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Abstract: Terpenoid synthases are ubiquitous enzymes that catalyze the formation of struc-
turally and stereochemically diverse isoprenoid natural products. Many isoprenoid coupling
enzymes and terpenoid cyclases from bacteria, fungi, protists, plants, and animals share the
class I terpenoid synthase fold. Despite generally low amino acid sequence identity among
these examples, class I terpenoid synthases contain conserved metal-binding motifs that co-
ordinate to a trinuclear metal cluster. This cluster not only serves to bind and orient the flex-
ible isoprenoid substrate in the precatalytic Michaelis complex, but it also triggers the de-
parture of the diphosphate leaving group to generate a carbocation that initiates catalysis.
Additional conserved hydrogen bond donors assist the metal cluster in this function. Crystal
structure analysis reveals that the constellation of three metal ions required for terpenoid syn-
thase catalysis is generally identical among all class I terpenoid synthases of known struc-
ture.
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INTRODUCTION

The terpenome is comprised of a family of more than 55000 structurally and stereochemically diverse
natural products, all of which ultimately derive from the universal 5-carbon precursors dimethylallyl
diphosphate (DMAPP) and isopentenyl diphosphate (IPP) (Fig. 1) [1]. Terpenoids are ubiquitous
throughout nature and serve a multitude of specific functions in plants, animals, insects, bacteria, and
fungi. For example, terpenoids are critical for plant survival and account for a large number of primary
metabolites, including molecules involved in photosynthesis, respiration, and membrane structure.
Terpenoids also account for a wide range of secondary metabolites in plants, where they bestow unique
flavors and fragrances, provide chemical defense against pests, and facilitate interactions between
plants and other organisms [2,3]. From a medicinal perspective, terpenoids are of great interest because
many of these natural products exhibit anti-cancer, -malarial, and -microbial activities [2]. In humans,
the 15-carbon linear isoprenoid farnesyl diphosphate (FPP) is a precursor in the biosynthesis of steroids
and is also utilized for posttranslational prenylation of Ras in GTPase signaling [4,5]. Recently, human
FPP synthase has been identified as the target of nitrogen-containing bisphosphonate drugs used for the
treatment of bone diseases such as osteoporosis, hypercalcemia, and metastatic bone disease [6,7].
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Fig. 1 General scheme of terpenoid nomenclature and biosynthesis (OPP = diphosphate, PP, = inorganic
diphosphate).

Terpenoid synthases can be divided into two categories: class I enzymes adopt the FPP synthase
a-helical fold and initiate catalysis by metal-triggered ionization of the substrate diphosphate group,
and class II enzymes adopt an unrelated double o-barrel fold and initiate catalysis by protonation of an
epoxide ring or carbon—carbon double bond (Fig. 2). Class I terpenoid synthases can be further subdi-
vided into three categories: coupling enzymes that catalyze chain elongation reactions to form increas-
ingly longer polyisoprenoid diphosphates, coupling enzymes that catalyze irregular (i.e., non-head-to-
tail) isoprenoid condensation reactions such as cyclopropanation, cyclobutanation, or branching
reactions [8], and cyclization enzymes that catalyze the conversion of linear isoprenoid substrates into
single and multi-ringed hydrocarbon products [9-12]. The potential diversity of carbon—carbon bond
formation afforded by the flexible linear isoprenoid substrate, and the chemical potential for subsequent

Fig. 2 Structural similarities among various terpenoid synthases define the core class I terpenoid cyclase fold
(blue). Conserved metal-binding motifs are the aspartate-rich motifs (red) and “NSE/DTE” motifs (orange)
highlighted in (a) E. coli FPP synthase (PDB code 1RQI), (b) epi-isozizaene synthase (PDB code 3KB9), and (c)
(+)-bornyl diphosphate synthase (PDB code 1N22), which contains an additional N-terminal domain (cyan). This
a-helical domain is topologically similar to the o-barrel fold of the class II terpenoid cyclases, which occurs in a
double domain architecture in the triterpene cyclase (d) oxidosqualene cyclase (PDB code 1W6K).
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biosynthetic functionalization of cyclic terpenoids by cytochromes P450, monooxygenases, etc., make
terpenoid biosynthesis an attractive system for engineering novel compounds [2,13,14]

