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ABSTRACT: Geranyl diphosphate C-methyltransferase (GPPMT) from Streptomyces coeli-
color A3(2) is the first methyltransferase discovered that modifies an acyclic isoprenoid
diphosphate, geranyl diphosphate (GPP), to yield a noncanonical acyclic allylic diphosphate
product, 2-methylgeranyl diphosphate, which serves as the substrate for a subsequent
cyclization reaction catalyzed by a terpenoid cyclase, methylisoborneol synthase. Here, we
report the crystal structures of GPPMT in complex with GPP or the substrate analogue geranyl
S-thiolodiphosphate (GSPP) along with S-adenosyl-L-homocysteine in the cofactor binding
site, resulting from in situ demethylation of S-adenosyl-L-methionine, at 2.05 or 1.82 A
resolution, respectively. These structures suggest that both GPP and GSPP can undergo
catalytic methylation in crystalline GPPMT, followed by dissociation of the isoprenoid
product. S-Adenosyl-L-homocysteine remains bound in the active site, however, and does not
exchange with a fresh molecule of cofactor S-adenosyl-L-methionine. These structures provide
important clues about the molecular mechanism of the reaction, especially with regard to the

face of the 2,3 double bond of GPP that is methylated as well as the stabilization of the resulting carbocation intermediate

through cation—z interactions.
T erpenoids, also known as isoprenoids, comprise a
ubiquitous family of natural products found in all forms
of life. With more than 60000 terpenoids identified to date, the
structural and stereochemical diversity of this family, which
includes the steroids, is vast [Dictionary of Natural Products
(http://dnp.chemnetbase.com)]. Such molecular diversity
arises in large part from the catalytic activity of terpenoid
cyclases, which catalyze myriad cyclization reactions utilizing
canonical acyclic substrates bearing an integral number of C;-
isoprenoid units, such as C,,-geranyl diphosphate, C,s-farnesyl
diphosphate, and C,,-geranylgeranyl diphosphate.'™” The
hydrocarbon skeletons of the resulting (poly)cyclic terpenoids
are typically subject to further modification during the course of
a biosynthetic pathway, such as oxidation, O-methylation,
esterification, or carbon elimination reactions, to yield final
products that do not necessarily contain integral numbers of
Cs-isoprenoid units. For example, in the biosynthesis of the
earthy odorant geosmin, the C,s-intermediate germacradienol
undergoes an elimination reaction to yield C,,-geosmin and a
C;-acetone molecule.*”'® In another example, a common one-
carbon modification of plant and fungal steroids is the S-
adenosyl-L-methionine (SAM)-dependent methylation reaction
at C-24.""'* These examples further serve to illustrate that
modifications of the hydrocarbon skeleton and carbon
stoichiometry in terpenoid biosynthesis generally occur after
the first committed step of cyclization of a canonical, acyclic
isoprenoid substrate.
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Another interesting modified terpenoid is the volatile C,;-
terpenoid 2-methylisoborneol that, along with the C,,-
terpenoid geosmin, gives rise to the characteristic odor of
freshly turned earth."> While 2-methylisoborneol is identified as
a malodorous contaminant in drinking water and infected
fish,"*~'¢ it is also responsible for the more pleasing earthy
bouquets of Brie and Camembert cheeses.'” It was reported
more than 30 years ago that the additional methyl group of 2-
methylisoborneol is derived from methionine,'® but it was only
recently discovered that the acyclic precursor geranyl
diphosphate (GPP) is the substrate for the SAM-dependent
C-methylation reaction (Figure 1)."”7' Thus, the biosynthesis
of 2-methylisoborneol provides a rare example of the
diversification of terpenoid structure and carbon stoichiometry
by covalent modification of the cyclization substrate, rather
than the cyclization product, in a terpenoid biosynthetic
pathway. Subsequent genetic and biochemical studies have
identified two-gene operons in several Streptomyces species””!
and cyanobacteria®® that encode a SAM-dependent geranyl
diphosphate methyltransferase (GPPMT) and 2-methylisobor-
neol synthase (MIBS).” Although there are numerous examples
of SAM-dependent methyltransferases that modify proteins,
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Figure 1. Reactions catalyzed by geranyl diphosphate C-methyltransferase (GPPMT) and methylisoborneol synthase (MIBS) in the biosynthesis of

2-methylisoborneol (Ad = adenosyl).

nucleic acids, lipids, and hormones,”> GPPMT is the first
example of a methyltransferase that modifies a canonical acyclic
isoprenoid diphosphate to allow its subsequent cyclization in a
terpenoid biosynthetic pathway.

