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ABSTRACT: Linear triquinanes are sesquiterpene natural
products with hydrocarbon skeletons consisting of three fused
five-membered rings. Importantly, several of these compounds
exhibit useful anticancer, anti-inflammatory, and antibiotic
properties. However, linear triquinanes pose significant challenges
to organic synthesis because of the structural and stereochemical
complexity of their hydrocarbon skeletons. To illuminate nature’s
solution to the generation of linear triquinanes, we now describe
the crystal structure of Streptomyces clavuligerus cucumene
synthase. This sesquiterpene cyclase catalyzes the stereospecific
cyclization of farnesyl diphosphate to form a linear triquinane product, (5S,7S,10R,11S)-cucumene. Specifically, we report the
structure of the wild-type enzyme at 3.05 A resolution and the structure of the T181N variant at 1.96 A resolution, both in the
open active site conformations without any bound ligands. The high-resolution structure of TI8IN cucumene synthase enables
inspection of the active site contour, which adopts a three-dimensional shape complementary to a linear triquinane. Several
aromatic residues outline the active site contour and are believed to facilitate cation—n interactions that would stabilize
carbocation intermediates in catalysis. Thus, aromatic residues in the active site not only define the template for catalysis but
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also play a role in reducing activation barriers in the multistep cyclization cascade.

D uring the past decade, approximately 3000 new
terpenoid natural products have been discovered per
year, and to date, more than 80000 terpenoids have been
identified in all forms of life." Genome mining has accelerated
the identification of new terpenoids through the discovery and
characterization of new terpenoid cyclases.” The catalytic
activity of these enzymes underlies exquisite chemodiversity in
the hydrocarbon skeletons of all terpenoid natural products.”~*
The active site contours of terpenoid cyclases function as
templates in catalysis. Each template constrains a flexible
prenyl diphosphate substrate with a specific conformation that
facilitates a specific multistep reaction.””'” Active site contours
differ from one cyclase to another; different active site
contours, i.e., different cyclization templates, direct different
reaction sequences.

Class I terpenoid cyclases utilize three Mg** ions (or
sometimes three Mn?' ions) to trigger the ionization of the
prenyl diphosphate substrate, resulting in the formation of an
allylic cation—inorganic pyrophosphate ion pair."* One of the
remaining substrate 7 bonds then reacts with the allylic cation
to generate a new carbon—carbon ¢ bond. The catalytic metal
ions initiating this chemistry are coordinated by the aspartate-
rich metal ion-binding motif DDXXD and the NSE/DTE
metal ion-binding motif (N,D)D(L,L,V)X(S,T)XXXE (metal
ion ligands are indicated in boldface).">™'® While these
sequence motifs comprise a reliable signature to facilitate the
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discovery of new terpenoid cyclases, it is generally impossible
to predict exactly what product(s) a terpenoid cyclase will
generate solely on the basis of an analysis of its amino acid
sequence or three-dimensional structure. Such product
determination always requires biochemical analysis.

Recently, however, a successful de novo prediction of
terpenoid cyclase product formation has been reported solely
on the basis of an analysis of primary structure and modeling of
tertiary structure.'” Genome mining experiments with
Streptomyces clavuligerus led to the discovery of a new
terpenoid cyclase (Uniprot entry BSGLM?7) exhibiting 33%
sequence identity with Streptomyces coelicolor epi-isozizaene
synthase and 27% identity with Streptomyces exfoliatus
pentalenene synthase. Network analysis using the Structure—
Function Linkage Database and generation of a three-
dimensional homology model provided a platform for
computational studies, leading to the suggestion that
BSGLM?7 is a sesquiterpene cyclase that generates a linear
triquinane hydrocarbon from substrate farnesyl diphosphate
(FPP)." Subsequent biochemical analysis confirmed that the
new linear triquinane (5S,7S,10R,11S)-cucumene was the
major cyclic sesquiterpene product generated by BSGLM?7
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(Figure 1). Accordingly, this new sesquiterpene cyclase was

19
named cucumene synthase.

N — + PPOH
| 4
OPP

farnesyl diphosphate 55,75,10R,11S-cucumene

Figure 1. Reaction catalyzed by S. clavuligerus cucumene synthase.
Abbreviations: OPP, diphosphate; PPOH, inorganic pyrophosphate.

