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ABSTRACT: Geosmin synthase from Streptomyces coelicolor
(ScGS) catalyzes an unusual, metal-dependent terpenoid
cyclization and fragmentation reaction sequence. Two distinct
active sites are required for catalysis: the N-terminal domain
catalyzes the ionization and cyclization of farnesyl diphosphate
to form germacradienol and inorganic pyrophosphate (PPi),
and the C-terminal domain catalyzes the protonation,
cyclization, and fragmentation of germacradienol to form
geosmin and acetone through a retro-Prins reaction. A unique
αα domain architecture is predicted for ScGS based on amino
acid sequence: each domain contains the metal-binding motifs typical of a class I terpenoid cyclase, and each domain requires
Mg2+ for catalysis. Here, we report the X-ray crystal structure of the unliganded N-terminal domain of ScGS and the structure of
its complex with three Mg2+ ions and alendronate. These structures highlight conformational changes required for active site
closure and catalysis. Although neither full-length ScGS nor constructs of the C-terminal domain could be crystallized, homology
models of the C-terminal domain were constructed on the basis of ∼36% sequence identity with the N-terminal domain. Small-
angle X-ray scattering experiments yield low-resolution molecular envelopes into which the N-terminal domain crystal structure
and the C-terminal domain homology model were fit, suggesting possible αα domain architectures as frameworks for bifunctional
catalysis.

With more than 75000 members identified to date,
terpenoids (also known as terpenes or isoprenoids)

comprise the largest known family of natural products.1 Their
structural and stereochemical diversity allow myriad biological
functions across all domains of life, such as defense against
parasites and other predators, inter- and intraspecies communi-
cation, and intracellular signaling.2−4 Many terpenoids are used
as flavorings, such as menthol5 and the cannabinoid β-
caryophyllene;6 fragrances, such as limonene7 and sclareol;8

advanced biofuels, such as farnesane9 and bisabolane;10 and
pharmaceuticals, such as artemisinin11 and Taxol.12 Thus, the
broad commercial importance of this family of natural products
spans diverse chemical industries worldwide.13−16

The vast chemodiversity of terpenoid natural products belies
simple biosynthetic roots in the C5 building blocks isopentenyl

diphosphate and dimethylallyl diphosphate, which are substrates
for chain elongation reactions that produce acyclic isoprenoids
such as the C15 sesquiterpene farnesyl diphosphate (FPP)
(Figure 1).17,18 Isoprenoid diphosphates such as FPP then serve
as substrates for terpenoid cyclases that generate diverse
products containing multiple fused rings and stereocenters.19−24

Impressively, more than half of the carbon atoms of the
isoprenoid diphosphate substrate typically undergo changes in
bonding and/or hybridization during the course of a complex,
multistep cyclization cascade. Given their biosynthetic roots in
C5 isoprenoid precursors, cyclic terpenoids usually contain 5n
carbon atoms (n = 1, 2, 3, ...), unless the terpenoid has been
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subject to additional biosynthetic modification preceding or
following cyclization (e.g., methylation, acetylation, benzoyla-
tion, etc.).
The bicyclic natural product geosmin (Figure 1) is a

noncanonical terpenoid, in that it contains 12 carbon atoms
instead of 5n carbon atoms.25,26 Remarkably, the chemistry that
yields this noncanonical terpenoid with C12≠C5n is mediated by
the terpenoid cyclase itself, rather than an upstream or
downstream processing enzyme in the geosmin biosynthetic
pathway.27,28 Geosmin is a powerful odorant with an extremely
low human detection threshold of <10 parts per trillion and is
mainly responsible for the characteristic odor of freshly turned
earth.29,30 Although geosmin contributes to the pleasant, earthy
flavor of beets,31 it is also a commonly occurring contaminant of
musty-tasting water, wine, and fish.32−35 Geosmin is not known
to cause human disease, but its detection and elimination from
potable water sources are critical environmental and water
quality issues.
Geosmin is produced by essentially all known species of the

Gram-positive bacterial genus Streptomyces. Geosmin synthase
from the soil bacterium Streptomyces coelicolor (ScGS) is a 726-
residue, bifunctional sesquiterpene cyclase that catalyzes tandem
metal ion-dependent cyclization and fragmentation reactions
utilizing the C15 substrate FPP to yield C12 geosmin, C3 acetone,
and inorganic pyrophosphate (PPi) (Figure 1).27,28,36,37 The
active site in the N-terminal domain of ScGS catalyzes the
ionization-dependent cyclization of FPP to form PPi and two
cyclic products: germacradienol (major product, 85%) and
germacrene D (minor product, 15%). After dissociation from the
N-terminal domain, germacradienol is rebound to the active site
of the C-terminal domain where it is converted to geosmin in a
protonation-dependent cyclization reaction accompanied by the
elimination of acetone through a retro-Prins reaction.28,38

Analysis of the dependence of the ratio of geosmin to
germacradienol on protein concentration has established that
dissociation of the germacradienol intermediate is mandatory,
suggesting that there is no direct channel for the transfer of the
intermediate from the active site of the N-terminal domain to
that of the C-terminal domain.28 This diffusive transfer of the
germacradienol intermediate is reminiscent of the established

mode of transfer of the copalyl diphosphate intermediate
between the class II and class I terpenoid synthase domains of
abietadiene synthase and other labdane synthases.39 The
observed fragmentation chemistry catalyzed by the C-terminal
domain of ScGS is unprecedented in terpenoid cyclase reactions.
Evenmore curious is theMg2+ requirement for catalysis by the C-
terminal domain, because the role for metal ion(s) is unclear in
the absence of an isoprenoid diphosphate substrate; moreover,
the fragmentation reaction does not require inorganic
pyrophosphate.28 These results are supported by experiments
with the individual recombinant N-terminal and C-terminal
domains as well as reconstituted mixtures of the two.28

Because the tandem cyclization−fragmentation reactions
catalyzed by ScGS require two distinct active sites, a unique αα
domain architecture is predicted for ScGS based on primary
structure analysis.28 Although bacterial terpenoid cyclases usually
consist of a single α domain, as first observed for the
sesquiterpene cyclase pentalenene synthase,40 plant cyclases
often include multiple domains. For example, αβ domain
architecture is found in 5-epi-aristolochene synthase from
Nicotiana tabacum,41 and αβγ domain architecture is found in
taxadiene synthase from Taxus brevifolia42 (where α, β, and γ
domains represent distinct folds, as classified by Oldfield43). In
contrast, ScGS is believed to adopt αα domain architecture: the
N-terminal domain and the C-terminal domain are separated by
a 41-residue linker and share 28 and 29% amino acid sequence
identity, respectively, with pentalenene synthase.28,36 Each
domain contains characteristic metal ion-binding motifs of
class I terpenoid cyclases:44 the aspartate-rich motif is found as
D86DHFLE91 and D455DYYP459, and the “NSE/DTE” motif is
found as N229DLFSYQRE237 and N598DVFSYQKE606.
Here, we report the X-ray crystal structure of the unliganded

N-terminal cyclase domain of ScGS and the structure of its
complex with three Mg2+ ions and alendronate. These structures
show that this cyclase domain adopts the characteristic α fold of a
class I terpenoid synthase and also highlight the ligand-induced
conformational changes required for complete active site closure
and catalysis. Although neither full-length ScGS nor constructs of
the C-terminal domain could be crystallized, the C-terminal
domain is also predicted to adopt an α fold homologous to that of

Figure 1. Cyclization sequence catalyzed by bifunctional geosmin synthase from Streptomyces coelicolor (ScGS). The FPP cyclization reaction (black
arrows) is catalyzed by the N-terminal α domain, and the retro-Prins fragmentation reaction (green arrows) is catalyzed by the C-terminal α domain.
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the N-terminal domain based on approximately 36% amino acid
sequence identity between these domains. In the absence of
crystal structure data for the full-length enzyme, small-angle X-
ray scattering (SAXS) experiments with full-length ScGS and a
nearly full-length construct containing residues 1−690 (ScGS690)
suggest possible αα domain architectures that are consistent with
and indeed may facilitate bifunctional catalysis.