Here, we report the determination of the X-ray crystal
structure of the 33 kDa GPPMT from Streptomyces coelicolor
A3(2) complexed with SAM that has been demethylated in situ
to give S-adenosyl-L-homocysteine (SAH) and substrate GPP at
2.05 A resolution. We also report the structure of the complex
with SAH and substrate analogue geranyl-S-thiolodiphosphate
(GSPP) at 1.82 A resolution. Together, these structures
provide important clues about the mechanism of the unusual
isoprenoid methylation reaction catalyzed by GPPMT.
Although these are the first structures of an isoprenoid
methyltransferase to be reported in the Protein Data Bank,
we note that the crystallization and preliminary X-ray
crystallographic study of GPPMT from Streptomyces lasaliensis
was recently reported.**

B EXPERIMENTAL PROCEDURES

Isoprenoid Diphosphate Ligands. Geranyl S-thiolodi-
phosphate (GSPP) and geranyl diphosphate (GPP) were
purchased from Echelon Biosciences Inc.

Expression and Purification of Geranyl Diphosphate
Methyltransferase (GPPMT). A clone of geranyl diphosphate
methyltransferase from S. coelicolor with a 20-residue N-
terminal hexahistidine tag and linker (GPPMT) in the
pET28a plasmid (Novagen Inc.) was described previously.”'
Protein was expressed using Escherichia coli BL21(DE3) cells
(Stratagene Inc.). Transformed cell cultures were grown in 2 L
flasks containing 1 L of Terrific Broth with 50 mg of kanamycin
at 37 °C. At an ODy, of 0.8—0.9, cultures were equilibrated at
18 °C and expression was induced by 0.2 mM isopropyl-1-thio-
p-D-galactopyranoside for 16 h. Cells were harvested by
centrifugation at 6000g for 10 min, producing approximately
7 g pellet/L of culture. A 35 g pellet was suspended in 50 mL of
buffer E [S0 mM K,HPO, (pH 8.0), 300 mM NaCl, 10% (v/v)
glycerol, and 3 mM f-mercaptoethanol (BME)] containing 100
UM phenylmethanesulfonyl fluoride and an EDTA-free
Complete Protease Inhibitor Cocktail tablet (Roche Diag-
nostics, Indianapolis, IN). Cells were disrupted by sonication
on ice with a large probe at medium power (five times with 1
min on and 1 min off). Cell debris was cleared by centrifugation
twice at 20000g for 30 min. The clear supernatant was applied
to a pre-equilibrated S mL HisTrap column (GE Healthcare) at
a flow rate of 1 mL/min using an AKTAprime plus FPLC
system (GE Healthcare Bio-Sciences AB). The loaded column

3004

was washed three times: first with 10 column volumes of buffer
E, second with 10 column volumes of buffer E and 25 mM
imidazole, and finally with 10 column volumes of buffer E and
50 mM imidazole. The GPPMT protein was eluted with a 50
mL gradient from 50 to 250 mM imidazole in buffer E at a flow
rate of 2.5 mL/min. Selected fractions were combined; the
precipitate was filtered, and soluble protein was concentrated to
a 20 mL volume (approximately 10 mg/mL). The protein was
applied as 4 X S mL samples to a Superdex 200 preparative
grade 26/60 size exclusion column (GE Healthcare Bio-
Sciences AB) with buffer S [SO mM piperazine-N,N"-bis(2-
ethanesulfonic acid) (PIPES) (pH 6.7), 20% (v/v) glycerol, S
mM BME, 15 mM MgCl,, and 100 mM NaCl]. Fractions from
the size exclusion column were combined and concentrated to
22 mg/mL in buffer S.