Of the three subfamilies of triquinane natural products—
linear triquinanes, angular triquinanes, and propellanes—linear
triquinanes such as cucumene have presented critical
challenges for synthetic organic chemistry. The synthesis of
sesquiterpenes containing multiple fused five-membered rings
through multistep reactions has required the development of
new synthetic methodology.”’™>" Interest in this family of
natural products has also been inspired by the biological
activity of certain linear triquinanes. For example, capnellane
triquinanes exhibit submicromolar toxicity against leukemia
and renal cancer cell lines,”® and capnellene itself exhibits
potent anti-neuroinflammatory and analgesic effects.”” In
another example, hirsutane triquinanes exhibit useful anti-
microbial properties,”””' and recently identified chondrosterin
triquinanes exhibit cytotoxicity against seven different cancer
cell lines.>* Thus, the discovery of cucumene synthase, which
generates a linear triquinane in a single enzyme-catalyzed
reaction, represents a significant advance for biosynthetic
chemistry and the generation of triquinane hydrocarbon
skeletons."”

To assess the quality of the homology model used to predict
the function of cucumene synthase'” and to provide a
foundation for studying terpenoid cyclase structure—function
relationships, we now describe crystal structures of wild-type
cucumene synthase and T181N cucumene synthase from S.
clavuligerus. As a sesquiterpene cyclase that catalyzes an anti-
Markovnikov C1—C11 cyclization reaction, cucumene syn-
thase is only the second such cyclase to yield a crystal structure
(the first anti-Markovnikov cyclase to yield a crystal structure
was pentalenene synthase®). Comparisons of cucumene
synthase with other sesquiterpene cyclases reveal active site
features that direct this unusual chemistry, including a
productlike active site contour containing aromatic side chains
oriented to provide electrostatic stabilization of carbocation
intermediates during catalysis through cation—7 interactions.

B MATERIALS AND METHODS

Expression and Purification. The wild-type cucumene
synthase plasmid,'” comprised of an N-terminal hexahistidine
tag with a TEV protease cleavage site, was transformed into
Escherichia coli BL21 (DE3) RIL cells. Cells were plated on
Luria-Bertani (LB) agar and grown overnight. Single colonies
were picked and used to inoculate 10 mL starter cultures of LB
broth with 500 M ampicillin and 50 uM chloramphenicol.
Starter cultures were grown at 37 °C overnight and
subsequently used to inoculate 1 L of LB broth with 500
uM ampicillin and 50 uM chloramphenicol and grown at 37
°C until the ODg, reached 0.8. Cultures were then induced
with 500 M isopropyl p-p-1-thiogalactopyranoside for
approximately 8 h. Cells were centrifuged for 15 min at

5400g. The pellet was collected, flash-frozen, and stored at —80
°C.

Frozen pellets were thawed at room temperature,
resuspended in buffer A [20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (pH 8.0), 300 mM
NaCl, 5% glycerol], sonicated, and centrifuged for 1 h at
37000g. The clarified supernatant was diluted approximately 3-
fold with buffer A and run over a S mL Ni-NTA column (GE
Healthcare). The column was subsequently washed with buffer
A containing 30 mM imidazole and then with buffer A
containing 300 mM imidazole. Fractions containing cucumene
synthase were pooled and treated with 1.0 mL of 1 mg/mL
TEV protease. The mixture was dialyzed overnight in a
semipermeable membrane (molecular weight cutoff of 10 kDa)
against 2 L of buffer A.

The protein sample was centrifuged for approximately 5 min
at 5400¢ to remove the precipitate, and a 5 mL Ni-NTA
column was loaded with the supernatant. Cucumene synthase
exhibited a small degree of nonspecific binding and was eluted
with buffer A augmented with 30 mM imidazole. Protein-
containing fractions were pooled and loaded onto a Superdex
200 (GE Healthcare) column equilibrated with buffer B [S0
mM Tris (pH 7.5), 300 mM NaCl, 5% glycerol, and 0.1 mM
tris(2-carboxyethyl)phosphine (TCEP)]. A small amount of
soluble aggregate was removed; however, fractions correspond-
ing to the correct molecular weight were collected, and the
enzyme was concentrated to approximately 10 mg/mL.

The T181IN cucumene synthase variant was prepared by
polymerase chain reaction mutagenesis’” starting with the
wild-type cucumene synthase plasmid.'” This residue was
among a group of residues selected for substitution based on
their anticipated locations in the active site as suggested by
homology modeling. The expression and purification of
T18IN cucumene synthase followed the same protocol
described above for wild-type cucumene synthase. Only this
particular variant yielded crystals, but these crystals exhibited
superior X-ray diffraction properties.

