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Crystal structures of terpenoid cyclases reveal assemblies of
three basic domains designated «, 8, and y. While the
biosynthesis of cyclic monoterpenes (C40) and sesquiterpenes
(C45) most often involves enzymes with o or o3 domain
architecture, the biosynthesis of cyclic diterpenes (Cx),
sesterterpenes (Cas), and triterpenes (C30) can involve enzymes
with a, aa, By, or afy domain architecture. Indeed, some
enzymes of terpenoid biosynthesis are bifunctional, with
distinct active sites that catalyze sequential reactions.
Interestingly, some of these enzymes oligomerize to form
dimers, tetramers, and hexamers. Not only can such
assemblies enable enzyme regulation by allostery, but they can
also provide a modest enhancement of terpenoid product flux
through proximity channeling or cluster channeling. The mixing
and matching of functional terpenoid cyclase domains through
tertiary and/or quaternary structure may also comprise an
evolutionary strategy for facile product diversification.
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Introduction

Terpenoid cyclases catalyze the formation of thousands of
complex natural products containing multiple rings and
stereocenters starting from a single achiral precursor such
as Cyo geranyl diphosphate (GPP), C;s farnesyl diphos-
phate (FPP), or C,( geranylgeranyl diphosphate (GGPP)
[1-3]. From the perspective of mechanistic organic chem-
istry, these reactions are the most complex in biology, in
that on average at least half of the carbon atoms of the
substrate undergo changes in bonding and/or hybridization
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during the course of a single enzyme-catalyzed reaction
[4,5]. For example, consider the cyclization of GGPP
catalyzed by taxadiene synthase in the first committed
step of paclitaxel (Taxol) biosynthesis (Figure 1) [6-8]: a
minimum of 10 carbon atoms in the C,, substrate are
involved in multiple bond-making or bond-breaking
steps. While terpenoid cyclases are not exceptionally
efficient catalysts (e.g., for taxadiene synthase, £,/
Ky =35 % 10°M~1s™ [9], these enzymes are none-
theless impressive in that the rate enhancement in com-
parison with the uncatalyzed rate is immeasurably large.
The cyclization cascades illustrated in Figure 1 simply
cannot occur in the absence of an enzyme catalyst.

A terpenoid cyclase serves a critical role as a template for
catalysis. The polyisoprenoid substrate is quite flexible —
with three bond rotations per 5-carbon isoprenoid unit,
GGPP is more flexible than a glycine polypeptide, which
only has two bond rotations per glycine. Moreover, since a
polyisoprenoid contains no polar residues capable of
hydrogen bond interactions, the only way to hold the
substrate in a cyclization-competent conformation is for
the enzyme to provide a snug-fitting template. In essence,
the specific cyclization products generated by a terpenoid
cyclase are encoded in the shape of the active site
contour.

A well-defined template for catalysis is a common feature
of both class I and class II terpenoid cyclases. The first
crystal structures of class I and class II terpenoid cyclases
were reported nearly 20 years ago and revealed distinctive
protein folds for each class of enzyme (Figure 2a) [10-12].
For example, the a-helical fold observed for the class 1
bacterial cyclase pentalenene synthase (designated the a
domain fold [13]) is similar to that of 5-¢pi-aristolochene
synthase, although the latter enzyme contains an addi-
tional domain so as to adopt overall a3 domain architec-
ture. In contrast, the B+ architecture of the class II cyclase
squalene-hopene cyclase likely arose from gene duplica-
tion and fusion due to structural similarities between the
two domains (note that e, 3, and 'y domains each adopt a-
helical folds) [14]. The B-domain of By squalene-hopene
cyclase is homologous to the B-domain of af 5-¢pi-aris-
tolochene synthase [14], suggesting the possibility of
linked afy domain architectures [13,15]. The first X-ray
crystal structure of a terpenoid cyclase with a3y domain
architecture was that of taxadiene synthase, a diterpene
cyclase (Figure 2a) [16°°]. Similar a3y domain architecture
was subsequently observed in the diterpene cyclases
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GGPP cyclization reactions catalyzed by diterpene synthases. Class | cyclization reactions are catalyzed by o« domains and class Il cyclization
reactions are catalyzed at the By domain interface. Reactions can occur exclusively in a single active site of an af+y cyclase, as exemplified by the
taxadiene synthase reaction. Alternatively, tandem class ll/class | reactions can occur in a bifunctional aBy cyclase, as exemplified by abietadiene
synthase, or in separate a and By cyclases (that may nonetheless associate), as for some ent-kaurene synthases. Domain architecture for each
enzyme is indicated (o, B, ) and catalytic domains for each reaction are underlined; class | and class Il cyclization reactions are blue and green,