To date, the crystal structures of several class I terpenoid coupling and cyclization enzymes have
been solved, revealing a conserved o-helical terpenoid synthase fold across all domains of life.
Structures of enzyme complexes with substrates, inhibitors, and/or products have also revealed the uni-
versal conservation of a trinuclear metal cluster implicated in the molecular recognition of the substrate
diphosphate group as well as the initiation of catalysis. Metal ions are coordinated by metal-binding
motifs on opposing helices near the mouth of the active site. The metal-binding motifs are generally de-
scribed as either “aspartate-rich” [DDXX(XX)D/E] or “NSE/DTE” [(N,D)D(L,I,V)X(S,T)XXXE], in
which boldface residues typically coordinate to catalytically obligatory Mg2* or MnZ* ions (throughout
this review, metal ligands are indicated in boldface) [15]. X-ray crystal structures have been instru-
mental in understanding the catalytic mechanisms of terpenoid synthases: the active site of each syn-
thase provides a template that binds the flexible substrate(s) in the proper orientation and conformation
so that, upon the departure of the diphosphate leaving group and resultant generation of a reactive car-
bocation, the active site template ensures a specific trajectory of inter- and intramolecular carbon—car-
bon bond formation in the ensuing cyclization cascade [16]. Here, we review the available crystal struc-
tures of class I terpenoid synthases complexed with trinuclear metal clusters and isoprenoid
diphosphates or inorganic pyrophosphate (PP;) to highlight conserved structural aspects of 3-metal ion
catalysis in terpenoid biosynthesis.

ISOPRENOID COUPLING ENZYMES
FPP synthase

FPP synthase, the archetypical prenyltransferase, catalyzes the formation of FPP, the linear isoprenoid
precursor of sesquiterpene natural products. Chain elongation to form FPP proceeds in two distinct
steps (Fig. 1): first, IPP and DMAPP are coupled to form GPP, and then a second molecule of IPP is
coupled to GPP to form FPP. The first crystal structure of FPP synthase was that of the avian enzyme
[17], which revealed a novel a-helical fold. The structure revealed two conserved aspartate-rich
(DDXXD) sequences [18] on helices D and H, which flank the mouth of the active site cavity.
Additionally, a single Sm3* ion, used for heavy metal derivatization for MIR phasing, was bound by
each DDXXD motif.

The crystal structure of E. coli FPP synthase was the first to reveal the binding of a trinuclear
magnesium cluster in the active site of an isoprenoid coupling enzyme [19], similar to the trinuclear
magnesium clusters previously observed in fungal and plant terpenoid cyclases [20,21]. The structure
of E. coli FPP synthase was solved as the enzyme-substrate ternary complex with the noncleavable
DMAPP analog, dimethylallyl S-thiolodiphosphate (DMSPP), and a molecule of IPP. Applying the
MgZ* A Mg2+B, and Mg2+C nomenclature first established for the trinuclear magnesium cluster of tri-
chodiene synthase [20], the crystal structure of the E. coli FPP synthase—Mg2+3—DMSPP—IPP complex
reveals octahedral coordination of all three metal ions (Fig. 3a): Mg2+ A is coordinated by D105 and
D111 of the first aspartate-rich motif on helix D, two diphosphate oxygen atoms, and two water mole-
cules; Mg2+C is coordinated by the side chains of D105, and D111, as well as one diphosphate oxygen
and three water molecules; and Mg2+B is coordinated by D244 of the second aspartate-rich motif, two
diphosphate oxygen atoms, and three water molecules. The diphosphate group of DMSPP also accepts
hydrogen bonds from R116, K202, and K258.

More recently, the structure of the human FPP synthase—Mg2+3—zoledronate—IPP complex [4] re-
veals complete conservation of Mg2+3—diphosphate recognition between E. coli and human FPP syn-
thases (Fig. 3b). In human FPP synthase, two DDXXD motifs coordinate to the Mg2+3 cluster: the first
aspartate of the D193DXXD107 motif coordinates to Mg2*, and Mg2+C with syn,syn-bidentate geome-
try, and one oxygen atom of D107 bridges Mg?* A and Mg~* with syn,anti-coordination stereochem-
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Fig. 3 Conservation of Mg2+3—PPi and -diphosphate binding motifs among isoprenoid coupling enzymes. Metal
coordination (black) and hydrogen bond (red) interactions with phosphate(s) are indicated. (a) E. coli FPP
synthase-Mg2+3-DMSPP-IPP complex (PDB code 2EGW); (b) human FPP synthase-Mg2+3-zoledronate complex
(PDB 2F87); (¢) T. cruzi FPP synthase-Mg2+3-risedronate complex (PDB code 1YHL); (d) T. brucei FPP
synthase-Mg2+3-BPH-721 complex (PDB code 3DYH); (e) S. cerevisae GGPP synthase-Mg2+3-BPH-252 complex
(PDB code 274X); (f) C. parvum nonspecific prenyl synthase—Mg2+3—zoledronate complex (PDB code 2Q58).

istry; the first aspartate of the second D243DXXD motif coordinates to Mg2+B. The diphosphate moi-
ety additionally accepts hydrogen bonds from R112, K200, and K257.

