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Abstract

The structure of ent-copaly! diphosphate synthase (CPS) reveals three a-helical domains (a, B, ),
as also observed in the related diterpene cyclase taxadiene synthase. However, active sites are
located at the interface of the By domains in CPS but exclusively in the a domain of taxadiene
synthase. Modular domain architecture in plant diterpene cyclases enables the evolution of
alternative active sites and chemical strategies for catalyzing isoprenoid cyclization reactions.

Terpenoids (also known as terpenes or isoprenoids) comprise the largest family of natural
products found on the earth, currently numbering more than 60,000 members according to
the Dictionary of Natural Products (http://dnp.chemnetbase.com). These structurally and
stereochemically diverse compounds are required for biological function, communication,
and/or defense in all forms of life. Moreover, some terpenoids are commercially important
as flavorings, fragrances, pesticides, fuels, and pharmaceuticals'=3. Terpenoid cyclases (also
known as terpenoid synthases) are the enzymes responsible for catalyzing the cyclization of
linear isoprenoid precursors to form the complex hydrocarbon skeletons of all cyclic
terpenoids. The two different classes of terpenoid cyclases are distinguished by amino acid
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sequence motifs reflecting alternative chemical strategies for initiating catalysis*~. Class |
cyclases contain DDXXD and (N,D)DXX(S, T)XXXE motifs; boldface residues generally
coordinate to three Mg2* ions, which trigger the ionization of an isoprenoid diphosphate
group to generate a reactive carbocation intermediate. Class Il cyclases contain a DXDD
motif, in which the “middle” aspartic acid protonates an isoprenoid C=C bond to generate a
reactive carbocation intermediate. After initial carbocation formation in either case, the
ensuing multi-step cyclization cascade is ultimately terminated by proton elimination from,
or nucleophilic capture of, the final carbocation intermediate.

A number of X-ray crystal structures are available for class | terpenoid cyclases from
bacteria, fungi, and plants. Bacterial and fungal sesquiterpene (C45) cyclases such as
pentalenene synthase® and trichodiene synthase® are single-domain enzymes that adopt the
a-helical protein fold first observed for farnesyl diphosphate synthasel®. This fold is
designated the “a” domain!l. Plant monoterpene (C) and sesquiterpene (C5) cyclases
such as bornyl diphosphate synthasel? and 5-epi-aristolochene synthasel3, respectively,
contain a catalytically-active a domain and an unrelated, nonfunctional a-helical domain
designated the “p” domain?, such that the overall domain architecture is af. In contrast, the
class 11 triterpene (Csp) cyclases squalene-hopene cyclasel# and oxidosqualene cyclase®®
each contain two a-helical domains designated “p” and “y” 11, which form an active site
cavity at their interface. The DXDD motif is located in the B domain. Interestingly, the v
domain is an insertion between the first and second helices of the p domain®14; 23% amino
acid sequence identity and significant topological similarities between the 3 and y domains
of squalene-hopene cyclase suggest gene duplication and fusion early in the evolution of
terpenoid biosynthesis?.

Strikingly, the recently determined structure of taxadiene synthase from Taxus brevifolia
shows that a plant diterpene (Cyg) cyclase has domain composition afy and thereby contains
the folds of both class I and class 11 terpenoid cyclases!®. However, only the class | cyclase
domain (a domain) is catalytically active; the class 11 cyclase (i.e., the By domains) is a
nonfunctional vestige since it lacks the DXDD motif. In contrast, the diterpene cyclase ent-
copalyl diphosphate synthase (CPS; also known as ent-kaurene synthetase A) from
Arabidopsis thaliana has domain composition afy based on amino acid sequence analysis!?,
but catalyzes only the class Il cyclization of geranylgeranyl diphosphate (GGPP) (Fig. 1a)
initiated by general acid D379 in the D377IDD motif of the p domainl’. CPS lacks metal
binding motifs in the a domain, consistent with the lack of ionization-dependent class |
cyclase activityl7:18,

We have determined the X-ray crystal structure of CPS complexed with (§)-15-aza-14,15-
dihydrogeranylgeranyl thiolodiphosphate (1, Fig. 1a) at 2.25 A resolution, and with 13-
aza-13,14-dihydrocopalyl diphosphate (2, Fig 1a) at 2.75 A resolution (Supplementary
Results, Supplementary Table 1 and Supplementary Methods). While the modular afy
architecture of CPS is structurally similar to that recently observed for taxadiene synthase
(Fig 1b)8, the a domain of CPS (A534-V802) is a nonfunctional vestige since it cannot
bind the metal ions required by a class I terpenoid cyclase. Additionally, helices D, F, G and
H are shorter (helices G1 and al are nonexistent), the H-I loop is disordered, and the J-K
loop is unusually short in comparison with the a domain of taxadiene synthase.
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Consequently, the nonfunctional class | active site of CPS is shallow and exposed
(Supplementary Fig. 1).

