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ABSTRACT: The crystal structure of 2-methylisoborneol synthase
(MIBS) from Streptomyces coelicolor A3(2) has been determined in com-
plex with substrate analogues geranyl-S-thiolodiphosphate and 2-fluoroger-
anyl diphosphate at 1.80 and 1.95 A resolution, respectively. This terpenoid
cyclase catalyzes the cyclization of the naturally occurring, noncanonical
C-methylated isoprenoid substrate, 2-methylgeranyl diphosphate, to form the
bicyclic product 2-methylisoborneol, a volatile C,; homoterpene alcohol
with an earthy, musty odor. While MIBS adopts the tertiary structure of a
class I terpenoid cyclase, its dimeric quaternary structure differs from that
previously observed in dimeric terpenoid cyclases from plants and fungi.
The quaternary structure of MIBS is nonetheless similar in some respects
to that of dimeric farnesyl diphosphate synthase, which is not a cyclase. The
structures of MIBS complexed with substrate analogues provide insights
regarding differences in the catalytic mechanism of MIBS and the mechanisms of (+)-bornyl diphosphate synthase and endo-
fenchol synthase, plant cyclases that convert geranyl diphosphate into products with closely related bicyclic bornyl skeletons, but
distinct structures and stereochemistries.

With more than 60000 compounds identified to date, ter- with n = 1, 2, 3 .., for example, as found in geranyl diphosphate

penoids (also known as terpenes or isoprenoids) com- (Cy) or farnesyl diphosphate (Cjs). In recent explorations of
prise the largest and most diverse family of natural products substrate promiscuity and biosynthetic diversity, however, it has
(Dictionary of Natural Products: http://dnp.chemnetbase.com). been observed that terpenoid cyclases can occasionally process
The structural and stereochemical complexity of terpenoid natural synthetically modified isoprenoid substrates. For example, aris-

productsl_lgrgely results from the catalytic activity of terpenoid tolochene synthase not only catalyzes the cyclization of 6,7-dihy-
cyclases.” ™ These fascinating enzymes generate a highly reactive drofarnesyl diphosphate to form dihydrogermacrene A,” but it can
carbocation in an acyclic isoprenoid substrate, either by triggering also convert various fluorinated farnesyl diphosphate analogues
the jonization of an isoprenoid allylic diphosphate group or by into the corresponding fluorinated analogues of germacrene A.'*"!
protonating an isoprenoid C=C bond (or derived epoxide), to In another example, incubation of trichodiene synthase with 4-
ini.tiate a multistep, electrophilic cyclization cascade ultimately ter- methylfarnesyl diphosphate yields multiple methylated sesquiter-
minated by proton abstraction or through capture of water by the pene (Cyq) products.'® Therefore, it is possible for a modified iso-

final carbocation intermediate. : .
. ) . . prenoid substrate to be accommodated and catalytically processed
In general, terpenoids contain one or more S-carbon isoprenoid . . o
in a terpenoid cyclase active site.

units and are named accordingly. For example, hemiterpenes con- L o
. . . o : . Significantly, terpene synthases that catalyze the cyclization
tain a single isoprenoid unit (Cy), monoterpenes contain two iso- . . .
. . . . . . . of a naturally occurring, noncanonical (ie., C,, m # Sn,n = 1,
prenoid units (Cm) , sesquiterpenes contain three isoprenoid units . . .
2, 3 ...) isoprenoid substrate have recently been discovered. A

(Ci5), and so on. Even so, in the course of a typical bio- , ) ] o ' X
synltshetic pathway additional modifications occur, suct}}llpas oxida- wide variety of soil bacteria, including Streptomyces coelicolor A3(2),

tion, O-methylation, and esterification, that may alter the total S. lasaliensis, S. griseus, S. ambofaciens, and Saccharopolyspora ery-
number of carbon atoms in the final terpenoid natural product. thraea, generate 2-methylisoborneol (Figure 1), a volatile C;; ter-
Such modifications almost always result from biosynthetic steps pene alcohol that, along with the degraded sesquiterpene geosmin,

that follow the initial terpenoid cyclization reaction, since

terpenoid cyclases usually utilize a very small number of common Received: December 11, 2011
acyclic substrates containing an integral number of S-carbon iso- Revised: ~ March 9, 2012
prenoid units. The carbon content of a canonical substrate is Cg, Published: March 28, 2012
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Figure 1. Proposed cyclization mechanisms of MIBS,'® (+)-bornyl diphosphate synthase,”®
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is responsible for the characteristic odor of moist soil.* Although
2-methylisoborneol produced by various cyanobacteria is a major
contributor to malodorous off-flavor in infected fish and other
products of aquaculture, as well as unpleasant musty tastes in con-
taminated drinking water,"*~' it is also the source of the pleasing
earthy aromas of Brie and Camembert cheeses.'” 2-Methyliso-
borneol is generated by the cyclization of the methylated iso-
prenoid substrate, 2-methylgeranyl diphosphate (2MGPP), in a
reaction catalyzed by 2-methylisoborneol synthase (MIBS).'*'**
Importantly, MIBS was the first terpenoid cyclase to be discovered
that utilizes a noncanonical but naturally occurring isoprenoid sub-
strate. The identification of MIBS in other bacteria and cyano-
bacteria, as well as the closely related 2-methylenebornane synthase
from Pseudomonas fluorescens PfO-1 and Micromonospora olivaster-
ospora,'”~** dlearly indicates a wider, previously unsuspected role for
terpenoid cyclases that can function with noncanonical isoprenoid
substrates. Indeed, more than 25 confirmed or likely orthologues of
MIBS and 2-methylenebornane synthase are evident in the unified
protein databases.