Crystallization. Wild-type cucumene synthase was crystal-
lized by the vapor diffusion method. Briefly, a 1 uL drop
containing 10 mg/mL cucumene synthase, 1.0 mM MgCl,, 2.0
mM sodium pyrophosphate, and 2.0 mM benzyltriethylammo-
nium chloride (BTAC) was added to a 1 uL drop consisting of
0.1 M Bis-Tris (pH 6.0—7.5) and 12—25% PEG 3350 and then
equilibrated against a 500 uL reservoir of a precipitant
solution. Thin platelike crystals appeared after 1 day at room
temperature. These crystals were transferred to a cryopro-
tectant buffer consisting of 0.1 mM Bis-Tris (pH 7.0), 25%
PEG 3350, 1.0 mM MgCl,, 2.0 mM sodium pyrophosphate,
2.0 mM BTAC, and 5-20% ethylene glycol. The concen-
tration of ethylene glycol was initially 5% and then gradually
increased by 5% increments to a final concentration of 20%.
This gradual transfer was done to preserve the integrity of the
crystals, because direct transfer to 20% ethylene glycol
solutions caused crystal cracking and resulted in poor
diffraction. Finally, crystals were flash-cooled in liquid nitrogen.

The site-specific variant T181IN cucumene synthase was
similarly crystallized by the vapor diffusion method. Briefly, a 1
uL drop of 10 mg/mL T181N cucumene synthase, 1.0 mM
MgCl,, 2 mM sodium pyrophosphate, and 2 mM BTAC was
added to a 1 yL drop of 0.1 M Bis-Tris (pH 6.5—8.0) and 12—
25% PEG monomethyl ether 5000 and then equilibrated
against a 500 uL reservoir of a precipitant solution. Clusters of
square rod-shaped crystals appeared after 1 day at room
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temperature. Crystals were transferred to a cryoprotectant
buffer consisting of 0.1 mM Bis-Tris (pH 7.0), 25% PEG
monomethyl ether 5000, 1.0 mM MgCl,, 2.0 mM sodium
pyrophosphate, 2.0 mM BTAC, and 5—20% ethylene glycol.
The ends of these rod-shaped crystals were snapped off from
clusters and flash-cooled in liquid nitrogen.

Data Collection and Refinement. X-ray diffraction data
from crystals of wild-type cucumene synthase were collected
using beamline 17-ID AMX at the National Synchrotron Light
Source (NSLS-II), Brookhaven National Laboratory. Crystals
diffracted to 3.05 A resolution and belonged to monoclinic
space group P2, (a=63.75 A, b =9585 A, c =102.30 A, a =
90.0°, # = 96.9°, and y = 90.0°). Data reduction was achieved
using XDS™ and Aimless.”® The initial electron density map
was phased by molecular replacement with Phaser,”” using the
crystal structure of wild-type pentalenene synthase {amino acid
sequence identity of 33% [Protein Data Bank (PDB) entry
1PS1]}*® as a search model. The AutoBuild routine
implemented in Phenix’® was used to fit the electron density
map to generate an initial model of cucumene synthase. Several
rounds of refinement with routines implemented in Phenix and
model rebuilding using Coot’® yielded a final model with an
R, of 0.244 and an R, of 0.299.

Diffraction data from crystals of T181N cucumene synthase
were collected using beamline 24-ID-C of the Northeast
Collaborative Access Team (NE-CAT) at the Advanced
Photon Source, Argonne National Laboratory. Crystals
diffracted to 1.96 A resolution and belonged to orthorhombic
space group P22,2, (a = 5833 A, b = 91.81 A, and ¢ = 124.96
A). Data reduction was performed with XDS as implemented
in Aimless.*>*® Phaser’” was used to determine the structure
by molecular replacement using the 3.05 A resolution structure
of wild-type cucumene synthase as a search model. The
structure was refined using Phenix.”® Water molecules were
built into the electron density map in the later stages of
refinement and visualized using Coot.”” Refinement converged
to an R, of 0.174 and an Rg,, of 0.210. All statistics for data
collection and crystallographic structure refinement are listed
in Table 1. MolProbity was used for analysis and validation of
final refined structures.*’