Interestingly, the closed active site conformation is also stabilized by newly formed hydrogen
bonds between K266 and D107 and D174. The root mean square (rms) deviation between the unli-
ganded enzyme and the closed conformation of the Mg2+3—zoledr0nate—IPP complex is 1.3 A (341 Ca
atoms). Analysis of X-ray crystal structures of several human FPP synthase-Mg2+3-bisphosphonate
complexes suggests a two-step mechanism for substrate binding [4]. First, the binding of DMAPP and
3 Mg?* ions brings together the two DDXXD motifs, and loops D-E and H-I come together to form a
hydrogen bond between T111 and the backbone of 1258. These structural changes close the entrance to
the allylic binding site and complete the formation of the IPP binding site. Secondly, as IPP binds, and
as the basic C-terminal tail of the enzyme becomes ordered and closes the IPP binding site, IPP and
DMAPP are properly oriented for catalysis.

The binding of a trinuclear magnesium cluster is similarly conserved in FPP synthases from par-
asitic organisms. The flagellated protozoan 7. cruzi causes Chagas disease, primarily in Latin America
[22]. Bisphosphonates have emerged as a potential treatment for Chagas disease by inhibiting 7. cruzi
FPP synthase [23]. The crystal structures of T. cruzi FPP synthase-Mg2+3-inhibit0r complexes [24] sug-
gest conservation of the trinuclear magnesium cluster for substrate binding and catalysis. In the com-
plex with risedronate (Fig. 3c), the first carboxylate of the D8DXXD102 motif on helix D coordinates
to Mg?*, and Mg?*. with syn,syn-bidentate geometry, and one oxygen atom of D102 bridges Mg?*
and Mg=* with syn,anti-coordination stereochemistry. The first carboxylate of the D250DXXD motif
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on helix H is the only residue that directly coordinates to Mg2+B; however, D251 and D254 indirectly
interact with Mg2+B via bridging water molecules. Each Mg2* ion is coordinated with octahedral geom-
etry, with nonprotein coordination sites occupied by oxygen atoms of the inhibitor phosphonate groups
and water molecules. Oxygen atoms of the two risedronate phosphonate groups accept hydrogen bonds
from the side chains of R107, K207, and K264.

Trypanosoma brucei is an African parasitic protist, and its FPP synthase is related to that of
T. cruzi by 70 % amino acid sequence identity. The crystal structure of 7. brucei FPP synthase com-
plexed with Mg2+3-BPH-721 [25] reveals conservation of the trinuclear magnesium cluster for substrate
binding and catalysis (Fig. 3d). The first carboxylate of the D193DXXD107 motif on helix D coordinates
to Mg2*, and Mgz’fC with syn,syn-bidentate geometry, and one oxygen atom of D107 bridges Mg>* ,
and Mg=*. with syn,anti-coordination stereochemistry. The first aspartate in the D255DXXD motif on
helix H is the only residue that directly coordinates to Mg2+B; however, D256 and D259 indirectly in-
teract with Mg2+B via bridging water molecules. Oxygen atoms of the two phosphonate groups of the
inhibitor BPH-721 also accept hydrogen bonds from the side chains of R112, K212, and K269 [26].

Geranylgeranyl diphosphate synthase, nonspecific prenyl synthase

Geranylgeranyl disphosphate synthase (GGPP synthase) catalyzes the condensation of IPP and FPP to
form GGPP (Fig. 1). Recently, GGPP synthase has emerged as a pharmaceutical target for the treat-
ment of cancer since geranylgeranylation is involved in Rac, Rap, and Rho signaling pathways [27].
The crystal structures of GGPP synthases from Thermus thermophilus [28], Sinapis alba [29], and
Saccharomyces cerevisiae [30] have been determined in addition to that of human GGPP synthase
[31]. However, a crystal structure containing a complete trinuclear magnesium cluster has only been
observed in the active site of monomer B of the S. cerevisiae GGPP synthase-Mg2+3-BPH-252 com-
plex (Fig. 3e) [32]. The first aspartate of the DS’DIED34 motif coordinates to MgZ* A and Mg2+C with
syn,syn-bidentate geometry, and one oxygen atom of D84 bridges MgZ* A and Mg2+C with syn,anti-co-
ordination stereochemistry; the first aspartate of the second D#4DYLN motif coordinates to Mg2+B.
Each Mg2* ion is coordinated with octahedral geometry, with nonprotein coordination sites occupied
by oxygen atoms of the inhibitor phosphonate groups and water molecules. Oxygen atoms of the two
phosphonate groups of the inhibitor BPH-252 also accept hydrogen bonds from R89, K174, and K238.