■ MATERIALS AND METHODS
Expression and Purification of Full-Length ScGS and

ScGS690. The plasmid encoding full-length ScGS was prepared
previously in the Cane laboratory, and this protein was expressed
and purified as described previously.36 However, we were unable
to crystallize full-length ScGS. Because the last 36 residues were
predicted to be disordered using the DISOPRED server45 and
could possibly hinder crystallization, we prepared a new
construct in which these residues were deleted to yield a 690-
residue protein. This truncated construct was prepared by
polymerase chain reaction (PCR) mutagenesis using forward
primer 5′-GGCATCCTCAACTGGCACCGGTAGTAGCCC-
CGTTACAAGGCCGAGTACC-3′ and reverse primer 5′-
AGGTACTCGGCCTTGTAACGGGGCTACTACCGGTG-
CCAGTTGAGGATGCC-3′ (underlined nucleotides denote
the mutagenic codons). PCR products were purified by gel
electrophoresis and extracted according to the manufacturer’s
instructions (QIAGEN, QIAQuick Gel Extraction Kit). Purified
PCR products were digested with DpnI at 37 °C for 1 h,
transformed into XL1-Blue Escherichia coli, and plated on
Lysogeny Broth (LB) agar medium typically containing 50 μg/
mL ampicillin. Single colonies were used to inoculate 5 mL
cultures of LB medium with antibiotic (50 μg/mL ampicillin).
These 5 mL cultures were grown overnight (16−18 h) at 37 °C
with 250 rpm shaking and pelleted by centrifugation (∼4000g for
20 min at 4 °C), and plasmid DNA was extracted using a
QIAGEN QIAprep Spin Miniprep Kit. The plasmid was
confirmed to encode the desired 690-residue protein by
sequencing at the DNA Sequencing Facility at the Perelman
School of Medicine of the University of Pennsylvania.
A His6 tag was added to the C-terminus of this protein to

facilitate its purification. Thus, although 36 residues were deleted
from the C-terminus of full-length ScGS, eight residues were
added to the C-terminus of this construct (the His6 motif and a
two-residue linker) such that the ScGS690 construct has a net loss
of 28 residues from the C-terminus. PCR amplification (using
PfuUltra DNA polymerase and 7% dimethyl sulfoxide) of an
NdeI−KpnI fragment was conducted using forward primer 5′-
GCAGCAGCACATATGACGCAACAGCCCTTCCAACTC-
CCGCAC-3′ and reverse primer 5′-GCAGCAGCAGGTACC-
CCGGTGCCAGTTGAGGATGCCGGC-3′ (underlined nu-
cleotides denote restriction sites for NdeI and KpnI,
respectively). The PCR-amplified insert was purified by agarose
gel electrophoresis and extracted. The insert was digested with
NdeI and KpnI at 37 °C for 3 h, gel purified, and extracted to
prepare the final insert fragment for ligation.
A variant of the pET22b vector (pET22bMV, Novagen) was

used for ligation. A KpnI restriction site immediately upstream of
the C-terminal His6 tag was created using PCRwith the following
forward and reverse mutagenic primers: 5′-CGTCGACAAGC-
TTGCGGCCGCAGGTACCCACCACCACCACCACCACT-
GAG-3′ and 5′-CTCAGTGGTGGTGGTGGTGGTGGGTA-
CCTGCGGCCGCAAGCTTGTCGACG-3′ (underlined nu-
cleotides denote the restriction site for KpnI). The vector was
digested withNdeI, KpnI, and calf intestinal alkaline phosphatase

at 37 °C for 3 h, gel purified, and extracted. The insert and vector
were ligated using DNA ligase with 1:1, 2:1, and 5:1 insert:vector
molar ratios at 15 °C overnight. Ligation products were
transformed into XL1-Blue E. coli and plated on LB agar
medium containing 50 μg/mL ampicillin. Single colonies were
used to inoculate 5 mL cultures of LB media with antibiotic (50
μg/mL ampicillin), and plasmid DNA was extracted from the
overnight cultures. DNA sequencing confirmed that the protein
encoded by this plasmid, ScGS690, included residues 1−690 of
ScGS and a C-terminal His6 tag to facilitate purification.
This plasmid was transformed into BL21(DE3)pLysS E. coli,

and cells were plated on LB agar medium containing 34 μg/mL
chloramphenicol and 100 μg/mL ampicillin. Single colonies
were used to inoculate 5 mL cultures of LB medium with
antibiotic (34 μg/mL chloramphenicol and 50 μg/mL
ampicillin). These 5 mL cultures were grown overnight (16−
18 h) at 37 °C with 250 rpm shaking. Overnight cultures were
used to inoculate 1 L cultures of LB medium with antibiotic (34
μg/mL chloramphenicol and 50 μg/mL ampicillin). These 1 L
cultures were grown at 37 °C with 250 rpm shaking until the
OD600 reached 0.5−0.8. Cultures were cooled to 18−20 °C and
induced with 1 mL of 1M isopropyl β-D-1-thiogalactopyranoside
(IPTG). Induction continued overnight at 18−20 °C with 250
rpm shaking.
Cells were harvested by centrifugation (4200g for 10 min at 4

°C) and resuspended in buffer A [50 mM Tris (pH 8.2), 50 mM
NaCl, 5 mMMgCl2, 20% glycerol, and 5 mM β-mercaptoethanol
(BME)] with protease inhibitor cocktail added. Cells were lysed
by sonication, and the cell lysate was clarified by centrifugation
(30000g for 1 h at 4 °C). The supernatant was loaded onto a Ni-
IDA affinity column that had been equilibrated with buffer A.
The column was washed with a 90% buffer A/10% buffer B [50
mM Tris (pH 8.2), 50 mM NaCl, 5 mM MgCl2, 250 mM
imidazole, 20% glycerol, and 5 mM BME] mixture, and protein
was eluted with a 20% buffer A/80% buffer B mixture. Protein
purity was assessed by sodium dodecyl sulfate−polyacrylamide
gel electrophoresis (SDS−PAGE). Unfortunately, we were
unable to crystallize ScGS690, so we resorted to proteolytic
treatment to generate a protein sample that would crystallize.

Limited Proteolysis of ScGS690. Fractions containing
ScGS690 were concentrated to 1 mg/mL and subjected to limited
proteolysis by proteinase K using the following conditions:
1:1000 protease:substrate ratio in the presence of 5 mM CaCl2
and incubation at room temperature for 30 min. The proteolysis
reaction was quenched with 5 mM phenylmethanesulfonyl
fluoride. The limited proteolysis mixture was concentrated to
approximately 5 mL by centrifugation and loaded onto a
Superdex-200 size exclusion column that had been equilibrated
with size exclusion chromatography buffer [25 mM Tris (pH
8.2), 5 mM MgCl2, and 5 mM BME]. Two protein peaks were
observed on the size exclusion chromatogram, corresponding to
the molecular weight of a complex of two domains, and the
molecular weight of a single domain. Fractions containing these
two species were separated and concentrated to approximately
10 mg/mL. The protein purity was assessed by SDS−PAGE.