The p domain of CPS (M84-1113 and P325-Q533) is structurally similar to the  domain of
class | af} terpenoid cyclases and the § domain of class Il By triterpene cyclases. The y
domain of CPS (T114-F324) is structurally more similar to the catalytically nonfunctional vy
domain of the class | diterpene cyclase taxadiene synthase than the catalytically functional y
domain of the class I triterpene cyclases squalene-hopene cyclase and oxidosqualene
cyclase (Supplementary Fig. 2). This reflects the higher sequence identity between CPS and
taxadiene synthase (Supplementary Table 2) as well as the lack of membrane association
elements in CPS and taxadiene synthase that are present in the triterpene cyclases, which are
monotopic membrane proteins4-16,

The active site of CPS resides in a deep cavity at the By interface and is more open and
solvent-accessible than the active sites of squalene-hopene cyclase and oxidosqualene
cyclase. The linear diterpene substrate analogue 1 binds to CPS such that the isoprenoid tail
extends toward the base of the active site, and the thiolodiphosphate group binds in two
alternate positions at the mouth of the active site (Fig. 2a). Parenthetically, we note that the
bicyclic isoprenoid 2 does not bind in the active site, but instead binds at an interlattice site
between two CPS molecules (Supplementary Fig. 3). Since the stereochemistry of 2 does not
match that of the actual product of the cyclization reaction catalyzed by CPS, ent-copalyl
diphosphate (Fig. 1a), this suggests that the active site contour exerts significant
stereochemical control over isoprenoid ligand binding and product formation in catalysis.
Comparison of the CPS-2 and CPS-1 complexes reveals that a conformational change of the
loop containing K463 and W464 accompanies substrate analogue binding in the active site.

The active site cavity of CPS is largely hydrophobic and is lined by numerous aliphatic and
aromatic residues. In particular, the aromatic side chains of F329, W333, W369, and W505
are oriented such that they may stabilize carbocation intermediates in catalysis through
cation- interactions (Fig. 2a). The 15-aza group of 1 binds near D379 in the D377IDD
general acid motif, in much the same fashion as the 2-aza group of 2-azasqualene binds near
D376 in the D374VDD general acid motif of squalene-hopene cyclasel® (Fig. 2b). In the
CPS-1 complex, given that the C14-N15 bond of 1 mimics the C14=C15 double bond of
GGPP, the binding mode of 1 may mimic aspects of the initiation step of catalysis in a class
Il diterpene cyclase. However, given that 1 binds with a generally extended conformation,
we conclude that it does not mimic the overall conformation of GGPP immediately prior to
cyclization.

It is interesting that in both CPS and squalene-hopene cyclase, the conformation of the
general acid residue is such that it would donate the superacidic anti-oriented proton to the
isoprenoid substrate C=C bond; an anti-oriented carboxylic acid proton is ~104-fold more
acidic than a syn-oriented proton20. This could enhance the general acid function of D379 in
CPS and D376 in squalene-hopene cyclase (Fig. 3). General acid D376 in squalene-hopene
cyclase is stabilized by a hydrogen bond with H45114.21: in CPS, general acid D379 is
stabilized by a hydrogen bond with corresponding residue N425. These hydrogen bonding
residues may facilitate general acid catalysis?2. Sequence analyses of 18 class Il diterpene
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cyclases indicate that N425 of CPS is conserved as asparagine, suggesting that an asparagine
residue at this position signals diterpene cyclase function (Supplementary Fig. 4). Sequence
analyses of 27 class I triterpene cyclases (16 squalene-hopene cyclases and 11
oxidosqualene cyclases) reveal greater variability at this position: residue 451 is conserved
as histidine or arginine in squalene-hopene cyclases, but as alanine or serine in
oxidosqualene cyclases (Supplementary Fig. 5).

A conserved water molecule is hydrogen bonded to the general acid in the active sites of
class 1l cyclases: Wat91 of CPS is conserved as Wat2250 in squalene-hopene cyclase (Fig.
2b). In squalene-hopene cyclase, Wat2250 interacts with the general acid D376, Y495, and
D447; Y495 is conserved in 26 of 27 triterpene cyclases, while D447 is conserved as D or E
(Supplementary Fig. 5). This water molecule is proposed to assist Y495 in activating D376
for catalysis!#21. In CPS, Wat91 interacts with D379 and the hydroxyl group of T421; T421
is conserved in 17 of 18 class Il diterpene cyclases (Supplementary Fig. 4) and replaces
D447 of squalene-hopene cyclase. Y495 of the triterpene cyclases is not conserved in
diterpene cyclases.