The amino acid sequence of MIBS from S. coelicolor reveals
the presence of D'””’DCYCED and N**DLYSYTKE motifs, which
correspond to the universally conserved metal-binding motifs
characteristic of nearly all class I terpenoid cyclases (boldface indi-
cates putative metal-binding residues).>* These motifs typically bind
the three Mg*" ions that are required for catalysis. As a class I
terpenoid cyclase, MIBS is therefore expected to initiate the forma-
tion of 2-methylisoborneol from 2MGPP by a mechanism analo-
gous to that employed by (+)-bornyl diphosphate synthase (BPPS)
in the cyclization of geranyl diphosphate (GPP) (Figure 1). How-
ever, the two cyclization reactions diverge in the final step. While in
the BPPS reaction the intermediate secondary bornyl cation is
recaptured by the paired pyrophosphate anion (PP;) on the endo
face,® ™ in the corresponding MIBS reaction the homologous
tertiary 2-methylbornyl cation is quenched by water on the opposite
exo face.
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Here, we report the X-ray crystal structures of MIBS from
S. coelicolor in complex with two different unreactive substrate
analogues, geranyl-S-thiolodiphosphate (GSPP) and 2-fluoroger-
anyl diphosphate (2FGPP) (Figure 2). These high-resolution
structures provide insights regarding the utilization of noncanonical
isoprenoid substrates by terpenoid cyclases. Comparisons with
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Figure 2. Substrates utilized by MIBS and their unreactive analogues.

BPPS suggest intriguing differences in substrate binding and
catalysis, even as these two enzymes generate products that share a
core bornyl monoterpene skeleton.

B EXPERIMENTAL PROCEDURES

Synthesis of Isoprenoid Diphosphate Ligands. Ligand
structures are illustrated in Figure 2. Geranyl-S-thiolodiphos-
phate (GSPP) was purchased from Echelon Biosciences Inc.
The synthesis of 2- ﬂuorogeranyl dxphosphate (2FGPP) was
achieved as previously described.*”

Expression and Purification of 2-Methylisoborneol
Synthase (MIBS). A clone of 2-methylisoborneol synthase
from Streptomyces coelicolor with a 21-residue hexahistidine tag
and linker in pET28a plasmid (Novagen Inc.) was described
previously.'® This full length MIBS and a truncated variant in
which residues M1-P28 were spliced out were expressed using
Escherichia coli BL21 (DE3) cells (Stratagene Inc.). The truncated
variant was initially generated based on the possibility that the
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actual translational start site for sco7700 might be at the
downstream GTG codon rather than the ATG codon (GTG
start codons are relatively common in Streptomyces). The truncated
variant turned out to be indistinguishable from wild-type MIBS in
terms of its kinetics and product distribution. Complete sequences
for full length MIBS and the truncated variant used for
crystallography are reported in the headers of the corresponding
PDB files with accession codes 3V1X and 3V1V, respectively.

Transformed cell cultures were grown in 2 L flasks containing
1 L of Lysogeny-Broth medium with 50 mg of kanamycin at
37 °C. At ODgy, = 0.6—0.7, cultures were equilibrated at 18 °C,
and expression was induced by 0.25 mM isopropyl-1-thio-f-p-
galactopyranoside for 16 h. Cells were harvested by centrifugation
at 6000g for 10 min, producing ~10 g of pellet per liter of culture.
The pellet was suspended in 20 mL of buffer E (50 mM K,HPO,
(pH 7.5), 300 mM NaCl, 10% (v/v) glycero, 3 mM p-
mercaptoethanol) containing 1 mg/mL lysozyme and 1 mM
phenylmethylsulfonyl fluoride and then incubated at 4 °C for 2 h
with shaking. Cells were disrupted by sonication on ice with a
large probe at medium power, 10 X (1 min on + 1 min off). Cell
debris was cleared by centrifugation twice at 25000g for 45 min.
The clear supernatant was applied to a pre-equilibrated Talon
column (Clontech Laboratories, Mountain View, CA) at a flow
rate of 1 mL/min using an AKTAprime plus FPLC system (GE
Healthcare Bio-Sciences AB, Sweden). The loaded column was
washed with 10 column volumes of buffer E and then with 6
column volumes of buffer E plus 10 mM imidazole. The MIBS
protein was eluted with a 100 mL gradient of 10—-250 mM
imidazole in buffer E at a flow rate of 2.5 mL/min. Selected frac-
tions were combined, concentrated to 10 mL volume, and applied
to a Superdex 200 preparative grade 26/60 size exclusion column
(GE Healthcare Bio-Sciences AB, Sweden) with buffer M (50 mM
piperazine—N,N-bis(2-ethanesulfonic acid) (PIPES) (pH 7.0),
10% (v/v) glycerol, 2 mM dithiothreitol, 10 mM MgCl,, and
10 mM NaCl) containing 300 mM NaCl. Fractions from this run
were combined, concentrated to a 3 mL volume, and applied to the
same column a second time with buffer M. Fractions from the final
size exclusion column were combined, concentrated to S mg/mL
in buffer M, and stored at —80 °C.