Expression and Purification of the N-Terminal Domain,
ScGS366. Plasmid pRW22, containing ScGS residues 1−366
cloned into pET-21d, was prepared as previously described.28

Plasmid pRW22 was transformed into BL21(DE3)pLysS E. coli
cells, and the transformants were plated on LB agar medium
containing 34 μg/mL chloramphenicol and 100 μg/mL
ampicillin. Cell colonies were used to inoculate four 5 mL
cultures of LB medium and antibiotic (34 μg/mL chloramphe-

Biochemistry Article

DOI: 10.1021/acs.biochem.5b01143
Biochemistry 2015, 54, 7142−7155

7144

http://dx.doi.org/10.1021/acs.biochem.5b01143


nicol and 100 μg/mL ampicillin) that were grown to saturation
overnight at 37 °C with 250 rpm shaking. Overnight cultures
were used to inoculate four 250 mL cultures of LB medium and
antibiotic (34 μg/mL chloramphenicol and 100 μg/mL
ampicillin) that were grown at 37 °C with 250 rpm shaking
until the OD600 reached approximately 0.5. Protein expression
was induced by the addition of 100 μL of 1 M IPTG and allowed
to continue overnight at 25 °C.
Cells were harvested by centrifugation at 6100g for 15 min and

resuspended in lysis buffer [50 mM Bis-tris (pH 7.0), 20%
glycerol, and 10 mM BME] with a protease inhibitor cocktail
tablet added. The cells were lysed by sonication and then
centrifuged at 57400g and 4 °C for 1 h. Following centrifugation,
the supernatant was passed through a 0.22 μm filter and then
loaded onto a Q-Sepharose anion exchange column that had
been equilibrated with buffer C [50 mM Bis-tris (pH 6.95), 20%
glycerol, 5 mM MgCl2, 10 mM BME, and 50 mM NaCl]. After
being washed with 50 mL of buffer C, the protein was eluted with
a 375 mL linear gradient of buffer C to buffer D [50 mM Bis-tris
(pH 6.95), 20% glycerol, 5 mM MgCl2, 10 mM BME, and 500
mM NaCl]. Fractions containing ScGS366, as determined by
SDS−PAGE, were collected, and ammonium sulfate was added
to a final concentration of 1.5 M. The solution was passed
through a 0.22 μm filter and loaded onto a methyl column that
had been equilibrated in buffer E [50mMBis-tris (pH 6.95), 20%
glycerol, 5 mM MgCl2, 10 mM BME, and 1.5 M ammonium
sulfate]. After being washed with 250 mL of buffer E, the protein
was eluted using a 150 mL linear gradient from buffer E to buffer
F [50 mMBis-tris (pH 6.95), 20% glycerol, 5 mMMgCl2, and 10
mM BME]. The purest fractions, as determined by SDS−PAGE,
were pooled, concentrated to approximately 5 mL by ultra-
filtration over a YM-10 membrane, and loaded onto a Superdex-
200 size exclusion column that had been equilibrated in buffer G
[25 mM Tris (pH 8.2), 5 mM MgCl2, and 10 mM BME]. The
purest fractions, as determined by SDS−PAGE, were collected
and concentrated by ultrafiltration over a YM-10 membrane. A
Bradford assay was conducted to determine the final protein
concentration, and aliquots of 5−15 mg/mL ScGS366 were
prepared for crystallization trials.
Expression Attempts with the C-Terminal Domain of

ScGS. Three constructs containing varying segments of the C-
terminal domain of ScGS were prepared, each with a C-terminal
His6 tag: (1) residues 390−690, (2) residues 327−690, and (3)
residues 327−726. Plasmids containing these constructs were
transformed into BL21(DE3)pLysS E. coli and expressed as
described above for ScGS690, except that 400 μL of 1.0 M IPTG
was used for induction. We attempted to purify these constructs
by Ni-IDA affinity chromatography as with ScGS690 but found
that no expressed protein was in the soluble fraction of the lysate.
It was determined that these C-terminal domain constructs were
expressed primarily in inclusion bodies.
X-ray Crystal Structure Determinations. For ScGS690

after limited proteolysis, fractions from the size exclusion column
containing two-domain and single-domain proteins were isolated
and used for separate crystallization trials using the sitting drop
vapor diffusion method. Only single-domain protein samples
yielded crystals. Typically, a 0.6 μL drop of protein solution [7
mg/mL protein, 25 mM Tris (pH 8.2), 5 mM MgCl2, 10 mM
BME, and 1.5 mM sodium alendronate] was added to a 0.6 μL
drop of precipitant solution [0.2 M sodium acetate trihydrate
(pH 7.0) and 20% (w/v) polyethylene glycol 3350] and
equilibrated against a 100 μL reservoir of precipitant solution
at room temperature. Crystals formed from these conditions

contained only the N-terminal domain of ScGS, residues 1−338,
as confirmed by mass spectrometry. Hence, this protein was
designated ScGS338. Crystals of ScGS338 belonged to space group
P43212 (a = b = 67.2 Å, c = 345.4 Å, and α = β = γ = 90°) with two
molecules in the asymmetric unit. These crystals diffracted X-rays
to 2.11 Å resolution at the National Synchrotron Light Source,
beamline X-29, Brookhaven National Laboratory (Upton, NY).
For ScGS366, the hanging drop vapor diffusion method was

used for crystallization. A 2.0 μL drop of protein solution [5−15
mg/mL protein, 25mMTris (pH 8.2), 5 mMMgCl2, and 10mM
BME] was added to a 2.0 μL drop of precipitant solution [0.1 M
Tris (pH 8.2), 0.5MMgCl2, and 28% PEG 400] and equilibrated
against a 1 mL reservoir of precipitant solution at 4 °C. Showers
of needles, approximately 0.005 mm × 0.005 mm × 0.040 mm,
appeared in less than a week. X-ray diffraction data were collected
from single needles using a 20 μmwide beam at the Northeastern
Collaborative Access Team beamline 24-ID-E, Advanced Photon
Source, Argonne National Laboratory (Argonne, IL). Crystals
belonged to space group P43212 (a = b = 76.8 Å, c = 130.6 Å, and
α = β = γ = 90°) with one molecule in the asymmetric unit and
initially diffracted X-rays to 2.4 Å resolution.
Data collection from ScGS366 needles was hindered by rapid

crystal decay in the X-ray beam, even when crystals were frozen
in liquid nitrogen. High-resolution X-ray diffraction disappeared
after irradiation of the ScGS366 needle crystals for just a few
seconds. To produce the most complete data set of reflections
achievable (88.7% complete overall, 77.6% complete in the
highest-resolution shell), X-ray diffraction was recorded from
several positions along the long axis of individual ScGS366 needle
crystals and then merged with diffraction data from crystals
looped in different orientations. While the Rmerge for the data is
relatively high (Rmerge = 0.201 overall), the reflections exhibit a
strong signal-to-noise ratio (I/σ = 4.00 in the highest-resolution
shell) and are internally consistent as judged by CC1/2 (CC1/2 =
0.896 in the highest-resolution shell), a metric that is considered
superior to Rmerge in assessing data quality.46,47

X-ray diffraction data sets were indexed, integrated, and scaled
using HKL2000.48 The crystal structure of ScGS366 was
determined by molecular replacement using the program
phenix.mr_rosetta49 with a model of pentalenene synthase40

edited to match the ScGS366 sequence and refined with Rosetta
prior to rotation and translation function calculations. For the
liganded ScGS338 structure crystallized after limited proteolysis,
the lower-resolution ScGS366 structure was used as a search
model. Manual model building and refinement were performed
with COOT and PHENIX, respectively.50,51 Structure validation
of each final model was performed using MolProbity.52 Data
collection and refinement statistics for the unliganded and
liganded structures of the N-terminal domain of ScGS are listed
in Table 1. Disordered segments characterized by uninterpret-
able broken or missing electron density were excluded from the
final models. In the structure of the ScGS338−Mg2+3−
alendronate complex, these segments included D116−A119; in
the structure of unliganded ScGS366, these segments included
D116−M121 and S167−A175.