Crystallization of GPPMT. GPPMT was crystallized in the
presence of SAM and monoterpenoid ligands GSPP or GPP by
the sitting drop vapor diffusion method; we were unable to
crystallize the protein in the absence of SAM. Accordingly,
GPPMT was incubated at 4 °C in the presence of 10 mM SAM
and 1 mM monoterpenoid ligand for 2 h before crystallization
experiments. Typically, a 1 uL drop of protein solution [6 mg/
mL GPPMT, S0 mM PIPES (pH 6.7), 20% glycerol, S mM
BME, 15 mM MgCl,, 100 mM NaCl, 10 mM SAM, and 1 mM
monoterpenoid ligand] was added to a 1 uL drop of precipitant
solution [100 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES) (pH 7.5), 25% polyethylene glycol 3350,
and 200 mM (NH,),SO, for cocrystallization with GSPP; 100
mM Bis-Tris (pH 6.5), 25% polyethylene glycol 3350, and 200
mM (NH,),SO, for cocrystallization with GPP] and
equilibrated against a 100 L reservoir of precipitant solution
at 21 °C. Crystals appeared as rectangular prisms within 1 day
and grew to maximal dimensions of 200 gm X 100 ym X 100
pum in 1—-2 weeks. Crystals were flash-cooled in liquid nitrogen
after being transferred to a cryoprotectant solution consisting of
the mother liquor augmented with 15% glycerol.

Crystallographic Data Collection and Processing.
Crystals of the GPPMT complexes with GSPP and GPP
diffracted X-rays to 1.82 and 2.05 A resolution, respectively, at
the National Synchrotron Light Source (beamline X29A) using
incident radiation with 4 = 1.075 A. Crystals of the complex
with GSPP belonged to space group P2, with the following unit
cell parameters: a = 97.03 A, b = 102.90 A, c = 203.58 A, a = y
= 90°, f = 99.59°. Crystals of the complex with GPP belonged
to space group P2, with the following unit cell parameters: a =
98.13 A, b = 10325 A ¢ =20413 A, a =y =90° and § =
99.05°. Crystals of both complexes contained 12 monomers in
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the asymmetric unit with a Matthews coefficient (V) of 2.41
A’/Da (solvent content of 49%). For experimental phasing,
crystals of the complex with GSPP were soaked in 90 mM
HEPES (pH 7.5), 22.5% polyethylene glycol 3350, 180 mM
(NH,),SO,4 2 mM methylmercury chloride, and 10% glycerol
for 6 h and equilibrated with a 250 pL reservoir of the
cryoprotectant solution at 21 °C prior to being flash-cooled in
liquid nitrogen. Single-wavelength anomalous dispersion
(SAD) data were collected from these crystals at the National
Synchrotron Light Source (beamline X29A) using incident
radiation with A = 1.005 A. These crystals were isomorphous
with those of the native complex and diffracted X-rays to 2.1 A
resolution. Diffraction data were processed with HKL2000.*®
Data collection and reduction statistics are listed in Table 1.

Table 1. Data Collection and Refinement Statistics

GPPMT-SAH-GSPP GPPMT-SAH-GPP
Data Collection

incident wavelength (A) 1.075 1.075
resolution range (A) 50.0-1.82 50.0—-2.05
no. of reflections (total/unique) 1067694/348804 847434/246191
completeness® (%) 99.1 (98.7) 97.4 (97.3)
redundancy” 3.1 (29) 34 (32)
1/6° 102 (2.1) 102 (2.1)
Roperge™ 0.106 (0.536) 0.109 (0.574)
Refinement
Ryo/Recee” 0.167/0.194 0.181/0.222
no. of protein atoms® 26658 26281
no. of solvent atoms” 1904 1165
no. of ligand atoms? 653 397
rmsd
bonds (A) 0.016 0.007
angles (deg) 1.6 1.0
dihedral angles (deg) 17.9 15.9
improper dihedral angles 1.6 12
(deg)
average B factor (A?)
main chain 24 27
side chain 27 30
ligand 24 25
solvent 29 27
Ramachandran plot (%)
allowed 93 93.6
additionally allowed 6.7 6.2
generously allowed 0.3 0.2
disallowed 0 0

