3412 Chem. Rev. 2006, 106, 3412—-3442

Structural Biology and Chemistry of the Terpenoid Cyclases

David W. Christianson*

Roy and Diana Vagelos Laboratories, Department of Chemistry, University of Pennsylvania, 231 South 34th Street,
Philadelphia, Pennsylvania 19104-6323

Received October 21, 2005

Contents
1. Introduction 3412
2. Monoterpene Cyclases 3416
3. Sesquiterpene Cyclases 3418
3.1. Trichodiene Synthase 3418
3.2. Epi-Aristolochene Synthase 3424
3.3. Aristolochene Synthase 3425
3.4. Pentalenene Synthase 3426
4. Diterpene Cyclases 3428
4.1. Abietadiene Synthase 3428
4.2. Taxadiene Synthase 3429
5. Triterpene Cyclases 3430
5.1. Squalene—Hopene Cyclase 3430
5.2. Oxidosqualene Cyclase 3432 Born in Attleboro, Massachusetts, in 1961, David W. Christianson received
6. Antibody Catalysis of Cationic Cyclization 3433 the A.B. (1983), A.M. (1985), and Ph.D. (1987) degrees in chemistry from
Reactions Harvar(_j, \_Nhere hle‘studied in the research group of William N. Lipscc_)m_b,
6.1, Catalyic Anbly 1984 a3 Chvstanson oned e ety of e Sversty o Pemmohana
6.2. Cata_lytlc Antibody 4C6 3437 Chemistry and Chemical Biology. Christianson’s research focuses on the
7. Concluding Remarks 3437 structures and mechanisms of metal-requiring enzymes.
8. Acknowledgments 3441
9. References 3441 and carbocation intermediates through a series of precise

conformations leading to one unique cyclization product. In
contrast, other terpenoid cyclases are rather promiscuous in
1. Introduction their cyclization chemistry: extreme examples include the
conifer sesquiterpene cyclaseselinene synthase anehu-
Terpenoid cyclases catalyze the most complex chemicalmulene synthase, which generate a total of 34 and 52
reactions occurring in Nature, in that on average, two-thirds cyclization products, respectivelyPossibly, multiple prod-
of the carbon atoms of a linear polyisoprenoid substrate yct formation could reflect incomplete evolution of a precise
undergo changes in bonding, hybridization, or configuration active site template in these cyclases.
during the course of an intricate cyclization cascade initiated  The terpene cyclase substrates geranyl diphosphade (C
by the formation and propagation of highly reactive car- farnesyl diphosphate ¢, geranylgeranyl diphosphateA{;
bocation intermediaté'si® Tens of thO.leandS of terpene and gerany|farnesy| d|phosphat&‘ﬂ|:|gure 1) each derive
natural products have been characterized to date, yet eachrom a chain elongation reaction catalyzed by an isoprenyl
ultimately derives from one of only a handful of linear diphosphate synthase (also known as a prenyltransferase)
isoprenoid substrates (Figure 1). Terpene biosynthesis thustilizing the five-carbon precursors dimethylallyl diphosphate
provides an elegant example of Nature’s strategy for com- and isopentenyl diphosphaie.The 30-carbon substrate
binatorial chemical synthesis and diversity. squalene derives from the head-to-head condensation of two
Most terpenoid cyclases generate a unique hydrocarbonmolecules of farnesyl diphosphate in a reaction catalyzed
product with remarkable structural and stereochemical preci-by squalene synthadgl4 Remarkably, the enzymes that
sion. For example, consider the reaction catalyzed by generate terpene cyclase substrates are themselves structurally
oxidosqualene cyclase, also known as lanosterol synthaserelated to class | terpene cyclases (Figure 2), indicative of
in the biosynthesis of cholesterol (Figure 1). Only 1 out of their divergence from a common primordial ancestor early
a possible 128 lanosterol stereoisomers is formed in thein the evolution of terpene biosynthesis. This structural
cyclization of the 30-carbon triterpen§){2,3-oxidosqualene,  homology is reminiscent of suggestions that enzymes that
so the enzyme active site clearly serves as a high-fidelity catalyze successive steps in biosynthetic pathways may share
template that chaperones the flexible polyisoprenoid substratecommon evolutionary origin®.
Given its prominence as the archetypical prenyltransferase,
* Phone: 215-898-5714. Fax: 215-573-2201. E-mail: chris@sas.upenn.edu.and given the prominent structural and functional homologies
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Figure 1. General scheme of terpenoid nomenclature and biosynthesis €Ofphosphate, RR= inorganic diphosphate).

between the prenyltransferases and the terpenoid cyclasessecond aspartate-rich motif on helix H, Asp-244, coordinates
farnesyl diphosphate synthase provides a suitable introductionto Mg?*;.

and foundation for understanding terpenoid cyclase structure  The structure of the ternary enzymsubstrate-substrate
and mechanism. Avian farnesyl diphosphate synthase is aanalogue complé%provides a foundation for understanding
homodimer of 44 kDa-helical subunits with a core of 10  the electrophilic alkylation mechanism proposed for iso-
a-helices surrounding a hydrophobic active site of ap- prenoid chain elongation in which the metal-triggered
proximate volume 2400 A(Figures 3 and 4)° Helices D jonization of dimethylallyl diphosphate yields an allylic
and H contain so-called “aspartate-rich” motifs, DDXXD, carbocatior-pyrophosphate ion pai?; 25 followed by alky-
implicated in catalytic functioA’*® The structure of the |ation of the C3-C4 & bond of isopentenyl diphosphate to
unliganded wild-type enzym®and the structure of the Phe-  yield a tertiary C3 carbocatiof§i?” stereospecific elimination
112—Ala/Phe-113-Ser variant complexed with geranyl of a C2 protorf®2°proposed to be mediated by a pyrophos-
diphosphat® reveal that the first residue in the first aspartate- phate oxyger? terminates the chain elongation reaction to
rich motif, Asp-117, makes synsynbidentate coordination  yield geranyl diphosphafé.A second condensation reaction
interaction with two Mg ions, and one carboxylate oxygen with the addition of isopentenyl diphosphate to geranyl

of the last residue in this motif, Asp-121, makesyamanti- diphosphate yields product farnesyl diphosphate (Figure 7).
bridging coordination interaction between the two metal ions Interestingly, farnesyl diphosphate synthase can be engi-
(Figure 5). neered to generate longer chain products such as geranyl-

The recent crystal structure determination of farnesyl geranyl diphosphate by site-directed mutagenesis of aromatic
diphosphate synthase frofischerichia colcomplexed with r§5|dues at the base of the active site cleft; the deeper active
substrate isopenteny! diphosphate and the nonreactive subsite cleft allows for the synthesis of a longer prodtct.
strate analogue dimethylall\@-thiolodiphosphaté reveals Like the prenyltransferase reaction, the terpenoid cyclase
the first view of a complete trinuclear magnesium cluster reaction is initiated by the formation of a highly reactive
liganded by both aspartate-rich motifs and the diphosphatecarbocation. The terpenoid cyclases utilize two main chemi-
group of dimethylallylS-thiolodiphosphate (Figure 83.The cal strategies for initial carbocation formation: (1) metal-
Mg?*; and Mg+, ions each form six-membered ring chelate triggered departure of a pyrophosphate;JR#ving group,
structures with thiolodiphosphate oxygen atoms. The first similar to the strategy employed by farnesyl diphosphate
aspartate of the first aspartate-rich motif, Asp-105 on helix synthase, or (2) protonation of an epoxide ring or a carbon
D, makessynsynbidentate coordination interactions with ~carbon double bond, a strategy employed by oxidosqualene
Mg?+, and Mg*s. One carboxylate oxygen of the third cyclase or squalenenopene cyclase, respectively. Thus, the
aspartate in the motif, Asp-111, bridges Mgand Mg initiation step of a terpene cyclase reaction is either ioniza-
with synanti-coordination stereochemistry. Notably, the first tion-dependent or protonation-dependent.
aspartate-rich motif in the bacterial enzyme is of the form  lonization-dependent terpenoid cyclas@sonoterpene,
DDXXXXD; this contrasts with the avian enzyme, in which  sesquiterpene, and diterpene cyclasemntain an aspartate-
the characteristic DDXXD pattern is observed. Regardless, rich sequence, DDXXD/E, on helix D that is topologically
the first and last aspartates of the first aspartate-rich motif identical to the first such sequence occurring in the prenyl-
in each enzyme make identical interactions with a pair of transferases on helix D, but the second such sequence on
magnesium ions (Figures 5 and 6). The first aspartate in thehelix H is not “aspartate-rich” in the terpenoid cyclase: it
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Figure 3. Dimer of avian farnesyl diphosphate synthasédelices

are represented by cylinders. Helices of monomer 1 are labeled
with capital letters and connected by orange loops, and helices of
monomer 2 are labeled with primed capital letters and connected
by magenta loops. The 2-fold axis of the dimer is approximately

vertical, and the two active site clefts are oriented in parallel fashion
and open at the “top” of the molecule. Reprinted with permission

from ref 16. Copyright 1994 American Chemical Society.
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Figure 2. Structural similarities among various terpenoid synthases
(red) define the core class | terpenoid cyclase fold. The product of
each synthase is indicated. At the bottom, rms deviationscof C ] ) )
atoms and the number of structurally similar residues (in paren- Figure 4. Ribbon plot of the avian farnesyl diphosphate synthase.
theses) are listed. Reprinted with permission from ref 60. Copyright Two aspartate-rich motifs, Asp-1¥Asp-121 and Asp-257Asp-
2001 National Academy of Sciences, U.S.A. 261 (red), flank the mouth of the active sife.

has diverged to a consensus sequence of (L,V)(V,L,A)- domains, and each catalyzes a discrete reaction in the
(N,D)D(L,1,V)X( S, T)XXXE (boldface residues are magne- cyclization of geranylgeranyl diphosphate to form abietadiene
sium ligands, so this motif is also designated the "NSE/DTE" (section 4.1).
motif).3! Both motifs together bind a trinuclear magnesium It should be noted that the initiation step of a terpene
cluster that triggers the departure of the substrate diphosphataynthase can result in direct carbocation formation, for
leaving group, as further outlined in sections 2, 3.1, and 3.2. example, the departure of the pyrophosphate leaving group
In contrast, protonation-dependent terpenoid cyctases from dimethylallyl diphosphate yields an allylic cation that
certain diterpene cyclases and triterpene cyctasestain subsequently reacts with the €23 z-bond of isopentenyl
a single signature sequence DXDD, in which the central diphosphate (Figure 7). Alternatively, the initiation step can
aspartate residue is implicated as the proton donor thatbe accompanied by direct attack of one of the remaining
triggers initial carbocation formatioh. bonds at the site of incipient carbocation formation in concert
The commona-helical fold of the ionization-dependent  with leaving group departure to form a carbocation at a more
terpenoid cyclases (Figure 2) is designated the class Idistant carbon center (Sreactio§?). The reactiver bond
terpenoid cyclase fold, and the unrelateearrel fold of may open in either Markovnikov fashion (forming the more
the protonation-dependent cyclases (discussed in section 5stable carbocation) or anti-Markovnikov fashion (forming
is designated the class Il terpenoid cyclase foldterest- the less stable carbocation). Notably, the electrostatic envi-
ingly, plant cyclases such as)-bornyl diphosphate synthase ronment of the active site can contribute to the preferential
(section 2) or epi-aristolochene synthase (section 3.2) containstabilization of carbocations resulting from anti-Markovnikov
both domains, but only the class | domain is the catalytically processes that would ordinarily be disfavored in the absence
active terpenoid cyclase. Strikingly, the diterpene cyclase of enzyme. This expands the potential product diversity for
abietadiene synthase from grand fir also contains both the cyclization of an isoprenoid diphosphate substrate. For
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Figure 5. The binding of geranyl diphosphate in the active site of the Phe-11a/Phe-113— Ser variant of avian farnesyl diphosphate
synthase reveals that Asp-117 and Asp-121 of the first aspartate-rich motif make bridging coordination interactions witftiomdvig

(green). Ordered water molecules are shown as red spheres. Reprinted with permission from ref 20. Copyright 1996 National Academy of
Sciences, U.S.A.

Figure 6. The active site oE. colifarnesyl diphosphate synthase complexed with thregNtms (blue spheres 1, 2, and 3), dimethylallyl-
Sthiolodiphosphate (yellow), and isopentenyl diphosphate (green). For clarity, Asp-111 is indicated by an asterisk. Metal coordination and
hydrogen bond interactions are indicated by solid blue and dotted magenta lines, respectively. Reprinted with permission from ref 22.
Copyright 2004 The American Society for Biochemistry & Molecular Biology.

example, four possible outcomes for initial carbaarbon transiently formed carbocation intermediates through dipole
bond formation triggered by farnesyl diphosphate ionization charge interactions, certain fixed and protected dipoles in
are illustrated in Figure 8 Subsequent reaction of the an enzyme active site can similarly stabilize carbocation
remaining 7 bonds with the four different carbocation intermediates. Additionally, carbocation reaction intermedi-
intermediates in Figure 8, followed by hydride shifts, methyl ates can be stabilized by the rimgelectrons of aromatic
migrations, etc., can create a potentially vast and diverseresidues such as phenylalanine, tyrosine, and tryptophan
product array in the cyclization of farnesyl diphosphate.  through catior-sr or charge-quadrupole interactions (Fig-
With carbocation intermediates thus firmly implicated in ures 9 and 10¥%3°
the chemical mechanism of isoprenoid biosynthesis and Inthe remainder of this review, | shall outline the currently
cyclization, how are these highly reactive intermediates available X-ray crystal structures and chemical mechanisms
handled in the relatively mild milieu of an enzyme active for ionization-dependent monoterpene and sesquiterpene
site without alkylating polar residues or being quenched by cyclases in sections 2 and 3. Although no diterpene cyclase
solvent? In short, the hydrophobic prenyltransferase or has yet yielded a crystal structure, important structure
terpene cyclase active site serves as an “inert organic solventmechanism analogies can be made for this family of terpene
for carbocation-mediated chain elongation or cyclization cyclases based on the structures of monoterpene and ses-
reactions. Moreover, just as carbocation reactions are facili- quiterpene cyclases, and these are reviewed in section 4. It
tated in polar, aprotic organic solvents capable of stabilizing is especially intriguing that the bifunctional diterpene cyclase
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Figure 7. Chain elongation reaction catalyzed by farnesyl diphos- ,qtential, and the same is expected for the corresponding side chains
phate synthase: ionization of geranyl diphosphate (a) leads to theyt the amino acids phenylalanine, tyrosine, and tryptophan,
formation of the corresponding allylic cation, which then undergoes egpactively (red= negative, blue= positive). Aromatic residues
condensation with isopentenyl diphosphate (b) to yield a tertiary j, 3 terpene synthase active site may stabilize reactive carbocation
C3 carbocation, from which stereospecific elimination of a proton jntermediates without the danger of reacting with such intermedi-
(c) yields farnesyl diphosphate. PPdiphosphate; RP= inorganic ates. Reprinted with permission frdBeiencehttp://www.aaas.org),

pyrophosphate. Reprinted with permission from ref 25. Copyright ref 34, Copyright 1996 American Association for the Advancement
1981 American Chemical Society. of Science.
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Figure 8. Four possible initial ring closure reactions for farnesyl AE = -8.0 keal/mol 6-31G* AE = -12.0 keal/mol
diphosphate (FPP), the substrate of a sesquiterpene cyclase. By AL ==9.1 keal/mol B3LYP/6-31G* AE =153 keal/mol

enforcing a particular conformation of the flexible isoprenoid rigyre 10. Optimized geometries calculated with the OPLS-AA
substrate, the enzyme active site plays a critical role in directing foyce field for cation-z interactions between the 2-methyl-2-propyl
initial carbon-carbon bond formation to generate tertiary carbo-  cation and benzene (left) and indole (right). Stabilization energies
cation intermediates (Markovnikov addition to a double bond, for complex formation from the separated cation and molecule are
pathways a and c) or less stable secondary carbocation intermediate,ermodynamically favorable and are calculated using three different
(anti-Markovnikov addition to a double bond, pathways b and d). computational procedures. The optimal geometries of these theoreti-