Homology Modeling. Four online servers were used to
create homology models of the C-terminal domain of ScGS:
SWISS-MODEL,53 I-TASSER,54 Phyre2,55 and HHPred/
MODELLER.56,57 For all models, residues G374−H698 (as
expressed in the ScGS690 construct containing a C-terminal His
tag) or the full-length C-terminal domain (residues G374−
H726) were provided as the sequences to be modeled. For I-
TASSER, Phyre2, and HHPred/MODELLER, no template was
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specified for modeling. Phyre2 created one ScGS C-terminal
domain model using chain A of selinadiene synthase [Protein
Data Bank (PDB) entry 4OKM]58 as a structural template. I-
TASSER created three different ScGS C-terminal models using
threading templates identified by LOMETS59 with the highest
significance; the top 10 threading alignments included structures
of epi-isozizaene synthase (PDB entries 3KB9 and 4LTV),60,61

chain A of selinadiene synthase (PDB entry 4OKM),58 chain A of
hedycaryol synthase (PDB entry 4MC3),62 and chain B of
N219L pentalenene synthase (PDB entry 1HM7).63 HHPred
performed a multiple-sequence alignment, and MODELLER
created one ScGS C-terminal domain model using chain A of
hedycaryol synthase (PDB entry 4MC3)62 as a template. When
chain A of the ScGS338 structure was specified as a template, I-
TASSER and SWISS-MODEL created a sixth and seventh ScGS
C-terminal domain model. For homology modeling of the full-
length C-terminal domain (residues G374−H726), I-TASSER
created five homology models based on chain A of the ScGS338

structure as a template. These models corresponded to the five
largest clusters of predicted structures generated by I-TASSER.
For all C-terminal domain homologymodels, significant errors

in geometry (e.g., clashes, poor rotamers, poor Ramachandran
angles, and cis-peptide linkages) were detected by MolProbity.
Phenix was used to normalize the geometry of these models
using the program phenix.geometry_minimization.51 MolPro-
bity was then used to assess the quality of each model. The side
chains of certain asparagine, glutamine, and histidine residues
were flipped as recommended to optimize hydrogen bond
interactions. Final models were evaluated on the basis of their
MolProbity statistics. We judged the C-terminal domain models
generated by I-TASSER, with the N-terminal domain serving as a
template, as the best models. The two C-terminal domain
homology models, one based on the truncated construct ScGS690
and the other based on full-length ScGS, were used in rigid body
modeling with small-angle X-ray scattering data.

Small-Angle X-ray Scattering (SAXS). Samples of ScGS690
after Ni-IDA purification were used for macromolecular SAXS
experiments at the Stanford Synchrotron Radiation Lightsource
(SSRL), beamline 4-2. Protein samples were concentrated to 21
mg/mL, flash-cooled in liquid nitrogen, and shipped to the
beamline on dry ice. Aggregation was observed upon thawing at
the beamline; samples were centrifuged to pellet the aggregated
protein, and the supernatant was used for SAXS experiments.
Protein samples were run on a Superdex 200 PC3.2 column (GE
Healthcare) in SAXS buffer [25mMTris (pH 8.2), 5mMMgCl2,
and 5 mM dithiothreitol] in the FPLC-coupled solution SAXS
system. X-ray exposure times of 1.0 s were used throughout the
data collection. Scattering curves were corrected using scattering
data from the size exclusion chromatography effluent as
background. PRIMUS was used to analyze the scattering curve,
Guinier plot, Kratky plot, and Porod−Debye plot and to
calculate the radius of gyration (Rg) and Porod volume for each
data set.64 GNOM was used to calculate the pair distribution
function, P(r), and to estimate the maximal dimension (Dmax) for
the scattering particle.65 Molecular envelopes for the scattering
particles were generated using the ShapeUp server.66

Samples of full-length ScGS were used for macromolecular
SAXS experiments at SIBYLS beamline 12.3.1, Advanced Light
Source, Lawrence Berkeley National Laboratory (Berkeley, CA).
Samples of full-length ScGS were analyzed at three concen-
trations (2, 5, and 10 mg/mL) in a 96-well plate and shipped to
the beamline at 4 °C. At the beamline, SAXS data for each sample
were collected at exposure times of 0.5, 1.0, 2.0, and 4.0 s. The
scattering curves for each sample were corrected for background
by subtracting the scattering curve of the reference buffer. A
merged data set for a sample of full-length ScGS at 10 mg/mL
was created by combining the scattering at low q from the 0.5 s
exposure scattering curve, and the scattering at high q from the
2.0 s exposure scattering curve. Data analysis was performed as
described above for SAXS experiments with ScGS690. Data
collection statistics for all SAXS experiments are listed in Table
S1 of the Supporting Information.

SAXS Rigid Body Modeling of the ScGS338 Dimer.
Because the structure of liganded ScGS338 contains a dimer in the
asymmetric unit, this αα quaternary structure was used as a
starting point for fitting the αα tertiary structure of ScGS690 into
the molecular envelope calculated from SAXS data. The
scattering profile for the ScGS338 dimer calculated with the
FoXS server67 was compared to the experimental scattering
profile of ScGS690 and the two-domain complex resulting from
limited proteolysis using the FoXS χ value. Manual rotation of

Table 1. Data Collection and Refinement Statistics

unliganded
ScGS366

liganded
ScGS338

Data Collection
resolution limits (Å) 34.3−3.20 48.2−2.11
no. of reflections measured (total/
unique)

22930/6094 567185/46408

space group P43212 P43212
unit cell [a, b, c (Å)] 76.8, 76.8, 130.6 67.2, 67.2, 345.4
Rmerge

a,b 0.201 (0.326) 0.145 (0.918)
I/σ(I)a 6.99 (4.00) 14.64 (1.68)
completeness (%)a 88.7 (77.6) 98.8 (98.6)
CC1/2 0.969 (0.896) 0.791 (0.391)

Refinement
no. of reflections used in refinement/
test set

10938/534 43984/2282

Rwork
a,c 0.240 (0.292) 0.207 (0.301)

Rfree
a,c 0.288 (0.317) 0.250 (0.352)

no. of protein atomsd 2353 5099
no. of ligand atomsd 0 28
no. of Mg2+ ionsd 0 6
no. of solvent atomsd 6 145
root-mean-square deviation

bonds (Å) 0.002 0.006
angles (deg) 0.7 0.9

average B factor (Å2) 43 44
main chain 44 43
side chain 43 45
ligand − 37
solvent 14 44