Product Docking in the Cucumene Synthase Active
Site. The (5S,7S,10R,11S)-cucumene structure was drawn in a
structure editor and converted to a SMILES format string for
input into the SMILES Translator and Structure File
Generator (https://cactus.nci.nih.gov/translate/), which
yielded a coordinate file in .pdb format. To guide the docking
of cucumene in the active site of TI81N cucumene synthase,
the molecular surface of the protein was generated using the
surface cavity function in Pymol with a probe radius of 1.6 A.
Cucumene was docked manually in the active site pocket, such
that the curvature of the triquinane skeleton matched the
natural curvature of the pocket. Computational approaches are
available for docking ligands in terfenoid cyclase active sites,
e.g., those developed by Jacobson, ! Major,42 and Tantillo,*
but given the productlike active site contour, these approaches
were not utilized for product docking. However, computational
approaches will be invaluable for future studies of the binding
of reaction intermediates.

Bl RESULTS

Structure of Cucumene Synthase. The 3.05 A resolution
structure of wild-type cucumene synthase exhibits the class I
terpenoid cyclase fold, which consists of an a-helix bundle

Table 1. Data Collection and Refinement Statistics for

Cucumene Synthase

wild type TI181IN
synchrotron NSLS-II APS
beamline 17-ID-1; AMX 24-ID-C
detector EIGER PILATUS
wavelength (A) 0.979 0.979
resolution (A)“ 29.90-3.05 62.48—1.96
(3.16-3.05) (2.03—-1.96)
total/unique reflections (no.)*  79691/23205 290219/47590
(13732/4044) (19636/3316)
Riperge” 0.147 (0.672) 0.133 (1.020)
Ryim™” 0.093 (0.424) 0.058 (0.468)
CC, "¢ 0.995 (0.876) 0.996 (0.547)
1/6(D)" 5.7 (1.7) 129 (3.3)
redundancy” 34 (34) 6.1 (5.9)
completeness (%) 98.6 (92.6) 97.5 (98.0)
Ryon” 0.244 (0.354) 0.174 (0.230)
Rie” 0.299 (0.407) 0.205 (0.299)
no. of non-hydrogen atoms
protein 7854 4700
solvent 4 451
average B factor (A?%)
macromolecules 63 30
solvent 42 37
root-mean-square deviation
from ideal geometry
bonds (A) 0.003 0.007
angles (deg) 0.57 0.77
Ramachandran plot (%)“
favored 96.12 98.16
allowed 3.88 1.51
outliers 0.0 0.33
rotamer outliers (%) 1.59 0.64
Clashscore 591 5.99
Cp outliers (%) 0 0
PDB entry 6M7F 6EGK

“Values in parentheses refer to data in the highest-resolution shell.
bRme = {(Zwll/(N = DXl — (Dwd} L Xl where
(I)y is the average intensity for reflection hkl and N is the number of
reflections. “Pearson correlation coefficient between random half-data
sets. “Calculated with MolProbity.

(Figure 2a). Four independent monomers of wild-type
cucumene synthase are found in the asymmetric unit.
Monomer A and monomer B form a dimer; monomer C
and monomer D form a second dimer. Active site orientations
in each dimer are antiparallel, with a C2 symmetry axis roughly
perpendicular to the a-helix bundles. The quaternary structure
of the related sesquiterpene synthase, pentalenene synthase,33
is defined as dimeric by analysis with the PISA server (http://
www.ebi.ac.uk/pdbe/pisa/). In the pentalenene synthase
dimer, one active site is oriented approximately 90° away
from the other (Figure 2b). However, because pentalenene
synthase is observed to be a monomer in solution,™ its
apparent dimeric structure in the crystal may be artifactual.
The overall fold of each cucumene synthase monomer is
nearly identical. The root-mean-square (rms) deviations of
176—234 Ca atoms between any two monomers range from
0.21 to 0.57 A. The AB dimer and CD dimer are also quite
similar, with a rms deviation for 412 Ca atoms between each
dimer of 0.25 A. Electron density for each monomer is absent
for six to eight residues and 37 residues at the N- and C-
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Figure 2. (a) Wild-type cucumene synthase monomer that exhibits the class I terpenoid synthase fold, an a-helix bundle. The locations of metal
ion-binding motifs are colored red (aspartate-rich motif) and orange (NSE motif); dashed lines indicate disordered segments. (b) Subunits in the
cucumene synthase dimer adopt an antiparallel orientation with C2 symmetry (left). This quaternary structure differs from that found in the related
dimeric cyclase, pentalenene synthase (right), in which one subunit is rotated approximately 90° away from the other, as evident in the
superposition of dimers (center). (c) Four-helix bundles of wild-type cucumene synthase are highlighted as follows: helices C (blue), D (red), E
and E’ (green), and F (yellow) at the far left and helices G (blue), H (red), I (green), and J (yellow) at the far right. The remainder of the protein
structure is colored gray in each image (the monomer is oriented upside down relative to the monomer orientation in panel a). The respective
individual four-helix bundles are more easily viewed after removing the remainder of the protein structure (center left and center right), and these
four-helix bundles are aligned as superimposed (center). This topological relationship suggests that the class I terpenoid synthase fold arose from
gene duplication and fusion of a four-helix bundle, as first proposed by Huang and colleagues.*®

