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ABSTRACT. The X-ray crystal structures of Y305F trichodiene synthase and its complex with coproduct
inorganic pyrophosphate (BRnd of Y305F and D100E trichodiene synthases in ternary complexes with

PR and aza analogues of the bisabolyl carbocation intermediate are reported. The Y305F substitution in
the basic BRRYR motif does not cause large changes in the overall structure in comparison with the
wild-type enzyme in either the uncomplexed enzyme or its complex withHR®vever, the loss of the
Y305FPR hydrogen bond appears to be compensated by a very slight shift in the position of the side
chain of R304. The putative bisabolyl carbocation miniteazabisabolene, binds in a conformation and
orientation that does not appear to mimic that of the actual carbocation intermediate, suggesting that the
avid inhibition by R- and S-azabisabolenes arises more from favorable electrostatic interactions with PP
rather than any special resemblance to a reaction intermediate. Greater enclosed active-site volumes result
from the Y305F and D100E mutations that appear to confer greater variability in ligand-binding
conformations and orientations, which results in the formation of aberrant cyclization products. Because
the binding conformations and orientationsRséizabisabolene to Y305F and D100E trichodiene synthases

do not correspond to binding conformations required for product formation and because the binding
conformations and orientations of diverse substrate and carbocation analogues to other cyclases such as
5-epi-aristolochene synthase and bornyl diphosphate synthase generally do not correspond to catalytically
productive complexes, we conclude that the formation of transient carbocation intermediates in terpene
cyclization reactions is generally under kinetic rather than thermodynamic control.

Terpenoids comprise one of the single largest families of of the simple isoprenoid & building block, isopentenyl
natural products that serve a wide variety of biological diphosphate. Diverse cyclic terpenoids can be generated from
functions in living systemsl( 2). For instance, the diterpene isoprenoid precursors in cationic cyclization reactions cata-
(Cyo) retinal plays a key role in visior2j; the triterpene (&) lyzed by terpenoid synthases, also called terpenoid cyclases
lanosterol is a precursor of cholester®),(which modulates  (5—9). For example, sesquiterpenes derive from the acyclic
the properties of biological membrane §); and various precursor E,E)-farnesyl diphosphate (FPPn a reaction
bacteria and fungi produce sesquiterpengg)(fBat exhibit catalyzed by a sesquiterpene cyclase. Each sesquiterpene
potent antibacterial or antifungal properti@3. (Notably, all cyclase serves as a template to hold FPP in the productive
terpenoids are ultimately derived from linear combinations conformation for carbocation formation and cyclization,

T his work was suonoried by National Institutes of Health Grant usually with high geometric and stereochemical precision.
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* Atomic coordinates of trichodiene synthase mutants have been Amino acid substitutions in the active sites of highly
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_ - change that completely sequesters the active site from the
o @f\?’ bulk solvent 21). In D100E trichodiene synthase, however,
FPP | this PR-triggered conformational change is highly attenuated,
@R-PE resulting in an active-site cavity that is 12% greater in volume
\ (22). Presuming that the diphosphate group of FPP similarly
M triggers active-site closure, the larger active-site cavity of
“OPP OPP . . . L
N — @w D100E trichodiene synthase would permit additional con-
formational freedom for the substrate and reactive carboca-
tion intermediates, thereby allowing for additional cyclization

bisabolyl cation

\ pathways. Accordingly, the molecular recognition of the
. substrate diphosphate group by metal coordination and
%opp . W opp hydrogen bonding plays a critical role in triggering confor-
Js mational changes that stabilize the active-site template in
trichodiene the proper conformation for catalysis.
b. Metal coordination interactions appear to dominate the

molecular recognition of diphosphate:iPtRe aspartate-rich

motif, and a second metal-binding motif (the “NSE loop”)

bind 3 M¢?" ions in wild-type trichodiene synthas21) and

2 Mg?" ions in the D10OE trichodiene synthas22).

\/\)\ However, trichodiene synthase also utilizes hydrogen bonds
/'I‘+ F with R182, K232, R304, and Y305 to stabilize;Rihding
H (21, 22). The loss of the Y305-diphosphate hydrogen bond