Ramachandran plot (%)e

allowed 94.7 92.7
additionally allowed 5.3 7.0
generously allowed 0.0 0.4
disallowed 0.0 0.0

aNumbers in parentheses refer to values for the highest-resolution
shell of data. bRmerge for replicate reflections. R = ∑|Ih − ⟨Ih⟩|/∑⟨Ih⟩,
where Ih is the intensity measure for reflection h and and ⟨Ih⟩ is the
average intensity for reflection h calculated from replicate data. cRwork =
∑||Fo| − |Fc||/∑|Fo| for reflections contained in the working set. Rfree =
∑||Fo| − |Fc||/∑|Fo| for reflections contained in the test set held aside
during refinement (5% of total). |Fo| and |Fc| are the observed and
calculated structure factor amplitudes, respectively. dPer asymmetric
unit. eEvaluated with PROCHECK.
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the twomolecules of ScGS338 was guided by visual inspection and
fit within the molecular envelope calculated by the ShapeUp
server;66 the FoXS χ value was used to score the fits of the
different poses of the subunits obtained bymanual rotation to the
experimental scattering profile.
SAXS Rigid Body Modeling of the ScGS338 Monomer

with Homology Models of the ScGS C-Terminal Domain.
The unliganded and liganded structures of the N-terminal
domain of ScGS were each paired with the seven homology
models of the C-terminal domain of ScGS, resulting in 14
combinations representing possible models for the association of
the N-terminal domain and the C-terminal domain in the full-
length protein. Each of the 14 domain pairs was modeled against
the small-angle X-ray scattering curve for ScGS690 using the web
service CORAL;68 this process created 14 models for the
association of the N- and C-terminal domains, with a linker of the
appropriate length modeled as “dummy” residues connecting the
two domains. This linker was manually deleted in the coordinate
file, and the resulting coordinate file was compared to the
scattering curve of ScGS690 with the ShapeUp server66 and the
FoXS server67 in the same manner as described above for the
ScGS338 dimer. The FoXS χ value was used to score each model
against the SAXS data measured from ScGS690. The two-domain
models containing the unliganded and liganded N-terminal
domain, each paired with the ScGS690 C-terminal domain
homology model from I-TASSER, were used for further analysis.
To model ScGS from SAXS data collected from the full-length

enzyme, the unliganded and liganded N-terminal domain
structures were each paired with the full-length C-terminal

domain homology model from I-TASSER and modeled into the
SAXS data using CORAL68 in the same manner as described
above. These two full-length ScGS models were similarly
analyzed and evaluated using the FoXS χ value.

■ RESULTS
Crystal Structure of the ScGS338−Mg2+

3−Alendronate
Complex. The N-terminal cyclase domain of ScGS resulting
from proteolytic treatment of ScGS690, designated ScGS338,
adopts the α-helical class I terpenoid synthase fold as first
observed in the crystal structure of avian farnesyl diphosphate
synthase.69 It is designated as the “α fold” by Oldfield,43 and its
key features include characteristic metal ion-binding motifs
D86DHFLE91 and N229DLFSYQRE237 in which underlined
residues coordinate to a cluster of three Mg2+ ions in complex
with the bisphosphonate inhibitor alendronate (Figure 2;
alendronate is formulated as the drug Fosamax used to treat
osteoporosis70). Water molecules complete octahedral coordi-
nation polyhedra for all three Mg2+ ions. In addition to metal ion
coordination, the bisphosphonate moiety is also stabilized by
hydrogen bonds with R184, R236, R325, and Y326. Thus, three
metal ions, three basic residues, and the phenolic hydroxyl group
of a tyrosine stabilize the anionic bisphosphonate moiety. These
interactions are also expected to accompany the binding of the
diphosphate group of substrate FPP.
Interestingly, in other cyclase structures, the three basic

residues that donate hydrogen bonds to the substrate
diphosphate group comprise a combination of arginine and
lysine side chains.44 However, in ScGS338, the three basic residues

Figure 2. (A) Simulated annealing omit maps of the Mg2+ ions (magenta map, contoured at 2.5σ) and the bisphosphonate inhibitor alendronate (gray
map, contoured at 2.5σ) bound in the active site of the N-terminal domain construct ScGS338 (structure determined at 2.11 Å resolution). Alendronate
atoms are color-coded as follows: green for C, blue for N, red for O, and yellow for P.Metal ligands in the aspartate-rich segment (red) on helix D and the
NSE segment (orange) on helix H are labeled. (B) Metal coordination interactions (solid lines) and hydrogen bond interactions (dashed lines) in the
ScGS338−Mg2+3−alendronate complex. Atoms are color-coded as follows: red for C in the aspartate-rich metal-binding motif, orange for C in the NSE
metal-binding motif, cyan for C in the diphosphate recognition motif, and green for C in alendronate, blue for N, red for O, and yellow for P. Mg2+ ions
are shown as large magenta spheres and water molecules as small red spheres.
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are all arginine side chains. Additionally, in some but not all
cyclase active sites, there is a tyrosine that donates a hydrogen
bond to a diphosphate oxygen of inorganic pyrophosphate (PPi)
or a similar anionic ligand such as a bisphosphonate.44 In addition
to providing a sufficient driving force to trigger FPP ionization,
these hydrogen bond interactions along with metal coordination
interactions help maintain the active site in a closed
conformation, inaccessible to bulk solvent, for the duration of
the cyclization cascade. As a consequence, carbocation
intermediates in catalysis are thereby protected from premature
quenching by bulk solvent.
The pendant propylamino group of alendronate binds in the

predominantly nonpolar region of the active site, along with eight
solvent molecules. While the pKa of this amino group is
approximately 10.9 in aqueous solution,70 this pKa may be
sufficiently perturbed by the hydrophobic environment so that
the amino group is not protonated in the bound complex. The
amino group donates a hydrogen bond to the backbone carbonyl
oxygen of V82. It is interesting to note that four aromatic residues
contribute significant surface area to the active site contour: F83,
W192, F221, and W312. Although these residues may stabilize
carbocation intermediates in catalysis through cation−π
interactions, they are not sufficiently well oriented to similarly
stabilize the buried propylamino group of alendronate.
The ScGS338−Mg2+3−alendronate complex crystallizes with

an isologous dimer in the asymmetric unit. Accordingly, the
active sites of the two protein molecules are oriented in an
antiparallel fashion. Single-α domain terpenoid synthases
generally crystallize as monomers or dimers; those that crystallize
as dimers usually contain monomers oriented in an antiparallel
fashion, as observed here. Occasionally, dimers comprised of
parallel monomers are observed, for example, in the crystal
structures of avian farnesyl diphosphate synthase69 or methyl
isoborneol synthase from S. coelicolor.71 Assembly of the ScGS338
dimer buries a total of 819 Å2 of surface area, and the dimer
interface is mainly comprised of helices G1, H1, α-1, and I. Dimer
assembly is most similar to that observed in pentalenene
synthase.
In terms of primary structure, the N-terminal domain of ScGS

is most similar to hedycaryol synthase (27% identical and 36%
similar sequence).62 Pentalenene synthase,40 while having a
slightly lower level of sequence identity (26%) with the N-
terminal domain of ScGS, has a higher level of sequence
similarity (41%). ScGS338 has a helix topology nearly identical to
that found in the structures of pentalenene synthase and epi-
isozizaene synthase (EIZS).40,60 Nonetheless, the tertiary
structure of ScGS338 most closely resembles that of selinadiene