Figure 3. (a) Polder omit map (in stereo) of T181N cucumene synthase (monomer A, contoured at 2.56) in which the aspartate-rich motif starting
with D82 (magenta backbone), the NSE metal-binding motif starting with N223 (orange backbone), and N181 were omitted from the structure
factor calculation. The carboxamide side chain of N181 donates a hydrogen bond to N223 (dashed line). (b) Active site superposition in stereo of
wild-type (green with salmon DDXXD motif and gold NSE motif) and T18IN (marine with magenta DDXXD motif and orange NSE motif)
cucumene synthase, showing that the structures of each are almost identical. Selected residues are labeled; the conformation of F78 is slightly
different in each structure.

termini, respectively. Additionally, various loop residues in The active site of cucumene synthase is located within the a-

each monomer are characterized by missing electron density, helix bundle, as is typical for class I bacterial cyclases.”** The
such that 59, 111, 76, and 117 total residues are missing from metal ion-coordinating motifs DDXXD and (N,D)D(L,LV)X-
(S,T)XXXE (boldface indicates typical metal ligands) are

monomers  A—D, respectively. Missing or weak electron located at the ends of helices D and H, respectively, at the

density is likely attributable to molecular disorder and the entrance to the active site. The aspartate-rich motif is ordered
relatively low resolution. in monomers A and B of one dimer but disordered to varying
D DOI: 10.1021/acs.biochem.8b00899
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degrees in monomers C and D; the NSE motif is disordered to
varying degrees in all monomers.

The enzyme adopts the open, unliganded active site
conformation despite having been crystallized in the presence
of Mg** and inorganic pyrophosphate, which were expected to
bind and stabilize the closed active site conformation.”” Least-
squares superposition with the homology model of cucumene
synthase in the closed conformation initially constructed to
predict the triquinane product'” yields a rms deviation of 2.2 A
(252 Ca atoms). Because rms deviations between open and
closed terpenoid cyclase conformations typically range from
1.5 to 2.0 A, the rms deviation of 2.2 A obtained for this
comparison serves to validate the homology model of
cucumene synthase and the computational approach used for
its construction.

It has been noted recently that the evolutionary origins of
the class I terpenoid synthase fold reside in the primordial gene
duplication and fusion of a four-helix bundle protein.*® This is
the case for all class I terpenoid cyclases, including cucumene
synthase, in which helices C—F are topologically equivalent to
helices G—J, respectively (Figure 2c). The aspartate-rich and
NSE metal ion-binding motifs thus reside in topologically
identical positions on helices D and H, respectively. Terpenoid
synthases of primary metabolism, such as the prenyltransferase
farnesyl diphosphate synthase, contain aspartate-rich motifs on
helices D and H (i.e., they do not contain NSE motifs). This
could suggest that the ancestral four-helix bundle precursor
contained an aspartate-rich motif and that this motif persisted
after gene duplication and fusion. If so, the NSE motif on helix
H in terpenoid cyclases diverged from an aspartate-rich motif
during the evolution of secondary (specialized) metabolism.