Crystallization and Structure Determination of MIBS.
Attempts to crystallize MIBS in the absence of ligands were not
successful. MIBS was crystallized in the presence of Mg®* and
two different isoprenoid ligands by the sitting drop vapor
diffusion method. MIBS was incubated at 4 °C in the presence
of 2.5 mM MgCl, and 2.5 mM GSPP or 2FEGPP overnight
before crystallization experiments. Typically, a 1 pL drop of
protein solution [10 mg/mL MIBS, S0 mM PIPES (pH 7.0),
10% glycerol, 2 mM dithiothreitol, 12.5 mM MgCl,, 10 mM
NaCl, and 2.5 mM isoprenoid ligand] was added to a 1 L drop
of precipitant solution [100 mM Bis-Tris (pH 6.5), 25% poly-
(ethylene glycol) 3350, 200 mM (NH,),SO, for the MIBS-GSPP
complex; 0.8 M succinic acid (pH 7.0) for the MIBS-2FGPP
complex] and equilibrated against a 100 4L reservoir of precipitant
solution. Full-length and truncated MIBS were used for the
preparation of crystalline MIBS-2FGPP and MIBS-GSPP com-
plexes, respectively. Octahedral crystals appeared within 1 day and
grew to maximal dimensions of 200 gm X 200 gm X 200 ym in
1—-2 weeks. Crystals were flash-cooled after transfer to a cryo-
protectant solution consisting of the mother liquor augmented
with 10% glycerol.

Crystals of the MIBS-GSPP and MIBS-2FGPP complexes
diffracted X-rays to 1.80 and 1.95 A resolution at the National
Synchrotron Light Source beamline X29A, using incident
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radiation with 4 = 1.008 A and 4 = 1.075 A, respectively.
Crystals of the MIBS-GSPP complex belonged to space group
P4,22 with unit cell parameters a = b = 99.39 A, ¢ = 105.74 A,
a = =y =90° Crystals of the MIBS-2FGPP complex belonged
to space group P4;22 with unit cell parameters a = b = 99.64 A,
¢ =10481 A, a = ff = y = 90°. Crystals of both complexes
contained one monomer in the asymmetric unit with Matthews
coefficient Vi = 2.61—-2.75 A3/Da (solvent content = 52.8—
55.2%). For experimental phasing, crystals of the MIBS-GSPP
complex were soaked in a cryoprotectant solution [90 mM Bis-
Tris (pH 6.5), 22.5% poly(ethylene glycol) 3350, 180 mM
(NH,),SO,, 10% glycerol] containing 2 mM methylmercury
chloride for 22 h and equilibrated with a 250 L reservoir of the
cryoprotectant solution at 15 °C prior to flash-cooling. All
necessary safety precautions were taken with regard to the
storage, use, and disposal of methylmercury chloride. Single
wavelength anomalous dispersion (SAD) data were collected
from these crystals at the National Synchrotron Light Source
beamline X235, using incident radiation with 4 = 1.000 A. These
crystals were isomorphous with those of the MIBS-GSPP
complex and diffracted X-rays to 2.1 A resolution. Diffraction
data were processed with HKL2000.”” Data collection and
reduction statistics are recorded in Table 1.

The initial electron density map of the MIBS-GSPP complex
was phased by the SAD method. Initially, five mercury atoms were
located using the program HKL2MAP.*® SAD phasing, search and
refinement of 13 additional mercury sites, density modification,
initial electron density map calculation, and automatic model
building were performed using the AUTOSOL routine imple-
mented in PHENIX.*>' This procedure built 62% of the protein
residues into the initial electron density map, most of which were
contained in a-helices. Manual model building subsequently
generated an initial model with 69% of the residues registered in
the sequence. This model was used for molecular replacement cal-
culations using the AUTOMR routine implemented in PHENIX
with the 1.80 A resolution data collected from the MIBS-GSPP
complex and the 195 A resolution data collected from the
MIBS-2FGPP complex. Initial rigid body refinement, iterative
cycles of positional refinement, and refinement of the grouped and
individual atomic B-factors were performed using PHENIX;
manual model rebuilding was performed using COOT.* Water
molecules, Mg2+ ions, and GSPP or 2FGPP were included in later
cycles of refinement. A total of 317 and 311 of 433 and 461
residues are present in the final models of the MIBS-GSPP and
MIBS-2FGPP complexes, respectively. The N-terminal hexahisti-
dine tag, the linker segment, and the proline-rich N-terminal
domain (residues M1-A115) were disordered and are absent in
the final model. Additional disordered segments include surface
loops E155-Q160 and C199-G206. Data reduction and refinement
statistics are recorded in Table 1; Ramachandran plot statistics
were calculated with PROCHECK.* Simulated annealing ligand-
omit maps were calculated with CNS.** Protein structure figures
were prepared with the graphics program PyMol and labeled for
publication using PhotoshopCS.