synthase58 (25% identical and 38% similar; PDB entry 4OKZ)
based on analysis with Dali.72 The root-mean-square deviation
(rmsd) of 275 Cα atoms between ScGS338 and selinadiene
synthase is 1.6 Å (as calculated with Coot), indicating a closer
structural match than ScGS338 with 275 Cα atoms of pentalenene
synthase (2.1 Å), 293 Cα atoms of EIZS (2.0 Å), or 267 Cα
atoms of hedycaryol synthase (2.6 Å), even though ScGS338 has a
slightly higher level of sequence identity with these three
enzymes than with selinadiene synthase. It is noteworthy that the
three-dimensional structures of selinadiene synthase and the N-
terminal domain of ScGS, each of which catalyzes the 1,10-
cyclization of FPP to yield a (E,E)-germacradienyl cation
intermediate, are more similar to each other than to structures
of enzymes that catalyze alternative cyclization reactions. For
example, pentalenene synthase catalyzes an initial 1,11-ring
closure reaction of FPP, while EIZS and hedycaryol synthase
catalyze net 1,6- and 1,10-ring closure reactions, respectively, of
the rearranged intermediate nerolidyl diphosphate. Evidently,
similarities in tertiary structure rather than primary structure
more accurately indicate similar template functions that
determine the manner by which these enzymes enforce the
initial cyclization of FPP.
There are also notable distinctions between the quaternary

structures of these cyclases. Selinadiene synthase crystallizes as a
tetramer, or a dimer of parallel dimers, in the asymmetric unit.
EIZS forms crystallographic dimers that are oriented in an
antiparallel fashion, but the crystallographic dimer interface
differs from that of the ScGS338 dimer. Pentalenene synthase
appears to be most similar to ScGS338, as it crystallizes as a dimer
in the asymmetric unit. The ScGS338 dimer is reminiscent of the
pentalenene synthase dimer, as both structures have a quasi-
antiparallel orientation of subunits and share a similar dimer
interface along helices H and I.

Crystal Structure of Unliganded ScGS366. Crystals of the
unligandedN-terminal cyclase domain ScGS366 were very poor in
quality, as summarized in Materials and Methods. Crystals
formed as very small needles, approximately 0.005 mm × 0.005
mm × 0.040 mm. X-ray diffraction data collected from these
crystals were not highly complete, mainly because of rapid crystal
decay in the X-ray beam. However, X-ray diffraction data
collected from several crystals could be merged together with
reasonably good agreement (CC1/2 = 0.896 in the highest-
resolution shell) to create a data set of reflections with 88.7%
overall completeness. These data were sufficiently useful to
determine a moderate 3.2 Å resolution structure of the
unliganded N-terminal domain of ScGS to facilitate analysis of
structural differences with the liganded enzyme. The ScGS366

Figure 3. Electron density map calculated with Fourier coefficients 2|Fo|− |Fc| contoured at 1.0σ showing the active site cleft of unliganded ScGS366 at 3.2
Å resolution. Selected residues in the aspartate-rich and NSE metal-binding motifs are indicated (in the absence of bound Mg2+ ions, the side chain of
E237 is disordered and hence truncated at Cβ). Despite technical challenges with crystal decay, refinement yielded a reasonable structure illustrating the
open active site conformation of the cyclase.
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model was refined to Rwork and Rfree values of 0.240 and 0.288,
respectively. A representative electron density map of the
unliganded metal-binding motifs D86DHFLE91 and N229DLFS-
YQRE237 is shown in Figure 3.
The overall structure of unliganded ScGS366 is similar to that of

ScGS338 in its complex with three Mg2+ ions and alendronate,
with an rmsd of 1.2 Å for 301 Cα atoms. However, in comparison
with the liganded structure, notable conformational changes that
reflect active site closure upon ligand binding are evident (Figure
4). Specifically, most of the helices shift 2−3 Å inward toward the

active site upon ligand binding; in particular, helix D, bearing the
aspartate-rich motif, moves closer to helix H to optimize the
geometry for coordination of Mg2+A and Mg2+C by D86. In
contrast, metal-coordinating residues in the “NSE”motif on helix
H adopt nearly identical conformations in the liganded and
unliganded structures, so the Mg2+B-binding site is essentially
preformed for function. The most significant structural change
upon ligand binding is the disorder−order transition for N168−
A175 in helix F. This conformational transition contributes
significant surface area to the enclosed active site contour and
serves to fully close the active site during catalysis.
A significant conformational change in ligand-binding residues

R325 and Y326 is also observed upon binding of the ligand to
ScGS338. While these residues are oriented away from the active
site in the unliganded state and make crystal contacts with E182
from a neighboring protein molecule, these residues both donate
hydrogen bonds to the bisphosphonate moiety of alendronate in
the liganded structure. These conformational changes are similar
to those observed upon binding of the ligand to EIZS.60 In the
structure of EIZS complexed with Mg2+3-PPi and the
benzyltriethylammonium cation, conserved residues R338 and
Y339 donate hydrogen bonds to the PPi anion. By contrast, in
structures of unliganded EIZS, these residues either are
disordered and not observed in the electron density or are
flipped outward, away from the active site, similar to the
unliganded structure of ScGS366. Other conformational changes
generally observed upon binding of the ligand to class I terpenoid
cyclases, such as the ordering of the H−α-1 loop, α-1 helix, and
the J−K loop (observed in EIZS), are not observed upon binding
of the ligand to ScGS. Both the H−α-1 loop and the α-1 helix are
ordered and in very similar positions in the structures of
unliganded ScGS366 and liganded ScGS338. Electron density for
the J−K loop is observed for almost identical portions of the
sequence of ScGS in the unliganded and liganded structures (to
K329 in the liganded structure and to N328 in the unliganded
structure); in fact, helix J is slightly longer in the unliganded

structure, whereas the corresponding sequence uncoils to form
the J−K loop in the liganded structure.

Homology Model of the C-Terminal Fragmentation
Domain. Homology models of the C-terminal domain of ScGS
based on the ScGS690 truncation calculated by SWISS-MODEL,
I-TASSER, Phyre2, and HHPred/MODELLER are similar to
one another (Figure S1 of the Supporting Information), with
pairwise rmsds ranging from 0.8 to 3.4 Å for 252−317 Cα atoms.
Homology models of the full-length C-terminal domain
calculated by I-TASSER are also similar (Figure S2 of the
Supporting Information), with pairwise rmsds ranging from 1.2
to 2.3 Å for 267−311 Cα atoms.
The α-helical topology of each model based on the ScGS690

truncation is nearly identical to that of ScGS338, as expected on
the basis of the approximately 36% amino acid sequence identity
between the N-terminal and C-terminal domains. However,
some minor differences are observed. Of the seven homology
models calculated, additional, short α-helices are predicted in the
N-terminal segment preceding helix A (one model), loop
segments that connect helices A and B (one model), helices D
and E1 (two models), helices G2 and H (five models), helices I
and J (twomodels), and the C-terminal segment following helix J
(three models). Some helices present in ScGS338 are absent in the
SWISS-MODEL homology model (helix C), or shorter in the
HHPred/MODELLER model (helix H). Helix D is shorter in
several of the models (three models generated by I-TASSER
without using a template, one model generated by HHPred/
MODELLER, and one model generated by Phyre2); con-
sequently, the aspartate-rich metal-binding motif is located at the
beginning of a loop segment in these models. In the SWISS-
MODEL homology model, helix J is broken into three shorter α-
helices connected by loop segments.
Following energy minimization using subroutines in PHE-