Pathways a and b require initial ionization and isomerization 0 ¢5| cation- interactions can easily be achieved in a terpenoid
form nerolidyl diphosphate, reionization of which allows for the — ¢ycjase active site for cation interactions with theystems of the

incorporation of a cis double bond in the six-membered or seven- gjje chains of phenylalanine, tyrosine, or tryptophan. Reprinted with
membered ring, respectively. Reprinted with permission from ref hormission from ref 35. Copyright 1997 American Chemical
33. Copyright 1995 American Chemical Society. Society.

abietadiene synthase contains separate ionization-dependenhonoterpenes and their derivatives are largely responsible
and protonation-dependent active sites. The triterpene Cy-for the pleasing fragrances and flavors of aromatic plants.
clases are exclusively protonation-dependent, and squalene (+)-Bornyl diphosphate synthase, a monoterpene cyclase
hopene cyclase and oxidosqualene cyclase are reviewed ifrom Sabia officinalis (culinary sage), is a 128 kD homo-
section 5. In section 6, progress in the generation of novel gimer that catalyzes an unusual cyclization cascade in that
antibody catalysts of isoprenoid/polyene cyclization reactions i, PP leaving group of geranyl diphosphate is reincorpo-
is discussed, and | conclude in section 7 with comments on5ted into the final cyclization product (Figure 9).

emerging structuremechanism relationships common to the  positional isotope exchange studies viftb-labeled substrate

greater family of terpenoid cyclases. demonstrate that the same phosphoester oxygen atom is
contained in the prenyl diphosphate linkages of substrate
2. Monoterpene Cyclases geranyl diphosphate and produgt)ébornyl diphosphaté’ 38

suggesting very precise positioning and orientation of the

Each member of the family of monoterpene cyclases diphosphate moiety throughout the cyclization cascade as it
catalyzes the metal-dependent ionization and cyclization of is covalently bound or ion-paired with substrate, intermedi-
the linear 10-carbon isoprenoid precursor geranyl diphosphateates, and product. Mechanistic features of the cyclization
(Figure 1). Although monoterpene cyclases catalyze the cascade have been carefully delineated in enzymological
simplest terpene cyclization cascades in that they utilize the studies (Figure 123742
shortest linear isoprenoid cyclization substrate, these enzymes The X-ray crystal structure of-+)-bornyl diphosphate
nevertheless achieve remarkable structural and stereochemsynthas®® reveals a C-terminal domain that exhibits the
ical diversity in their product arrays (Figure 2’IJhe volatile characteristic class | terpene cyclase fold: this is where the
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Figure 11. The cyclization of geranyl diphosphate by monoterpene cyclases yields a diverse array of monocyclic and bicyclic products
emanating from thec-terpinyl carbocation intermediate. Reprinted with kind permission of Springer Science and Business Media from ref
9. Copyright 2000 Springer-Verlag.

metal—de_pendent cyclization of.geranyl diphosphate is cata-aspartate-rich motif, Asp-351, bridges fj[gand |\/|g£+ with
lyzed (Figure 13). The N-terminal glycosyl hydrolase-like = synsynbidentate coordination stereochemistry, whereas one

domain has no well-defined function, although the N-terminal oxygen atom of the third aspartate, Asp-355, bridge¢Mg

polypeptide caps the active site in the C-terminal domain and Mgfr With s . s .
T . ynanti-coordination stereochemistry. The
upon the binding of the diphosphate group of the SUbStrateNSE/DTE motif appears as Asp-496, Thr-500, and GIu-504,

analogue 3-aza-2,3-dihydrogeranyl diphosphate, the PP ) N
group in ternary complex with 7-aza-7,8-dihydrolimonene and these residues chelate @\Wg)n the opposite side of the

or 2-azabornane, or produet)-bornyl diphosphate (Figure ~ active site cleft. One oxygen of thé-phosphate of the
13)4% The N-terminal polypeptide segment is involved in Substrate analogue and product bridges;Mgnd Md:",
numerous hydrogen bond interactions with the C-terminal and a second oxygen coordinates to 3¥gOne oxygen
domain, including two with the aspartate-rich motif (Arg-  atom of thea-phosphate coordinates to Kfgand a second
56—Asp-355 carbonyl and Tyr-60Asp352). Interestingly,  oyygen coordinates to Mg such that two six-membered

tan?ﬁm arginines Ar9'55°{9'f5t6 0; (t)-bornyl dipr;ospfgja.te " ring chelate interactions are formed between the diphosphate
synthase are reminiscent of tandem arginines found in the, oo "2+ " g M@+ (Figure 14)

N-terminal segments of several (but not all) plant terpene v ) ) _
cyclases. Truncation studies with limonene synthase impli-  Intriguingly, the constellation of diphosphateetal in-
cate the corresponding tandem arginines in the isomerizationteractions observed int{)-bornyl diphosphate synthase is
step of the mechanisfiand it is conceivable that the tandem identical to that observed in diphosphate complexes fith
arginines in this monoterpene cyclase serve a similar function coli farnesyl diphosphate synthase (Figuréccordingly,
as Arg-55-Arg-56 of (+)-bornyl diphosphate synthase. A it is tempting to speculate that this diphosphate molecular
similar proposal is considered for diterpene cyclases contain-recognition scheme corresponds to the universal molecular
ing an Arg-Arg or Lys—Arg pair in the N-terminus  recognition of prenyl diphosphates by class | terpenoid
(reviewed in section 4). cyclases. However, the binding of the trinuclear magnesium
The structures of six+)-bornyl diphosphate synthase cluster to the sesquiterpene cyclase trichodiene synthase is
complexes with prenyl diphosphates or;, BRd aza analogues  slightly divergent, in that only one residue in the aspartate-
of carbocation intermediates reveal essentially identical rich segment participates in metal binding (section 3.1); metal
molecular recognition of the diphosphate moiety involving binding to epi-aristolochene synthase exhibits additional
a trinuclear magnesium cluster and several hydrogen bonddifferences (section 3.2). Possibly, the divergence of metal
interactions (Figure 14% The first aspartate residue in the binding and prenyl diphosphate recognition by the trinuclear
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For any cyclization reaction involving geranyl diphosphate,

7 OPOPO;” N_OPOsPO; it is clear that diphosphate ionization must be followed by
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tions with Phe-578 and Trp-323 appear to stabilize the C8

l 0POFOF T . carbocation. Subsequent anti-Markovnikov cyclization yields
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Figure 12. The cyclization of geranyl diphosphate to fornk)¢
bornyl diphosphate proceeds through intermediate)-(®alyl

diphosphate and the RJ}-a-terpinyl and 2-bornyl carbocation
intermediates. The diphosphate ester oxygen of the substrate (red

electrostatic and hydrogen bond interactions involving the
positively charged aza nitrogen atoms. However, the binding
conformation of 2-azabornane in the ternary complex with
PR nearly matches that of the produet)tbornyl diphos-
phate. Taken together, these results seem to imply that the
more product-like the carbocation analogue is, the more
iikely it is to be bound in a catalytically productive

is retained in the diphosphate ester of the product. Aza analoguesconformation. This hypothesis is also consistent with the
of carbocation intermediates are illustrated in boxes. Reprinted with ahomalous binding modes of aza-analogues complexed with
permission from ref 43. Copyright 2002 National Academy of trichodiene synthase, discussed in section 3.1.

Sciences, U.S.A.

magnesium cluster reflects an additional strategy in the

evolution of diverse terpenoid cyclases.
Comparisons of experimentally determined structures of than 300 known monocyclic, bicyclic, and tricyclic prod-

3. Sesquiterpene Cyclases

Sesquiterpene cyclases catalyze the metal-dependent cy-
clization of farnesyl diphosphate in the generation of more

complexes betweenH)-bornyl diphosphate synthase and aza ucts!278Bacterial and fungal enzymes such as pentalenene
analogues of carbocation intermediates (compodneiin synthase fromStreptomycesUC5319 and aristolochene
Figure 12), as well as product, indicate that the hydrophobic synthase fronPenicillium roquefortiare usually active as
active site cleft serves as a template to chaperone reactive~40 kD single-domain monomers, but there are also
substrate and intermediate conformations through an intricateexamples of homodimeric enzymes such as trichodiene
cyclization cascade while the diphosphate group is rigidly synthase fromFusarium sporotrichioides As for plant
bound?® A variety of aliphatic and aromatic residues lining monoterpene cyclases, plant sesquiterpene cyclases such as
the hydrophobic active site cavity, including Trp-323, lle-  epi-aristolochene synthase frdxicotiana tabacuntontain

344, Val-452, and Phe-578, ensure the proper binding an additional N-terminal domain exhibiting a fold most
conformation of the substrate and carbocation intermediates.closely related to that of the glycosyl hydrolases and weakly
Notably, a single water molecule, water no. 110, remains homologous to the class Il terpenoid cyclase foldthough
trapped in the active site cavity in all enzym@nalogue and  there is no specific catalytic chemistry established for the
enzyme-product complexes (Figure 15). Water no. 110 N-terminal domain of a plant sesquiterpene cyclase, it
makes hydrogen bond interactions with diphosphate or thenevertheless plays a role in capping the active site of the
PR anion, the backbone carbonyl of Ser-451, and the side C-terminal class | cyclase domain. There is generally very
chain of Tyr-426, so this water molecule appears to be firmly |ow amino acid sequence identity among sesquiterpene
anchored in the active site, sufficiently so that it cannot easily cyclases from bacteria, fungi, and plants, but these enzymes
react with carbocation intermediates to prematurely quenchadopt the characteristic class | terpenoid cyclase fold and
the cyclization cascade. Possibly, water no. 110 could servecontain the signature aspartate-rich and NSE/DTE motifs
as a diphosphate-assisted general base to account for thémplicated in binding the trinuclear magnesium cluster
generation of cyclic olefin side products such as pinenes, required for catalysis. In the remainder of this section,
camphene, and limoneA&That the reaction of noncyclizable  structure-mechanism relationships in four sesquiterpene
analogues of geranyl diphosphate generates significantcyclases are reviewed that provide interesting and important
amounts of acyclic terpenol products may reflect the presencecomparisons with the monoterpene cyclase)-bornyl

of a trapped water molecule in the enzyme activeSiteis diphosphate synthase discussed in the previous section.
notable that a trapped water molecule can contribute to the i )

contour of the active site template of a terpenoid cyclase, 3-1. Trichodiene Synthase

and it is also notable that such a water molecule could play Trichodiene synthase is a sesquiterpene cyclase that
an essential role in catalysis. catalyzes the first committed step in the biosynthesis of
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Figure 13. (+)-Bornyl diphosphate synthase. Panel a shows the unliganded monomer, oriented such that the viewer is looking directly
into the active site in the C-terminal domain (blue). Helical segments are labeled using the convention established for farnesyl diphosphate
synthase in Figure ¥ The aspartate-rich motif is red, and the NSE/DTE motif is orange: both motifs are involved in binding the trinuclear
magnesium cluster required for catalysis. The N-terminal domain is green. Disordered segments(&a+&E8) Glu-228-lle-233, Thr-
500—-Asp-509, and Gly-579Ser-583) are indicated by dotted lines. Panel b shows the monomer complex with;theidP(black),

oriented the same as the structure in panel a. Tharéh, as well as the diphosphate groups of substrate analogue 3-aza-2,3-dihydrogeranyl
diphosphate or productH)-bornyl diphosphate, trigger conformational changes that stabilize previously disordered polypeptide segments
that include most of the N-terminus (lle-54la-63), the C-terminus of helix H and the-+1 loop (Thr-506-Asp-509), and part of the

J-K loop (Gly-579-Ser-583). These ordered segments help cap the active site. Panel ¢ shows the homodimer with the active sites of each
monomer oriented in antiparallel fashion. The dimer interface is formed by the C-terminus of helix A and helices D1, D2, and E. Reprinted
with permission from ref 43. Copyright 2002 National Academy of Sciences, U.S.A.

nearly 100 different trichothecene mycotoxins such as T-2 reaction. (®)-Nerolidyl diphosphate is conclusively dem-
toxin and vomitoxin, which are frequent contaminants of onstrated to be a catalytic intermediate in enzymological
grain-based agricultural produdfs’” The enzyme purified  studies with isotopically labelled farnesyl diphosphate and
from Fusarium sporotrichioideis a dimer of 45 kD subunits  nerolidyl diphosphaté?5*Additionally, experiments with the
as determined by SDSPAGE? and the enzyme has been modified substrates §-trans-6,7-dihydrofarnesyl diphos-
cloned?® expresse® and highly overexpresse&dn Escheri- phate and (R)-trans-6,7-dihydrofarnesyl diphosphate yield
chia coli. Trichodiene synthase is the best-studied sesqui- product arrays consistent with the formation of the corre-
terpene cyclase in terms of mechanistic enzymology and sponding 6,7-dihydronerolidyl diphosphate intermediate,
structural biology, and the mechanism initially proposed for which is unable to cyclize further due to the absence of the
trichodiene formation based on studies with the first enzyme C6—C7 double bond® Since farnesyl diphosphate ionization
isolated from the apple mold fungugiichothecium roseum is the rate-limiting chemical step of cataly8tsalternative
remains generally accepted (Figure 7). product arrays derived from modified substrates provide a
The metal-dependent ionization of farnesyl diphosphate powerful demonstration of the existence of this otherwise
1 (Figure 1) is immediately followed by recapture of the undetectable intermediate.
pyrophosphate leaving group to formRj3nerolidyl diphos- Rotation about the C2C3 bond of (®)-nerolidyl diphos-
phate2. This isomerization step is required to circumvent phate2 from a transoid to a cisoid conformation facilitates
the geometric barrier, the trans €23 double bond, that S\’ cyclization by C1-C6 closure with PRieparture to form
would otherwise thwart the subsequent-€6 ring closure the corresponding bisabolyl carbocatiifFigure 17). The
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Helix H

¥

Figure 14. Molecular recognition of diphosphate or the;RRion by ¢)-bornyl diphosphate synthase is governed by numerous metal
coordination and hydrogen bond interactions. The diphosphate position and orientation is nearly invariant in enzyme complexes with PP
(yellow), 3-aza-2,3-dihydrogeranyl diphosphate (not shown), 7-aza-7,8-dihydrolimonene (not shown), 2-azaiiRiRr(amegenta), or-{)-

bornyl diphosphate (blue). This rigid molecular recognition is consistent with the observation that the same oxygen atom comprises the
prenyl diphosphate ester linkages of both substrate and préfd@&eprinted with permission from ref 43. Copyright 2002 National Academy

of Sciences, U.S.A.