respectively.
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Figure 2
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Domain architecture in terpenoid cyclases. (a) The «, B, and y domains are blue, green, and yellow, respectively. The active site of a class |
cyclase resides in an a domain flanked by signature metal-binding motifs DDXXD and (N,D)DXX(S,T)XXXE (red and orange, respectively). Class |
cyclases are found as single « domains, o assemblies, and oy assemblies as exemplified by pentalenene synthase (PDB 1PS1), 5-epi-
aristolochene synthase (PDB 1LZ9), and taxadiene synthase (PDB 3P5R), respectively. The active site of a class Il cyclase resides at the interface
of B and y domains as exemplified by squalene-hopene cyclase (PDB 1SQC), where the central aspartic acid in the motif DXDD (brown) serves as
a general acid. Class Il cyclases are found with By and afy domain assemblies. The role of N-termini (purple) in class | plant cyclases is to help
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ent-copalyl diphosphate synthase [17] and abietadiene
synthase (Figure 2b) [18°°], as well as the sesquiterpene
cyclase a-bisabolene synthase [19].

In addition to their differences in tertiary structure, class I
and class II terpenoid cyclases also differ by the chemical
strategy employed for initial carbocation formation. For
class I cyclases, an induced-fit conformational change
triggered by the binding of three metal ions (typically
Mg**, sometimes Mn**, and rarely Co**) and substrate
leads to active site closure and substrate ionization to yield
an allylic cation plus inorganic pyrophosphate (PP;) [20].
Metal ions are liganded by two characteristic amino acid
sequence motifs: the “aspartate rich” sequence DDXXD
and the “NSE” sequence (N,D)DXX(S,T)XXXE (bold-
face indicates metal ligands). A class II cyclase utilizes the
central aspartic acid in the sequence DXDD as a general
acid to protonate the terminal C=C bond of the polyiso-
prenoid to generate a tertiary carbocation [21,22]. In each
cyclase class, one of the remaining 7 bonds of the substrate
is held close to the incipient carbocation with the proper
orientation for cyclization by the active site template.

More than two dozen crystal structures of class I and class
IT terpenoid cyclases have been determined to date, and
these structures provide a foundation for understanding
complex chemical mechanisms of isoprenoid cyclization
[23]. While the simplest terpenoid cyclase structure is
that of a single a domain class I enzyme, such as the
bacterial sesquiterpene cyclase pentalenene synthase
[10] or the diterpene cyclase CotB [24°], af3, By, and
a7y domain architectures of increasing complexity are
observed in both class I and class II plant diterpene
cyclases (Figure 2); sometimes, a3y cyclases are bifunc-
tional enzymes in which tandem cyclization reactions are
catalyzed by the class II and class I active sites. Intrigu-
ingly, aa domain architectures with (aa), assemblies
(n =1, 2, and 6) are also observed for terpenoid synthases,
some of which catalyze tandem biosynthetic reactions.
The combination of tandem bifunctionality, variable
domain architecture, and variable quaternary structure
hints of a potential for assembly line catalysis or even a
terpenoid biosynthetic metabolon. In the remainder of
this review, we outline some recent examples of bifunc-
tional catalysis resulting from the evolution of specific
domain architecture in terpenoid cyclases.

Bifunctional oy assemblies

Biosynthesis of the labdane diterpene ezz-kaurene in the
bacterium Bradyrhizobium japonicum requires two sepa-
rate class II and class I cyclases, enz-copalyl diphosphate
synthase and enz-kaurene synthase, respectively [15]; the