Recently, the crystal structure of a nonspecific prenyl synthase from Cryptosporidium parvum has
been determined [33]. C. parvum causes livestock infections and is classified as a bioterrorism threat
by the Centers for Disease Control and Prevention [34]. The enzyme has a unique ability to catalyze
chain elongation reactions with isoprenoid substrates of various lengths to generate C,,—Cy5 linear iso-
prenoids products. The crystal structure of the enzyme reveals conservation of the classic a-helical ter-
penoid synthase fold, and its complex with the inhibitor risedronate reveals that a complete trinuclear
magnesium cluster is coordinated by DDXXD and NDXXD motifs (Fig. 3f) [33]. The first carboxylate
of the DHSDXXDM? motif on helix D is oriented for coordination to Mgz*'A and Mg2+C with syn,syn-
bidentate geometry; however, the distance between D115 and Mg2+C is 3.14 A, thus too long to be con-
sidered an inner-sphere metal coordination interaction. One oxygen atom of the third aspartate, D119,
bridges MgZ* A and Mg2+C with syn,anti-coordination stereochemistry. N254 of the N234DXXD motif
on helix H coordinates to Mg2+B, and D255 and D258 indirectly interact with Mgz*'B via bridging wa-
ters. The diphosphate moiety additionally accepts hydrogen bonds from K210 and G251, and the closed
active site conformation is stabilized by hydrogen bonds between D116 of the DDXXD motif and
R124, and D255 of the NDXXD motif and Q251.

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 8, pp. 1585-1597, 2010



1590 J. A. AARON AND D. W. CHRISTIANSON

ISOPRENOID CYCLIZATION ENZYMES
Fungal cyclases

The sesquiterpene cyclase trichodiene synthase from Fusarium sporotrichioides catalyzes the first com-
mitted step in the biosynthesis of nearly 100 different trichothecene mycotoxins. Trichodiene synthase
is one of the most thoroughly studied terpenoid cyclases, and enzymological and crystallographic stud-
ies have illuminated important features in the cyclization mechanism (reviewed in [15]). Recent com-
putational studies have also provided new insight on the catalytic mechanism [35]. The structures of un-
liganded trichodiene synthase and the trichodiene synthalse—Mgz’“3-PPi complex were the first to reveal
the binding of a trinuclear magnesium cluster in the active site of a terpenoid synthase (Fig. 4a) [20].
The first aspartate of the D1%°DXXD motif on helix D coordinates to Mg?*, and Mg2+C with syn,syn-
bidentate geometry. The second metal-binding motif N22SDLMS?29FYKE333 is located on helix H and
coordinates to Mg2+B. All three metal ions are additionally coordinated by PP; and solvent molecules
to complete octahedral coordination polyhedra.

Fig. 4 Conservation of Mg2+3-PPi and -diphosphate binding motifs among terpenoid cyclases. Metal coordination
(black) and hydrogen bond (red) interactions with phosphate(s) are indicated. (a) F. sporotrichioides trichodiene
synthase:—Mngf3-PPi complex (PDB code 1JFG); (b) A. terreus aristolochene synthase-Mgg2+3-PPi complex (PDB
20A6); (c) S. coelicolor epi-isozizaene synthase—Mgz"yPPi complex (PDB code 3KB9); (d) N. tabacum
5-epi-aristolochene synthase—Mg2+3—farnesyl hydroxyphosphonate complex (PDB code SEAT; note that many of
the metal-phosphate interactions indicated are too long to be considered inner-sphere metal coordination
interactions); (e) S. officinalis (+)-bornyl diphosphate synthase:-Mngf3-PPi complex (PDB code 1N22; metal ions
are labeled according to the convention first established for trichodiene synthase); (f) M. spicata limonene
synthase-Mn2+3-FLPP complex (PDB code 20NG; conserved hydrogen bonding is indicated between D353 and
R315 despite poor geometry).
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Superposition of unliganded and Mg2+3-PPi complexed trichodiene synthase structures reveals
conformational changes that cap the active site upon ligand binding. Overall, the rms deviation between
the native and liganded structures is 1.4 A for 349 Cor atoms. Interestingly, upon ligand binding, D101
in the aspartate-rich motif forms a salt bridge with R304, which donates a hydrogen bond to PP;. In ad-
dition to Mg2* coordination interactions, the PP; anion also accepts hydrogen bonds from R182, K232,
and Y305. The D101-R304-PP; hydrogen bond network appears to link substrate binding with the tran-
sition between the open and closed active site conformations. Assuming that the diphosphate group of
FPP triggers the same structural changes as observed for PP;, the substrate is sequestered from bulk sol-
vent and the complete trinuclear magnesium cluster triggers departure of the diphosphate leaving group
to generate the carbocation that initiates the cyclization cascade. The seemingly conservative D100E
mutation results in a 22-fold loss in catalytic activity (measured by k_,/K),) and structural studies in-
dicate that the additional methylene group of E100 perturbs the Mg2+3—PPi complex such that MgZ* A
binding is weakened, E233 breaks its coordination interaction with Mg2+B, and Mg2+C is dissociated;
additionally, hydrogen bond interactions between PP; and R182 and R304 are broken [36,37].