1344

Figure 15. Simulated annealing omit electron density mapef-bornyl diphosphate synthase complexed with proditt{ornyl diphosphate
(contoured at 4). Metal coordination and hydrogen bond interactions are indicated by solid and dashed black lines, respectively. Note that
water molecule no. 110 remains trapped in the active site cavity along with the cyclization product. Reprinted with permission from ref 43.
Copyright 2002 National Academy of Sciences, U.S.A.

. 3341564 @

Figure 16. Model of the (&R)-a-terpinyl cation bound to the active site of -bornyl diphosphate synthase based on the binding mode of
2-azabornanePR and ()-bornyl diphosphate. The tertiary carbocation may be stabilized by eatidnteractions with Trp-323 and
Phe-578. Reprinted with permission from ref 43. Copyright 2002 National Academy of Sciences, U.S.A.

cationic analogue of bisabolyl carbocatién(4R)-7-azabis- and Arg-304— Lys variants of trichodiene synthase com-
abolene (Figure 18), exhibits strong synergistic inhibition plexed with PPand azabisabolene inhibitors reveal multiple
with PR (K; = 0.51 &+ 0.07 uM), but since (&)-7-azabis- or disordered azabisabolene binding conformations, some of
abolene exhibits comparable behavi#; & 0.47 £ 0.07 which appear to be driven by favorable electrostatic interac-
uM), itis possible that stereochemical discrimination is weak tions between the negatively charged; RRion and the

at the corresponding step of cataly®idn fact, the X-ray positively charged alkylammonium moiety of the azabisabo-
crystal structures of the Asp-106 Glu, Tyr-305— Phe, lene inhibitor (Figure 19)%5° Aromatic residues in the active
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Figure 17. Cyclization of farnesyl diphosphateby trichodiene
synthase requires the ionizatieisomerization-reionization se-
guence via intermediate R3-nerolidyl diphosphate to facilitate
closure of the six-membered ring forming the tertiary bisabolyl
carbocation intermediaté. This is analogous to the ionization
isomerizatior-reionization sequence encountered in the mechanism
of (+)-bornyl diphosphate synthase in Figure 12. Reprinted with
permission from ref 52. Copyright 1981 American Chemical
Society.

- V\)\ /'JV\)\

(4R)-7-azabisabolene

Figure 18. (4R)-7-Azabisabolene is a cationic analogue of the
tertiary bisabolyl carbocation in the trichodiene synthase mecha-
nism. Its enantiomer, @-7-azabisabolene, binds with essentially
equal affinity in synergy with PPinding®’

T-Zime

(48)-7-azabisabolene

site also make electrostatic interactions with these inhibitors,

and modeling studies suggest that Tyr-93 may stabilize the

bisabolyl intermediate through catietr interactions?®
Notably, the thermodynamically favorable binding modes
observed for azabisabolene inhibitors do not mimic the
catalytically productive orientation and conformation ex-
pected for the actual bisabolyl carbocation intermediate.
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reactions is under kinetic rather than thermodynamic con-
trol.58

Further cyclization of the bisabolyl carbocation followed
by a 1,4-hydride shift, tandem 1,2-methyl migrations, and
final deprotonation completes the biosynthesis of trichodiene
5 (Figure 17). An enzyme-bound base may mediate the final
deprotonation step. Based on crystal structure analysis,
Rynkiewicz and colleagues consider either the carboxylate
group of Asp-100 or the RPanion as possible proton
acceptors due to their active site locatiéhSince Asp-100
is a ligand to M§"™ and M, this residue is less likely to
serve as a proton acceptor unless significant active site
structural changes accompany the final step of catalysis.
Thus, the PPanion itself is the more likely proton acceptor,
and it is also considered as a possible proton acceptor in the
generation of certain aberrant products by D100E trichodiene
synthasé!

The X-ray crystal structure of wild-type trichodiene
synthase reveals that each subunit of the dimer adopts the
class | terpenoid cyclase fold (Figure 20)The quaternary
structure is similar to that of the monoterpene cyclasg (
bornyl diphosphate synthase (Figure 13) in that the two active
sites of the trichodiene synthase dimer are oriented in
antiparallel fashion. However, there are differences with
regard to the specific helices that form the dimerization
interface. It is interesting that the dimerization modes of these
two cyclases further contrast with that of farnesyl diphosphate
synthase, in which active sites are oriented in parallel fashion
(Figure 3).

The X-ray crystal structure of trichodiene synthase com-
plexed with Mg@*s—PR provides critical details regarding
the molecular recognition of R The structure of this
complex reveals significant RMduced structural changes
involving the N-terminus, helices 1, D, H, J, K, and L, and

Presuming that these nonproductive orientations and con-l00ps +A, D—D1, H—a-1, J-K, and K—L (Figure 21).

formations are accessible during catalysis, it would appear T hese conformational changes are also likely to be triggered
that the lifetime of the bisabolyl carbocation is too short to by the substrate diphosphate group during catalysis since they
allow it to adopt comparable orientations and conformations. S€rve to cap the active site cleft and sequester it from bulk

The same conclusion can be drawn with regard to the

solvent.

anomalous binding modes observed for certain aza analogues The binding of the trinuclear magnesium cluster in the

in complex with ¢)-bornyl diphosphate synthase (section

trichodiene synthase active site (Figure 21) is quite similar,

2). These binding phenomena suggest that the formation ofbut not identical, to that observed in the active site-bj-(

transient carbocation intermediates in terpene cyclization

| R182
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bornyl diphosphate synthase (Figure 14). In theeMgPR
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Figure 19. Variable binding orientations and conformations observed fB)-@azabisabolene (green, violet) an®f&-azabisabolene
(orange, pink) in ternary complexes with Pdhd the Asp-106— Glu and Tyr-305— Phe variants of trichodiene synthase. Although

azabisabolene inhibitors mimic the tertiary bisabolyl carbocation

intermediate, these inhibitors are thought to bind with nonproductive

orientations and conformations. Reprinted with permission from ref 58. Copyright 2005 American Chemical Society.
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Active
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Active
Site
Figure 20. Panel a shows a stereoplot of the trichodiene synthase monomer. The aspartate-rich motif beginning with Asp-100 on helix D
is magenta, and the NSE/DTE motif beginning with Asn-225 on helix H is orange. A conserved basic motif beginning with Arg-303 in the

J-K loop is yellow. Helices are labeled according to the convention established for farnesyl diphosphate $§ithaskb shows the
structure of the trichodiene synthase dimer. Reprinted with permission from ref 60. Copyright 2001 National Academy of Sciences, U.S.A.

_ — P =

Figure 21. Panel a shows the simulated annealing omit map of the trichodiene syntfigde;—PR complex contoured atdb Refined

atomic coordinates for RPMg?" ions (gray spheres), and metal-coordinated water molecules (red spheres) are superimposed. Panel b
shows the hydrogen bond and metal coordination interactions in the trichodiene syrittg#se—PR complex viewed from the base of

the active site. In panel ¢, superposition of unliganded trichodiene synthase (cyan) and the trichodiene-syigfhasd®R complex

(yellow) reveals structural changes triggered in indicated segments that cap the active site cleft, dierPiB magenta. In panel d, a

view looking directly into the active sites of unliganded trichodiene synthase (cyan) and the trichodiene syvititase PR complex

(yellow) reveals that Asp-101 (the second residue in the conserved aspartate-rich motif) and Arg-304 (the second arginine in the conserved
basic motif) form a double hydrogen bonded salt link that stabilizes the ligand-bound conformation. Because Arg-304 also donates a
hydrogen bond to RRthis interaction reveals how the diphosphate moiety of the farnesyl diphosphate substrate likely triggers a conformational
change to sequester the active site from bulk solvent. Reprinted with permission from ref 60. Copyright 2001 National Academy of Sciences,
U.S.A.

complex with trichodiene synthase, the carboxylate group contrast with these terpene synthases, no other aspartate in
of Asp-100 (the first residue in the aspartate-rich motif) the aspartate-rich segment of trichodiene synthase coordinates
coordinates to Mg and M@  with synsynbidentate  to a metal ion. The NSE/DTE motif of trichodiene synthase
geometry. The corresponding aspartate also coordinates tqAsn-225, Ser-229, and Glu-233) chelates the@vlg)n

Mg,ﬁ+ and Mgﬁ+ in farnesyl diphosphate synthase (Figures (Figure 21) in a fashion similar to that observed4f-{pornyl

5 and 6)2%22(+)-bornyl diphosphate synthase (Figure %), diphosphate synthase (Figure 14) and epi-aristolochene
and epi-aristolochene synthase (section 3.2). However, insynthase (section 3.2).
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Figure 22. Amino acid substitutions for residues that coordinate to catalytic metal ions (Asp=18Q) or residues that hydrogen bond
with PR (Tyr-305— Phe) result in substantially broader product arrays reflecting incomplete cyclization or cyclization to alternative bicyclic
products®?-64 Reprinted with permission from ref 58. Copyright 2005 American Chemical Society.

N-term. N-term.

Figure 23. Structure of Asp-100—~ Glu trichodiene synthase unliganded (cyan) and complexed withNg", (yellow). PR is red. The
PR-triggered active site closure is significantly attenuated in comparison with that observed for the wild-type enzyme in Figure 21c. Reprinted
with permission from ref 61. Copyright 2002 American Chemical Society.

Divergent metal binding interactions among the terpenoid is substituted for Mg, so it is clear that the metal
cyclases implicate subtle differences in Wg-substrate coordination polyhedra play a crucial role in stabilizing the
diphosphate interactions as a possible strategy for theproper active site contour required for productive catal§fsis.
evolution of product diversity. Consider, for example, site-  Amino acid substitutions for residues that hydrogen bond
specific variants of trichodiene synthase in which amino acid with PR, such as Tyr-305 (Figure 21b), similarly yield
substitutions are made in the aspartate-rich motif. The Asp- diverse product arrays. The Tyr-365 Phe substitution has
100 — Glu and Asp-101— Glu variants exhibit modest |ittle effect onk.,:and a minor effect oy, yet this variant
differences inKy andke values, and the Asp-104- Glu generates 25%-cuprenene and 75% trichodiene (Figure
variant exhibits wild-type kinetic parameteé¥diowever, all 22)8364The X-ray crystal structure of this variant complexed
three variants generate aberrant cyclization products indica-with Mg2*;—PR and (4R)-7-azabisabolene reveals a slightly

tive of alternative substrate orientations and conformations |arger enclosed active site cavity that facilitates alternative
in the enzyme active site. Thus, amino acid substitutions for product formatiort®

a residue that coordinates to a catalytically obligatory  piyerse product arrays result from amino acid substitutions
magnesium ion, even with another residue capable of metalsy, Asp-101 and Arg-304, which break hydrogen bond
coordination (Asp-106— Glu), result in the significantly  interactions in the unliganded state of the enzyme and form
broadened produ_ct array shown in Figure 22. The_ crystal 3 double hydrogen bonded salt link in ftg—PR complexes
structure determination of Asp-106- Glu trichodiene  hat is likely formed in the enzymesubstrate complex as
synthase complexed with PReveals an incomplete metal ;g (Arg-304 also donates a hydrogen bond to, RRe
cluster with only Mg" and Md" ions bound; moreover,  Figure 21df° The Asp-101— Glu substitution results in a
Glu-100 makes a lengthy 3.4 A interaction with ﬁ?lg 5-fold decrease ik:../{Km and the generation of five aberrant
which is too long to be considered inner-sphere coordina- products in addition to trichodierfé and the Arg-304— Lys
tion®* The incomplete metal cluster results in incomplete substitution results in a 5000-fold decreaséifKy, as well
diphosphate-triggered active site closure (Figure 23). The as the generation of at least two aberrant products in addition
enclosed active site volume is 12% greater than that of theto trichodiene®® The X-ray crystal structure of Arg-304-
closed conformation of the wild-type enzyme, and the Lys trichodiene synthase complexed with Mg-PR and
compromised active site template allows for more confor- (4R)-7-azabisabolene shows that the altered hydrogen bond
mational degrees of freedom for the flexible substrate, array shifts the PPanion ~0.7 A and weakens metal
resulting in the formation of alternative cyclization products. coordination interaction®. These structural changes result
The proportion of aberrant products increases wheid™™n in an enclosed active site cavity volume 17% greater than
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Figure 24. Proposed cyclization mechanism catalyzed by epi-
aristolochene synthase. Adapted with permission from ref 71.
Copyright 2000 American Chemical Society.