Ficure 1: (a) Postulated mechanism for the cyclization of FPP to in Y305F trichodiene synthase has little effect kg but
trichodiene by trichodiene synthase; OPFdiph)(l)sphate, NPR increasem by .a factor of #-8; 25% Of. an aberrant product,
nerolidy! diphosphatel®). Selected carbon atoms of substrate and @-cuprenene, is also generated (Figure 23, (24). The
intermediates are labeled. [@Azabisabolene, a cationic analogue Y305T substitution has even more dramatic consequences,
of the bisabolyl cation in the trichodiene synthase mechanism, is aresulting in a 65-fold increase I, a 160-fold decrease in

strong competitive inhibitor in the presence of; Rith K; = 0.51 NN ; . : . .
uM (25); similarly, the enantiome&-azabisabolene binds in the keay, and a 4:4:4:1 product mixture of trichodiene, isochami

presence of PPwith K; = 0.47 uM (25), suggesting that the ~ 9re€ne, andx- and-bisabolenes, respectivel24).
stereochemical discrimination is weak at the corresponding step in - To probe the relationship between diphosphageognition
catalysis. and catalysis by trichodiene synthase, we now focus on

decrease ifi.afKm as well as the generation of five aberrant structural studies of two site-specific mutants: D100E, in
sesquiterpene products in addition to trichodiene (Figure 2) which diphosphateMg?" coordination interactions are
(20). The additional products result from derailment and perturbed, and Y305F, in which a single diphosphate
premature quenching of the normal carbocationic intermedi- hydrogen bond is perturbed. To ascertain mechanistic infer-
ates of the cyclization cascade. Therefore ?Mijinding is ences on the binding of a cationic intermediate in catalysis
implicated in the stabilization of the active-site template with by these mutants, we report the structures of D100E and
the proper conformation for FPP cyclization. The X-ray Y305F trichodiene synthases complexed witR)(#-azabis-
crystal structure of wild-type trichodiene synthase complexed abolene (designatedRazabisabolene”), a cationic analogue
with coproduct inorganic pyrophosphate (P&nhd 3 Mg* of the normal bisabolyl carbocation intermediate, and its
ions reveals how MY binding is linked to template enantiomer (&)-7-azabisabolene (designateds-&zabis-
stabilization: the PPMg?*; cluster induces a conformational  abolene”) (Figure 1b)25).

;
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Ficure 2: Cyclization of FPP catalyzed by wild-type (WT), Y305F, and D100E trichodiene synthases yields an increasingly diverse product

array of linear and cyclic sesquiterpenes (OPRiphosphate).
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Table 1: Data Collection and Refinement Statistics

Y305F- Y305F-M¢?"s-PR  Y305F-M¢?*s-PR D100E-M@™»-PR  D100E-Mg*,-PR
mutant/complex Y305F Mg?ts-PR -R-azabisabolene -Sazabisabolene -R-azabisabolene -Sazabisabolene
resolution range (A) 402.3 50-2.1 50-2.5 75-2.75 14-2.8 50-2.95
reflections 162 490/54 949 378 002/75643 233 822/45 564 166 950/33 388 115571/31 744 128 454/27 593
(measured/unique)
completeness (%) 93.9/94.6 99.4/100 99/91 99.8/100.0 97.2/93.6 97.6/97.0
(overall/outer shell)
Riergé 0.059/0.448 0.086/0.424 0.126/0.409 0.104/0.494 0.098/0.393 0.093/0.412
(overall/outer shell)
Mo 22/3.1 16/3.4 13.2/2.2 19.3/2.9 16.7/3.0 21.4/3.0
(overall/outer shell)
protein atoms 5753 5802 5802 5795 5816 5788
(numbery
solvent atoms 175 207 54 30 71 93
(numbery
metal ions 0 3 3 3 2 4
(numbery
ligand atoms 0 9 39 24 39 48
(numbery
reflections used in 52 054/2770 71575/3829 42 759/2263 31694/1657 24 979/2010 26 029/1342
refinement (work/free)
R/Rjree® 0.244/0.275 0.239/0.261 0.219/0.256 0.248/0.274 0.225/0.269 0.218/0.254
rms deviations
bonds (A) 0.007 0.006 0.007 0.007 0.008 0.007
angles (deg) 11 11 1.2 12 1.2 12
dihedral angles (deg) 185 18.4 18.7 18.7 18.6 18.0
improper dihedral 0.8 0.7 0.8 0.8 0.8 0.8
angles (deg)
@ Rmerge = Y |Ij — MOVY ]}, wherel; is the observed intensity for reflectignand jCis the average intensity calculated for reflectjofrom

replicate data® Per asymmetric uni€t R = Y ||Fo| — |||/ |Fol, whereR and Ryee are calculated by using the working and test reflection sets,
respectively.