“The numbers in parentheses refer to the outer shell of data. meerge =
DI — (I)I/ 3.1, where I is the observed intensity and (I) is the average
intensity calculated from replicate data. “R,oq = 2IF,| — IFll/YIF,|
for reflections contained in the working set, and Ry, = M IIF,| — IEl/
YIF,| 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.

Determination of the Structure of GPPMT. The initial
electron density map of the GPPMT complex with GSPP was
phased by the single isomorphous replacement with anomalous
scattering (SIRAS) method using the anomalous signal up to
2.6 A resolution. Search and refinement of 24 mercury sites,
density modification, and experimentally phased electron
density map calculation were performed using HKL2MAP.>®
A total of 272 of 312 protein residues per monomer were built
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manually using the experimentally phased electron density map
and propagated through noncrystallographic symmetry (NCS)
operators to build all 12 monomers in the asymmetric unit with
COOT.” The resulting structure was refined against the 1.82
and 2.0 A resolution data sets obtained from isomorphous
crystals of the GSPP and GPP complexes, respectively. Initial
rigid body refinement, iterative cycles of positional refinement,
and refinement of grouped and then individual atomic B factors
were performed using PHENIX;*® manual model rebuilding
was performed using COOT.>” No NCS restraints were used
during refinement. In both structures, electron density
corresponding to the cofactor clearly indicated that SAM had
been demethylated to yield S-adenosyl-L-homocysteine (SAH).
Water molecules, Mg** ions, SAH, and monoterpenoid ligands
were included in later cycles of refinement. A total of 275—290
of 312 residues are present in the final models of the 12
monomers in the asymmetric units of the GPPMT-SAH-GSPP
and GPPMT-SAH-GPP complexes. The N-terminal hexahisti-
dine tag, its linker segment, and the first 17 residues (M1—P17)
of 11 monomers were disordered and are absent in the final
model (monomer D contains T3—P17). Refinement statistics
are listed in Table 1; Ramachandran plot statistics were
calculated with PROCHECK.” Simulated annealing omit maps
were calculated with CNS.** Protein structure figures were
prepared with PyMol (http://www.pymol.org) and labeled for
publication using PhotoshopCS.

Preparation and Assay of Y51F GPPMT. The YSI1F
GPPMT mutant was prepared using the QuickChange protocol
(Qiagen Inc.) with the mutagenic primers CTATCACC-
ACCACTTCGGCATCGGCCCCG (sense) and CGGGG-
CCGATGCCGAAGTGGTGGTGATAG (antisense). The
mutant gene was verified by DNA sequencing, and the mutant
protein was expressed and purified as described above for wild-
type GPPMT. After purification on the metal ion affinity
column, the sample was dialyzed into the assay buffer described
below and used for activity measurements.

Kinetic parameters (V,,,, and Ky,) were obtained for GPP
and SAM [S-[methyl>H]SAM (PerkinElmer)] under initial
velocity conditions. Values for the variable substrate GPP (0.5—
30 uM) were determined at a saturating SAM concentration
(60 uM, 162 Ci/mol), and similarly, the values for variable
SAM (0.5-30 uM) were measured at a saturating concen-
tration of GPP (60 pM). The reactions were conducted in 0.5
mL of assay buffer [SO mM PIPES (pH 7.0), 20% (v/v)
glycerol, 10 mM MgCl,, 100 mM NaCl, and S mM BME] with
1.9—-2.7 uM wild-type or YS1F GPPMT, and the mixtures were
incubated at 30 °C for 5 min. Reactions were quenched with
0.5 mL of 2 N HCl in 83% ethanol. The resulting mixtures were
overlaid with 1.0 mL of pentane, incubated at 30 °C for an
additional 10 min to hydrolyze the acid-labile pyrophosphate,
and then neutralized by adding 0.35 mL of 10% NaOH.
Reaction mixtures were extracted with 3 X 1.0 mL of pentane,
with each extract passed through a 2 cm column of silica gel (in
a Pasteur pipet) into a scintillation vial containing 7 mL of
Opti-Fluor. The column was subjected to a final wash of 1.0 mL
of diethyl ether, and the sample was collected into the same vial
and counted by liquid scintillation. Kinetic constants were
determined by using Kaleidagraph and fitting the data to the
Michaelis—Menten equation.