The role of the D101-R304 salt bridge in closing the trichodiene synthase active site has been ex-
plored in mutagenesis studies. The D101E mutation results in a moderate 5-fold decrease in catalytic
activity; however, there are no crystal structures of this mutant available for study [38]. In contrast, the
R304K mutant results in a 5000-fold decrease in catalytic activity, and the crystal structure of R304K
trichodiene synthase complexed with Mg2+3-PPi-(R)-azabisabolene reveals the loss of the expected hy-
drogen bond between K304 and D101 [39]. Although the PP, binding motif remains intact in the R304K
mutant, it is evident that the R304-D101 hydrogen bond is critical for properly activating the substrate
diphosphate group. In contrast, while Y305 donates a hydrogen bond to PP; in the wild-type enzyme
complex with Mg2+3-PPi, catalytic activity and PP; binding are not significantly affected in the Y305F
mutant [37,40].

Another fungal cyclase that has been the subject of extensive structural and functional study is
aristolochene synthase, which is a sesquiterpene cyclase that catalyzes the cyclization of FPP to form
(+)-aristolochene. Structures of aristolochene synthases from Penicillium roqueforti [41] and
Aspergillus terreus [42] have been solved; these enzymes are related by 61 % amino acid sequence
identity. Although there is no crystal structure of P. roqueforti aristolochene synthase complexed with
Mg2+3-PPi, the structure of the A. ferreus aristolochene synthase Mg2+3-PPi complex [42] (Fig. 4b) in-
dicates conservation of the Mgz”‘g-PPi binding motif first observed in trichodiene synthase [20].

The aspartate-rich motif of aristolochene synthase on helix D appears as D?**DXXE. The car-
boxylate side chain of D90 coordinates to Mg+ A and Mg2+B with syn,syn-bidentate geometry, and is
the only residue in the aspartate motif that coordinates to the Mg2* ions. The carboxylate group of D91
makes a salt bridge with R304, and the final carboxylate in the motif is E119, which accepts a hydro-
gen bond from a water molecule coordinated to Mg2* A- The second metal-binding motif
NZ2D1YS223YEKE?27 is located on helix H and chelates Mg2+B [42], consistent with the structures of
terpenoid cyclases from plants, bacteria, and fungi [20,21,43—45]. As found in the active sites of tri-
chodiene synthase [20] and epi-isozizaene synthase [43], PP, binding in aristolochene synthase is sim-
ilarly accommodated by hydrogen bonds donated from two arginines (R175 and F314), one lysine
(K226), and one tyrosine (Y315) (Fig. 4b).

Bacterial cyclases

In recent years, prokaryotes have emerged as sources of diverse isoprenoids. Specifically, a large num-
ber of novel isoprenoids have been isolated from organisms belonging to the taxonomical order
Actinomycetales [46]. The crystal structures of two bacterial sesquiterpene cyclases have been solved,
and both derive from Actinomycetales: pentalenene synthase from Streptomyces UC5319 [47] and epi-
isozizaene synthase from Streptomyces coelicolor [43,48]. Pentalenene synthase catalyzes the cycliza-
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tion of FPP to form the tricyclic sesquiterpene pentalenene in the first committed step in the biosyn-
thesis of the pentalenolactone family of antibiotics [49]. Although the structure of pentalenene synthase
was the first to be reported of a terpenoid cyclase and demonstrated that the terpenoid cyclase shared
the FPP synthase fold first observed for avian FPP synthase [17], no structure of this bacterial terpenoid
cyclase complexed with metal ions is available.

However, the crystal structure of epi-isozizaene synthase complexed with Mg2+3-PPi-BTAC
(BTAC is the benzyltriethylammonium cation, a crystallization additive) reveals that Mgz’f3-PPi bind-
ing motifs are conserved between fungal and bacterial terpenoid cyclases (Fig. 4c) [43]. The first as-
partate of the aspartate-rich motif D??DRHD coordinates to Mg2* A and Mg2+C with syn,syn-bidentate
geometry, and Mg2+B is chelated by N240DLCS244LPKE248. Each Mg2* ion is coordinated with octa-
hedral geometry and nonprotein coordination sites are occupied by oxygen atoms of PP, and water mol-
ecules. The PP; anion also accepts hydrogen bonds from the side chains of R194, K247, R338, and
Y339 [43], which correspond to R182, K232, R304, and Y305 of trichodiene synthase [20] and R175,
K226, R314, and Y315 of aristolochene synthase [42]. Pentalenene synthase and epi-isozizaene syn-
thase share 24 % amino acid sequence identity, and residues that interact with Mg2* ions or PP; in epi-
isozizaene synthase are conserved in pentalenene synthase. Superposition of the liganded closed struc-
ture of epi-isozizaene synthase with unliganded pentalenene synthase reveals a very similar alignment
of the metal-binding motifs, with pentalenene synthase helices D and H 1.5 A further apart than in epi-
isozizaene. Accordingly, upon substrate or PP; binding the active site of pentalenene synthase presum-
ably undergoes a conformational change to a closed conformation comparable to that observed for the
epi-isozizaene synthase Mg2+3-PPi-BTAC complex.