recently-reported  crystal structure of ens-kaurene
synthase exhibits characteristic @ domain architecture
[25°]. Substrate GGPP initially undergoes cyclization
by the class II cyclase to form enz-copalyl diphosphate,
which is cyclized to form enz-kaurene by the class I cyclase
(Figure 1). In the plant Marah macrocarpus, these enzymes
form a complex (presumably assembled from a3y mono-
mers) believed to preferentially channel intermediate enz-
copalyl diphosphate from the active site of the class II
cyclase to the class I cyclase [26]. In the fungus Phaeo-
sphaeria sp. 1487, a bifunctional enz-copalyl diphosphate
synthase/ent-kaurene synthase results from the fusion of
the class I and class II cyclases in a single a3y polypeptide
chain [27]. Although the herb Sakia miltiorrhiza Bunge
has separate enz-copalyl diphosphate synthase and ens-
kaurene synthase enzymes, the engineering of a fusion
construct yields a bifunctional apf-afy enzyme that
exhibits ~4-fold enhanced product flux [28]. Thus, asso-
ciation or fusion of terpenoid cyclase domains catalyzing
successive reactions may confer a modest catalytic advan-
tage. Even in the absence of a direct channel between
enzyme active sites, such ‘“‘proximity channeling” can
enhance product flux [29]. Conceivably, proximity
channeling could also be augmented by electrostatic
channeling [30] of anionic isoprenoid diphosphate inter-
mediates if the protein surface were significantly cationic.

Single oy domain assemblies are also formed in plant
diterpene synthases such as taxadiene synthase from
Taxus brevifolia (Pacific yew), ent-copalyl diphosphate
synthase from Arabidopsis thaliana (mouse-ear cress),
and abictadiene synthase from Abies grandis (grand fir)
(Figure 2) [16°°,17,18°°]. However, in taxadiene synthase,
only the class I active site in the o domain is functional,
and in ent-copalyl diphosphate synthase, only the class I1
active site at the By domain interface is functional.
Strikingly, both active sites are functional in abietadiene
synthase (Figure 2b): the class II active site catalyzes the
cyclization of GGPP to form enz-copalyl diphosphate,
which in turn is further cyclized to form abietadiene in
the class I active site (Figure 1). In this system, there is no
evidence for direct channeling; the transfer of intermedi-
ate product ent-copalyl diphosphate from the class II
active site to the class I active site occurs by diffusive
transfer [31,32].

Bifunctional aa and (xa)g assemblies

In recent years, bifunctional terpenoid cyclases with aa
domain architectures have been identified, and these
enzymes encompass various combinations of isoprenoid
chain elongation, cyclization, and fragmentation chemis-
try. For example, geosmin is a potent odorant molecule

(Figure 2 Legend Continued) cap the active site in the a domain, as shown for 5-epi-aristolochene synthase. Reprinted with permission from Ref.
[16°°]. (b) ent-Copalyl diphosphate synthase is a class Il terpenoid cyclase with a3y domain architecture; the active site at the By interface is
indicated by a bound substrate analogue, and the a domain is vestigial (PDB 3PYA). Abietadiene synthase is a bifunctional class I/class I
terpenoid cyclase with fully functional « and By domains (PDB 3S9V). Protein structures color-coded as in (a).
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that signals Szreptomyces contamination in public water
supplies [33]. The N-terminal o domain of geosmin
synthase catalyzes the cyclization of FPP to form germa-
cradienol, which subsequently undergoes a retro-Prins
fragmentation in the C-terminal a domain to generate the
12-carbon product geosmin and the 3-carbon product
acetone [34,35]. Recently, the crystal structure of the
N-terminal @ domain and a homology model of the C-
terminal o domain were used to fit the @b initio molecular
envelope calculated from small-angle X-ray scattering
(SAXS) data [36°]. These structural studies revealed a
monomeric architecture in which the active site of one
domain was not oriented directly toward the active site of
the second domain. However, the physical proximity of
the two active sites of geosmin synthase may provide a
modest catalytic advantage through proximity channeling
[29]. This has been demonstrated in protein engineering
experiments with other sesquiterpene synthases. For
example, the fusion of the FPP synthase a domain and
the 5-¢pi-aristolochene synthase a3 domains into tandem
aaf or afa domain protein constructs yields approxi-
mately two-fold increases in product flux [37].