The 1.96 A resolution structure of unliganded T181N
cucumene synthase crystallized in the open active site
conformation reveals an a-helical fold essentially identical to
that of wild-type cucumene synthase (rms deviation of 0.37 A
for 277 Ca atoms between monomer B of T181IN cucumene
synthase and monomer C of the wild-type enzyme). One
dimer resides in the asymmetric unit and exhibits a quaternary
structure identical to that observed for the wild-type enzyme.
The rms deviation for 234 Ca atoms between monomers A
and B of the dimer is 0.36 A. Electron density is absent for six
residues at the N-termini of monomers A and B, 33 residues at
the C-terminus of monomer A, and 37 residues at the C-
terminus of monomer B. Additionally, various loop residues in
each monomer are characterized by missing electron density,
such that 44 and 51 total residues are missing from monomer
A and monomer B, respectively. Given the higher resolution of
the T18IN cucumene synthase structure, we attribute these
missing residues mainly to molecular disorder. We speculate
that disordered loops might become ordered after ligand
binding, e.g, as found in the related sesquiterpene cyclase epi-
isozizaene synthase.47

The aspartate-rich motif D** DQFD is ordered in monomer
A and disordered in monomer B of TI8IN cucumene
synthase, whereas the NSE motif N**DLCSAEKE is ordered
in both monomers (Figure 3a). Molecular disorder for these
metal ion-binding motifs is also found in wild-type cucumene
synthase, but they are expected to become fully ordered upon
metal ion and substrate binding. Protein—metal ion—substrate
binding interactions would likely induce a structural transition
to a closed active site conformation. Similar substrate-induced
conformational transitions have been observed in other
bacterial cyclases, e.g., epi-isozizaene synthase.’ Active site

closure protects carbocationic reaction intermediates from
premature quenching by solvent molecules.

The TI18IN substitution appears to be responsible for
stabilizing the NSE motif in an ordered conformation, in
contrast with the apparent disorder for this motif observed in
the structure of wild-type cucumene synthase. The newly
introduced N181 side chain forms hydrogen bonds with S183
and N223, the latter of which is part of the NSE metal ion-
binding motif on helix H. In turn, the ordering of the NSE
motif and the loop segment that follows may explain why
T181N cucumene synthase consistently yields higher-quality
crystals that diffract to a resolution much higher than that of
crystals of the wild-type enzyme. The NSE motif is disordered
in some but not all terpenoid cyclase structures determined in
the open conformation. Possibly, a comparable mutation in
other terpenoid cyclases that are refractory to crystallization
might make such cyclases more amenable to crystallization.

Because the structure of T18IN cucumene synthase is
determined at a resolution much higher than that of the
structure of wild-type cucumene synthase, the structure of the
former serves as a useful surrogate of the latter for the purpose
of structural analysis. With that said, superposition of wild-type
and T181IN cucumene synthase structures shows that their
active sites are essentially identical, so the higher-resolution
structure serves to validate the lower-resolution structure
(Figure 3b). Regardless, T1281N cucumene synthase is used
here for structural comparisons with other bacterial sesqui-
terpene cyclases. Least-squares superposition of chain A with
unliganded wild-type epi-isozizaene synthase (PDB entry
4LTV; 33% sequence identity) yields a rms deviation of 2.9
A for 220 Ca atoms, whereas superposition with unliganded
pentalenene synthase (PDB entry 1PSl; 27% sequence
identity) yields a rms deviation of 1.5 A for 241 Ca atoms.
Thus, the three-dimensional structure of cucumene synthase is
more similar to the structure of pentalenene synthase despite
sharing lower amino acid sequence identity with this
sesquiterpene synthase relative.

Structural Inferences on Catalysis. Despite co-crystal-
lization of wild-type and T181N cucumene synthase enzymes
with Mg2+ and inorganic pyrophosphate, neither structure
contains bound ligands. Even so, structures of the unliganded
enzymes provide valuable inferences with regard to catalytic
function. Hydrophobic residues define the active site contour,
including the aromatic side chains of FS8, Y77, F78, and
W310. These aromatic residues are oriented such that their
ring 7 electrons could provide electrostatic stabilization for
carbocation intermediates and the cationic transition states
flanking these intermediates. Such interactions have been
definitively observed in terpenoid cyclase complexes with
quaternary ammonium analogues of carbocation intermedi-
ates,””*" and the contribution of aromatic residues to catalytic
efficiency and cyclization specificity has been probed by
mutagenesis of the related cyclase epi-isozizaene syn-
thase.””*”*" Density functional theory calculations by Hong
and Tantillo show that active site aromatic residues in
terpenoid cyclases may interact with C—H bonds hyper-
conjugated with adjacent carbocations to form C—-H--x
interactions.”">