Although the second aspartate of the epi-isozizaene synthase aspartate-rich motif, D100, does not
directly interact with the Mg2* ions or PP;, it does accept a hydrogen bond from R338, which also do-
nates a hydrogen bond to PP; [43]. Site-directed mutagenesis reveals that the D100ON mutation causes a
>95 % loss of activity with respect to the native enzyme [50], suggesting that the D100N mutation dis-
rupts the D100-R338-PP; hydrogen bond network presumed to be important for substrate recognition.
As previously discussed, the second aspartate in the aspartate-rich motifs of trichodiene synthase and
aristolochene synthase similarly stabilizes a hydrogen bond network with R304 and PP; [20,42], so it
appears that the bacterial and fungal cyclases share the same molecular strategy for linking the molec-
ular recognition of the substrate diphosphate group with the active site closure mechanism.

The third aspartate in the aspartate-rich motif of epi-isozizaene synthase, D103, points away from
the active site and makes no hydrogen bond interactions that are involved in substrate binding, as also
observed in Mg2+3-PPi complexes of trichodiene synthase. The absence of a structural or catalytic role
for the terminal aspartate in the aspartate-rich motif of bacterial terpenoid cyclases is supported by
mutagenesis of the corresponding residue in pentalenene synthase: the D84E mutation results in a mere
3-fold loss of catalytic activity (as measured by k. /K, ), whereas the D8OE and D81E mutations yield
3500- and 400-fold reductions in activity, respectively [51].

Plant cyclases

5-Epi-aristolochene synthase from Nicotiana tabacum catalyzes the cyclization of FPP to form 5-epi-
aristolochene in the first committed step in the biosynthesis of the antifungal phytoalexin capsidiol [44].
The first crystal structure determined of a plant terpenoid cyclase and the second terpenoid cyclase
structure to be reported, the structure of 5-epi-aristolochene synthase reveals the presence of two do-
mains [44]: a catalytically active C-terminal domain that adopts the o-helical class I terpenoid synthase
fold, and an N-terminal domain of unknown function that nevertheless exhibits an o-helical fold simi-
lar to that of a class II terpenoid synthase [9]. Two metal-binding motifs are identified: an aspartate-rich
motif D3IDXXD305, and a DDTATH8YEVE432 motif. While the binding of a trinuclear magne-
sium cluster was identified in the 5-epi-aristolochene synthase farnesyl hydroxyphosphonate complex
(Fig. 4d), analysis of the structure reveals that many of the coordination interactions with Mg2* ions
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range 2.2-3.7 A, longer than expected for ideal Mg2?* coordination [52]. This could suggest that the
structure is that of a partially closed conformation. Nonetheless, D301 and D305 of the aspartate-rich
motif coordinate to Mg?*, and Mg2+c, while the “DTE” motif chelates Mg?*5.

Interestingly, metal-binding motifs are shared between sesquiterpene cyclases and monoterpene
cyclases from plants. The monoterpene cyclase (+)-bornyl diphosphate synthase catalyzes the cycliza-
tion of GPP to form (+)-bornyl diphosphate. This cyclization is unusual in that the substrate diphos-
phate group is reincorporated into the product. The structure of (+)-bornyl diphosphate synthase from
Salvia officinalis was the first of a monoterpene cyclase [21], and remains the only monoterpene cy-
clase for which structures have been solved in unliganded and liganded states. The crystal structure of
(+)-bornyl diphosphate synthase reveals the two-domain o-helical architecture first observed for the
plant sesquiterpene synthase 5-epi-aristolochene synthase: a catalytically active C-terminal domain
adopting the class I terpenoid synthase fold, and an N-terminal domain adopting the class II terpenoid
synthase fold (however, the N-terminal polypeptide caps the active site of the C-terminal domain in lig-
and complexes) [21]. The (+)-bornyl diphosphate synthase:—Mgz”3-PPi complex reveals that conserved
metal-binding motifs and the PP; anion (or the diphosphate group of the product itself, (+)-bornyl
diphosphate) coordinate to 3 MgZ* ions (Fig. 4e). The first carboxylate of the D35IDXXD355 motif co-
ordinates to Mg?*, and Mgz’fC with syn,syn-bidentate geometry, and D355 bridges Mg?*, and Mg2+C
with syn,anti-coordination stereochemistry. Interestingly, unlike metal binding in the active sites of bac-
terial and fungal cyclases, both the first and third aspartates in the DDXXD motif of plant terpenoid cy-
clases coordinate to the catalytic metal ions. The second metal-binding motif, D¥ODKGTSSYFES™,
chelates Mg2+B [21]. In addition to metal ion coordination interactions, the PP; anion accepts hydrogen
bonds from R314, R493, and K512. Comparison of the structures of unliganded and Mgz”’3-PPi com-
plexed (+)-bornyl diphosphate synthase reveals several Mg2+3-PPi induced conformationz:l changes;
however, the rms deviation of 306 Co. atoms in the catalytic C-terminal domain is only 0.6 A [21], sig-
nificantly lower than observed for ligand-induced conformational changes in trichodiene synthase
(1.4 A) [20] and aristolochene synthase (1.8 A) [42].