that of the wild-type enzyme, thereby allowing for the
generation of alternative cyclization products. Weakened
Mg?*s—PR interactions implicate weakened Rig—sub-
strate diphosphate interactions in catalysis, suggesting that A-C loop
weaker activation of the diphosphate leaving group accountsgigyre 25. Structure of epi-aristolochene synthase complexed with
for the dramatic activity loss measured for this variant. farnesyl hydroxyphosphonate (FHP). The C-terminal class | cyclase
Clearly, even subtle perturbations in the trinuclear magne- domain (orange) contains the active site for the cyclization reaction.
sium cluster or the constellation of hydrogen bond interac- The N-terminal domain (blue) has no known catalytic function but
tions responsible for substrate diphosphate recognition cannevertheless adopts a class Il terpenoid cyclase fold. The binding

: : ot of substrate analogues in the C-terminal domain is accompanied
lead to the formation of alternative cyclization products. It by the ordering of 36 residues in the N-terminal segment, and the

is conceivable that this strategy similarly underlies the A" and 3K loops. These structural changes help to cap the active

NH2 terminus (17)

evolution of new terpenoid cyclases in nature. site cavity and are likely triggered by the diphosphate group of
substrate farnesyl diphosphate. Reprinted with permission from
3.2. Epi-Aristolochene Synthase Science(http://www.aaas.org), ref 68. Copyright 1997 American

Association for the Advancement of Science.
Epi-aristolochene synthase froM. tabacum(tobacco)
catalyzes the metal-dependent cyclization of farnesyl diphos-phosphate synthase (Figure 44and trichodiene synthase
phate to form the bicyclic hydrocarbon epi-aristolochene (Figure 21b)° where diphosphate/PFhakes inner-sphere
(Figure 24), which comprises the first committed step in the ygrgination interactions with ,\@ The divergence of

blosyntheS|s|of the annfupgﬁt_l phytoalexin capsﬁ?off Lhef_ metal coordination polyhedra among these terpenoid cyclases
Xf' ray crystal structure OI éfg IS enzyme \INas one cr’] ;‘ el ISt could reflect an evolutionary strategy to achieve divergent
of a sesquiterpene cyclaSeand revealed twax-helica cyclization chemistry in each enzyme active site. That single

domains (Figure 25): a C-terminal catalytic domain exhibit-
ing the class | terpenoid synthase fold analogous to that first
observed for avian farnesyl diphosphate syntiased an

amino acid substitutions of metal-binding residues in the
aspartate-rich or NSE/DTE motifs diversify the terpenoid

. ; ) A cyclase product array, for example, as discussed for trichodi-
N-terminal domain of unknown function exhibiting structural y b y P

ene synthase in section 3.1, is consistent with this notion.
homology to glucoamylag® and endoglucanase CelP, o )
subsequently designated the class Il terpenoid synthase fold.. !N the epi-aristolochene synthase mechanism, substrate
The overall structure of this plant cyclase is homologous to ionization invites attack of the C+C11x bond at C1 with

that of (+)-borny! diphosphate synthase (Figure 13). proton elimination at C12 to yield the stable, neutral
The enzyme mechanism proceeds by initial ionization of INtérmediate, germacrene A (Figure 24). Enzymological

the substrate diphosphate group, which is triggered by metals'[“dihes with the Tyr-526»hPhe variant of epi-ari]:stolochene H
coordination interactions and hydrogen bond interactions. Synthase de_monstratec_;l at germacrene A is formed as the
X-ray crystal structures of epi-aristolochene synthase com- SCl€ cyclization product: Although Tyr-520 was initially

plexes with farnesyl hydroxyphosphonate and trifluorofar- Proposed as the general acid residue responsible for proto-
nesyl diphosphate reveal the binding of three2Mipns: nating germacrene A to form the eudesmane céitigrigure

o+ + ; A i . 24) and its deletion results in the premature termination of
Mg, _and Mi“ are I|gand9d "by Asp-301 and A;p 3_05 N the cyclization cascade with germacrene A formatfibn,
the signature “aspartate-rich” sequence, ancé*l\/llg lig-

: K I hat Asp-444 and Asp-525 mak
anded by Asp-444. Thr-448, and Glu-452 in the NSE/DTE oS and colleaguésiote that Asp-444 and Asp-525 make

gt . hydrogen bond interactions with Tyr-520 and contemplate
motif (Figure 26). The phosphonate and diphosphate gro_upstﬁ/e pgssibility of Asp-444 as a ge)r/1eral déithy analog?/
of the substrate analogues make coordination interaction

) ot " X 1ONSwith germacrene C synthase, in which an aspartic acid
with Mgz~ and M¢" and the diphosphate group of tri- residue is similarly implicate® This possibility is especially
fluorofarnesyl diphosphate interacts with igthrough a interesting in view of the fact that an aspartic acid is
metal-bound water molecule (Figure 26). This contrasts with implicated as a proton donor in protonation-dependent
diphosphate/RHnteractions with M§+ in (+)-bornyl di- cyclases such as abietadiene synthase (section 4.1), sgtialene
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Figure 26. Binding of farnesyl hydroxyphosphonate (top) and trifluorofarnesyl diphosphate (bottom) to the active site of epi-aristolochene
synthase. Metal coordination and hydrogen bond interactions are designated by green and blue dashed lines, respectively. Inhibitors are
indicated with darker bonds than surrounding protein residues; the isoprenoid portion of trifluorofarnesyl diphosphate is said to be characterize
by weak electron density and is indicated with dashed b&h&=printed with permission frorscience(http://www.aaas.org), ref 68.
Copyright 1997 American Association for the Advancement of Science.

hopene cyclase (section 5.1), and oxidosqualene cyclase AH

(section 5.2). Aristolochene Synthase 6\/}
Protonation of germacrene A results in formation of the ppd\S0 Mg 2

bicyclic eudesmane cation, which then undergoes tandem

1,2-methyl and 1,2-hydride migrations with final deproto- LR 2 (5)-(-)-Germacrene A

nation to generate epi-aristolochene (Figure 24). Clearly, the

hydrophobic contour of the enzyme active site must serve A'\,!,
as a high-fidelity template to properly chaperone reactive
intermediates leading to epi-aristolochene formation. The H

active site is lined by numerous aliphatic and aromatic
residues, and the side chain of Trp-273 is proposed to
S.tablhze Carboc.at'on mtgrme@ates throug.h Cmnnterac' Figure 27. Cyclization mechanism of aristolochene synthase.
tions Interestingly, chimeric cyclases in which selected wechanistic details are summarized in the text. Reprinted with
subdomains of epi-aristolochene synthase and vetispiradiengermission from ref 87. Copyright 2004 American Chemical
synthase fronHyoscyamus muticuare swapped generate Society.

mixtures of the reaction products of both enzymes, indicating ) ] )
that the active site contour of terpenoid cyclases can bedihydrofarnesyl diphosphaté,and a mechanism-based in-
altered to accommodate alternative cyclization pathways .hlb!t0r7'7 mdmate a cycll_zatlon mechanism in which substrate
emanating from the eudesmane carbocation intermediatelonization is accompanied by attack of the X011z bond

promise of engineering diversity in terpenoid biosynthesis intermediate?, (S)-(—)-germacrene A; protonation at C6 and
by design. attack of the C2 C3 s bond at the resulting C7 carbocation

yields eudesmane catid) which yields (+)-aristolochene
4 following methyl migration, hydride transfer, and depro-
tonation.

Aristolochene synthase catalyzes the 2Mdependent (+)-Aristolochene synthases have been purified fidm
cyclization of farnesyl diphosphate to form the bicyclic roqueforti® andAspergillus terreus! and both enzymes have
hydrocarbon {)-aristolochene4 (Figure 27), which is a  been cloned and overexpresseéircoli.3t7°8Both enzymes
stereochemical isomer of epi-aristolochene discussed inare monomeric and their deduced amino acid sequences share
section 3.2. Mechanistic studies using stereospecifically ~60% identity; although neither enzyme shares significant
labelled farnesyl diphosphaté?’® the anomalous substrate sequence identity with other terpenoid cyclases, the X-ray

4 (+)-Aristolochene

3 Eudesmane cation

3.3. Aristolochene Synthase
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Figure 28. Ribbon plot of (+)-aristolochene synthase froR
roqueforti®! The aspartate-rich motif (red) and the NSE/DTE motif
(orange) flank the mouth of the active site.
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Figure 29. Product distribution observed for site-specific variants
of P. roquefortiaristolochene synthase. Reprinted with permission
from ref 87. Copyright 2004 American Chemical Society.

generates appreciable quantities ef){aristolochen&>-8”
Furthermore, proper kinetic analysis of this variant reveals
only a minor 2-fold decrease k./Ku, SO Tyr-92 is clearly
ruled out as a catalytically obligatory general acid/lfse.
Felicetti and Cane advance the intriguing notion that a firmly
bound solvent molecule trapped in the active site might

crystal structure of each enzyme reveals conservation of theperform a general acid/base functiiThe identification of

characteristic class | terpenoid cyclase & The ribbon
plot of (+)-aristolochene synthase frof. roquefortiin
Figure 28 clearly shows the-helical topology of the

a single trapped water molecule in the active site bj-(
bornyl diphosphate synthase complexed with the product as
well as stable analogues of carbocation intermediates shows

terpenoid cyclase fold and conservation of the aspartate-richthat a water molecule can be sequestered in the enzyme active

and NSE/DTE metal-binding motifd. Interestingly, Asp-

115, which is the first residue in the aspartate-rich motif,

coordinates to a single Srion in one of the heavy atom

site and, if firmly anchored by hydrogen bond interactions,
would not prematurely quench carbocation intermediates in
the cyclization cascad&.The X-ray crystal structure deter-

derivatives prepared in the X-ray Crysta] structure determi- minations of aristolochene Synthase Complexes with substrate

nation®! This feature is reminiscent of Smbinding to each

and intermediate analogues may illuminate the possible role

of the two aspartate-rich motifs in farnesyl diphosphate Of solvent in the cyclization mechanism.

synthasé® The Sni" ion is a reasonable analogue of the
biologically relevant Mg" ion, and each readily binds to

It is interesting that wild-type aristolochene synthase from
P. roquefortigenerates small amounts of germacrene A as

carboxylate clusters on protein surfaces, which tend to Well as (-)-valencene, a bicyclic regioisomer oft}-
discriminate more on the basis of ionic charge rather than aristolochene (Figure 293%” whereas wild-type aristolo-

jonic radius®®

chene synthase fronA. terreus generates 100% H)-

The lower region of the active site of aristolochene aristolochené’ The product distribution of each enzyme is
synthase is quite hydrophobic in nature and its contour is modulated by amino acid substitutions in the metal-binding

defined by several aromatic and aliphatic amino acid side
chains. Molecular modeling of substrate, intermediates, and

aspartate-rich and NSE/DTE motifs, as illustrated forRhe
roquefortienzyme in Figure 2% It is clear that perturbations

product in the aristolochene synthase active site suggests tha’ these motifs, which govern the active site closure
the side chains of Phe-178 and Phe-112 are suitably oriented"€chanism, result in compromised templates for ionization
to stabilize the developing partial positive charge at c1 @nd cyclization, and it is notable that even the wild-type
during the initial cyclization reaction, and the side chain of €Yclase fromP. roquefortidoes not appear to be perfectly

Trp-333 may stabilize the eudesmane cation through cat-€velved to yield a single cyclization product like the

ion—s interaction$$! Substitution of this residue with the

smaller aliphatic side chains of valine or leucine results in
catalytically compromised enzyme variants that essentially
halt at germacrene A formation, consistent with the loss of
a residue critical for the subsequent step of eudesmane catio

formation®*

The identification of basic residues in the enzyme active

corresponding enzyme from. terreus Comparison of the
X-ray crystal structures of these enzymes may illuminate the
structural basis for the more perfect evolution of){
aristolochene biosynthesis by tie terreusenzyme??

.4, Pentalenene Synthase

Pentalenene synthase catalyzes the'Mitgpendent cy-

site capable of performing the initial deprotonation at C12 clization of farnesyl diphosphate to form the tricyclic

or the final deprotonation of the eudesmane caBi¢m yield
aristolochenet (Figure 27) is ambiguous. Inspection of the

hydrocarbon pentaleneng, (Figure 30)888° a biosynthetic
precursor of the pentalenolactone family of antibiotitShe

aristolochene synthase active site does not reveal any residueyclization mechanism summarized in Figure 30 was con-
that could assist with the first deprotonation step other than clusively delineated by Cane and colleagues using stereospe-

the diphosphate leaving group its&lfMolecular modeling

cifically labelled farnesyl diphosphate as a substrate, which

of the enzyme complexed with the germacrene A or allowed for the precise dissection of individual steps in the
eudesmane cation intermediates suggested that Tyr-92 couldeaction sequendg89.9+93

serve as a general acid to protonate the germacrene A Pentalenene synthase fr@treptomyce§lC5319 has been
intermediate and subsequently as a general base to deprocloned, expressed . coli®* and crystallized® and crystals

tonate the eudesmane catfiut the Tyr-92— Phe variant

of the 42-kD recombinant wild-type enzyme yielded one of
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Figure 30. Cyclization mechanism of pentalenene synthase. Briefly?'Migpendent ionization of farnesyl diphosphate (FEPis
accompanied by attack of the C2C@11x bond in anti-Markovnikov fashion to yield the cyclic humulyl cati8nwhich isomerizes td@
through either a deprotonatiemeprotonation sequence or a 1,2-hydride shift. A second cyclization step yields the seco-illudybcation
The final cyclization requires a hydride transfer and stereospecific deprotonation of ttegpirb#n from intermediaté to yield pentalenene

2. Reprinted with permission from ref 97. Copyright 2002 American Chemical Society.

decrease inke;: and a 55-fold increase iy, and also
produces 9% of an aberrant cyclization prody&garyo-
phyllene?” As noted by Seemann and colleag@ethe first
residue in the NSE/DTE motif is aspartate instead of
asparagine in the majority of plant monoterpene and ses-
quiterpene cyclases, and the retention of aspartate or the
evolution of asparagine for residue 219 in pentalenene
synthase ought to support Fgbinding.