MATERIALS AND METHODS type trichodiene synthase complexed with WgPR and
Mutants of trichodiene synthase frdfa sporotrichioides ﬁgg;té'ifagﬂg%eia :lgfsei"egﬁssts:b;u)ﬁ ?;ed dig?arzﬂgﬁcdeasgve
were prepared, overexpressedEscherichia coli purified y y Y '

as described?(, 26), and crystallized by the hanging drop Diffraction data from crystals of the D100E trichodiene
vapor diffusion method described for wild-type and D100E Synthase-Mg »-PR-R-azabisabolene complex were collected
trichodiene synthaseg1, 22). Crystals of Y305F trichodiene ~ on an R-AXIS lic image plate area detector using copper
synthase were soaked in;RRffers using the same protocol rotating anode CuK, radiation. Diffraction data from
employed for the preparation of PEomplexes with wild- crystals of unliganded Y305F trichodiene synthase were
type and D100E trichodiene synthaseq,(22). The com- collected at the Brookhaven National Laboratory (beamline
plexes withS-azabisabolene were prepared by soaking mutant X4A, 1 = 1.0721 A). Diffraction data from crystals of the
enzyme crystals overnight in a buffer solution containing 1 Y305F trichodiene synthase-N¥ig-PR complex were col-
mM MgCl,, 2 mM NaP,O; (pH 6.9), and 3 mMS lected at the Brookhaven National Laboratory (beamline
azabisabolene. The complex between D100E trichodieneX12C, A = 1.100 04 A). Diffraction data from crystals of
synthase an&-azabisabolene was prepared by cocrystallizing the Y305F trichodiene synthase-fgPR-R-azabisabolene
the enzyme with 5 mM MgG| 1 mM NaP,O; (pH 6.9), complex were collected at Advanced Light Source, Berkeley,
and 0.5 mMR-azabisabolene; immediately after harvest, CA (beamline BL 5.0.24 = 1.000 00 A). Diffraction data
crystals were further soaked overnight in a buffer solution from crystals of the Y305F trichodiene synthase2XgPR-
containing 1 mM Mgd{, 10 mM NaP,O; (pH 6.9), and 1 Sazabisabolene and D100E trichodiene synthas&-iveR-

mM R-azabisabolene. The complex between Y305F trichodi- S.azabisabolene complexes were collected at the Cornell
ene synthase ari@-azabisabolene was prepared by soaking High Energy Synchrotron Source (beamline Ak 0.9764
crystals of the enzyme overnight in a buffer solution R). Data were indexed and merged using HKL20Qg)(
containing 1 mM MgCl, 2 mM NaP,O; (pH 6.9), and 3 The structures were solved by the difference Fourier
mM R-azabisabolene. Each mutant and/or complex crystal- technique. CNS28) and O @9) were used in refinement
lized essentially isomorphously with the wild-type enzyme 4.4 rebuilding, respectively. Noncrystallographic symmetry
(space group= P3;21,a = b = 122.2 A,c = 151.2 A) constraints were used in the initial stages of refinement and
(21). Crystals were prepared for data collection by cryopro- g hsequently relaxed into appropriately weighted restraints
tgctlon in 25% ethylene glycol and flash-cooling in I|qu.|d as judged byRree as refinement progressed. In each structure,
nitrogen. Although we were able to prepare crystals of wild- disordered loops characterized by poor electron density were
not included in the final model. Electron-density maps and

2Because the RProduct and the FPP diphosphate group are likely - mg|ecular models shown in the figures were prepared with
to make identical metal coordination interactions in the enzyme active

site, the term “diphosphate” is used as a generic designation of eitherBObSC”ptg v_ersion 2.430, 31): Data collection and refine-
FPP or PP ment statistics are reported in Table 1.
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Ficure 3: Active site of uncomplexed Y305F trichodiene synthase. (a) Simulated annealing omit map of F305 contouredTate4.0
mutated side chain is well-defined by clear electron density. (b) Superposition of the active sites of the uncomplexed wild-type (purple) and
Y305F (magenta) trichodiene synthases.