The recent structure determination of another plant monoterpene cyclase, limonene synthase from
Mentha spicata [45], similarly reveals conservation of a trinuclear metal cluster in a cyclization reac-
tion that generates 94 % (-)-(4S)-limonene, and ~2 % myrcene, (-)-0-pinene, and (-)-B-pinene [53].
Limonene synthase shares the 2-domain o-helical fold common to plant terpenoid cyclases. Limonene
synthase displays similar activity with Mg2* or Mn2* (a common feature of some terpenoid cyclases),
and the structure of the enzyme has been determined in complex with 3 Mn%* ions and the intermedi-
ate analog 2-fluorolinalyl diphosphate (FLPP) (Fig. 4f) [45]. Metal coordination interactions are simi-
lar to those observed in (+)-bornyl diphosphate synthase [21]. In limonene synthase, the first carboxy-
late of the D352DXXD356 motif coordinates to Mn2* A and Mn2+C with syn,syn-bidentate geometry, and
one oxygen atom of D356 bridges Mn2+ A and an"C with syn,anti-coordination stereochemistry. Two
out of three residues in the second metal-binding motif, D¥ODLGTSOSVEE %, chelate Mg2+B; the po-
sition of the side chain of E504 is not indicated and is presumably disordered. Additionally, the y-hy-
droxyl of T500 is 3.2 A away from Mg2+B, which is too long to be considered an inner-sphere coordi-
nation interaction. The diphosphate group of the bound intermediate analog FLPP accepts hydrogen
bonds from R315, R493, and K512 [45].

Finally, the sesquiterpene cyclase (+)-6-cadinene synthase from Gossypium arboreum (tree cot-
ton) catalyzes the first committed step in the biosynthesis of the triterpene phytoalexin gossypol, a
major defense metabolite synthesized by cotton plants [54]. The recently determined structure of the
unliganded enzyme and its complex with 2-fluorofarnesyl diphosphate (2F-FPP) reveals that minimal
structural deviations result from ligand binding (the rms deviations are 0.28 and 0.50 A between unli-
ganded and liganded monomers A (514 Co atoms) and B (494 Co atoms), respectively) [55]. In con-
trast with the plant terpenoid cyclases previously discussed [21,44,45], (+)-6-cadinene synthase con-
tains a second aspartate-rich motif in place of the DTE motif on helix H. As previously discussed, this
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motif on helix H is common to chain elongation enzymes such as FPP synthase, and (+)-8-cadinene
synthase is unique among known class I terpenoid cyclases in that it contains two aspartate-rich motifs
for metal coordination. The structure of the liganded enzyme reveals a putative Mg2+3 cluster (weak
electron density characterizes the three Mg2* ions); Mg2* A and Mg2+C are coordinated by D307 and
D311 of the first D37DXXD3! motif, and Mg2+B is coordinated by D451 and E455 of the second as-
partate-rich motif, D4IDVAE455 (Fig. 5). However, many of the carboxylate-Mg2* distances observed
are too long for inner-sphere metal coordination interactions; therefore, the structure may reflect an in-
complete transition between the “open” and “closed” active site conformations. The diphosphate moi-
ety of 2F-FPP accepts one hydrogen bond from a nearby basic residue, R448.

Fig. 5 The diphosphate binding site of (+)-6-cadinene synthase from G. arboreum (PDB code 3G4F) with a
putative Mgz’f3 cluster and 2F-FPP bound. Metal ions are labeled according to convention established for
trichodiene synthase. Some metal-phosphate interactions are too long to be considered inner-sphere coordination
interactions, which could be a consequence of the nonproductive binding mode observed for 2F-FPP.