Upon the initial structure determination of pentalenene
synthasé® Asn-219 was proposed to govern the substrate
binding conformation and stabilize carbocation intermediates,
but structural data subsequently acquired from the related
cyclases 5-epi-aristolochene synthéserichodiene syn-
thase®? and (+)-bornyl diphosphate synthd8énstead sug-
gested a conserved metal-binding function for Asn-219, Ser-
223, and Glu-227 in the NSE/DTE motif of pentalenene
synthasé’ Also considered in the pentalenene synthase
mechanism was His-309, which was proposed to mediate a
possible deprotonatietreprotonation sequence in the isomer-
Figure 31. Ribbon plot of pentalenene synth&é&he disordered ization of humulyl cations3 and 4, as well as the final
Phe-158-Asp-164 loop (dotted line), the aspartate-rich motif (red), deprotonation of intermedia& shown in Figure 30. How-
and the NSE/DTE motif (orange) flank the mouth of the active eyer, subsequent site-directed mutagenesis experiments
site. demonstrated that the His-3069 Ala, His-309— Ser, and
the first class | terpenoid cyclase structures (Figure®81). His-309— Phe variants of pentalenene synthase exhibit only
The lower region of the enzyme active site cleft is predomi- Minor increases ifKy values and 317-fold decreases in
nantly hydrophobic in nature and contains several aromatic Keat values, with up to 22% aberrant cyclization products
and aliphatic residues that define the overall contour of the formed?® Clearly, His-309 is not required for cyclization
cavity. The upper region of the active site cavity is more activity, but it is required to maintain the fidelity of
hydrophilic in nature and includes polar side chains required Pentalenene cyclization. Possibly, slight alterations of the
Asp-84) on helix D, and the NSE/DTE motif (Asn-219 mise the cyclization templatg by confernng excessive con-
Glu-227) on the opposite wall of the active site on helix H. formational freedom to reactive carbocqtlon mtermedlates,
Although no X-ray crystal structures have been determined thereby allowing formation of alternative sesquiterpene
the corresponding motifs bind trinuclear magnesium clusters Obligatory general base for pentalenene biosynthesis points
in farnesyl diphosphate synthae(+)-bornyl diphosphate toward a 1,2-hydride transfer instead of a deprotonation
synthasé? trichodiene synthas®, and epi-aristolochene ~ 'eprotonation sequence to achieve the isomerization of
synthasé® Additionally, site-directed mutagenesis experi- humulyl cations3 and4 in Figure 30
ments with pentalenene synthase confirm the catalytic Even so, the penultimate carbocation intermediie
importance of selected residues in the two metal-binding Figure 30 must undergo a final stereospecific deprotonation
motifs®” in the aspartate-rich motif, glutamate substitutions of H-7re to yield pentalenen&. Analysis of the native
for Asp-80 and Asp-81 result in severely compromised enzyme active site does not point to any alternative basic
catalytic efficiency, whereas the substitution of glutamate residues that could mediate this deprotonation step. Noting
for Asp-84 yields only minor effects on catalysis; in the NSE/ that this stereospecific step cannot be a spontaneous chemical
DTE motif, alanine and leucine substitutions for Asn-219 event and presumably must be mediated by a suitably
abolish catalysis. Interestingly, Asn-239Asp pentalenene  oriented active site base, Seemann and colled¢seggest
synthase retains some catalytic activity, with a 60-fold three possibilities for a catalytic base: (1) enzyme-bound
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water molecule(s), (2) the carbonyl oxygen of the polypeptide i

backbone, or (3) the RPBnion coproduct. Theky, values of

the conjugate acid forms of all three species are sufficiently

higher (greater than-4) than the K, of a tertiary carbocation i

(—10) to mediate a thermodynamically favorable deproto- { 1" Active Site
535

DXDD DOXXD

|T.5.| “Insertion™ | N-terminal domain | C-leminal‘camﬂic'ﬂmainl

nation to yield a neutral hydrocarbon product. With regard
to an enzyme-bound water molecule as a possible base, it is

intriguing to note that a single water molecule is firmly S e eshn

trapped in the active site ofH)-bornyl diphosphate synthase L

during the monoterpene cyclization cascétsg if a water (

molecule were similarly trapped in the pentalenene synthase o e

active site during catalysis, it might be able to mediate the Region

final deprotonation step. With regard to ;P& a possible L séz N T esamie o

base, it is intriguing that this moiety is considered as a
possible base in the mechanisms of trichodiene syrithdse _
and farnesyl diphosphate synth&3€larification of these  Figure 32. Panel a shows a general scheme of plant diterpene
mechanistic aspects for pentalenene synthase must await thg/nthase domain structure based on abietadiene synthase as modeled
X-ray crystallographic structure determinations of enzyme using epi-aristolochene synthase as a template-FhieD targeting

. .~ sequence (T.S.) is cleaved in plastids to yield a mature protein
complexes with analogues of the substrate and carbocationonsisting of a~30 kD “insertional” domain of largely unknown

2" Active Site

intermediates. function (although a pair of charged residues, Lys-86 and Arg-87,
affect catalysis in the C-terminal domain),~&9 kD N-terminal
4. Diterpene Cyclases domain containing the signature class Il cyclase sequence, and a

. o . ~32 kD domain containing the signature class | cyclase sequence
Diterpene cyclases catalyze the cyclization of the linear DDXXD that is designated the C-terminal catalytic domain. In
20-carbon substrate geranylgeranyl diphosphate to form aabietadiene synthase, the N-terminal and C-terminal domains each
variety of cyclic and polycyclic products. Although no crystal catalyze a distinct cyclization reaction. In other plant terpenoid

structure of a diterpene cyclase has yet been reported aminé:yclases that share this domain structure, such as taxadiene synthase,
' catalytic activity is demonstrated only for the C-terminal domain.

aCId.Sequence S_Imllarltles among_plant terpenoid C.yCIaS(':'SReprinted with permission from ref 110. Copyright 2001 American
provide valuable inferences regarding structumeechanism Chemical Society. Panel b shows a topographical projection of
relationships. Amino acid sequences of certain plant diterpenepseudomature abietadiene synthase from which the targeting
cyclases indicate the presence of both class | and class llsequence has been cleaved, leaving the basic Lys$\8$87 pair
terpenoid synthase folds containing the signature sequencd KR") to interact with the active site in the C-terminal domain
motifs DDXXD/E and DXDD, respectively (Figure 323100 (“2nd Active Site”, the site of ionization-induced cyclization). The

; ; ; ; " insertional domain (“Ins”) links the basic pair to the N-terminal
Unique to such plant cyclases is@40-residue “insertional domain (“Ft Active Site”, designated here as the “Central Region”,

domain at the N-terminus. Studies of abietadiene synthaseie site of protonation-induced cyclization). Reprinted with permis-
truncation variants indicate that residues in the insertional sion from ref 101. Copyright 2003 American Chemical Society.

domain affect catalysis in the C-terminal doméih.

Given the presence of catalytically active class | and classpy a single protein, abietadiene synthase (Figurel®3).
Il terpenoid cyclase domains in the family of diterpene Protonation at the substrate C14 atom triggers attack by the
cyclases, these enzymes comprise an evolutionary bridge 0fC10-C11 x bond, which triggers attack by the EE7 =
sorts between the single-domain class | bacterial terpenoidhond at C11 and deprotonation at C19 to yield the stable
cyclases such as pentalenene synthase and the double-domatiicyclic intermediate)-copalyl diphosphat2.1% lonization
class Il terpenoid cyclases such as the triterpene cyclasesf the allylic diphosphate ester @fand anti-§' cyclizatiort®’
discussed in section 5. In the remainder of this section, y|e|ds the tricycﬁc C8-Sandaracopimereny| catBat, which
structural and mechanistic inferences regarding abietadienethen undergoes intramolecular proton transfer to form the
synthase are discussed with regard to the distinct cyclizationreactive secondary carbocation intermedgtie. 106108 This
reactions catalyzed by its class | and class Il cyclase domainsdrives a 1,2-methyl migration to generate the tertiary
A brief comparison with taxadiene synthase completes an carbocatiord*, deprotonation of which yields abietadiebe

overview of the diterpene cyclases. or regioisomers levopimaradeBeand neoabietadieriz1%?
. . Subsequent oxidation of the C18 methyl groupbofields
4.1. Abietadiene Synthase (—)-ab?etic acid. Y grougbef

In response to a surface wound by a bark beetle, the grand Kinetic studies utilizing geranylgeranyl diphosphate and
fir tree (Abies grandiysecretes oleoresin, which is a cocktail (+)-copalyl diphosphate indicate that the two distinct cy-
of ~50% volatile monoterpene olefins (turpentine) and clization reactions are catalyzed by two distinct active sftes,
~50% diterpene resin acids (rosin), plus small amounts of making abietadiene synthase a bifunctional enzyme. Site-
certain sesquiterpené®.The volatile turpentine component  directed mutagenesis experiments focusing on the DXDD
evaporates, leaving the hardened rosin to seal the woundmotif in the class Il cyclase domain or the DDXXD motif
The chemical defense mechanism is further enhanced byin the class | cyclase domain specifically abolish the
insecticidal and fungicidal terpene natural produéi§—)- geranylgeranyl diphosphate cyclization reaction or thi (
Abietic acid is the principal resin acid component of the copalyl diphosphate cyclization reaction, respectivély.
wound response in the grand fir. The hydrocarbon precursorAdditionally, the binding of an aza analogue of geranyl-
of this resin acid is{)-abieta-7(8),13(14)-diene, or simply geranyl diphosphate, 15-aza-GGPPyreferentially inhibits
abietadiene. the cyclization of geranylgeranyl diphosphate but not the

Abietadiene is generated by the cyclization of geranyl- cyclization of (+)-copalyl diphosphat&® Free (+)-copalyl
geranyl diphosphat® in two consecutive reactions catalyzed diphosphate is detected in steady-state assays, consistent with
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class Il cyclase active site at the C-terminal doniéin.

> o ' 01 Al (_opp Interestingly, f-)-bornyl diphosphate synthase also contains
B:H :?_ — a pair of charged residues, Arg-55 and Arg-56, in its
1 1a ’ N-terminal domain, but it does not contain an entire
2 “insertional” domain comparable to that of the plant diterpene
she S cyclases. Arg-56 of{)-bornyl diphosphate synthase donates
/ a hydrogen bond to the carbonyl of Asp-355 in the aspartate-

rich motif in the complex with {)-bornyl diphosphate or

>tuorp ternary complexes with RPRnd analogues of carbocation
17 intermediates, thereby facilitating the “capping” of the active

site by the N-terminal polypeptidé.If Arg-55 and Arg-56

/ 2 of (+)-bornyl diphosphate synthase correspond to Lys-86
B and Arg-87 of abietadiene synthase, it is interesting to
% (,,‘" speculate that these abietadiene synthase residues may
(o opP (3 OPP likewise interact with the diphosphate group éf)¢copaly!
"”‘) - - h diphosphate, or at least they may be involved in facilitating
3 . at & "? the contact between the insertional domain and the class |
a

cyclase domain, which could possibly serve to cap the active

- site cavity!%* The X-ray crystal structure determination of
+ + abietadiene synthase complexed with substrate analogues
. o should help to pinpoint features of substrate recognition and

g 18 . . . . . .

5 6 7 catalysis in both active sites of this novel bifunctional cyclase.
Figure 33. Cyclization of geranylgeranyl diphosphate by abieta- .
diene synthase. The first cyclization reaction, triggered by proto- 4.2. Taxadiene Synthase
nation of geranylgeranyl diphosphatd) (and terminated by . . ) .
formation of @)-copalyl diphosphate2j, is catalyzed by the Paclitaxel (TaXOI) IS a taxane dlterpene isolated from the
N-terminal class Il cyciase domain. Asp-404 is the likely general bark of the Pacific yew{axus breifolia)!'4 that exhibits
acid B:H. The second cyclization reaction is catalyzed by the potent antitumor properties by stabilizing microtubules and
C-terminal class | cyclase domain, which requires tHgt¢opalyl arresting the cell cycl&517 Intriguingly, recent reports
diphosphate& must shift from one active site to the other. Metal- show that paclitaxel may also be useful in treating neuro-

triggered ionization of initiates the second cyclization cascade, d fi di h Alzhei s di b
which is terminated by proton elimination to form abietadiege ( ~ Y€9€nerative diseases such as Alzheimers disease Dy

or regioisomeric elimination products levopimaradier® 6r compensating for the loss of function of the microtubule-
neoabietadiene7]. Reprinted with permission from ref 101. binding protein tad!® 120 Taxadiene synthase catalyzes the
Copyright 2003 American Chemical Society. first committed step of paclitaxel biosynthesis through the

metal-dependent cyclization of geranylgeranyl diphosphate

the free diffusion transfer offf)-copalyl diphosphate out of  to form taxa-4(5),11(12)-diene (Figure 34).
the active site of the class Il cyclase domain and into the Taxadiene synthase has been isolated and purified from
active site of the class | cyclase domain, so there is no the Pacific yewt2! and the full-length, 862-residue enzyme
evidence for a more complex substrate channeling mecha-(98 kD) has been cloned and expresseisnherichia colit?2
nism10 The amino acid sequence displays 46% identity with that of

Mutagenesis of amino acid residues in the class Il cyclaseabietadiene synthad®, so taxadiene synthase shares the
active site of abietadiene synthase and analysis of a homologygeneral domain structure outlined in Figure 32a. The
model of the enzyme constructed using epi-aristolochene preparation of a truncation variant in which 60 residues of
synthase as a template suggests that the central aspartate tifie plastidial targeting sequence are deleted from the
the DXDD motif, Asp-404, is the general acid B:H that N-terminus results in a “pseudomature” form of the enzyme
initiates the first cyclization sequence by protonating geranyl- that facilitates overexpression Escherichia coli purifica-
geranyl diphosphate (Figure 29:'>Mutagenesis of residues tion, and assa$?® This recombinant enzyme generates taxa-
in the class | cyclase active site indicates that amino acid 4(5),11(12)-diene as the major cyclization product (94%),
side chains in the DDXXD motif and the NSE/DTE motif but minor amounts of side products, taxa-4(20),11(12)-diene
(which appears as Asn-765, Thr-679, and Glu-773), both of (~5%) and verticillene £1%), are also detected.