RESULTS coordinated by D100, N225, S229, E233, and @yure
_ ) 4). The PRanion is stabilized by metal ion coordination
_Y305F Trichodiene Synthas&he structure of Y305F  jnteractions and hydrogen bonds with R182, R304, and K232.
trichodiene synthase is identical to that of the wild-type |, wild-type and D100E trichodiene synthases, theaPion
enzyme 21) with a few local variations in the active site  5i5o receives a hydrogen bond from Y3@4,(22). The loss
(Figure 3). The root-mean-square (rms) deviation between ¢ g hydrogen bond in the Y305F mutant may be
the two structures is 0.41 A for 354 ,Catoms. The compensated by a very slight shift in the position of the side

uncomplexed enzyme does not bind metal ions, indicating chain of R304, which forms a second hydrogen bond with
that diphosphate binding is required for high-affinity metal PR (Figure 4)

recognition. . i )
. . _ Y305F Trichodiene Synthase-fMgPP.- R-Azabisabolene
YZEOE’F Trlchodle_ne Synthase-_Ri'rg-P_R Complex. The Complex.The M¢*ts-PR-R-azabisabolene cluster binds to
Mg?*s-PR cluster binds to the active site of monomer B of h : . ; B of the trichodi h
the dimer (Figure 4). Because the polypeptide segments thatt © actlv_e site o monomer & o the tricho lene sy_nt ase
dimer (Figure 5), whileR-azabisabolene alone binds in the

must undergo diphosphate-induced conformational changes_ .. . e
in monomer A make interlattice crystal contacts, there is a active site of monomer A. The rms deviation between the

. S . Mg?ts-PR-bound and Mg's-PR-R-azabisabolene-bound
barrier for Mg*3-PR binding to this monomer, as noted for ! . .
crystals of the wild-type enzyme1). As for the wild-type Y305F trichodiene synthase structures is 0.17 A for 351 C

enzyme 21), PR binding triggers conformational changes atoms. Metal ions are coorc_imat.ed by D_lOO, N225, $229,
of D101 and R304 so that they form a salt link and cap the E233'_ an_d PP The _PP anion is stabilized by _metal-
active-site cavity. The rms deviation between the unliganded ¢00rdination interactions and hydrogen bonds with R182,
and liganded forms of the Y305F mutant is 1.4 A for 351 K232, and R304 (Figure 5).

C. atoms. The most significant deviations found are for ~ The tertiary ammonium cation dR-azabisabolene was
polypeptide segments that interact with MgPR: M1-E31, originally designed to mimic the bisabolyl carbocation
T96-E133, Y23+1241, and C30+W343. These confor-  intermediate 25), and binding is synergized by Pfn the
mational changes are, in general, similar to the diphosphate-crystal structure, although there are no hydrogen-bond
induced conformational changes described for the wild-type interactions with the positively charged ammonium cation,
enzyme 21). Metal ions bound in the active site are itis presumably stabilized by long-range ionic interactions
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Ficure 4: Active site of the Y305F trichodiene synthasedAtgPR complex. (a) Simulated annealing omit maps of &l metal ions are

cyan and maroon, respectively, contoured ab7@ray spheres represent metal ions, and red spheres represent water molecules. Hydrogen-
bonding and metal-coordination interactions are represented by white and black broken lines, respectively. For clarity, only metal-coordinated
solvent molecules are shown. Water 203, which is sequestered in the active-site cavity and potentially exposed to bound substrate, is
indicated. (b) Superposition of the active sites of-B&und wild-type (purple) and Y305F (magenta) trichodiene synthases. Hydrogen
bonds are represented by black broken lines for the wild-type enzyme and white broken lines for the Y305F mutant. Note that R304 of the
Y305F mutant appears to move slightly closer tg, PBssibly compensating for the lost hydrogen bond in the mutant. For clarity, water
molecules are omitted.