NIX51 and evaluation with MolProbity,52 we judged the
homology model generated by I-TASSER using the structure
of ScGS338 as a template as the highest-quality model based on
molecular geometry statistics (Figure 5A). This model comprises
a general reference point for understanding structure−activity
relationships. Intact metal-binding motifs are located at the
mouth of the active site: the aspartate-rich segment D455DYYP459

on helix D and the NSE motif N598DVFSYQKE606 on helix H.
Although the aspartate-richmotif lacks the third aspartate residue
that typically characterizes this motif, only the first aspartate
coordinates to Mg2+ ions in the crystal structure of ScGS338, so
this could also be the case for D455 in the C-terminal domain.
On the other hand, one or both aspartates of the D455DYYP459

motif may well play a mechanistically distinct role as a general
acid for proton-initiated cyclization of the rebound germacra-
dieniol intermediate, as discussed below.
Because I-TASSER yielded what we judged to be the best

homology model of the C-terminal domain based on the
truncated construct ScGS690, we also used I-TASSER exclusively
to generate five homology models of the full-length C-terminal
domain. These models correspond to the five largest clusters of
structures predicted by I-TASSER, and these models were
similarly evaluated and optimized using MolProbity and
PHENIX. Each model exhibits an α-helical topology similar to
that of ScGS338, with minor differences: additional, short α-
helices are predicted in N-terminal segment before helix A (one
model), loop segments that connect helices G2 and H (four
models), and the C-terminal segment after helix J (three
models). In one of these models (model 5), helix I is shorter than
in ScGS338 and an additional α-helix is inserted between helices I

Figure 4. Comparison of unliganded and liganded N-terminal domain
structures of ScGS reveals conformational changes that accompany
active site closure triggered by the binding of three Mg2+ ions and
alendronate. These conformational changes are also expected to
accompany the binding of three Mg2+ ions and substrate FPP.
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and J. Two of the α-helices found in ScGS338 are broken into two
α-helices in the full-length C-terminal domain homologymodels:
helix J (model 3) and helix D (model 1 and model 4).
Consequently, the aspartate-rich motif of model 1 is partially
located on a loop segment at the break in helix D. Of the five
models generated, we judged model 1 to be the best based on
MolProbity statistics (Figure 5B). This model contains two
additional short α-helices when compared with ScGS338, lying in
the loop segment between helices G2 and H and in the C-
terminal segment after helix J, near the very end of the sequence
(P722−T725). The break in helix D noted above causes the
aspartate-rich motif of model 1 to lie partially on a loop segment
at this break. The presence or absence of the 28-residue C-
terminal segment does not appear to significantly impact the
overall structure prediction, as might be expected for a
disordered segment.
In the homology models of the C-terminal domain based on

full-length ScGS or the truncated ScGS690 construct, the
chemical nature of the active site pocket is mainly nonpolar, as
observed for ScGS338. The ring faces of two aromatic residues
(F556 andW688) in part define the active site contour, and these
residues could potentially stabilize carbocation intermediate(s)
in the cyclization cascade through cation−π interactions. Some
partially polar residues are located in the active site pocket
(C428, T452, and T561), but it is not clear that these residues
could serve as general base/general acid residues in the retro-
Prins fragmentation reaction catalyzed in this domain.
Low-Resolution SAXS Structures of ScGS690 and Full-

Length ScGS. Hypothesizing that the predicted disorder of the
C-terminus of ScGS hindered crystallization of the full-length
protein, we prepared the truncated construct ScGS690 and used it
for crystallization trials. Gas chromatographic−mass spectro-
metric analysis of cyclization products indicated that deletion of
36 residues from the C-terminus of ScGS and replacement with a

His6 tag abolished catalytic activity in the C-terminal domain: the
ScGS690 construct generated increased concentrations of
germacradienol (the cyclization product of the N-terminal
domain) but no geosmin (data not shown). Thus, even though
the C-terminus of ScGS is most likely disordered, it is absolutely
required for catalytic activity in the C-terminal domain. Even so,
both ScGS690 and full-length ScGS proved to be excellent
samples for small-angle X-ray scattering (SAXS) measurements.
SAXS data collected for ScGS690 and full-length ScGS show

that both proteins are well-folded and monodisperse in solution,
and scattering in the Guinier region is linear (Figures 6 and 7;

structural parameters are listed in Table S1 of the Supporting
Information). The radius of gyration (Rg) calculated by PRIMUS
using the Guinier approximation for ScGS690 is 31.3 Å, and the Rg
for full-length ScGS is 32.5 Å. The slight increase in Rg for full-
length ScGS is consistent with a slightly larger scattering particle
because of 28 additional residues at the C-terminus. Because the
FoXS-calculated Rg for ScGS338 is 18.8 Å, the measured Rg values
for ScGS690 and full-length ScGS indicate a protein larger than a
single α domain, i.e., a monomeric protein containing two α
domains. Calculation of the pair-distance distribution function
yields Dmax values of 110 and 117 Å for ScGS690 and full-length
ScGS, respectively. These Dmax values cannot distinguish
between a monomer and a dimer. Inspection of the SAXS
molecular envelopes for ScGS690 and full-length ScGS, however,

Figure 5. Homology models of the C-terminal domain of ScGS690
(G374−R690) (A) and full-length ScGS (G374−H726) (B) generated
by I-TASSER using the crystal structure of ScGS338 as a template. For
reference, the locations of the asparate-rich motif (D455DYYP, helix D)
and NSE motif (N598DVFS602YQKE606, helix H) are colored red and
orange, respectively.

Figure 6. (A) Best fit of the N-terminal domain (ScGS366, blue) and
ScGS690 C-terminal domain homology model (light green) to the
molecular envelope calculated from SAXS data collected from ScGS690,
generated by the ShapeUp server. (B) Experimental SAXS scattering
profile for ScGS690 (black circles) superimposed on the theoretical
scattering profile for the αα domain model in panel A (red). For this
model of αα domain assembly, the χ value calculated by FoXS is 4.47. In
the inset, the Guinier region is linear for SAXS data collected from
ScGS690.
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strongly suggests a monomeric protein containing two α
domains (Figures 6 and 7).
Using the experimentally determined crystal structures of the

liganded and unliganded N-terminal domain of ScGS, and the
best homology models of the C-terminal domain of ScGS690
(G374−R690) and full-length ScGS (G374−H726) generated
by I-TASSER, we performed rigid body modeling with
CORAL68 to generate four models illustrating potential domain
assembly modes consistent with SAXS profiles. Using the FoXS
server, the best models of ScGS690 and full-length ScGS were
judged to be those with the lowest χ value (a lower χ value
indicates a closer match between the experimental scattering
profile and the calculated scattering profile for a given structure),
and these models are illustrated in Figures 6 (χ = 4.47) and 7 (χ =
2.64), respectively. The FoXS-calculated Rg values for the models
in Figures 6 and 7 are 29.4 and 29.1 Å, respectively, consistent
with the dimensions of a monomeric protein containing two α
domains. The orientation of one α domain with respect to the
other differs in these models. Thus, the active sites in the N-
terminal and C-terminal domains are oriented in roughly parallel
fashion in the model of ScGS690 but are oriented approximately
90° away from each other in the model of full-length ScGS. It is
nonetheless interesting to note that the same general faces of the
N-terminal and C-terminal domains appear to mediate αα
domain assembly. Regardless of the specific orientation of one α
domain with respect to the other, the molecular envelopes of