which are implicated in binding essential fgions, are Given that taxadiene synthase contains both class | and
critical for catalysis:*® Intriguingly, Peters and Croteau find  class Il cyclase folds, as indicated by its significant amino
that the distribution of products abietadiehidlevopimara-  acid sequence identity with abietadiene synthase, the first

diene 6, and neoabietadieng (Figure 33) is significantly question regarding structurenechanism relationships fo-
altered in certain variants, suggesting that the three pos-cuses on which domain(s) catalyze the cyclization cascade.
sibilities for the final deprotonation of tertiary carbocation Amino acid sequence alignments of taxadiene synthase and
4* (Figure 33) are highly sensitive to slight changes in the abietadiene synthase reveal that the signature DXDD motif
orientation of intermediatd* in the enzyme active sité3 of the class Il cyclase domain of abietadiene synthase appears
This feature is reminiscent of recent structural studies of site- as DLNT in taxadiene synthase; since the central aspartate
specific variants of trichodiene synthase in which altered of this domain is typically the general acid that triggers the
product arrays are believed to arise from altered molecular protonation-induced cyclization cascade of abietadiene syn-
recognition of PP®85° thasé!?and the triterpene cyclases (section 5), and since the
The study of abietadiene synthase truncation variants central aspartate is absent in taxadiene synthase, it appears
implicates a pair of charged residues in the N-terminal that the class Il cyclase domain is not equipped for
domain, Lys-86 and Arg-87, in the catalytic activity of the protonation-induced carbocation formation. Instead, the entire
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Figure 34. The cyclization of geranylgeranyl diphosphate (GGBRatalyzed by taxadiene synthase require$Mg trigger the departure
of the pyrophosphate leaving group (OPP). The cyclization cascade terminates with the formation of taxa-4(5),11(B2)diemendergoes
further biosynthetic derivatization in the Pacific yew to yield paclitaxel (TaKplReprinted from ref 126, Copyright (2000), with permission
from Elsevier.

cyclization reaction occurs in the C-terminal class | cyclase squalene oxide to generate a variety of polycyclic products.
domain and is triggered by the Migdependent departure Initial carbocation formation is achieved by protonation of
of the geranygeranyl diphosphate leaving group. Studies witha carbor-carbon double bond in squalene or by epoxide
isotopically labelled substrates indicate that the,OFP protonation and ring opening in squalene oxide. The central
group and the C14C15 and C16-C11x bonds of geranyl-  aspartate in the signature DXDD amino acid sequence motif
geranyl diphosphate are favorably aligned for the possibly is implicated as the requisite proton donor. Interestingly,
concerted alkylation and-cyclization to form the verticillyl squalene derives from two molecules of farnesyl diphosphate
carbocation intermediat® (Figure 34) and confirm that the  connected in “head-to-head” fashion by squalene synthase,
C1 atom of the substrate undergoes inversion of configurationthe structure of which reveals topological similarities with
upon A ring formationt?3-125 class | terpenoid synthas¥s.

Additional studies with specifically deuterated substrates  Despite the size of their substrates, the triterpene cyclases
indicate an intramolecular proton transfer of the C11 proton can achieve the same degree of structural and stereochemical
to the re face of C7 to generate tertiary carbocation precision in catalysis as previously noted for class I terpenoid
intermediate4 (Figure 34)'24126 This proton transfer is  cyclases. The X-ray crystal structures of two triterpene
somewhat unusual in thatzabond of the substrate, rather cyclases, squaleréhopene cyclasé®!3%and oxidosqualene
than an enzyme-bound residue, serves as a “general basegyclase (also known as lanosterol synthdge)ow provide
to accept the C11 proton. This step is analogous to thea critical foundation for understanding structaraechanism
intramolecular proton transfer proposed for the sandara-relationships in this enzyme family. Given that an exhaustive
copimerenyl cation in the abietadiene synthase mechanismand outstanding review of triterpene cyclization mechanisms
(3a" — 3b" in Figure 33). When 6-fluoro-geranylgeranyl has been presenté®here | focus primarily on structural
diphosphate is used as a substrate with taxadiene synthasespects of triterpene cyclase structuneechanism relation-
the intramolecular C11> C7 proton transfer is slower due  ships discerned from experimentally determined crystal
to the electron-withdrawing effects of fluorine and B/C ring  structures reported within the past two years.
closure is blocked?” The resultant isolation and character-
ization of partially cyclized fluoroverticillenes shows that 5.1, Squalene —Hopene Cyclase

the stereochemistry at C11 of the verticillenyl carbocation L
intermediate is 1R.127 Squalene-hopene cyclase catalyzes the cyclization of

Transannular B/C ring closure of carbocation intermediate Squalene to form the pentacyclic hydrocarbon hopene (Figure
4 leads to formation of the taxenyl carbocatibr(Figure ~ 3°)- Hopene is a biosynthetic precursor of the bacterial
34). Enzymological studies utilizing specifically deuterated NoPanoids, which modulate membrane fluidity. The X-ray
geranylgeranyl diphosphate indicate that isomeric side CTyStal structure of squalenéiopene cyclase frorAllg:%/S-O
products derive from this intermedia@:elimination of the ~ clobacillus acidocaldariuseveals a dimeric enzynié? _
H54 proton terminates the cyclization cascade to form taxa- €8ch monomer contains two domains, and each domain
4(5),11(12)-dienes (Figure 3)126 Although the role of the adopts a doublet-barrel fold. The two dpmams as_sembl@T
enzyme in catalyzing this reaction is not clearly defined (e.g., SC as to enclose a central hydrophobic active site cavity
does an enzyme residue mediate the final deprotonation of(Figure 36). _ _
the taxenyl cation?), the future X-ray crystallographic ~ Sdualene-hopene cyclase is a monotopic membrane
structure determination of taxadiene synthase will allow such Protein, meaning that it penetrates but does not completely

detailed structuremechanism relationships to be conclu- Pass through the bacterial membrane. Substrate squalene,
sively established® dissolved in the membrane, enters the cyclase active site

through a hydrophobic channel open to the membrane
; surface. A nonpolar “plateau” flanks the channel entrance
5. Triterpene Cyclases in the vicinity of a-helix 8, and this likely comprises the

The triterpene cyclases are designated as class Il terpenoignonotopic membrane association motif (Figures 36 and 37).

cyclases because their doublebarrel fold is topologically As with the class | terpenoid cyclases, the active site of

distinct from the characteristia-helical fold of a class | squalene-hopene cyclase is very hydrophobic in nature and

terpenoid cyclaseTriterpene cyclases catalyze the cycliza- a variety of aromatic and aliphatic amino acid side chains
tion of the linear 30-carbon isoprene substrates squalene odefine a precise active site contour that serves as a template
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Squalene are essentially inactivE* Similar amino acid substitutions

~ of Asp-377 result in virtually inactive enzyme variants,
£<%-\g o) presumably due to the disruption of the Asp-376 environ-
=\ ~ . . . .
3 ) ] / P ment. Consistent with these mutagenesis results, the side
By:H l By

chain of Asp-376 is oriented toward the-XC3 bond of
2-azasqualene in Figure 38, which corresponds to the face
of the C2-C3 & bond of squalene (Figure 3%

On the basis of the crystal structure of the complex
between squalenehopene cyclase and the polyisoprenoid
o substrate analogue 2-azasqualene (Figures 38 and 39), a
Hopene mechanism for hopene formation is propdséthat involves
Figure 35. Squalene-hopene cyclase reaction. Various data low-barrier Markovnikov-type cationolefin additions to
indicate that general acid B is Asp-376, which protonates  form the six-membered A and B rings in the chair conforma-
squalene at C3 and triggers the cyclization cascade. The crystaltion, with a tertiary carbocation intermediate at C10. The
structure reveals no specific residue that could serve as genera'oinding conformation of 2-azasqualene suggests that although

base B: for the final deprotonation step at C29. This could account ... : : :
for the generation of 10% hopan-22-ol as a side product resulting it is possible that the C10 carbocation could react with the

from quenching of the final C22 carbocation by solvent. Reprinted C14~C15z-bond in Markovnikov fashion to yield a five-
with permission from Science (http://www.aaas.org), ref 129. membered C ring intermediate, it appears more likely that a
Copyright 1997 American Association for the Advancement of six-membered C-ring is formed directly by anti-Markovnikov
Science. reaction of the C14C15x bond with the C10 carbocation

in concert with Markovnikov reaction of the incipient
to enforce the catalytically productive conformation of the secondary C14 carbocation with the Gi819 double bond
large, flexible polyisoprene substrate. The recent X-ray to yield a five-membered D ring with a resulting tertiary
crystallographic structure determination of the complex with carbocation ion at C19. This intermediate is designated the
the nonreactive substrate analogue 2-azasqualene provide6—6—6—5 tetracycle with rings A C adopting the chait
an elegant illustration of this template function (Figure 38), chair—chair conformation of hopene. Approach of the €22
since the substrate analogue binds with a conformation veryC23 s bond toward the C19 carbocation appears to be
close to that required for the chair conformations of hopene sterically hindered, leading Reinert and colleagues to suggest

rings A—D.132 that the 6-6—6—5 carbocation is a relatively long-lived
The short amino acid sequence DXDD/E has been identi- intermediaté? That derivatives of the 66—6—5 carbo-
fied as a consensus motif in squalene cycla&&s*and site- cation are observed as minor byproducts in the squalene

directed mutagenesis has been used to probe the catalytihopene cyclase reactih and as significant byproducts
function of aspartate residues in the squalene cyclase reactiongenerated by site-specific variants of squalehepene
The central acidic residue, Asp-376, is the likely general acid cyclasé® is consistent with a 66—6—5 intermediaté3?
responsible for protonating the C3 atom of the squalene Subsequent D-ring expansion and Markovnikov E-ring
substrate. The Asp-376 Glu variant retains 10.3% relative  formation yields the tertiary hopenyl carbocation, which
catalytic activity compared with the wild-type enzyme, undergoes proton elimination to yield hopene. Detailed
whereas the Asp-376- Gly and Asp-376— Arg variants aspects of the chemical mechanisms leading to the formation

Domain 1 Domain 1

Domain 2 Domain 2

Figure 36. Structure of the squalenéopene cyclase monomer. Amino (N) and carboxyl (C) terminal residues are located in domain 1.
Internal and external-helices of the twax/a-barrel domains are yellow and red, respectively. A sifiadheet (green) comprises one wall

of the interior active site cavity (L), which is accessed through the hydrophobic channel entrance (E). Loop segments containing characteristic
glutamine-tryptophan motifs are magenta:helix 8 in domain 2 (white) anchors the enzyme in the membrane. Reprinted with permission
from Science(http://www.aaas.org), ref 129. Copyright 1997 American Association for the Advancement of Science.
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tion in the lower region of the active site cavity among
triterpene cyclases thus allows for divergent biosynthetic
reactions:?®

5.2. Oxidosqualene Cyclase

Oxidosqualene cyclase catalyzes the exclusive cyclization
of oxidosqualene to form lanosterol, a critical step in the
biosynthesis of cholesterol (Figure 40). Human oxidosqualene
cyclase functions as a monomer and exhibits 25% amino
acid sequence identity with squaleri@opene cyclast’
Oxidosqualene cyclases usually contain only the central
aspartate corresponding to the DXDD motif found in
squalene cyclases: in human oxidosqualene cyclase this
: corresponds to Asp-455, and in oxidosqualene cyclase from

entrance ! Saccharomyces cerisiaethis corresponds to Asp-456. Site-
; directed mutagenesis with the enzyme fréntereisiaeand

. . the binding of irreversible inhibitors implicate Asp-456 as
Figure 37. Model of dimeric squalenehopene cyclase in the  the general acid that protonates the substrate epoxide ring
mg,mbtradne- Tdhe hydr?pht?gig actév?@23 S“‘;S. a;]n.d %hftmntekll entra;ncets ar¢o initiate the cyclization cascadé'3®
indicated, and general acid Asp-376, which initiates the cyclization .
cascade by progtonating C3 of gqualene, is marked as a rgd dot near The X-ray crystal structure of humgn oxidosqualene
the “top” of each active site. Recent X-ray crystallographic studies cyclase reveals dual doubtebarrel domains connected by
indicate that the outer channel wall, including Phe-434 (black dot), 100ps and a smallgi-sheet structure with identical topology
is mobile (red arrows). Such mobility presumably facilitates to that observed in squalenbopene cyclase (Figure 4L
substrate binding and product dissociation from the enzyme active As proposed for squaleréiopene cyclas®® a hydrophobic
site by allowing the channel to open fully. Reprinted from ref 132, y|5tequ flankinga-helix 8 likely serves as the monotopic
Copyright (2004), with permission from Elsevier. membrane insertion motif. The binding of substrate oxido-
of hopene as well as alternative cyclization products have Squalene and the release of product lanosterol occurs through
been reviewed by Wendt and colleagis. a hydrophobic channel adjacentdshelix 8 that connects

When the structure of squalenbopene cyclase was the active site cavity to the membrane surface. However, a
initially reported!?®it was noted that there is more conserva- Sécondactive site channel is observed in oxidosqualene
tion of amino acid residues in the upper region of the active Cyclase: a polar, solvent-accessible channel leads to the "top”
site cavity (i.e., the polar, Asp-376 region) than in the lower (I-€., the Asp-455 region) of the active site cavity, and the
region of the active site as squalerfopene cyclase is  Side chain of Glu-459 is located at the midpoint of this
compared with other triterpene cyclases, suggesting that thechannel (Figure 41b).
first reaction step common to squalene and oxidosqualene The structure of human oxidosqualene cyclase complexed
cyclases, substrate protonation, occurs in the conservedwith product lanosterol interpreted in view of enzymological
region of the cavity. The divergence of amino acid composi- studies allows for the conclusive determination of active site

Figure 38. Electron density map showing the precise binding conformation of the polyisoprenoid substrate analogue inhibitor 2-azasqualene
in the active site of squalenrdopene cyclase. The inhibitor conformation corresponds to the productive squalene conformation required
for hopene biosynthesis, thereby exemplifying the precise template function of the terpenoid synthase active site. Reprinted from ref 132,
Copyright (2004), with permission from Elsevier.
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Figure 39. Model of squalene (green) based on the experimentally determined binding conformation of the nonreactive substrate analogue
2-azasqualene (thin dark bonds). Dotted green lines indicate the first four carbocation addition reactions at C2, C6,-6105,Gi
C19 that yield the 66—6—5 tetracycle. Reprinted from ref 132, Copyright (2004), with permission from Elsevier.