Mutagenesis and Activity Assays. Site-directed muta-
genesis studies were performed according to the QuickChange
protocol (Qiagen Inc.) using the full-length MIBS gene carrying
the N-terminal hexahistidine tag and the following mutagenic
primers: E193A, CTGATGGTCGCGGCGAACGCGGTGGAC
(sense), GTCCACCGCGTTCGCCGCGACCATCAG (anti-
sense); E193D, CTGATGGTCGCGGACAACGCGGTGGAC
(sense), GTCCACCGCGTTGTCCGCGACCATCAG (anti-
sense); E193L, CTGATGGTCGCGCTGAACGCGGTGGAC
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Table 1. Data Collection and Refinement Statistics

MIBS-Mg”*,-GSPP

MIBS-Mg?*,-2FGPP

complex complex
A. Data Collection
incident wavelength (A) 1.008 1.075
resolution range (A) 50.0—1.80 50.0—-1.95
no. of reflections (total/unique) 510238/49647 353502/37222
redundancy” 10.3 (9.1) 9.5 (8.6)
completeness” (%) 100 (100) 95.9 (93.6)
I/o 23.7 (4.5) 14.3 (2.5)
ngj’ 0.099 (0.495) 0.128 (0.849)
B. Refinement
Ryort/ Recee” 0.150/0.176 0.176/0.219
protein atoms? 2573 2490
solvent atoms® 426 250
ligand atoms® 28 22
rms deviations
bonds (A) 0.029 0.022
angles (deg) 2.2 1.8
dihedral angles (deg) 19.1 17.9
improper dihedral angles 3.1 1.9
(deg)
av B-factors (A%)
main chain 18 29
side chain 21 32
ligand 27 34
solvent 32 35
Ramachandran plot
allowed (%) 94.5 95.1
additionally allowed (%)  S.5 4.5
generously allowed (%) 0 0.4
disallowed (%) 0 0

“Number in parentheses refer to the outer shell of data. meerge =
M1 — (I)I/ 31, where I is the observed intensity and (I) is the average
intensity calculated from replicate data. “R,oq = 2IF,| — IFIl/YIE,|
for reflections contained in the working set, and Ry, = M IIF,| — IEl/
MIE,| for reflections contained in the test set held aside during
refinement (1% of the total number of reflections). IF_| and IF,| are the
observed and calculated structure factor amplitudes, respectively. “Per
asymmetric unit.

(sense), GTCCACCGCGTTCAGCGCGACCATCAG (anti-
sense); Y169F, CGGTGGGCCGCTTCATGGTCGGCTG
(sense), CAGCCGACCATGAAGCGGCCCACCG (antisense).
Mutant genes were verified by DNA sequencing, and mutant
proteins were expressed and purified as described above for wild-
type MIBS.

For enzyme assays, S M of each MIBS protein (wild-type,
E193A, E193D, E193L, and Y169F) was incubated separately in
4 mL of assay buffer [SO mM PIPES (pH 7.0), 10 mM MgCl,,
100 mM NaCl, S mM f-mercaptoethanol, 20% glycerol] with
60 uM of E-2-methylgeranyl pyrophosphate and a 4 mL overlay
of pentane for 12 h at 30 °C. The enzymatic products were
then extracted with 3 X 4 mL of pentane. The pentane extracts
were collected, dried over Na,SO,, filtered, concentrated to
100 mL at 0 °C, and analyzed by GC-MS.

The GC-MS analyses were performed using a Hewlett-
Packard Series 2 GC-MSD instrument (70 eV, electron impact,
positive ion mode) and a 30 m X 0.25 mm HPSMS capillary
column. The instrument method used was an injection volume
of 1 uL, a solvent delay of 3 min, and temperature program of
60 °C for 2 min, followed by a temperature gradient of 60—280 °C
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for 11 min (20 °C min~") and ending with a 2 min hold at 280 °C.
Comparisons of GC-MS detected compounds to their standards
were made using the Mass Finder 4.1.40 program.