because the closest Péxygen atom is 3.6 A away from  monomer B of the D100E trichodiene synthase dimer (Figure
the ammonium nitrogen atom of the aza analogue. Given 7) and the diphosphate-induced active-site closure is highly
that R-azabisabolene facilitates the binding of; R the attenuated, consistent with the D100E trichodiene synthase-
absence of metal ions (unpublished results), we presume thaMg?*>-PR complex @2). R-Azabisabolene alone binds in the
theR-azabisabolene is indeed bound as the ammonium catioractive site of monomer A. The rms deviation between the
and that its electrostatic interactions with; BRe favorable. Mg?",-PR-bound and M§",-PR-R-azabisabolene-bound
Y305F-Md@"s-PP-S-Azabisabolene CompleSurprisingly, D100E trichodiene synthase structures is 0.54 A for 354 C
the Mg?"s-PR cluster alone binds in the active site of atoms. The metal ions, Mgx and Mg *g, that bind in the
monomer B, whileS-azabisabolene alone binds in the active active site of this complex, appear to be stabilized only by
site of monomer A (Figure 6) of the trichodiene synthase long-range (2.6:3.2 A) interactions with PPN225, S229,
dimer. The active site of monomer B contains additional and E233. This may be a consequence of the moderate
uninterpretable density that might indicate the binding of resolution of the structure determination. However, it may
disordered and/or partial-occupan8yazabisabolene. It is  also be a consequence of a noticeable change;ihifding
possible that the binding of th&-stereoisomer of azabis- that results in perturbed metal-coordination interactions
abolene is disfavored for this mutant. Monomer B undergoes (Figure 7b).
the characteristic diphosphate-induced conformational change Although there are no hydrogen-bond interactions with the
that caps the active site, whereas the active site of monomerpositively charged ammonium cation Bfazabisabolene, it
A remains open. The rms deviation between 34%@ms is presumably stabilized by long-range ionic interactions
of monomers A and B is 1.3 A. Metal and ARteractions because the closest Péxygen atom is 3.8 A away from
in monomer B are similar to those observed in the Y305F the ammonium nitrogen atom of the inhibitor.
trichodiene synthase-M&s-PR complex. D100E Trichodiene Synthase-ftg-PP-S-Azabisabolene
D100E-Mgt,-PP-R-Azabisabolene Complekhe Mg ,- ComplexThe Mg?*»-PR-S-azabisabolene cluster binds in the
PR-R-azabisabolene cluster binds only in the active site of active sites of monomers A and B of the D100E trichodiene
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Ficure 5. Active site of the Y305F trichodiene synthasedlgPR-R-azabisabolene complex. (a) Simulated annealing omit maps of
R-azabisabolene (blue, @)) PR (green, 7.6), and metal ions (maroon, @&} (b) Superposition with the Y305F trichodiene synthase-
Mg?"s-PR complex (purple). For clarity, water molecules are omitted. Hydrogen-bond and metal-coordination interactions are represented
by white and black broken lines, respectively.

R182 R182
N22

>,

AW

. D
LI ¥ :- Qg’l
— D100
R304
D101 D101

FiGURe 6: Simulated annealing omit map &fazabisabolene (blue, 4pbound to the active site of monomer A of Y305F trichodiene
synthase.

synthase dimer (Figure 8a). Interestingly, this is the only (Figure 8b). Metal ion stoichiometry is similar to that
complex in which both active sites simultaneously bing PP observed in the D100E trichodiene synthase*MdPR

and azabisabolene ligands. The diphosphate-induced activeeomplex £2). The coordination interactions of PRith both

site closure observed for wild-type trichodiene synth24® ( metal ions lengthen to 2-72.9 A and Md*g coordination

is highly attenuated in this structure, as also observed for by S229 lengthens to 2.8 A, too long to be considered inner-
the corresponding complex witRazabisabolene (Figure 7)  sphere interactions (these changes could be due in part to
as well as the D100E trichodiene synthase?Md¢PR the moderate resolution of the structure determination). The
complex @2). The rms deviation between the kig-PR- PR anion is stabilized by metal-coordination interactions and
bound and Mg",-PR-Sazabisabolene-bound D100E tri- hydrogen-bond interactions with the side chains of R182,
chodiene synthase structures is 0.50 A for 354a®ms Y305, and R304. Interestingly, the position and orientation
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Ficure 7: Active site of the D100E trichodiene synthasedWgPR-R-azabisabolene complex. (a) Simulated annealing omit maps of
R-azabisabolene (blue, 3% PR (green, 5.6), and metal ions (maroon, 4@ (b) Superposition with the D100E trichodiene synthase-
Mg?">-PR complex (purple). Hydrogen-bond and metal-coordination interactions are represented by white and black broken lines, respectively.