A naturally occurring example of an isoprenoid chain
elongation domain fused with a cyclase domain that
adopts hexameric quaternary structure (aa)e is found
in fusicoccadiene synthase from Phomopsis amygdali
(PaFS). Fusicoccadiene is a precursor of the diterpene
glucoside fusicoccin A, a phytotoxin that also exhibits
promising antitcumor properties [38,39], and PaFS was the
first bifunctional diterpene synthase with aa domain
architecture to be discovered [40]. A second bifunctional
synthase was later discovered in the same organism [41],
and more recent reports describe additional bifunctional
diterpene and sesterterpene synthases with presumed aa
domain architecture [42—45]. The C-terminal o domain of
PaFS catalyzes the condensation of dimethylallyl diphos-
phate (DMAPP) and three isopentenyl diphosphate (IPP)
molecules to generate GGPP, and the N-terminal «
domain catalyzes the cyclization of GGPP to form fusi-
coccadiene (Figure 3a) [40,46]. Each a domain of the aa
assembly is a metal-dependent class I terpenoid synthase,
with conserved metal-binding motifs that coordinate to
three divalent metal ions required for substrate activation
and ionization to form the initial substrate carbocation
[47°°]. The GGPP synthase and GGPP cyclase domains
are related by 19% amino acid sequence identity, sug-
gesting gene duplication, fusion, and divergence from a
primordial terpenoid synthase.

Studies with site-specific mutants of PaFS in which the
GGPP synthase domain or the GGPP cyclase domain
have been inactivated reveal an approximately two-fold
enhancement of product flux, so the covalent linkage of
the two a domains confers a modest catalytic advantage
through proximity channeling [29] in the absence of a
direct channel between active sites. Since PaFS is a
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hexamer [47°°], this catalytic advantage may be enhanced
through an agglomeration effect [48°°] herein designated
“cluster channeling” (Figure 3b). Such quaternary struc-
tural assemblies ensure that multiple active sites for each
enzyme are close to each other even in the absence of a
direct channel between them.

X-ray crystal structures of the individual @ domains of PaFS
have been determined, and these structures were then
used to fit the @b initio molecular envelope of the PaFS
hexamer generated from SAXS data (Figure 3a) [47°°]. The
hexameric quaternary structure of the full-length protein
appears to be driven by the hexameric quaternary structure
of the GGPP synthase domain, although slight structural
adjustments were necessary to fit three additional GGPP
cyclase dimers into the SAXS envelope. Because PaFSisa
hexameric assembly, the active site of a single GGPP
synthase domain is close to more than one GGPP cyclase
domain. This ensures that the intermediate product GGPP
has a higher probability of diffusing into a cyclase active
site. Thus, aa domain assembly in PaFS is a paradigm
example of proximity and cluster channeling in terpenoid
biosynthesis.

Insight gained from the PaFS structure informs our
understanding of structure—function relationships in re-
lated bifunctional sesterterpene synthases that generate
even larger cyclic terpenoids. For example, ophiobolin F
synthase from Aspergillus oryzae (AcOS) is a sesterterpene
cyclase that generates a 25-carbon product sharing a 5-8-5
ring structure identical to that of fusicoccadiene [42].
Pairwise comparison of residues comprising the active
site contours of each cyclase reveals that most residues are
isosteric or strictly conserved; however, W225 and V228 in
PaFS are replaced by smaller residues 1.217 and A220 in
AcOS, respectively. These amino acid substitutions in the
AcOS active site serve to accommodate the longer Cps
sesterterpene substrate [47°°].

(Ba)2 and «,, oligomers

Homodimeric quaternary structure has often been ob-
served for crystalline a or a3 domain terpenoid synthases
since the first structure determination of a terpenoid
synthase, farnesyl diphosphate synthase [49]. Parallel
[49] or antiparallel [50] aa subunit association modes
can utilize different regions of the a domain surface
[51]. Recurring motifs in dimerization of class I terpene
synthases with aff folds forming Baaf assemblies are
evident. For example, the monoterpene cyclase limonene
synthase is an a3 monomer in solution as determined by
gel filtration chromatography [52], but it forms a dimer in
the crystal [53] with quaternary structure identical to that
of bornyl diphosphate synthase [54] and isoprene
synthase [55] (Figure 4a). Thus, there is potential for
weak homodimeric interactions between o subunits, even
when not detectable in solution. Perhaps this signals the
potential for the assembly of terpenoid biosynthetic
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Figure 3
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Fusicoccadiene synthase (PaFS). (a) The X-ray crystal structures of the individual C-terminal o domain (green, GGPP synthase) and the N-terminal
« domain (blue, GGPP cyclase) are fit into the ab initio SAXS molecular envelope of the fusicoccadiene hexamer to illustrate a plausible model for
the bifunctional enzyme cluster. Adapted with permission from Ref. [47°°]. Copyright 2016 American Chemical Society. (b) Direct channeling
occurs between enzyme active sites E1 and E2 through a protein tunnel that prevents the intermediate from diffusing into solution. Proximity
channeling occurs when enzyme active sites E1 and E2 are positioned sufficiently close so that the intermediate is processed by E2 before it can
diffuse into solution. If E1 and E2 are not appropriately positioned, the intermediate will diffuse into solution. Cluster channeling occurs in a
multienzyme or multisubunit cluster such that once the intermediate is generated by enzyme active site E1, even though the probability of the
intermediate being processed by any particular E2 active site might be low, the probability that the intermediate will be utilized by one of the
several E2 enzymes in the cluster is high.