B RESULTS AND DISCUSSION

Structure of MIBS. The amino acid sequence of MIBS
suggests a novel two-domain architecture.'® However, although
SDS-PAGE analysis of redissolved crystals confirms that the
13 kDa proline-rich N-terminal domain is retained in the
recombinant protein (data not shown), this domain is com-
pletely disordered in the crystal based on the absence of well-
defined electron density. Molecular disorder for this domain is
in fact predicted from the amino acid sequence using the
program DISOPRED.?® The function of this unusual domain
(>25% proline content), which is present in most MIBS
orthologues but is not found in any other terpene synthase, is
unknown. The 35 kDa C-terminal domain of MIBS exhibits
only 15—23% amino acid sequence identity with the single-
domain bacterial and fungal class I sesquiterpene synthases, and
the C-terminal domains of plant class I monoterpene and
sesquiterpene synthases, that have yielded crystal structures
to date (Table 2). Despite the lack of significant sequence
identity to other terpene cyclases, the C-terminal domain
of MIBS clearly adopts the class I terpenoid synthase fold
(Figure 3).

In the crystal lattice, two molecules of MIBS related by a
crystallographic 2-fold axis interact through their C-terminal
domains to bury 2565 A surface area, consistent with the
formation of a biologically relevant dimer.*® Although dimeric
quaternary structure has not previously been reported for MIBS
in solution,'®™>* the 47 kDa MIBS protein elutes from a gel
filtration column as an apparent 80—90 kDa homodimer, while
it runs as a ~150 kDa protein in native polyacrylamide gel elec-
trophoresis experiments, indicative of the possibility of even
higher order quaternary structure (data not shown).

The active sites in the MIBS dimer are oriented in parallel
fashion, and this quaternary structure contrasts with that of all
other dimeric terpenoid cyclases that have yielded crystal structures
to date (Figure 4). The MIBS dimer assembly is similar, however,
to that of farnesyl diphosphate synthase (FPPS),”” which also has
parallel oriented active sites (Figure 4). Even so, the dimer interface
in MIBS is formed by helices D1, D2 (including the D1—D2 loop),
F, G1, H, and I, whereas in FPPS, helices B, D, E, F, and G1 form
the dimer interface. While there are secondary structural elements
in common to the dimerization surface of each enzyme, the
subunits of the FPPS dimer are rotated ~45° with respect to those
of MIBS. In the MIBS dimer, the D1—D2 loop, and the D2 helix
form a protrusion that prevents dimerization through the same
interface as FPPS (Figure Sa). In FPPS, a similar protrusion is for-
med by helices A and B (Figure Sb).

It is interesting to compare the dimerization interfaces of
various terpene synthases that adopt the class I terpenoid
synthase fold (Figure Sc). Although dimer interfaces vary from
one enzyme to another, dimerization always occurs at the same
face of the protein; the opposite face of the protein is reserved
for interactions with other domains, such as the disordered
proline-rich N-terminal domain of MIBS or the a-helical N-
terminal domain of a plant class I cyclase.

The active site of MIBS resides in a deep cavity surrounded
by six a helices (C, D, F, G, H, and J). In each enzyme—sub-
strate analogue complex, GSPP and 2FGPP adopt extended
conformations in which their diphosphate groups are coor-
dinated to two Mg** ions, and the distal 6,7-double bond is
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Table 2. Comparison of MIBS with Mono- and Sesquiterpene Cyclases of Known Structure

classification

MIBS bacterial, C,;

pentalenene synthase bacterial, C, 20
epi-isozizaene synthase bacterial, C;5 23
aristolochene synthase fungal, Cs 18
aristolochene synthase fungal, C; 20
trichodiene synthase fungal, C;s 16
(+)-bornyl diphosphate synthase plant, C, 16
limonene synthase plant, C, 1s
cineole synthase plant, C, 15
epi-aristolochene synthase plant, Cy; 18
S-cadinene synthase plant, Cy; 15

sequence identity (%)

C, rmsd (A)* aspartate-rich motif® NSE/DTE motif®

D"’DCYCED N**DLYSYTKE
2.1 (252) D**DLED N*’DIASLEKE
2.2 (260) D”DRHD N**DLCSLPKE
2.8 (223) D'DVLE N**DIYSYDKE
3.2 (243) DDLLE N*DIYSYEKE
34 (243) D'DSKD N**DLMSFYKE
2.5 (245) D*'DIYD D**DLGTSYFE
2.4 (240) D*’DIYD D**DLGTSVEE
24 (233) D**DVFD D*’DMGTSLDE
2.5 (247) D¥'DTFD D**DTATYEVE
2.5 (240) D¥'DTYD D*'DVAEHKFK

“Number of C, atoms aligned in the class I terpenoid cyclase domains are shown in parentheses. bResidues that coordinate to metal ions in crystal
structures of enzyme—ligand complexes are in boldface. Note that no enzyme—metal—ligand complex has been prepared to date with pentalenene

synthase and aristolochene synthase from Penicillium roqueforti.

Figure 3. The 35 kDa C-terminal catalytic domain of MIBS adopts the a-helical class I terpenoid synthase fold as shown, and the 13 kDa proline-rich
N-terminal domain is disordered and hence not shown. The N- and C-termini are labeled with black letters, and the D’DCYCED and
N**DLYSYTKE metal-binding motifs are red and orange, respectively. Disordered polypeptide segments are indicated by dotted lines. The active
site is indicated by the binding of 2FGPP (stick figure) and two Mg’* ions (small magenta spheres).