The thiolodiphosphate moiety and a portion of the isoprenoid chain of 1 are modeled in two
alternate conformations due to apparent flexibility in the active site of CPS (Fig. 2a). The
thiolodiphosphate group makes no well-defined hydrogen bond interactions in either
conformation, although highly conserved residues K245 and K463 are partially disordered
and about 3 A away from thiolodiphosphate oxygen atoms (Fig. 2a). Slightly further away
(~9 A) are K241 (partially conserved) and R248 (highly conserved); accordingly, the
diphosphate binding region is rather basic due in large part to the conserved “basic segment”
K241-R248 (Supplementary Fig. 4). Possibly, these basic residues may interact with the
substrate diphosphate group when bound in a fully productive conformation.

A single acidic residue, E211, is also found in this region, and is 5 A away from the closest
thiolodiphosphate oxygen atom of 1. This residue is conserved among 18 class Il diterpene
cyclases but is not conserved in class | diterpene cyclases (Supplementary Fig. 4). Since
CPS requires divalent cations for optimal activity?3, and since the chemistry of catalysis in a
class Il cyclase does not require metal ions (e.g., the protonation-dependent reactions of
squalene-hopene cyclase and oxidosqualene cyclase do not require divalent cations?42%), a
divalent cation important for enzyme activity may play a role in substrate binding, e.g., for
binding the GGPP diphosphate group. Possibly, E211 could be part of the putative metal-
binding site in CPS.

Alternatively, the metal binding site in plant class Il diterpene cyclases is proposed to be the
“EDXXD-like” motif found in the y domainl. However, the corresponding E1®°*DEND
motif of CPS is ~18 A away from the thiolodiphosphate group of 1, which is too far away to
mediate an enzyme-metal-substrate interaction unless a significant protein structural change
were to occur (Supplementary Fig. 6). No metal ions are observed in the CPS-1 complex
even though crystals were prepared in presence of 2.5 mM Mn?2*, although it is possible that
metal binding is weakened by the relatively acidic conditions of the crystal structure
determination (pH 5.4). Furthermore, Mn2* does not functionally substitute for Mg2* in
catalysis by CPS23, so the origins of the 102—103-fold enhancement of CPS activity reported
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for Mg2* and certain other divalent cations remain unclear. The structural basis for metal ion
activation of catalysis by CPS will be explored in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ent-Copalyl diphosphate synthase (CPS)

(a) The cyclization reaction catalyzed by CPS is the first committed step of gibberellin
biosynthesis in Arabidopsis thaliana. Diterpene analogues (S)-15-aza-14,15-
dihydrogeranylgeranyl thiolodiphosphate (1) and 13-aza-13,14-dihydrocopalyl diphosphate
(2) partially mimic the substrate and product of this reaction. (b) Structure of CPS showing
the vestigial class | cyclase active site in the a domain (blue) and functional class Il cyclase
active site at the interface of the § (green) and vy (yellow) domains. The N-terminal helix
(magenta) and the D37IDD general acid motif (brown) in the § domain are indicated;
substrate analogue 1 bound in the active site is shown as a stick figure. The domain structure
of CPS is similar to that of taxadiene synthase, which is color-coded accordingly. However,
taxadiene synthase lacks the general acid motif in the § domain and instead contains a fully
active class | cyclase active site in the a. domain, where DS13DMAD and N5’"DTKTYQAE
metal binding motifs are red and orange, respectively, three Mg2* ions are magenta spheres,
and a bound substrate analogue is shown as a stick figure.
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Figure 2. Binding of substrate analogue 1 in the active site of CPS
(a) Simulated annealing omit map calculated with Fourier coefficients |Fg|—|F¢| in which 1 is

omitted from the structure factor calculation, contoured at 4.0o; selected residues are
indicated. The thiolodiphosphate group adopts two alternate conformations. Residues from 3
and y domains are green and yellow, respectively. Water molecules appear as red spheres.
Conserved aspartic acid/aspartate residues of the D377IDD general acid motif are brown. (b)
Least-squares superposition of the CPS and squalene-hopene cyclase (PDB 1UMP) active
sites showing conserved features of aza-substrate analogue binding near the DXDD motifs.
Atoms are color coded as follows: C = green (CPS) or light green (squalene-hopene
cyclase), N = blue, O = red, P = orange; water molecules appear as red (CPS) or pink
(squalene-hopene cyclase) spheres. Carbon atoms of the aspartic acids/aspartates in the
DXDD motifs of CPS and squalene-hopene cyclase are dark and light brown, respectively.
Carbon atoms of substrate analogues 1 and 2-azasqualene bound in the respective active
sites are dark gray and light gray, respectively. Residue labels are black for CPS and gray
for squalene-hopene cyclase. Hydrogen bond interactions are indicated by red and pink
dashed lines, respectively.
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Figure 3. Initiation of the class || diterpene synthase reaction by general acid catalysis
Proposed first step of catalysis by CPS, highlighting substrate protonation by the anti-

oriented carboxylic acid side chain of D379 to yield a carbocation intermediate.
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