Y305F trichodiene synthase complexes
17% larger than the active site volume of 43¥Aeasured  due to the movement of PEhat results from the R304K
for the wild-type enzyme in its complex with Mgs-PR (17) mutation.
using the CastP serve?4, 32, 33). The larger active site Metal coordination interactions with P&e longer in the
volume in R304K trichodiene synthase confers additional R304K trichodiene synthaség®"s-PR—(R)-azabisabolene
degrees of freedom to the orientations and conformations of complex (average Mg—O distance of 2.7 A) than in the
the substrate and carbocation intermediates. Thus, a signifi-wild-type trichodiene synthasévig?*s-PR complex (average
cantly compromised active site template is likely responsible Mg2*—O distance of 2.2 A), thereby weakening diphosphate
for the formation of aberrant product$9). stabilization. Presuming that the enzyasibstrate complex

The 5000-fold loss of activity measured for R304K is similarly destabilized, we conclude that less efficient
trichodiene synthase appears to result from compromisedactivation of the substrate diphosphate group accounts for
molecular recognition of the substrate diphosphate group.the significant loss of activity measured for this mutant.
The side chain of D101 in the complex does not move  Structural and kinetic results with other trichodiene syn-
appreciably from its position in the unliganded enzyme, and thase mutants help support the preceding conclusion. Pre-
it retains the hydrogen bond interaction with R62 as observedsteady-state kinetic studies have shown that the ionization
in the unliganded enzyme. Thus, the loss of the R3D401 of FPP in the active site is the rate-limiting chemical step in
hydrogen bond in the R304K trichodiene synthabty?*s- trichodiene synthase catalysis and that product release is rate-
PR—(R)-azabisabolene complex compromises some of the limiting overall (34). In mutants with compromised binding
diphosphate-induced conformational changes in the vicinity of the substrate diphosphate group or; f&g., D100E
of D101. In particular, the length of the D16Mg?'g trichodiene synthas@)], it is expected that the free energy
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barrier for FPP ionization should increase and the free energymetal coordination interactions with Mg, and Mg*s. We
barrier for PP release should decrease. Single-turnover expect that the substrate diphosphate group makes similar
experiments with D101E trichodiene synthase indeed revealinteractions in the enzymesubstrate complex. It is notable
that the rate of FPP consumption is decreased 100-fold,that interactions with the substratephosphate moiety would
consistent with compromised FPP ionizati@) be significantly perturbed in R304K trichodiene synthase
The binding of R)-azabisabolene to R304K trichodiene through loss of the K232 hydrogen bond and lengthening of
synthase is similar to that observed in its complex with metal coordination interactions. Therefore, we suggest that
D100E trichodiene synthase, which reflects an unproductive the massive loss of activity measured for R304K trichodiene
binding conformation and orientatio@4). Thus, as we have  synthase arises from compromised activation ofakghos-
noted, there are limitations in the use of positively charged phate of the PPeaving group of FPP. This hypothesis is
aza analogues of carbocation intermediates to elucidateconsistent with the total loss of catalytic activity observed
structural aspects of terpene cyclase reaction mechanismgor R304A trichodiene synthase (unpublished results), in
(24, 31). However, it is notable that the positively charged which there is no compensation for the lost positive charge
azabisabolenes nevertheless influence the binding ofoPP  at position 304 required for substrate activation. Future
R304K trichodiene synthase. This mutant appears to have astudies will allow us to further dissect the catalytic contribu-
lower affinity for Mg?*s-PR since crystals soaked in buffer tion of other intermolecular interactions with the substrate
solutions lacking azabisabolene inhibitors reveal an empty a-phosphate group and their importance for substrate activa-
active site (data not shown); upon the addition BJ-(or tion.
(9-azabisabolene, the binding of both azabisabolene and
Mg2*s-PR is clearly confirmed (Figures 4 and 5). Thus, ACKNOWLEDGMENT
Mg?*3-PPR binding appears to be enhanced by the positively
charged azabisabolene ammonium ion, which may compen-
sate for the compromised hydrogen bond interactions with
PR in R304K trichodiene synthase. Indeed, both azabisab-
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