Figure 4. Dimeric quaternary structures of MIBS, farnesyl diphosphate synthase from Gallus gallus (FPPS; PDB ID: 1UBW), and (+)-bornyl
diphosphate synthase from Salvia officinalis (BPPS; PDB ID: 1N20). The catalytic C-terminal domain, which forms the dimerization interface, is
dark/light blue; the N-terminal domain of BPPS is dark/light green. A red arrow indicates the mouth of each active site. The active sites in the MIBS
dimer are oriented in parallel fashion, like those in the FPPS dimer. The active sites in the BPPS dimer are oriented in antiparallel fashion, which is
the case for all other structures of terpenoid cyclase dimers determined to date.

twisted away from the parallel relationship to the 2,3-allylic
double bond that would be required for cyclization of the
natural substrate 2MGPP. One metal ion corresponds to the
Mg?* ion observed in other crystal structures’ and is coordina-
ted by a water molecule and N34S, S349, and E353 in the
NSE/DTE motif. The second metal ion is coordinated by five
water molecules but no protein residues in the MIBS-2FGPP
complex (Figure 6a) or four water molecules and the first
residue in the “aspartate-rich” metal-binding motif, D197, in the
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MIBS-GSPP complex (Figure 6b). This second metal ion
corresponds most closely to Mg**¢ in crystal structures of
terpenoid cyclases containing a complete trinuclear metal
cluster (Figure 6¢,d).” Surprisingly, the “aspartate-rich” motif
D'"DCYCED at the end of helix D of MIBS is partially
disordered and not fully engaged in metal coordination; in
other terpene synthase structures, the first aspartate in this
motif typically coordinates Mg**, and Mg** with syn, syn-
bidentate coordination geometry.” It is also interesting that the
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Figure 5. Comparison of MIBS and FPPS dimer assembly. (a) Superposition of the FPPS dimer (orange/tan) on one monomer of MIBS (blue); for
reference, active sites are indicated by bound ligands. Helices A and B are elongated in FPPS and guide dimer assembly. The protrusion of helix D2
and the D1-D2 loop would block the comparable assembly of the MIBS dimer. (b) Superposition of the MIBS dimer (blue/light blue) on one
monomer of FPPS (orange); for reference, active sites are indicated by bound ligands. The protruding helix D2 and the D1—-D2 loop help define a
surface for dimer assembly that is absent in FPPS. (c) Schematic diagram of the class I terpenoid synthase fold showing the general interfaces utilized
by various members of the class for dimerization. Major helices are indicated by circles colored in “rainbow” sequence from the N-terminus (blue) to
the C-terminus (red). Circles with solid colors represent helices with their C-termini directed toward the viewer; those with cross-hatching represent
helices that are directed away from the viewer. Metal-binding motifs on helices D and H are also indicated. If a second domain is present, such as the
proline-rich domain of MIBS or the nonfunctional N-terminal domain of BPPS, it would interact with the side opposite that of the dimerization

surface, as indicated.

Mg**¢ ion in the MIBS-2FGPP complex appears to be bound
with low occupancy. Given the absence of Mg, and the
incomplete coordination of Mg**. in these complexes, it
appears that the active site is incompletely closed. Consistent
with an incompletely closed active site, the A—C loop adjacent
to the mouth of the active site is disordered, while the C-terminus
(ie, the polypeptide segment following helix J) is ordered but
extends away from the mouth of the active site. Helix K, present in
other terpenoid cyclases, is absent from MIBS.

Conformational disorder is occasionally but not always observed
for short loop segments flanking the mouth of the active site in
open or partially closed conformations of terpenoid cyclases, and
such disordered segments usually become ordered upon the
binding of 3 metal ions and the substrate/product diphosphate, as
recently reviewed.*”” We suggest that a fully closed active site
would result from the sequential binding of Mg**s, Mg*'¢, and
Mg**,,*® along with the ordering of polypeptide segments flanking
the mouth of the active site, as we have previously observed with
other terpenoid cyclases.>*” Even so, the active site contour of a
terpenoid cyclase in an incompletely closed conformation is very
similar to that of the cyclase in a fully closed conformation, as we
have previously demonstrated for aristolochene synthase from
Aspergillus terreus.” Accordingly, mechanistic inferences drawn
from the structures of MIBS reported herein are valid.