DISCUSSION

Although the metal-dependence of catalysis by class I terpenoid synthases has been known for decades
[56], it was not until 2001 that the crystal structure of a terpenoid cy<:121563-Mf:52+3-PPi complex (tricho-
diene synthase) revealed that a trinuclear metal cluster accommodates PP; binding; this trinuclear metal
cluster is similarly implicated in binding and activating substrate FPP for catalysis [20]. Since then,
many X-ray crystal structures of isoprenoid coupling enzymes and terpenoid cyclases have been deter-
mined containing Mgz’f3 (or Mn2+3) clusters. Comparisons of these structures reveal significant con-
servation in the constellation of metal ions and the residues that coordinate to these metal ions (Figs. 3
and 4) despite generally insignificant amino acid sequence identity among these enzymes.

Trinuclear metal cluster coordination in FPP synthases is conserved among humans, bacteria, and
protozoans. Two aspartate-rich DDXXD binding motifs coordinate to 3 Mg2* ions, which are also co-
ordinated by the substrate diphosphate group. The first and last aspartate in the first DDXXD motif co-
ordinate to Mg2* A and Mg2+c, and the first aspartate of the second DDXXD motif coordinates to
Mg2+B. Additionally conserved are one arginine and two lysine residues that donate hydrogen bonds to
diphosphate oxygens; the conserved arginine residue also donates hydrogen bond(s) to the second as-
partate in the first DDXXD motif (Figs. 3a—d). The crystal structures of other isoprenoid coupling en-
zymes, GGPP synthase and nonspecific prenyl synthase, similarly reveal conservation of Mgz’f3 bind-
ing motifs. Hydrogen bond interactions with PP, are also conserved (Figs. 3e.f).
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It is notable that the constellation of three metal ions and hydrogen bond donors is also conserved,
with minor variations, in terpenoid cyclases from plants, bacteria, and fungi (Figs. 3a—f). First, Mg2* A
and Mg2+C are coordinated by the first DDXXD motif: bacterial and fungal cyclases utilize only the
first aspartate of this motif, whereas plant cyclases utilize the first and third aspartates of this motif
(analogous to isoprenoid coupling enzymes). Second, the second aspartate-rich motif is usually re-
placed by an NDXXSXXXE motif in bacterial and fungal terpenoid cyclases and a DXXXTXXXE
motif in plant terpenoid cyclases, in which boldface residues chelate Mg2+B (although there can be
some variations in this sequence, e.g., see [57]). One exception, however, is (+)-0-cadinene synthase, in
which two aspartate-rich motifs coordinate to the trinuclear metal cluster. Third, residues that donate
hydrogen bonds to PP; are conserved in terpenoid cyclases across different domains of life. Specifically,
two arginines donate hydrogen bonds to diphosphate oxygens: one appears to replace a conserved ly-
sine serving this function in the isoprenoid coupling enzymes, and the other also donates a hydrogen
bond to the second aspartate of the first DDXXD motif (as observed in the isoprenoid coupling en-
zymes). In bacterial and fungal terpenoid cyclases, conserved lysine and tyrosine residues additionally
donate hydrogen bonds to PP;.

In all cases in which a complete Mgz"3-PPi cluster is bound, two 6-membered ring chelates are
formed with Mg2+ A and Mg2+B (Fig. 6). The conformations of these 6-membered rings can vary, e.g.,
sofa, half-chair, etc. Such 6-membered ring chelates are occasionally observed in metal-diphosphate
binding interactions, e.g., in the binding of the substrate analog imidodiphosphate to inorganic pyro-
phosphatase [58]. Although the class I terpenoid synthase fold and metal-pyrophosphate binding motif
are conserved among isoprenoid coupling enzymes and terpenoid cyclases, it is interesting that the sub-
strate orientation with regard to the trinuclear metal cluster appears to be opposite in these two groups
of enzymes that have yielded structures to date: that is, the terminal phosphate group of an isoprenoid
diphosphate group does not coordinate to Mng’C in an isoprenoid coupling enzyme (Fig. 3e), but it does
in a terpenoid cyclase (Fig. 4f).

©--, 8 06- S,
® "® @ " @

Fig. 6 Stereoview of the Mgz*'3—PPi cluster from epi-isozizaene synthase [43]. Dashed lines (black) represent metal
coordination interactions. The PP; anion forms 6-membered ring chelates with Mgt A and Mg2+B, both of which
adopt distorted sofa conformations.

In summary, conservation of a trinuclear metal cluster is critical for catalysis by class I terpenoid
synthases. This cluster not only serves to bind and orient the flexible isoprenoid substrate in the pre-
catalytic Michaelis complex, but it also triggers leaving group departure and initial carbocation forma-
tion. Conserved hydrogen bond donors in the terpenoid synthase active site assist the metal cluster in
this function. That the trinuclear metal cluster is conserved for catalysis by terpenoid synthases from
many domains of life suggests a common ancestry for this family of enzymes in the evolution of ter-
penoid biosynthesis.
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