Source: Adapted from Ref. [48°°]; reprinted by permission from Macmillan Publishers Ltd, copyright 2014.
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Figure 4
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Subunit assembly in terpenoid synthase oligomers. (a) Crystal structures of bornyl diphosphate synthase (PDB 2N20), isoprene synthase (PDB
3NO0G), and limonene synthase (PDB 20NG) reveal identical dimeric quaternary structure. Although limonene synthase exists as a monomer in
solution, weak intermonomer interactions are nonetheless sufficient to guide a recurring mode of subunit association in the crystal. (b) The crystal
structure of geranyl diphosphate synthase from M. piperita reveals a,d, architecture (PDB 3KRA). Since the regulatory 8 subunit derives from the

« subunit, the quaternary structure approximates a4 tetramerization.

metabolons if heterodimers are similarly capable of form-
ing. Future studies are of course required to assess this
possibility.

In addition to dimeric o, quaternary structures, oy, and g
quaternary structures are also observed in terpenoid
synthases. For example, the recently determined crystal
structure of the C-terminal GGPP synthase domain of
PaFS [47°°] reveals a hexameric o quaternary structure
similar to that first observed for human GGPP synthase
[56]. An interesting example of tetrameric oy quaternary
structure is found in GPP synthase from Mentha piperita,
which is actually a heterotetramer comprised of two large o
subunits and two small o’ subunits [57]. The large subunit
is the catalytic o domain subunit and contains two canoni-
cal DDXXD metal-binding motifs. The small subunit
lacks metal-binding motifs and adopts a truncated a do-
main structure — it is accordingly designated as a & subunit
[58°], but structural homology suggests that 8 derives from
a 30 8 = a’. One a and one o' subunit form a tight dimer,
and a heterotetramer is formed as a dimer of dimers with
overall a,a stoichiometry (Figure 4b). Individually, both
subunits are catalytically inactive; however, when the

heterotetramer is formed, the a subunit generates GPP
from DMAPP and IPP. The 8 subunit acts as a regulatory
subunit, stabilizing the a subunit with the proper active
site architecture for catalysis. Thus, the association of
multiple o« domains through tertiary and/or quaternary
structure not only enables channeling by proximity or
clustering to enhance catalysis, but it can also enable the
regulation of enzyme activity.

Bifunctional moonlighting synthases
Moonlighting enzymes are those that, in addition to
serving a primary catalytic function, also serve a second-
ary catalytic function that can be quite distinct from their
primary catalytic function [59]. Moonlighting enzymes
thus contain features of two separate active sites inserted
or overlaid on a single protein fold. To date, two examples
of terpene synthase activity moonlighting on cytochrome
P450 enzymes have been reported.

Albaflavenone synthase is a cytochrome P450 monoox-
ygenase from Strepromyces coelicolor that converts the
sesquiterpene epi-isozizacne to the antibiotic albaflave-
none [60]. This enzyme also exhibits terpene synthase

www.sciencedirect.com
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Figure 5
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Moonlighting terpenoid biosynthetic functions. The crystal structure of
albaflavenone synthase reveals a cytochrome P450 active site that
catalyzes the monooxygenase chemistry required for the conversion of
the sesquiterpene epi-isozizaene to an epimeric mixture of
albaflavenols, and then to albaflavenone. Additionally, the crystal
structure reveals a separate class I-like terpenoid synthase active site
bearing the characteristic metal-binding motifs that catalyzes the
conversion of farnesyl diphosphate into farnesene.