Mechanistic Implications. MIBS and BPPS generate
products with similar bornyl monoterpene skeletons. Numerous
biochemical studies of the BPPS mechanism have been reported
previously.”>>° On the basis of the structural similarities between
2-methylisoborneol and (+)-bornyl diphosphate, it follows that MIBS
and BPPS share some mechanistic similarities as well. For example,
formation of the (4R)-a-terpinyl cation leading to bornyl dipho-
sphate and other bicyclic monoterpenes has been shown to require
the cisoid-antiendo-boat conformation of (3R)-linalyl diphosphate,
and the stereochemical and regiochemical details of this reaction
have been demonstrated using isotopically labeled substrates.*>*°
Accordingly, the organic reaction mechanism outlined for MIBS in
Figure 1, involving the corresponding cisoid-antiendo-boat
conformation of (3R)-2-methyllinalyl diphosphate as presented
by Wang and Cane,"® builds on the strong mechanistic and stereo-
chemical foundation established for BPPS.
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The differences between the respective 2-methylisoborneol
and borneol diphosphate products of the reactions catalyzed by
MIBS and BPPS arise from the identity and stereochemistry of
functional groups attached to the bornyl monoterpene skeleton.
Comparisons of the MIBS-GSPP complex and the BPPS-3-aza-
2,3-dihydrogeranyl diphosphate (AGPP) complex™ are useful
in understanding the structural basis for these differences. Such
comparisons additionally provide useful clues regarding the
cyclization reaction catalyzed by endo-fenchol synthase, which
generates a product with a related norbornyl monoterpene
skeleton and shares significant mechanistic features with MIBS
and BPPS (Figure 1).

Comparisons of substrate analogue binding modes reveal
opposite orientations of the respective diphosphate groups: in
the active site of BPPS, the diphosphate group of substrate
analogue AGPP coordinates to Mg**(. through its a-phosphate,
whereas in the active site of MIBS, the diphosphate group
of the analogue GSPP coordinates to Mg*'c through its
P-phosphate (Figure 7). The inverted orientation of GSPP in the
MIBS active site appears to be enabled by structural differences
around the G1—G loop that enlarge this side of the active site.
In contrast, the opposite side of the active site is more
constricted due to the protruding surface of F30S, which
hinders GSPP from binding with an orientation comparable to
that of AGPP in the BPPS-AGPP complex (Figure 7). The
isoprenoid conformations in the MIBS-GSPP and BPPS-AGPP
complexes are roughly similar, except that the terminal isoprenoid
moiety of GSPP is even more extended in its complex with MIBS.

Intriguingly, the extended isoprenoid conformations ob-
served in the MIBS-GSPP and BPPS-AGPP complexes do not
correspond to the cisoid-antiendo-boat conformation required
for cyclization of the (3R)-linalyl diphosphate intermediate
by BPPS or the (3R)-2-methyl-linalyl diphosphate intermediate
by MIBS. It should be noted, however, that neither GPP nor
2MGPP is the actual substrates for cyclization—each must first
undergo an enzyme-catalyzed allylic isomerization reaction to
form the respective linalyl or 2-methyllinalyl diphosphate
intermediate that, after adopting the cisoid-antiendo-boat
conformation, undergoes reionization and cyclization. We there-
fore suggest that the extended isoprenoid conformations of the
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Figure 6. Substrate analogue binding to MIBS. (a) Simulated annealing omit maps showing the binding of 2FGPP (contoured at 46) and two Mg>*
ions (contoured at 40) in the active site of MIBS. Weak electron density for Mg™*. suggests partial occupancy. Side chains of key residues in the
D"’DCYCED and N**DLYSYTKE motifs are displayed as stick figures and metal coordination interactions are indicated by green dotted lines.
Disordered polypeptide segments appear as broken lines. (b) Simulated annealing omit maps showing the binding of GSPP (contoured at 46) and
two Mg*" ions (contoured at 46) in the active site of MIBS. Side chains of key residues in the D*””DCYCED and N**DLYSYTKE motifs are
displayed as stick figures and metal coordination interactions are indicated by green dotted lines. Disordered polypeptide segments appear as broken
lines. (c) Stereoview of the MIBS-2FGPP complex; for clarity, only one carbon atom of the isoprenoid group is shown to indicate its connectivity
with the diphosphate group. Selected active site residues are indicated; metal coordination and hydrogen bond interactions are indicated by green
lines and red dashed lines, respectively. Atoms are color-coded as follows: carbon = dark gray, nitrogen = blue, oxygen = red, sulfur = yellow,
phosphorus = orange; Mg”* ions and water molecules appear as magenta spheres and red spheres, respectively. (d) Stereoview of the BPPS-AGPP
complex (gray, PDB 1N20); for clarity, only one carbon atom of the isoprenoid group is shown to indicate its connectivity with the diphosphate
group. Atomic color coding is the same as in (c) except that carbon = light gray. In contrast with the MIBS-2FGPP complex, the BPPS-AGPP
complex contains a complete trinuclear metal cluster.
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Figure 7. Stereographic cut-away view of superimposed active site contours of MIBS (green) and BPPS (pink, PDB ID: 1N20). Geranyl diphosphate
analogues GSPP and AGPP are shown as ball-and-stick figures in darker shades, and selected amino acid side chains are indicated.

bound analogues AGPP and GSPP correspond to the productive
conformations of GPP and 2MGPP that are required for the initial
isomerization reactions catalyzed by BPPS and MIBS, respectively.