residues that participate in the cationic cyclization casé#ide. a reactive carbocation, a hydrogen bond with Tyr-503 appears
At the “top” of the cavity, the side chain of Asp-455 to be sufficient to prevent His-232 from adopting a confor-
hydrogen bonds with the lanosterol hydroxyl group, consis- mation that would allow it to react with a C14 carbocation.
tent with the proposed role of Asp-455 as the general acid The closure of the D-ring yields the protosterol C20 cation,
that donates a proton to the epoxide oxygen of the substratewhich is subsequently converted into lanosterol by tandem
to initiate the cyclization cascade (Figure 42d3)he side 1,2-hydride transfer and 1,2-methyl migration reactions
chain of Asp-455 also accepts hydrogen bonds from Cys- (Figure 40). Thoma and colleagd&ssuggest that the side
456 and Cys-533, which may enhance the acidity of Asp- chain of His-232, an essential and strictly conserved residue
455. Additionally, ordered water molecules are observed among the oxidosqualene cyclad&sis the only possible
bound in the upper active site, one of which hydrogen bonds candidate for the base that accepts the C9 proton ultimately
with Asp-455 (Figure 42a,b). Intriguingly, Thoma and eliminated to terminate the cyclization cascade (Figure 40).
colleagues suggest that reprotonation of Asp-455 could beHowever, inspection of the active site also reveals that Tyr-
achieved by bulk solvent through a hydrogen bonded solvent503 (also conserved among the oxidosqualene cyclases) could
network with Glu-459 in the polar channel leading to Asp- possibly accept this proton, and it is closer and better-oriented
455 (Figure 41b}3! with regard to the C9 proton that is ultimately eliminated to
Several high-energy carbocation intermediates occur in theform lanosterol (Figure 42). Now that a three-dimensional
cyclization sequence proposed in Figure 40, and Thoma andcrystal structure of oxidosqualene cyclase is available, the
colleagues advance that conserved aromatic side chains areatalytic functions of Tyr-503 and other active site residues
appropriately positioned to stabilize these intermediates can be probed in further detail to clarify structsimecha-
through cation- interactions®! Specifically, Trp-387, Phe-  nism relationships for this triterpene cyclase.
444, and Trp-581 can stabilize tertiary carbocation intermedi-
ates at C6 and C10 (Figure 42b). Additionally, Tyr-98 g Ant/body Cata/ysis of Cationic Cyc[jzation
protrudes into the active site cavity in such a manner that paactions
may preferentially stabilize the substrate in the unfavorable
boat conformation required for lanosterol B-ring formation.  To date, several catalytic antibodies have been generated
Thus, as with the class | terpenoid cyclases, active site that catalyze cationic cyclization reactiot8:146 Especially
aromatic residues not only define the active site contour thatnotable among these novel biological catalysts is antibody
serves as a template for binding the flexible polyisoprenoid 19A4, which catalyzes the tandem cationic cyclization of a
substrate, but these residues can also stabilize high-energyinear substrate to formtsans-decalin ring system analogous
cationic intermediates during catalysis without danger of to that of the steroid A and B rings (Figure 43j.In
prematurely quenching the cyclization cascade. comparison, antibody 4C6 catalyzes a slightly simpler
Since the oxidosqualene cyclase mechanism has beeneaction, the cyclization of a linear substrate to form a
thoroughly reviewed? it is only briefly recounted here in  cyclohexane ring system (Figure 44). A key biosynthetic
view of the X-ray crystal structure of the enzyme. The anti- advantage of catalytic antibody cyclases is that they are not
Markovnikov cyclization proposed to form the lanosterol limited to the handful of naturally occurring isoprenoid
C-ring (Figure 40) results in an unstable secondary carboca-polyene substrates illustrated in Figure 1. Therefore, the
tion at C14, but the side chains of His-232 and Phe-696 arepotential product diversity of antibody cyclases is even
appropriately oriented to stabilize this intermediate through greater than that of the naturally occurring terpenoid cyclases.
cation—z interactions (Figure 42¢§* Although the imidazole Although the characteristjé-fold of the immunoglobulin
side chain of His-232 could conceivably be alkylated by such Fab fragment is topologically distinct from thefolds of
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Figure 40. Oxidosqualene cyclase, also known as lanosterol
synthase, catalyzes the cyclization 8f-2,3-oxidosqualene to form
lanosterol, a key intermediate in cholesterol biosynthesis. The initial
substrate chairboat-chair conformation, proposed conformations
following A-, B-, and C-ring closure, and rearrangement of the
protosterol cation via 1,2-hydride and 1,2-methyl transfers
are indicated. Reprinted with permission froNature (http://

www.hature.com), ref 131. Copyright 2004 Nature Publishing Group. Figure 41. Panel a shows a ribbon diagram of human oxido-

; ; . squalene cyclase. Inner helices of eadt-barrel are yellow, and
the naturally occurring terpenoid cyclases, the X-ray crystal the inhibitor Ro 48-8071 (black) indicates the location of the active

structures of Catalyt.lc antlboc_jy cyclases .19A4 E_md 4C6 re\_/ealsite cavity. Panel b shows a model of human oxidosqualene cyclase
important features in the antibody combining sites indicating associated with a membrane leaflet (polar and nonpolar regions of
convergent structuremechanism relationships with the the membrane are colored light blue and light yellow, respectively).
terpenoid cyclases for the management and manipulation ofinternal surfaces are colored as follows: blue, positive; red,
reactive carbocation intermediaté$48Active site features ~ negative; cyan, hydrogen bond donor; magenta, other polar. Ordered

shared by the “unnaturally-evolved” antibody cyclases and TR OCRUCE & (RS o e e membrane
the naturally-e\(olve(_:l terp_en0|d cyclases |nclude_(1) & insertion region. Reprinted with permission frasature (http://
hydrophobic active site cavity capable of sequestering the . nature.com), ref 131. Copyright 2004 Nature Publishing
substrate from bulk solvent, (2) a precisely formed active Group.

site contour, that is, a three-dimensional template, that selects

for the productive conformation (and selects against unpro-g 1. Catalytic Antibody 19A4

ductive conformations) of the flexible polyene substrate, (3)

a “carbocation trigger”, that is, polar residue(s) that trigger  The X-ray crystal structure of the Fab fragment of catalytic
initial carbocation formation once the substrate is bound in antibody 19A4 complexed with the bicyclic hapteshown

a productive conformation, and (4) aromatic residues that in Figure 43 reveals that the hapten is buried deeply within
may stabilize high-energy carbocation intermediates throughthe antibody combining site and makes numerous van der
cation—sr interactions. In the remainder of this section, Waals contacts with aromatic and aliphatic residues that
structure-mechanism relationships for catalytic antibody mediate a highly complementary fit (Figure 4%)Thus, the
cyclases 19A4 and 4C6 are summarized to illustrate theseprecise contour of the antibody combining site serves as a
convergent features in the catalysis of carbocation cyclization three-dimensional template that binds the flexible polyene
cascades. substrate in the productive chaichair conformation required
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Figure 42. Panel a shows the omit electron density map showing the binding of product lanosterol in the active site of human oxidosqualene
cyclase. Panel b shows that the hydroxyl group of lanosterol donates a hydrogen bond to the active site general acid, Asp-455. The aromatic
side chains of Trp-387, Phe-444, and Trp-581 are suitably oriented to stabilize carbocation intermediates formed at C6 and C10 during the
cyclization sequence through catiom interactions. In panel ¢, the aromatic side chains of Phe-696 and His-232 are suitably oriented to
stabilize the penultimate carbocation intermediate at C20 (protosterol cation) through-catidgaractions. Either His-232 or Tyr-503 is

suitably oriented to accept the C9 proton from the lanosterol cation in the final elimination step yielding lanosterol. Reprinted with permission
from Nature (http://www.nature.com), ref 131. Copyright 2004 Nature Publishing Group.

for trans-decalin formation. The crystal structure of the native occurring terpenoid cyclases, the cyclization template pro-
19A4 Fab and comparison with the hapten-bound structurevided by the active site contour does not appear to achieve
reveals only limited structural changes triggered by hapten its final form until substrate binds.

binding, the most significant of which appears to be the The crystal structure of the 19A%apten5 complex*’
~2—3 A movement of complementarity determining region confirms the “bait-and-switch” strate&iy-'5*underlying the
(CDR) loop H3 toward the bound hapt&d. This slight incorporation of specific structural features in the hapten to
structural change sequesters the antibody combining site fromelicit complementary functional groups to participate in
bulk solvent and thereby helps to protect high-energy catalysis. In the design of hapt&pHasserodt and colleagues
carbocation intermediates from premature quenching by reasoned that in view of the anticipated cyclization mecha-
water. It is interesting to note that, as for the naturally nism fortrans-decalin formation, a key feature of a functional
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Figure 43. Catalytic antibody 19A4 catalyzes the formationtdns-decalin regioisomer8a—c as the major cyclization products from
substratel; premature quenching of the first carbocation intermediate yields ol8frs or alcohols4ab.'#4 Kinetic characterization

based on the rate of sulfonic acid release yiddgs= 0.021 mirm! andKy = 320uM; for solvolysis,kyncat= 9.2 x 107% min~1, so the rate
acceleration for leaving group departure is 2. 30°. Bicyclic haptens was used to elicit the antibody and partially mimics the productive
chair—chair conformation required for cyclization to form thrans-decalin; additionally, the leaving group mimic (LGN{foxide moiety

was incorporated into the hapten design to elicit functional groups in the antibody combining site that might facilitate leaving group (LG)
departure.
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Figure 44. Cationic monocyclization reaction catalyzed by antibody 4C6 affords prodits2-(dimethylphenylsilyl)-cyclohexanol 3
(98%) and cyclohexene 4 (2%)18Hapten5 was used to elicit the catalytic antibody. Reprinted from ref 148, Copyright (2003), with
permission from Elsevier.

antibody cyclase would be the initiation and stabilization of antibody may not only incorporate structure features antici-
the first carbocation intermediate; accordingly, Mexide pated in the transition staté?'53but it may also include
moiety of hapterb would be appropriately located to elicit additional features capable of eliciting complementary
complementary residues in the antibody combining site that functional groups in the antibody combining site to perform
could trigger leaving group departure and stabilize the first specific chemical steps in cataly3f8:15

carbocation intermediafé? The structure of the 19A4 The proposed cyclization mechanism catalyzed in the
hapten5 complex reveals a hydrogen bond between the active site of antibody 19A4 is summarized in Figure464°
negatively charged oxygen atom of tNeoxide moiety and In concert with leaving group departure triggered by Asn-
the side chain carboxamide group of Asn-H35A, thereby H35A, Trp-L91, and Tyr-L96 (Figure 46a), concerted attack
suggesting that this residue helps trigger the departure ofof the C5-C6 bond at C1 forms the six-membered A-ring
the sulfonate leaving group in catalysis (Figure 486).  of thetransdecalin with the tertiary C5 carbocation stabilized
Additionally, the positively charged nitrogen atom of the by cation-x interactions with Trp-L91 and Tyr-L36 (Figure
N-oxide moiety interacts predominantly with theelectron 46b). The generation of minor olefin side produBis—c
clouds of Trp-L91 and Tyr-L96. Since this nitrogen atom and alcohol side productab (Figure 43}* is consistent
corresponds to the substrate C1 atom (Figure 43), whichwith formation of a carbocation intermediate at C5. The C5
develops partial positive charge during leaving group de- carbocation is subsequently attacked by the-C20s bond
parture, it appears that the incorporation of tReoxide to yield the six-membered B-ring of thieans-decalin (Figure
moiety in hapterd successfully elicited residues capable of 46c¢). The resulting carbocation intermediate at C9 is
stabilizing the developing partial positive charge at C1 stabilized by cationr interactions with Tyr-L36 and Trp-
(Figure 46a). This feature, too, may facilitate leaving group H103. It is interesting to note that the constellation of
departure in catalysis. Thus, a hapten used to elicit a catalyticaromatic residues in the antibody combining site is such that
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Figure 45. Panel a shows the backbone @ace of the variable region of antlbody HAB9A4 complexed with hapteﬁ (Figure 43). In
panel b, omit electron density map of haptebound to antibody HA5 19A4 reveals that numerous aromatic residues surround the hapten

to form a highly complementary surface, and this surface contour must accordingly be highly complementary for the corresponding tandem

bicyclic reaction cascade yieldirngans-decalin regioisomer2a—c shown in Figure 43 (for clarity, only a portion of the leaving group
mimic (LGM) is shown). A hydrogen bond between the-NO— moiety and Asn-H35A suggests that this residue triggers leaving group
departure in catalysis. Reprinted with permission from ref 147. Copyright 1999 Wiley-VCH.

each site of developing partial or full positive charge on the
substrate-C1, C5, and C%-is potentially stabilized by two
cation—s interactions.

Termination of the cyclization cascade is achieved by
proton elimination to yieldrans-decalin regioisomerga—c
(Figure 46d). Although the oxirane moiety was incorporated
into the design of haptehto elicit a polar residue that could
facilitate a specific termination reaction for the cyclization
cascadefrans-decalins2a—c are generated with product
ratios reflecting their expected thermodynamic stabilitfés.
The crystal structure of the HA5L9A4 complex with hapten
5 reveals that there is no catalytic base appropriately
positioned in the antibody combining site to direct the
regiochemistry of the final elimination step to yield one
exclusive elimination produét’ Thus, in this system the
oxirane moiety is not as successful asiexide moiety in
the “bait-and-switch” strategy aimed at eliciting a comple-
mentary functional group in the antibody combining 3ite.

6.2. Catalytic Antibody 4C6

The cationic monocyclization reaction catalyzed by anti-
body 4C6 is shown in Figure 449 Here, too, arN-oxide
moiety was incorporated into the hapten as part of a “bait-
and-switch” strategy®®5! the negatively charged oxygen
atom ofN-oxide hapterb in Figure 44 was intended to elicit
residues that could potentially stabilize the developing
negative charge on the sulfonate leaving group, and the
positively charged nitrogen atom was intended to elicit
residues capable of stabilizing the developing partial positive
charge at the corresponding substrate C1 atom as well a
the subsequently formed C5 carbocation.