Using the high-resolution structure of TI18IN cucumene
synthase, we generated a molecular contour of the enzyme
active site and manually docked cucumene into this contour.
The curvature of the triquinane skeleton of cucumene appears
to match the natural curvature of the active site pocket (Figure
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Figure 4. (a) Stereoview of a plausible model of (55,75,10R,11S)-cucumene (C, salmon; H, white) complexed in the active site pocket of TI8IN
cucumene synthase. For reference, the aspartate-rich (red) and NSE (orange) motifs are indicated. (b) Same as panel a, but a side-on view. The
active site opens to the top of the figure. Selected active site residues are labeled.

farnesyl diphosphate humulyl cation 1

cucumyl cation 2

HOPP

2-
Mg?*s Mg?*3

humulyl cation 2 protoilludyl cation

-OPP

e,
f

cerapicyl cation
H

cucumyl cation 1

-OPP

Mgz+3 Mgz+3

Figure S. Proposed mechanism of cucumene synthase. Red arrows indicate 1,2- or 1,3-hydride transfers, and green arrows indicate 1,2-alkyl
migrations. PPO represents diphosphate, and "OPP and PPOH represent different protonation states of inorganic pyrophosphate.

4). As mentioned above, aromatic residues defining the
contour are poised for interactions with carbocation
intermediates. Additionally, the backbone carbonyl of A180
at the helix G break may also provide electrostatic stabilization
of cationic intermediates through charge-dipole interactions.
The helix G break is common to class I terpenoid synthases;
the possible catalytic importance of the backbone carbonyl
group exposed at the break was first noted by Pandit and
colleagues®® and further explored by Dickschat and
colleagues.”*>

The experimentally determined crystal structure of cucu-
mene synthase and the model of the enzyme—product complex

serve as a platform for understanding the chemical mechanism
of triquinane formation. A proposed mechanism of cucumene
synthase is outlined in Figure S. This mechanism shares several
identical features with that proposed for pentalenene synthase,
which similarly catalyzes an initial C1—C11 macrocyclization
reaction.”* >’ Related mechanisms have also been computed
using the Artificial Force Induced Reaction method.®® First,
ionization of the substrate diphosphate group is triggered by
coordination to the Mg>*; cluster. Elegant quantum chemical
studies of the pentalenene synthase reaction indicate that C1—
C11 bond formation occurs in a concerted fashion with C1-O
bond dissociation, leading directly to humulyl cation 1 % a
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common intermediate in sesquiterpene biosyn‘chesis.58 Hu-
mulyl cation 2 subsequently results from a 1,2-hydride shift
and then undergoes a concerted reaction to yield two new
carbon—carbon bonds, forming the tricyclic protoilludyl cation
intermediate with a 5—6—4 ring structure. This intermediate
has been confirmed in the pentalenene synthase mechanism
through kinetic isotope effects using an isotopically labeled
substrate;>’ similarly, we advance that the protoilludyl cation is
an intermediate in the cucumene synthase reaction.'”’

Following formation of the protoilludyl cation, tandem 1,2-
alkyl migrations are proposed to generate the triquinane
skeleton.'” The first alkyl migration converts the protoilludyl
cation into the cerapicyl cation, and the second alkyl migration
yields cucumyl cation 1 with a 5—5—5 ring structure. We
suggest that a 1,3-hydride transfer follows to form cucumyl
cation 2, and then a final proton elimination yields cucumene.
Because the proton elimination and hydride transfer occur on
opposite sides of the 5—5—5 ring system, it is possible that
these steps could occur in a concerted fashion. We speculate
that the co-product, inorganic pyrophosphate, is the general
base that quenches the final carbocation intermediate. We note
that an alternative biosynthetic pathway has been suggested
that leads from humulyl cation 1 to the protoilludyl cation
through a bicyclic cation with a 5—8 ring structure.' >
However, this proposed pathway does not accommodate the
trans—cis isomerization of a C=C bond in humulene that is
required to form the bicyclic cation.

Active Site Contours of Cucumene Synthase and
Pentalenene Synthase. Among sesquiterpene cyclases that
catalyze initial anti-Markovnikov C1—C11 cyclization reac-
tions, only cucumene synthase and pentalenene synthase have
yielded X-ray crystal structures. Both of these cyclases share a
common mechanism through the formation of the protoilludyl
cation; however, the mechanisms subsequently diverge, with
cucumene synthase generating a linear triquinane product
(Figure 5) and pentalenene synthase generating an angular
triquinane product (Figure 6) Even so, the active site contours
of these enzymes share features that facilitate the shared
chemistry of initial C1—C11 cyclization and protoilludyl cation
formation.