It might be considered that incomplete metal binding and
active site closure in MIBS are somehow responsible for the
extended conformation of GSPP in the MIBS-GSPP complex.
However, the extended conformation of AGPP in the
BPPS-AGPP complex is observed in the presence of a full
com})lement of three Mg’* ions in a fully closed enzyme active
site.” Similarly, an extended substrate analogue conformation
is observed in the structure of limonene synthase complexed
with three Mn®" ions and (3S)-2-fluorolinalyl diphosphate
enzymatically generated in situ by cocrystallizing the enzyme
with 2EGPP.>” Thus, the extended conformation of GSPP in its
complex with MIBS is not likely to be an artifact of incomplete
metal binding. Taken together, the binding conformations of
substrate analogues complexed with MIBS, BPPS, and limonene
synthase suggest that the extended substrate conformation can be
productive for the initial GPP-linalyl diphosphate isomerization
reaction catalyzed by these cyclases.

Conformational analysis, including consideration of intra-
molecular steric interactions, suggests that the conformational
change of (3R)-linalyl diphosphate or its 2-methyl derivative
from the transoid to cisoid conformation must precede the
compression of the molecule to the cisoid-antiendo-boat
conformation required for cyclization. Otherwise, a steric
clash of the H-2 vinylic proton with the 6,7-isoprenoid tail
would hinder the requisite 180° rotation about the C-2,3 bond
that must occur after initial formation of the transoid conformer
of (3R)-linalyl diphosphate. This intramolecular impediment to
rotation would be even more severe for (3R)-2-methyl-linalyl
diphosphate, since it would involve a steric clash between the
C2-methyl group and the 6,7-isoprenoid tail. Thus, the
productive conformation for cyclization can differ from that
for the initial allylic diphosphate isomerization and must be
distinct from that for interconversion of the transoid and cisoid
conformers of (3R)-linalyl diphosphate or (3R)-2-methyllinalyl
diphosphate. Even so, the cyclase must exercise sufficient
control over productive conformations for isomerization and
cyclization so as to prevent alternative conformations that could
lead to aberrant cyclization products.

A major chemical difference between the proposed catalytic
mechanisms for MIBS and BPPS is found in the final step, in
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which the 2-methylbornyl or bornyl carbocation intermediate is
quenched by the addition of an oxygen nucleophile. In BPPS,
the PP; counterion that is initially released from the GPP
substrate and the (3R)-linalyl diphosphate intermediate readds
to the secondary bornyl cation on the endo face (Figure 1).
By contrast, in MIBS a water molecule attacks the tertiary
2-methylbornyl cation on the exo face (Figure 1).'® The latter
reaction is comparable to that catalyzed by (—)-endo-fenchol
synthase, in which the secondary alcohol has been shown to be
derived exclusively by endo attack of a water molecule on the
fenchyl cation on the face opposite to the PP; counterion
(Figure 1).41

If the orientation of the 2-methylbornyl cation bound in the
MIBS active site were to be similar to that of 2-azabornane as
observed in its complex with BPPS,* we considered that a
residue at the bottom of the active site cleft might serve as a
general base to orient a water molecule for nucleophilic
addition to the exo face of the 2-methylbornyl cation. Indeed,
E193 is located at the base of the active site cleft of MIBS, and
the presence of a carboxylate side chain is unusual in hydro-
phobic terpenoid cyclase active sites. Nonetheless, overnight
incubation of the E193A, E193L, and E193D mutants with
2MGPP resulted in no discernible change in either the absolute
or relative yields of 2-methylisoborneol and the minor
coproduct 2-methylenebornane in comparison with the wild-
type enzyme (Figures S1 and S2). We also tested the role of the
nearby residue Y169, but the Y169F mutant similarly exhibited
no change in the absolute or relative product yield in an
overnight incubation compared with the wild-type enzyme
(Figure S3). Thus, neither E193 nor Y169 functions as an
obligatory general base in catalysis by MIBS. Analysis of the
active site cleft does not reveal any alternative amino acid side
chains that could serve in this function.

The crystal structure of BPPS complexed with 2-azabornane
(a mimic of the 2-bornyl cation), three Mg** ions, and PP,
reveals a trapped water molecule (#110) that makes an exo-
oriented hydrogen bond with the amino group of 2-
azabornane; this water molecule also hydrogen bonds with
Y426 and the PP, ion.** The reactivity of this water molecule is
hypothesized to account for the formation of olefinic
coproducts derived from direct deprotonation of carbocation
intermediates as well as hydroxylated products obtained in
experiments with GPP analogues.”® If a water molecule were
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similarly trapped in the active site of MIBS, hydrogen bonded to
the PP, ion and oriented toward the exo face of the 2-methyl-2-
bornyl cation, it is possible that the PP; ion could serve as a general
base in activating or orienting the trapped water molecule for
nucleophilic addition, or accepting the acidic proton of the
resulting hydrated cation. Future structural studies of complexes
with analogues of carbocation intermediates may shed additional
light on the structural basis for product and stereochemical control
in termination of the cyclization cascade catalyzed by MIBS.
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