B RESULTS AND DISCUSSION

Structure of GPPMT. GPPMT crystallizes as a trimer of
dimers, ie., a hexamer, although no monomer—monomer
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Figure 2. (a) Hexameric quaternary structure of GPPMT in the crystal. The buried surface areas are ~1000 and ~900 A for dimers across the 2-fold
noncrystallographic axes and ~70 A” for trimers across the 3-fold noncrystallographic axis (dark/light blue). NCS symmetry elements are denoted
with red symbols. (b) Ribbon drawing of GPPMT rainbow-colored from the N-terminus (blue) to the C-terminus (red). SAH and GSPP are shown
as stick figures; the Mg®* ion appears as a magenta sphere. (c) Topology diagram of GPPMT (numbering as outlined in ref 23). Strands of the
central f# sheet are colored red, flanking o helices yellow, and additional a helices beyond the core Rossmann fold gray. The general regions of the
SAM and GPP/GSPP binding sites are shown as green boxes, and the Mg?* binding site is represented as a magenta sphere.

Figure 3. (a) Simulated annealing omit map (black meshwork, contoured at 46) showing the binding of SAH, GSPP, and Mg** to the active site of
monomer D of GPPMT. SAH, GSPP, GPP, and the side chain of N37 coordinated to Mg** are displayed as stick figures. Ligand atoms are color-
coded as follows: black for carbon, blue for nitrogen, red for oxygen , yellow for sulfur, and orange for phosphorus. The Mg** ion and coordinated
water molecules are shown as magenta and red spheres, respectively. Certain parts of the structure were omitted from the foreground for the sake of
clarity. (b) Simulated annealing omit map (contoured at 3¢) showing the binding of SAH, GPP, and Mg** to the active site of monomer J of
GPPMT. Weak electron density for GPP and Mg**-coordinated water molecules suggests partial occupancy, which is accounted for by higher B
factors compared with neighboring residues. The color coding is identical to that outlined for panel a.

interface (including crystal packing interfaces) meets the GPPMT shares a low level of sequence identity (~20%) with
criteria established for contact surface area expected for stable SAM-dependent methyltransferases of known structure. None-
protein oligomers®' (Figure 2a). GPPMT elutes as a monomer theless, GPPMT contains all structural components of the
via size exclusion chromatography (data not shown), so we Rossmann fold, which is adopted by the family of SAM-
conclude that the monomer is the biologically active form of dependent C-, N-, or O-methyltransferases®>** (Figure 2b,c). In
the protein in vivo. Even so, NCS relationships among the 12 addition to the core a/f structure, which comprises a seven-
monomers in the asymmetric unit of the crystal are noteworthy. stranded f sheet sandwiched between five a helices, GPPMT
In each hexamer, three 2-fold NCS axes (relating the top half of contains three a helices at the N-terminus, an a helix inserted
the hexamer to the bottom half) are perpendicular to two between 35 and @E, and two « helices inserted between 6 and
nearly coincident 3-fold NCS axes. The trimers are oriented in 7 (secondary structure nomenclature is outlined in ref 23).
such a way that the 2-fold NCS axes are offset by ~60°. The 3- The SAM binding site is located exclusively in the N-terminal
fold NCS axes of the two hexamers in the asymmetric unit are region of the protein and is defined by residues from aZ2 and
oriented nearly parallel to the a-axis but deviate away from the polypeptide loops following f1, 2, 3, and aZ3. The GPP/
a-axis and from each other by ~10°. GSPP binding site is encapsulated by residues from aZ3, aD1,
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Figure 4. Conformational changes of flexible helix ®Z3 may allow substrate binding and product dissociation in the active site of GPPMT. From left
to right, helix @Z3 and the preceding loop are ordered (dark blue) when there is no substrate in the active site (monomer E); they are partially or
completely disordered when there is no substrate in the active site (monomers F and C, respectively), and they are ordered when there is substrate in
the active site (monomer J). The ribbon drawing represents the ordered parts of the structure; dashed lines represent the disordered segments. SAH
and GPP are displayed as black stick figures; the Mg?* ion is represented as a magenta sphere, and water molecules are represented as small red
spheres. The side chain of N37 on helix aZ3 (stick figure) hydrogen bonds with a solvent molecule in the absence of substrate but coordinates to the
Mg** ion when substrate is bound.