The four aromatic residues defining much of the active site
surface contour of cucumene synthase, F58, Y77, F78, and

W310, align with FS7, F76, F77, and W308, respectively, in the
pentalenene synthase active site. Each corresponding pair of
residues adopts similar conformations except for the third pair:
F78 of cucumene synthase and F77 of pentalenene synthase
(Figure 7).

Most other residues defining the active site contour of each
enzyme are similar, with two notable exceptions. First, D307 of
cucumene synthase corresponds to S305 of pentalenene
synthase, and their side chain conformations differ substan-
tially. Parenthetically, we note that it is unusual to find a
negatively charged carboxylate side chain in the active site of a
terpenoid cyclase; however, the side chain of D307 does not
protrude into the active site because of its hydrogen bond with
§222. Second, L303 of cucumene synthase corresponds to
V301 in pentalenene synthase, and their side chain
conformations differ substantially. The overall result of
structural differences with these three pairs of corresponding
residues is an elongated active site contour in cucumene
synthase and a wider, more triangular-shaped active site
contour in pentalenene synthase (Figure 7). Thus, each active
site contour adopts a productlike shape similar to that of its
respective triquinane product, yet the common features of
these contours, defined by the conserved residues and residue
conformations in each active site, presumably enable the initial
anti-Markovnikov C1—Cl11 cyclization reaction and formation
of the common protoilludyl cation intermediate.

Although comparisons of cucumene synthase and pentale-
nene synthase are restricted to crystal structures of their
unliganded conformations, the active site contours of
terpenoid cyclases in their open and closed conformations
can be quite similar, as first demonstrated for aristolochene
synthase.”” Thus, just as a productlike active site contour
would be expected for the closed conformations of cucumene
synthase and pentalenene synthase, many features of the
productlike contour are preserved in their open conformations.

B CONCLUDING REMARKS

Crystal structures of wild-type cucumene synthase and T181N
cucumene synthase provide the first insight into how a linear
triquinane sesquiterpene is generated from farnesyl diphos-
phate in an enzyme-catalyzed reaction. The active site contour
functions as a template for catalysis and is quite comple-

DOI: 10.1021/acs.biochem.8b00899
Biochemistry XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.biochem.8b00899

Biochemistry

@

W310

W3lo0

«
=

A
W31 ("’ ”~

A
> |

D307
S305

F58
F57
/
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Stereoview of the aligned active sites of cucumene synthase (gray) and pentalenene synthase (yellow), highlighting aromatic residues common to
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product, inorganic pyrophosphate (not shown).

mentary in shape to that of the specific stereoisomer,
(5S,7S,10R,11S)-cucumene, generated by the enzyme. This
productlike template constrains the substrate conformation to
ensure that the correct sequence of bond forming reactions
follows metal ion-triggered substrate ionization.

The active site template enforces only the precatalytic
substrate conformation that leads to initial C1-C11 bond
formation and prevents conformations that would lead to
initial C1—C10 or C1—C6 cyclization. Curiously, initial C1—
C11 cyclization leads to the generation of a secondary
carbocation intermediate, the humulyl cation, whereas
alternative C1—C10 bond formation would lead to a tertiary
carbocation intermediate, which would be energetically more
favorable than a secondary carbocation intermediate. Thus, the
cucumene synthase active site must play a decisive role in
directing the anti-Markovnikov cyclization reaction, both by
serving as a rigid template and by providing preferential
stabilization for the less stable secondary carbocation
intermediate. Aromatic residues defining the active site
contour likely engage in cation—7z interactions to stabilize

carbocation intermediates. Thus, aromatic residues not only
comprise an important part of the catalytic template but also
provide a means to stabilize otherwise unfavorable cationic
intermediates and the transition states leading to and away
from these intermediates. Future studies will allow us to test
this mechanism in greater detail.

Bl ASSOCIATED CONTENT

Accession Codes

The atomic coordinates and crystallographic structure factors
of wild-type and TI8IN cucumene synthase have been
deposited in the Protein Data Bank as entries 6M7F and
6EGK, respectively.
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