of PR is noticeably different from that in the D100E of whether substrate analogue, product, or aza analogue and
trichodiene synthase complex with ktg-PR (Figure 8b). PR are bound in the active site of the wild-type enzyrdg) (

Sazabisabolene is the enantiomeiRehizabisabolene, the  Thus, if precise positional control of the substrate diphosphate
ammonium cation that was originally designed to mimic the group/PRproduct is required for effective catalysis, amino
configuration of the bisabolyl carbocation intermediate. acid substitutions can degrade this control, either by holding
Although there are no hydrogen-bond interactions with the PR fixed in a single, alternative orientation or by allowing
positively charged ammonium cation, it is presumably multiple alternative orientations.

stabilized by long-range ionic interactions because the closest Fqr y305F trichodiene synthase, iR#nding is identical
PR oxygen atom is 4.2 A away from the nitrogen atom of g that observed in the wild-type enzyme apart from the loss
the aza analogue. of the Y305F-PR hydrogen bond (Figure 4); witfR-
azabisabolene bound in the active site, the pdsition
DISCUSSION changes slightly (Figure 5; average;RRBomic shift= 0.5
Trichodiene synthase protects highly reactive carbocationA). For D100E trichodiene synthase, the orientation and
intermediates (Figure 1a) from being quenched prematurely position of PPbinding and M§" stoichiometry are signifi-
by solvent or coproduct RPPwhile it stabilizes these cantly altered Z2), and the binding of PRo this mutant is
intermediates by long-range electrostatic interactions, e.g.,even further perturbed depending on whetResizabisab-
with PR, peptide backbone carbonyl groups, or the ring  olene orS-azabisabolene is bound in the active site (Figures
electrons of aromatic residues in the active site. TheRiBn 7 and 8, respectively). The average Bfémic shifts are 0.6
has a slightly different position and orientation in the active and 0.9 A in the complexes witR- and S-azabisabolenes,
sites of trichodiene synthase mutants complexed with therespectively. These differences are greater than the rms
azabisabolenes in comparison to that observed in the respeceoordinate error of 0:30.4 A indicated by Luzzati plots,
tive mutants complexed only with metal ions and;.PP which typically overestimate experimental error. The sig-
Variations in PP binding are particularly evident in the nificantly altered interaction with RPresulting in a large
structures of D100E trichodiene synthase complexes (Figurespart from weakened binding of M, allows for alternative
7 and 8). This contrasts with the binding of iR& bornyl substrate and intermediate conformations that lead to the
diphosphate synthase (a monoterpene cyclase), in which PPgeneration of a substantially broader product array by D100E
adopts a nearly uniform position and orientation regardless trichodiene synthase (Figure 2).
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101 D101

Ficure 8: Active site of D100E trichodiene synthase-MgPR-Sazabisabolene complex. (a) Simulated annealing omit maps of
Sazabisabolene (blue, W8 PR (green, 7.2), and metal ions (maroon, &b (b) Superposition with the D100E trichodiene synthase-
Mg?">-PR complex (purple). Hydrogen-bond and metal-coordination interactions are represented by white and black broken lines, respectively.

The presence of Mgc in the active sites of ligand-bound  Table 2: Enclosed Active-Site Volumes in Trichodiene Synthase

Y305F and wild-type 21) trichodiene synthases allows enzyme ligand(s) volume @
coordlqatlon of water 203 (Figure 4), which forms part of wild type M 5PR 237
the active-site template. The presence of water 203 Cont_nb- Y305F Mc*s-PR 411
utes to the smaller enclosed active-site volumes of the wild-  Y305F Mg?ts-PR-R-azabisabolene 456
type and Y305F trichodiene synthases in comparison with Biggg mgiz-gg R azabisabol 495213