The X-ray crystal structure of the 4C6 Fab complexed with
hapten5 illustrated in Figure 44 reveals that the phenolic
side chain of Tyr-L96 donates a hydrogen bond to the oxygen
atom of theN-oxide moiety (Figure 47¥!8 thereby confirm-
ing the successful “bait-and-switch” strategy underlying
hapten desigi® As expected, the three-dimensional contour
of the antibody combining site is quite complementary in
shape to the hapten. The binding pocket is primarily

mechanistic proposal in which the active site stabilizes the
binding of substrate in a quasi-chair-like conformation to
accommodate the expected transition state structure with the
sulfonate leaving group in a pseudoequatorial position
(Figure 48)'40.148The aromatic rings of both Tyr-L96 and
Tyr-H50 are oriented such that they could donate hydrogen
bonds to the sulfonate ester oxygen and thereby trigger
leaving group departure. The aromatic rings of Tyr-L96, Trp-
H97, and Phe-L32 could stabilize the developing partial
positive charge at C1 that accompanies leaving group
departure in concert with nucleophilic attack by the-5
7z bond, and Tyr-H50 and Trp-H97 may stabilize the C5
carbocation intermediate through catianinteractions. The
reaction is terminated primarily by addition of a water
molecule to the C5 carbocation to formans2-(dimethyl-
phenylsilyl)-cyclohexanol, although minor amounts of cy-
clohexene are formed by elimination of the dimethylphen-
ylsilyl group (Figure 5):40

A detailed structural comparison of catalytic antibodies
19A4 and 4C6 is presented by Zhu and colleadéefn
general, the combining site of 19A4 extends more deeply
into the interface between the variable regions of the heavy
and light chains than that for 4C6. It is also notable that the
molecular recognition of th&l-oxide moiety of the hapten
differs for each catalytic antibody: 19A4 utilizes an aspar-
agine side chain, whereas 4C6 utilizes a tyrosine side chain,
to donate a hydrogen bond to the negatively charged oxygen
of the N-oxide moiety. Finally, numerous aromatic residues
are found in each antibody combining site and may stabilize
high-energy carbocation intermediates through cation

ﬁnteractlons

7. Concluding Remarks

A total of nine X-ray crystal structures of terpenoid
cyclases and catalytic antibody cyclases have been reported
in the past eight years, and it is instructive to compare these
enzymes to understand the structural basis for their biosyn-
thetic diversity. In terms of their structural biology, the
naturally occurring terpenoid synthases adopt one of two

hydrophobic in nature and contains several aromatic residuesopologically distincto-helical folds, designated the class |

that potentially participate in catalysis (Figure 47). Structural
analysis of the 4C6 Fakhapten complex leads to a

and class Il terpenoid synthase fofdBhe class | terpenoid
cyclase fold achieves initial carbocation formation by
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Figure 46. Proposed cyclization mechanism of catalytic antibody HASA4 based on enzymological and X-ray crystallographic
analysist*4-147.149%Structural chemical aspects of this mechanism are discussed in the text. Reprinted with permission from ref 149. Copyright
2000 Chiana M. Paschall.

substrate ionization, and the class Il terpenoid cyclase fold are formed by singlex-barrel structures homologous to
achieves initial carbocation formation by substrate protona- farnesyl diphosphate synthase (Figure'®jhe active site
tion. of a class Il diterpene cyclase, the N-terminal domain of the
In class | and class |l terpenoid cyclases, amino acid side bifunctional cyclase abietadiene synthase, is formed by a
chains critical for catalysis are located on or adjacent to single-domain a-barrel structure based on amino acid
o-helices that form a barrel-type superstructure in which sequence analysis (Figure 32)and twoa-barrel domains
active site is nested. The active sites of class | terpenoid associate in head-to-head fashion to form the active site
cyclases (monoterpene, sesquiterpene, and diterpene cyclasesavity of a triterpene cyclase with substrate access through
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Figure 47. Panel a shows the shape complementarity between the combining site of catalytic antibody 4C6 an@ tlapteated in
Figure 44. Panel b presents a stereoview of the-4izfpten5 complex showing antibody combining site residues that may participate in
catalysis. Reprinted from ref 148, Copyright (2003), with permission from Elsevier.

phate synthase (Figures 5 and 6) a#ig-bornyl diphosphate
synthase (Figure 14); it coordinates to figand only
poorly, if at all, to Mf in the active site of epi-aristo-
lochene synthase (Figure 26); and it does not coordinate to
any metal ions in the active site of trichodiene synthase
(Figure 21b). Thus, the first aspartate in the aspartate-rich
motif has retained a common metal coordination function
in the evolution of class | terpenoid synthases of known
structure, whereas the metal coordination geometry and
function of the third aspartate is more divergent. Divergent
function is also implied by divergent amino acid sequence
Addiion |\ " Bliminaign @ . @ as well, for example, the third aspartate in f[he DDXXD motif
= > Me— si—Me appears as glutamate in certain terpenoid cyclases such as

4 S aristolochene synthase (section 3.3), and two additional
3 bH - residues are inse_rtgd in one of _the DDXXD motifs to yield

s T%/) E DD|>_(2>§XXD motif in farnesyl diphosphate synthase from

’ . coli.
Figure 48. Proposed cyclization mechanism of catalytic antibody  The second metal-binding motif of the terpenoid cyclase,

4C6 based on enzymological and X-ray crystallographic analy- " "
sis140.148 Structural chemical aspects of this mechanism are (LVV.LAYN.D)D(LIV)X(ST)XXXE (the "NSE/DTE

discussed in the text. Reprinted from ref 148, Copyright (2003), motif; boldface residues form a complete Mgbinding
with permission from Elsevier. site) appears to have diverged from the second aspartate-

rich motif of farnesyl diphosphate syntha8é&® The NSE/
a narrow tunnel at the interdomain interface. The generation DTE motif uniformly chelates a single metal ion, lﬁ?fg in
of antibody catalysts that cyclize isoprenoid-like substrates (+)-bornyl diphosphate synthase (Figure 14), trichodiene
demonstrates that carbocation cyclization cascades are readilgynthase (Figure 21b), and epi-aristolochene synthase (Figure
catalyzed within3-sheet frameworks as well, so long as there 26). This motif therefore distinguishes the amino acid
is a suitable mechanism for triggering carbocation formation sequence of a terpenoid cyclase from that of a chain-
once the substrate is bound in a productive conformation. elongating terpenoid synthase.

The “aspartate-rich” motif - DDXXD/E and the "NSE/ X-ray crystal structures of class | terpenoid cyclase
DTE" motif3:6% (N/D)DXX(S/T)XXXE are located on op-  complexes with PPsubstrate analogues, and product reveal
posite sides of the active site cleft of a class | terpenoid that the complete trinuclear magnesium cluster is stabilized
cyclase (e.g., see Figure 13), and these motifs signal theby the substrate diphosphate group, the produgtaRi®n,
binding of a trinuclear magnesium cluster that triggers or both, which make numerous metal coordination and
substrate ionization and initial carbocation formation. Crystal hydrogen bond interactions (e.g., see Figures 5, 6, 14, 21b,
structures of farnesyl diphosphate synthase (Figures 5 andand 26). These interactions trigger structural changes in
6), (+)-bornyl diphosphate synthase (Figure 14), trichodiene helices and loops flanking the mouth of the active site such
synthase (Figure 21b), and epi-aristolochene synthase (Figurehat the active site cavity is closed and sequestered from bulk
26) reveal that the first aspartate in the aspartate-rich motif solvent. This ensures that the productive active site contour,
uniformly coordinates to two metal ions, Kigand M, the template for the cyclization cascade, is formed only after
with synsynbidentate coordination stereochemistry. The the substrate is fully bound and ready for ionization.
second aspartate in this motif does not make any direct Significantly, even subtle changes in the metal coordina-
interactions with metal ions, but it does appear to engage intion polyhedra dramatically alter cyclization product diver-
other important functions in some enzymes, for example, sity, even while sustaining appreciable catalytic activity as
the Asp-101-Arg-204 salt link stabilizes the closed active  described for site-specific variants of trichodiene syntlia&e.
site conformation of trichodiene synthase (Figure 21d). The This suggests that one evolutionary strategy for terpene
third aspartate in this motif bridges I\il*g and Mgﬁ+ product diversity may be the introduction of amino acid
through a single carboxylate oxygen wifnanti coordina- substitutions in the metal coordination polyhedra, or residues
tion stereochemistry in the active sites of farnesyl diphos- that abut the trinuclear magnesium cluster, which can then

Me—sj—Me
fo] H,0
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result in altered cyclization reaction. That the generation of class Il cyclases such as squalehepene cyclase and

alternative cyclization products increases when?Mis oxidosqualene cyclase, the active site contour plays a key
substituted for Mg" in assays with Asp-100— Glu role as a template throughout the cyclization cascade. The
trichodiene synthase clearly demonstrates that the metaltemplate must not only guide the folding of the linear
coordination polyhedra and substrate diphosphate/id?- isoprenoid substrate but also guide the folding of all
actions play a crucial role in governing cyclization product subsequently formed intermediates that can differ signifi-
outcome?? cantly from the substrate in terms of size, shape, conforma-

In contrast with the class | terpenoid cyclases, the class 11 tional flexibility, and charge distribution. Thus, the active
terpenoid cyclases trigger initial carbocation formation by Site contour of a high-fidelity terpenoid cyclase is optimized
substrate protonation rather than ionization. Class Il terpenoidfor complementarity to multiple structures along the reaction
cyclases contain the DXDD/E mof#3134 in which the coordmate of cy_cllzatlo_n _ _(suc;h complementa_rlty could
central aspartic acid serves as a proton donor to either aconceivably require flexibility in the template itself). In
carbon-carbon double bond (e.g., as in the N-terminal contrast, the active site contour of aterpeno_|d cyclas_e that
domain of abietadiene synthase (section 4.1) or squalene 9generates multiple products is more promiscuous in its
hopene cyclase (section 5.1)) or the epoxide oxygen of complementarity to one or more structures along the reaction
squalene oxide in the reaction catalyzed by oxidosqualenecoordinate of cyclization. Itis interesting to note that fidelity
cyclase (section 5.2). It is possible that conserved hydrogenand promiscuity are similarly balanced to accommodate
bond interactions with the aspartic acid proton donor are Multiple thioether cyclization reactions catalyzed by nisin
important for function in squalenehopene cyclase and cyclase, which unexpectedly adopts a doubibarrel fold
oxidosqualene synthase, and it is especially intriguing that comparable to that of a class Il terpenoid cycléS8é*

a polar tunnel with Glu-459 at its midpoint connects Asp-  Class | and class Il terpenoid cyclases and the catalytic
455 to bulk solvent in oxidosqualene cyclase (Figure 41). antibody cyclases utilize the bulky aromatic residues phen-
In terms of its structural and chemical nature, this tunnel is ylalanine, tyrosine, and tryptophan to form their active site
reminiscent of certain proton channels, and it could define a contours, and in each cyclase these residues also appear to
trajectory for reprotonating the active site general acid at be oriented for the stabilization of carbocation intermediates.
the end of the cyclization cascatf Given the ubiquitous  Interestingly, structural studies with the catalytic antibody
occurrence of aspartic acid as a proton donor in the activecyclase 19A4 suggest that two aromatic residues are posi-
sites of class Il terpenoid cyclases, it is intriguing to speculate tioned to stabilize each site of developing positive or partial-
that aspartic acid residues may participate in the protonationpositive charge as the polyene substrate undergoes cyclization
of certain catalytic intermediates in the active sites of class (Figure 46)!47 and this also appears to be the case for the

| terpenoid cyclase$.” stabilization of certain carbocation intermediates in the

In protonation-dependent class I terpenoid cyclases suchoxidosqualene cyclase mechanism (Figure'42As previ-
as squalenehopene cyclase and oxidosqualene cycltése, ously discussed in section 1, aromatic residues can provide
crystal structures of enzymdigand complexes suggest that electrostatic stabilization of highly reactive carbocation
the active site contour appears to be preformed in the intermediates without danger of alkylation. It is notable that
productive conformation required for the cyclization tem- both the naturally evolved terpene cyclases and the “un-
plate. This also appears to be the case for the antibodynaturally-evolved” antibody cyclases have converged to this
catalysts of polyene cyclization reactions discussed in sectionchemical strategy for carbocation stabilization.

6. In contrast, crystal structures of the ionization-dependent  Finally, in view of the exquisite chemical complexity of
class | terpenoid cyclases complexed with &Rliphosphate-  the cyclization cascade catalyzed by a terpenoid cyclase, it
containing substrate analogues reveal that the productivejs notable that given all the structural information on this
active site contour is achieved only after the substrate is family of enzymes acquired in the past eight years, the
bound. Comparison of Mgz—PR-induced structural changes  enzyme appears to plays surprisingly little chemical role once
in (+)-bornyl diphosphate synthase (section 2), trichodiene the cyclization cascade begins. While initial structure-based
synthase (section 3.1), and epi-aristolochene synthase (sectioRypotheses suggested roles for active site residues as general
3.2) reveal some common regions of structure that are phases or general acids, enzymological studies increasingly
consistently involved in ligand-induced structurz_il changes, suggest that the substrate itself can provide chemical
for example, the 3K loop, but there are more differences  fynctionality required for specific general base/acid steps in
than similarities. As noted by Whlttlngton and CO”eag%S, the Cyc"za’[ion cascade. For examp|e' a carboarbon
examples include the-Hal loop, which participates in active  double bond serves as a general base in the taxadiene
site closure mechanisms ift}-bornyl diphosphate synthase synthase reaction (Figure 3%,126and the product RRnion

and trichodiene synthase, but not epi-aristolochene synthase(or an associated water molecule) is considered to be a
and the N-terminus, which partiCipateS in active site closure genera| base in Cyc"zation reactions Cata|yzed_bymorny|
mechanisms in)-bornyl diphosphate synthase and epi- diphosphate synthade#3trichodiene synthas@s'and aris-
aristolochene synthase, but not trichodiene synthase. Diver+o|ochene synthade and the chain elongation reaction
sity in substrate recognition and active site closure mecha-catalyzed by farnesyl diphosphate synth#sEhus, the ter-
nisms may correlate with terpenoid cyclase product diversity, penoid cyclase itself may do little in the terpenoid cyclization
but additional structural data must be acquired with other reaction after initial carbocation formation other than to
terpenoid cyclases to assess this possibility. provide a productive template for the cyclization cascade

Regardless of whether the productive active site contour, and to stabilize reactive carbocation intermediates. Ironically,
the template for the isoprenoid cyclization reaction, is that these enzymes catalyze the most complex reactions in
induced by substrate binding, as evident for class | cyclasesnature may be a consequence of the fact that these enzymes
such as )-bornyl diphosphate synthase and trichodiene do not extensively participate in the cyclization chemistry!
synthase, or whether it is mostly preformed, as evident for Future structural and enzymological studies of terpenoid
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cyclases will no doubt allow us to elaborate upon the role
of the enzyme in the chemistry and biology of Nature’s most
remarkable organic transformations.
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