Source: Reprinted with permission from Ref. [60]. Copyright 2009,
American Society for Biochemistry and Molecular Biology.

activity, and uses FPP as a substrate to produce a mixture
of farnesene isomers. The amino acid sequence of alba-
flavenone synthase reveals DDXXD and DTE motifs
typical of metal-dependent class I terpene cyclases, and
structural comparison with aristolochene synthase reveals
conservation of elements of the o domain of a class |
terpenoid synthase in a separate active site distinct from
the P450 active site (Figure 5). Intriguingly, the pH
optima for the two different reactions (pH 7.0-8.2 for
monooxygenase activity, and pH 5.5-6.5 for terpene
synthase activity) indicate that alternate enzyme activi-
ties depend on pH-dependent conformational changes —
terpene synthase activity is enhanced when the mono-
oxygenase activity is diminished. While albaflavenone
synthase provides an intriguing example of how nature
can combine terpenoid synthase catalysis with redox
catalysis in a single protein scaffold, it should be noted
that the farnesene synthase reaction is not part of the
albaflavenone biosynthetic pathway.

A second example of a moonlighting terpenoid synthase is
found in a cytochrome P450 from Penicillium aethiopicum,
VrtK [61]. This enzyme catalyzes the initial oxidation of a
pendant geranyl moiety on an anhydrotetracycline-like
scaffold to form an allylic cation that ultimately cyclizes to
generate a spirobicyclic ring system, converting previr-
idicatumtoxin to viridicatumtoxin. These examples dem-
onstrate that prospects for bifunctional catalysis in

terpenoid biosynthesis are not limited to isoprenoid di-
phosphate generation and cyclization, but also oxidation
steps that ultimately enhance terpenoid product chemo-
diversity.

Concluding remarks

X-ray crystal structures of terpenoid cyclases determined
in recent years have revealed increasingly complex as-
semblies of three basic domain types designated o, 3, and
v, and a model for the evolution of domain fusion and
function accounts for the appearance of bifunctional afy
diterpene cyclases such as abietadiene synthase [13,58°].
Intriguingly, the assembly of multiple functional domains
in a single polypeptide chain can provide a modest
enhancement of product flux through proximity channel-
ing [29]. Although proximity enhancement iz vitro is
generally modest, such enhancement could be augment-
ed 7z vivo in the crowded environment of the cell. Indeed,
colocalization of enzymes that catalyze successive steps in
a biosynthetic pathway using modular synthetic scaffolds
is a proven approach for increasing product flux in meta-
bolic engineering experiments [62].

The assembly of multidomain terpenoid cyclases into
dimeric, tetrameric, or hexameric quaternary structures
may further facilitate bifunctional catalysis and biosyn-
thetic flux through cluster channeling [48°°]. The clus-
tering of enzymes that catalyze sequential biosynthetic
reactions enhances the probability of proximity channel-
ing from one enzyme active site to another, and the
diterpene cyclase fusicoccadiene synthase forms a hex-
americ assembly that serves as a paradigm for cluster
channeling in terpenoid biosynthesis [47°°].

The mixing and matching of functional terpenoid cyclase
domains through tertiary and/or quaternary structure may
comprise a route toward the enhancement or regulation of
product flux, but conceivably it may also comprise a route
toward the enhancement of product chemodiversity. The
structural and functional relationship between the bifunc-
tional diterpene synthase PaFS and the sesterterpene
synthase AcOS demonstrates that only a few amino acid
substitutions in the active site are necessary to switch
cyclization specificity from Cy, to C,5 substrates. The o
fold, originally designated the “‘terpenoid synthase fold”
[10], is particularly versatile in biological systems, also
appearing as a polytopic integral membrane protein that
catalyzes the prenylation reaction of ubiquinone biosyn-
thesis [63°].

The structural diversity of terpenoid cyclases directly
translates into product chemodiversity. That successive
reactions of terpenoid biosynthesis can be catalyzed by
domain assembly through tertiary or quaternary structure
interactions, or by moonlighting functions superimposed
on a common protein scaffold, is perhaps suggestive of
simple terpenoid biosynthetic metabolons or assembly

Current Opinion in Structural Biology 2016, 41:27-37
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lines. Whether true metabolons can form in the cell,
presuming that multiple enzymes are in the same com-
partment, is yet to be demonstrated. Nevertheless, we
have shown here that the assembly of multiple domains
for bifunctional catalysis through tertiary or quaternary
interactions observed in X-ray crystal structures can pro-
vide a basic catalytic advantage iz vitro. Future studies
will determine the effects of this catalytic advantage for
terpenoid biosynthesis iz vivo.
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