H H H H 2-PH-R-azabisabolene
D100E trichodiene synthase, which does not bindMglt D100E M*»-PP-Sazabisabolene 516

is notable that a water molecule contributes to the active- — :
site contour of trichodiene synthase, just as a water molecule " Active-site volumes calculated using the CastP server http://
. . . . cast.engr.uic.edu/cas83—35). Note that the volumes reported here
contributes to the active-site contour of bornyl diphosphate e gifferent from those reported in 122 this difference is due to the
synthase, a monoterpene cycla82)( In wild-type tricho- different algorithms used for volume calculation by CastP and
diene synthase, water 203 is presumably hindered fromVOIDOO.
reacting with the substrate by coordination to g and
hydrogen-bond interactions with PRnd the backbone trichodiene synthase with Mtp-PR, with or without azabis-
carbonyl oxygen of N185. abolene, reveal consistentl5% increases in enclosed active-
A comparison of the active-site volumes of the wild-type site volumes compared with the wild-type enzyme (Table
and mutant trichodiene synthases indicates that, in general2). The chemical consequence of a greater active-site volume
a significantly greater enclosed active-site volume in PP is less structural and stereochemical in precision of the
complexes as calculated with the CastP send3—@5; cyclization cascade, and this results in the formation of
http://cast.engr.uic.edu/cast) correlates with greater productsignificant quantities of five aberrant cyclization products
diversity. For example, Y305F trichodiene synthase com- (Figure 2) @0).
plexed with Mg "s-PR exhibits only a slight decrease in the In the trichodiene synthase mechanism, the nerolidyl
enclosed active-site volume, and the complex with?Mg diphosphate (NPP) intermediate re-ionizes to form a cisoid
PR and R-azabisabolene exhibits a modest increase in theallylic carbocation that cyclizes to form the bisabolyl
enclosed active-site volume (Table 2). This mutant generatescarbocation intermediate (Figure 1a). Presumably, the PP
a single aberrant product (2586cuprenene) in addition to  leaving group should remain reasonably close to C3, and
trichodiene 23, 24). In contrast, the complexes of D100E C11 should be oriented for attack of the (Bdace of the
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Ficure 9: (a) Structure of the D100E trichodiene synthase*MdPR complex superimposed on the experimental binding conformations
of R-azabisabolene complexed with Y305F trichodiene synthas€MRR (green with blue nitrogen atom) and D100E trichodiene synthase-
Mg?",-PR (violet with blue nitrogen atom) angazabisabolene complexed with Y305F trichodiene synthas&-MRR (orange with blue
nitrogen atom) and D100E trichodiene synthase*MdPR (pink with blue nitrogen atom). The accessible surface area of the active-site
cavity is shown in cyan as calculated with VOIDO®9( 40). (b) Same as (a) but without the active-site surface contour, for clarity.

C7 carbocation. However, the putative mimic of the bisabolyl mode may be the tetrahedrafg@ometry at the ammonium
carbocationR-azabisabolene, binds to Y305F and D100E nitrogen ofR-azabisabolene, which contrasts with the trigonal
trichodiene synthases such that the C3 atom of the analogueplanar sp configuration of the tertiary bisabolyl carbocation
is positioned behind the positively charged ammonium cation intermediate that it is intended to mimic.
relative to the PRgroup, rather than proximal to the PRs If the nonproductive binding conformations and orienta-
it would be in the actual bisabolyl cation intermediate (even tions observed in terpene cyclase complexes with cationic
thoughR-azabisabolene binds with a different conformation aza analogues are sterically accessible to actual carbocation
and orientation to each mutant). Moreover, in tRe intermediates, then it is notable that the corresponding
azabisabolene complex with Y305F trichodiene synthase, aaberrant products, such as an alternative diastereomer of
more compact conformation &azabisabolene would result  trichodiene, are never formed by the wild-type enzyme. It
in an attack on the pr®& face of the C7 carbocation, which is likely, however, that the bound conformation of the
would ultimately result in the formation of the wrong enzymatically generated bisabolyl cation reflects that of the
diastereomer of trichodiene. Therefore, we conclude that NPP precursor from which it is formed and that this bisabolyl
R-azabisabolene binds to the active site of Y305F trichodiene cation intermediate does not reorient significantly prior to
synthase with a conformation that is inconsistent with the further cyclization. The conformation and orientation of the
productive conformation of the bisabolyl carbocation gener- enzymatically generated bisabolyl cation intermediate are
ated in the course of the actual cyclization of FPP to therefore under kinetic control rather than thermodynamic
trichodiene. control. Indeed, the positioning of the carbocation center
The apparent anomalous bindingRfazabisabolene may remote from the PReounterion, with the cyclohexene ring
result from strong electrostatic interactions between the interposed between the two charged species, may actually
positively charged ammonium nitrogen atom and the nega- contribute to the driving force for further cyclization. Pre-
tively charged PPgroup, as was also concluded for the steady-state kinetic studie3€) show that the ionization of
anomalous binding of the carbocation analogue 7-aza-7,8-the FPP in the active site is the slowest chemical step, with
dihydrolimonene to bornyl diphosphate syntha3g).(An- a first-order rate constant of 4%sat 15°C, while cyclization
other factor possibly contributing to the anomalous binding of NPP to trichodiene has a net rate constant of 200 s
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The latter rate almost certainly precludes major reorientation formation by altering the active-site cavity and volume. Such
of the bisabolyl cation intermediate within the active-site changes alter the binding conformations of kinetically
cavity in the course of the normal cyclization reaction. controlled and/or thermodynamically controlled intermedi-
It is notable that the active site of the D100E trichodiene ates, and the structures of the resultant aberrant products shed
synthase-M¢",-PR-R-azabisabolene complex is sufficiently light on the structure and stereochemistry of the normally
large to accommodate multiple orientations of the azabis- cryptic, enzyme-bound reaction intermediates. Although
abolene ligands, as observed in D100E and Y305F trichodi- protein crystallographic analysis plays an increasingly in-
ene synthase complexes reported herein (Figure 9). Thisdispensable role in the understanding of terpene cyclization
comparison of multiple azabisabolene conformations and mechanisms, a detailed understanding of mechanism and
orientations provides a powerful illustration of the alternative stereochemistry of the biochemical reactions themselves is
binding modes potentially available to catalytic intermediates essential to the proper interpretation and understanding of