G224

= \§
\"’/ 1226 7

Figure S. Stereographic view showing the interactions between the diphosphate group and the isoprenoid group of GSPP and the residues defining
the substrate binding pocket of GPPMT. SAH, GSPP, and side chains are displayed as stick figures. Atoms are color-coded as follows: black (ligand)
or gray (protein) for carbon, blue for nitrogen, red for oxygen, yellow for sulfur, and orange for phosphorus. The Mg** ion and water molecules are
displayed as magenta and red spheres, respectively. Helix @Z3 has been omitted from the figure for the sake of clarity. Metal coordination and
hydrogen bond interactions are indicated by solid black and dashed red lines, respectively. Interactions between the hydroxyl group of YSI and the
C-2 atom of GSPP (3.5 A), the side chain of F222 and the C-3 atom of GSPP (4 A), and the S§ atom of SAH and the water molecule at the junction
of cofactor and substrate binding cavities (3.7 A) are represented as blue dashed lines.

aEl, and aE2 and the loops following aZ2, aZ3, 4, and pS Although GPPMT crystals were grown in the presence of
(Figure 2b). SAM and GPP or GSPP, the active site of GPPMT contains the

Methyltransferase structures that are most identical in intact substrate GPP or substrate analogue GSPP and the
sequence to GPPMT are those of rebeccamycin sugar 4-O- product form of the cofactor, S-adenosyl-L-homocysteine
methyltransferase RebM from Lechevaleria aerocolonigenes (20% (SAH), resulting from the enzyme-catalyzed demethylation of

SAM (Figure 3). Possibly, a molecule of GPP/GSPP initially
binds in the active site and is methylated in situ, with the 2-
methylated product subsequently dissociating. This allows for
the binding of a second, intact GPP/GSPP molecule. However,
the product cofactor SAH remains trapped in crystalline
GPPMT because it binds more deeply in the active site. This
could account for the observation of the “arrested” enzyme—
substrate—product cofactor complex. Notably, sufficient elec-
tron density to model GPP is observed only in monomers A, D,

identical) and mycolic acid cyclopropane synthase MmaA2
from Mycobacterium tuberculosis (22% identical). Although the
core a/f structures of RebM>> and MmaA2 (Protein Data
Bank entry 1TPY) are very similar to the core a/f structure of
GPPMT (the rmsds of core Ca atoms are 1.3 and 1.9 A,
respectively), auxiliary secondary structure elements differ:
RebM is missing N-terminal helices aZ1, aZ2, and aZ3; helix
aZ is shorter; and helices aD1, aEl, and aE2 are longer;

MmaA?2 is missing N-terminal helix aZ1, helix aZ is shorter, H, and J; other monomers do not appear to bind GPP to a
helices aD1, aEl, and aE2 are longer, and additional short a significant extent. Moreover, GPP molecules (and associated
helices are inserted between strand fS and helix aD1 and Mg?* ion and coordination waters) modeled in these
between helix @E1 and helix aE2. monomers are characterized by poor electron density and
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Figure 6. Proposed catalytic mechanism of GPPMT for the SAM-dependent methylation at C-2 of GPP, yielding SAH and 2MGPP (Ad =
adenosyl). Hydrogen bonds with the substrate diphosphate group as observed in the crystal structures are shown as red dotted lines. For the sake of
clarity, diphosphate—metal coordination and hydrogen bond interactions with R34, H49, and R260 have been omitted. The cation—7 interaction
between the F222 side chain and the tertiary carbocation intermediate is shown as a dashed blue line and is based on the substrate binding geometry
illustrated in Figure S. The substrate binding conformation must be sufficiently flexible to allow the 60° conformational change about the 2,3 ¢ bond

that allows proton elimination and formation of the 2,3 7 bond of 2MGPP.