in cyclization cascades catalyzed by trichodiene synthase
mutants in which the molecular recognition of the diphos-
phate is altered.

the wealth of information provided by protein crystal-
lography.

The binding of azabisabolenes to trichodiene synthase ACKNOWLEDGMENT
appears to be influenced by electrostatic interactions between \y/a thank the Brookhaven National Laboratory (Beamlines

the positively charged ammonium group of the inhibitor and
the negatively charged PRnion. We conclude that the

protein-bound conformations of these inhibitors do not mimic
the productive catalytic conformation and orientation of the

corresponding bisabolyl cation; instead, the azabisabolene,

analogues adopt thermodynamically favored conformations
and orientations that correspond to catalytically nonproduc-
tive bisabolyl cation complexes. During actual catalysis, the
lifetime of the bisabolyl cation is too short to allow it to
adopt the most thermodynamically favored conformation and
orientation. Thus, we suggest that the catalytically relevant
conformation and orientation of the bisabolyl cation in the
trichodiene synthase active site and possibly the conforma-
tions and orientations of other cyclization intermediates are
under kinetic rather than thermodynamic control.
Intriguingly, nonproductive binding modes are also ob-
served for the binding of two aza analogues of carbocation
intermediates to bornyl diphosphate syntha3®.(A non-
productive binding mode is also observed for the substrate
analogue farnesyl hydroxyphosphonate complexed with
5-epi-aristolochene synthasg/( 38). Thus, it appears to be
a common theme among the greater family of the terpenoid
cyclases that thermodynamically favorable binding confor-
mations and orientations observed for certain analogues of

the substrate and carbocation intermediates do not necessarily 8.

correspond to the productive binding conformations and
orientations required for the analogous reaction intermediates.
This observation leads to the conclusion that the formation
of transient carbocation intermediates in many terpene
cyclization reactions is under kinetic rather than thermo-
dynamic control. Interestingly, however, one aza analogue
of a carbocation intermediate in the formation of bornyl
diphosphate, 2-azabornane, binds to bornyl diphosphate
synthase in a thermodynamically favorable conformation and
orientation that clearly reflects the catalytically relevant
binding mode of the corresponding 2-bornyl cation just prior
to its nucleophilic capture by P® form bornyl diphosphate
(32). Notably, the latter analogue is very “product-like” in
structure, suggesting that for this cyclase the conformations
and orientations of bound intermediates may become ther-
modynamically more favorable as the product structure is
approached.

In summary, amino acid substitutions that alter the
molecular recognition of the substrate diphosphate group in

a terpene cyclase active site, such as the D100E and Y305F

mutations in trichodiene synthase, lead to aberrant product
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