high B factors, implying a high degree of disorder or reduced
occupancy. However, GSPP is bound with full occupancy in all
monomers, suggesting that GPPMT binds GSPP with higher
affinity than GPP under the respective crystallization
conditions. In some of the monomers that do not bind GPP
(monomers B, C, F, K, and L), helix aZ3 and the preceding
loop, which enclose GPP binding site in monomers A, D, H,
and J, are disordered (Figure 4). This segment is ordered in
monomers E, G, and I, even though these monomers do not
bind GPP. This observation suggests that helix aZ3 and the
preceding loop open and close to facilitate substrate binding
and product dissociation. A similar scenario involving SAM
binding and SAH dissociation may be suggested for helix aZ2,
which encloses the cofactor binding cavity.

Mechanistic Implications. In the active site of GPPMT,
one oxygen atom from each phosphate group of GPP/GSPP
coordinates to a single Mg** ion, thereby forming a six-
membered ring chelate complex; the octahedral coordination
polyhedron of this Mg>" ion is completed by the side chain
carboxamide group of N37 on helix aZ3 and three water
molecules. The substrate diphosphate group additionally
engages in ionic and hydrogen bond interactions with the
side chains of R34, H49, Y51, and R260 (Figure 5). Of these
residues, only R34, which is replaced with aspartate or
asparagine, is not conserved among GPPMTs from various
microorganisms (Figure S1 of the Supporting Information).
Mg**-coordinated water molecules donate hydrogen bonds to
the side chain carboxylate group of E81 and the main chain
carbonyl groups of V36, H48, and H50. The hydrocarbon tail
of GPP/GSPP extends away from SAH and binds in a groove
defined by the side chains of W29, Y51, E173, M176, Y177,
1218, F222, C224, 1226, F273, Y277, F282, and Y284 (Figure
5). All of these residues are conserved among GPPMTs except
for F222, which appears as phenylalanine in four GPPMTs and
tyrosine in 11 GPPMTs (Figure S1 of the Supporting
Information).

The SAM and GPP/GSPP binding sites are located near the
junction of the N- and C-terminal parts of the central f sheet,
respectively. The SAM binding cavity and the GPP/GSPP
binding cavity are continuous; at the junction, H49, E173, and
the side chains of W29 and Y177 surround the cavity. At the
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junction of the two cavities is a water molecule, which is
presumably displaced by the binding of an intact SAM
molecule. H49 is part of a histidine triplet on the aZ3—aZ
loop, which is conserved among GPPMTs (Figure S1 of the
Supporting Information). On the opposite side of GPP/GSPP,
F222 is positioned to make van der Waals interactions with the
2,3 7w bond of GPP/GSPP. The aromatic side chain of F222 is
ideally positioned to stabilize a tertiary carbocation inter-
mediate at the substrate C-3 atom through cation—=
interactions. As mentioned previously, the aromatic ring of
F222 is conserved as phenylalanine or tyrosine in all known
GPPMTs (Figure S1 of the Supporting Information). It is
interesting to note that F222 is also conserved as F200 in
MmaA2 and its homologue, cyclopropane mycolic acid
synthase (CmaAl). These methyltransferases catalyze SAM-
dependent cyclopropanation of mycolic acids via a similar
catalytic mechanism involving a carbocation intermediate.**
Even though a nearby tyrosine residue of CmaAl is proposed
to interact with the carbocation intermediate, F200 is also close
to the carbocation and could play a similar role in carbocation
stabilization as proposed for F222 of GPPMT.>

Presuming that the conformation of SAH is comparable to
that of SAM, the 2,3 7 bond of the GPP/GSPP substrate is
closest to the reactive methyl group of SAM. However, the 2,3
7 system is not in the optimal orientation for electrophilic
attack by the reactive methyl group of SAM: the C-4 methyl
group of GPP/GSPP is tilted toward SAM, which could be an
artifact of SAH binding instead of SAM. Although the side
chains of conserved residues Y51 and E173 are close to the C-2
atom of GPP/GSPP, the side chain of E173 is on the same face
of the 2,3 7 bond as the cofactor and hence would be on the
wrong face of the carbocation intermediate to assist the final
deprotonation at C-2 leading to product formation (however,
E173 might provide electrostatic stabilization for the
carbocation intermediate). The phenolic hydroxyl group of
Y51 is located on the opposite face of the 2,3 7 bond but is
somewhat distant from C-2 (3.5 A). While Y51 would be
properly oriented to assist in the final deprotonation at C-2,
catalytic activity measurements of YSIF GPPMT reveal only a
~2-fold reduction in k., and no effect on Ky, for either GPP or
SAM (Figure S2 of the Supporting Information), indicating
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that Y51 is not obligatory for catalysis. A stereospecific proton
acceptor may not be required in the final step of catalysis, given
the superacidity of the final carbocation intermediate with a pK,
of approximately —S5.

On the basis of the GPPMT structure, the following reaction
mechanism is suggested (Figure 6). When GPP binds,
complete octahedral coordination of Mg** by the substrate
diphosphate group, N37 of helix @Z3, and three water
molecules leads to the fully closed active site conformation.
Electrophilic attack of the reactive methyl group of SAM at the
2,3 7w bond of GPP then yields SAH and the C-3 tertiary
carbocation, which is stabilized by cation—7 interactions with
the side chain of F222 and by electrostatic interactions with the
side chain of E173. A 60° conformational change about the 2,3
o bond subsequently aligns the C-2—H bond with the empty p
orbital on C-3, thereby allowing proton elimination from C-2 to
form the 2,3 7 bond of 2MGPP.

B CONCLUSIONS

Although the utilization of noncanonical modified isoprenoid
substrates such as 2MGPP by terpenoid cyclases is not
commonly observed in nature, terpenoid cyclases can some-
times catalyze reactions in the laboratory with synthetically
modified substrates such as fluorinated and methylated
sesquiterpenoids.** " The recent discovery of cyclases such
as MIBS and 2-methylenebornane synthase, which utilize a
naturally modified noncanonical monoterpenoid substrate
generated by GPPMT, illustrates a new strategy for the
diversification of terpenoid structure in which the isoprenoid
substrate is covalently modified before the cyclization
reaction.” >** The modification of isoprenoid substrates
can redirect biosynthetic pathways by altering structure—
stability relationships of carbocation intermediates that
influence critical steps such as hydride shifts, methyl migrations,
and other alkyl transfers common in terpenoid cyclase
mechanisms. GPPMT, which generates a methylated isopre-
noid substrate for a subsequent cyclization reaction in a
terpenoid biosynthetic pathway,” is the first methyltransferase
discovered that modifies a terpenoid cyclase substrate to
expand the chemical diversity of a biosynthetic pathway.
Possibly, the structure-based engineering of this novel enzyme
may lead to additional biosynthetic strategies for further
enhancing the diversity of the terpenome.

B ASSOCIATED CONTENT

© Supporting Information

Amino acid sequence alignments for GPPMTs and activity
assay results for YS1F GPPMT. This material is available free of
charge via the Internet at http://pubs.acs.org.

Accession Codes

The atomic coordinates and the crystallographic structure
factors of geranyl diphosphate C-methyltransferase from S.
coelicolor complexed with Mg®', geranyl S-thiolodiphosphate,
and S-adenosyl-L-homocysteine and with Mg**, geranyl
diphosphate, and S-adenosyl-L-homocysteine have been
deposited in the Protein Data Bank as entries 3VC1 and
3VC2, respectively.
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