ScGS690 and full-length ScGS are consistent with a model of αα
domain assembly in which the active sites of the two domains are
oriented away from each other rather than toward each other.
Such a model would account for the lack of direct channeling of
germacradienol between the two active sites. In fact, the
observation of free germacradienol in solution is consistent
with mandatory release of germacradienol from the N-terminal
domain and diffusive rebinding to the C-terminal domain of the
same or another geosmin synthase protein prior to conversion to
geosmin.28

■ DISCUSSION
Because the first step of the cyclization cascade catalyzed by a
class I terpenoid cyclase is always the ionization of the
diphosphate group of FPP, the three-dimensional contour of
the active site encodes all the information required to direct a
unique sequence of carbon−carbon bond-forming reactions. The
most important step in such a sequence is the initial
macrocyclization reaction, because this sets the stage for all
subsequent steps. The initial binding conformation of FPP is
enforced by the active site contour and determines whether a 1,6-
or 1,7-cyclization reaction occurs via an ionization−isomer-
ization−reionization sequence, whether a 1,10-cyclization
reaction occurs with or without allylic isomerization, or whether
a direct 1,11-cyclization reaction will take place. The active site
contours of enzymes that direct initial 1,6-cyclizations, such as
epi-isozizaene synthase60 and trichodiene synthase,73 tend to be
somewhat narrow and deep. In contrast, enzymes that direct
1,10-cyclization reactions, such as selinadiene synthase58 [via
direct formation of an (E,E)-germacradienyl cation intermedi-
ate] and hedycaryol synthase62 [via initial isomerization to
nerolidyl diphosphate followed by formation of a (Z,E)-
helminthogermacradienyl cation], as well as an enzyme that
directs a 1,11-cyclization reaction, pentalenene synthase,40 all
appear to have wider, shallower active sites (Figure S3 of the
Supporting Information).
Intriguingly, the N-terminal domain of ScGS has an active site

contour that is deeper than that of other enzymes that catalyze
initial 1,10-cyclization reactions, and it also has a neck wider than
that of enzymes that catalyze initial 1,6-isomerization−
cyclization reactions (Figure S3 of the Supporting Information).
Thus, the three-dimensional contour of the ScGS N-terminal
domain active site appears to be a structural hybrid in that it
exhibits features of both general active site shapes. Additionally,
the active site contour of the N-terminal domain branches at its
base, forming a shape somewhat like that of a “mitten”, a feature
that is not observed in the 1,10-cyclization active sites of either
selinadiene synthase (which generates a germacradienyl cation
from FPP) or hedycaryol synthase (which generates a
helminthogermacradienyl cation via nerolidyl diphosphate).
Otherwise, the chemical nature of the N-terminal domain active
site is similar to that of other terpenoid cyclases in that it is mainly
hydrophobic. The active site contains a few aromatic residues,
one of which in particular (F83) has its ring face oriented to
permit stabilization of carbocation intermediates by cation−π
interactions.
In the active site of the N-terminal domain of ScGS, the

diphosphate group of FPP is presumed to bind in a similar
manner to the bisphosphonate group of alendronate as observed
in its complex with ScGS338. With FPP locked in this orientation,
there is sufficient active site volume for FPP to adopt the
conformation required for the initial 1,10-cyclization reaction
following ionization of the diphosphate group (Figure 8). The

Figure 7. (A) Best fit of the N-terminal domain (ScGS366, blue) and the
full-length C-terminal domain homology model (forest green) to the
molecular envelope calculated from SAXS data collected from full-
length ScGS, generated by the ShapeUp server. (B) Experimental SAXS
scattering profile for full-length ScGS (black circles) superimposed on
the theoretical scattering profile for the αα domain model in panel A
(red). For this model of αα domain assembly, the χ value calculated by
FoXS is 2.64. In the inset, the Guinier region is linear for SAXS data
collected from full-length ScGS.
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initially formed germacradienyl cation intermediate must be
deprotonated to generate the novel isolepidozene intermediate.
Proton-initiated ring opening of the vinylcyclopropyl moiety and
quenching of the resultant homoallylic cation by water then
afford germacradienol, the major product of the cyclization
reaction catalyzed by the N-terminal domain. Possible general
acids and/or general bases that may participate in this reaction
might include E161, which is located near Mg2+C at the neck of
the active site. Although E161 forms a salt link with R184, it
appears to be ideally located to deprotonate Hb from the C1
atom to form isolepidozene. Other potential catalytic groups
include H226 and H320, which are situated more deeply in the
active site. Finally, because water is a cosubstrate in the reaction,
one or more of the active site water molecules observed in the
ScGS338−Mg2+3−alendronate complex may remain trapped in
the active site upon FPP binding. There is sufficient extra volume
in the active site of the modeled enzyme−substrate complex to
accommodate trapped solvent (Figure 8).
The C-terminal domain of ScGS (Figure 5) is predicted to

adopt the fold of a class I terpenoid cyclase based on its high level
of amino acid sequence identity with the N-terminal domain.
However, the C-terminal domain of ScGS catalyzes an
unprecedented cyclization−fragmentation reaction involving a
retro-Prins reaction, resulting in fragmentation of the C15
substrate germacradienol to yield C12 geosmin and C3 acetone.
The proton-initiated cyclization−fragmentation reaction may be
initiated by one or both of the conserved aspartate residues of the
D455DYYP459 motif, consistent with the observation that the
D455N/D456N double mutant of geosmin synthase no longer
produces geosmin but accumulates only germacradienol and
germacrene D, the characteristic products of the N-terminal
domain. The aspartates of the DDYYP domain may therefore
play a role in proton-initiated polyene cyclization similar to that

of the conserved DXDD motif (general acid residue underlined)
of typical class II diterpene synthases such as ent-copalyl
diphosphate synthase,74,75 the triterpene cyclase squalene-
hopene synthase,76 and oxidosqualene-lanosterol synthase,
which contains a closely related DCTA motif.77

The cyclization−fragmentation reaction catalyzed by the C-
terminal domain of geosmin synthase does not involve the
ionization of an isoprenoid diphosphate such as FPP to generate
the initial carbocation, the hallmark of catalysis by a class I
terpenoid cyclase, yet the cyclization−fragmentation reaction
nevertheless has an absolute requirement for Mg2+ ion(s).28

Catalysis by a class I terpenoid cyclase typically involves
coordination and activation of the substrate diphosphate group
by three Mg2+ ions to form a Mg2+3−diphosphate/PPi complex
that remains bound for the duration of the cyclization reaction;
the closed conformation of the enzyme active site is exemplified
by that of the Mg2+3−alendronate complex with ScGS338 (Figure
4). Because germacradienol, the substrate for the C-terminal
domain of ScGS, lacks a diphosphate group altogether and the
reaction has been shown not to require inorganic pyrophosphate,
neither the mechanistic nor the structural basis for the
requirement for Mg2+ by the C-terminal domain is as yet
apparent.
The crystal structure of the ScGS338−Mg2+3−alendronate

complex and the amino acid sequence identity between the N-
and C-terminal domains of ScGS suggest a possible structural
basis for the Mg2+ requirement for catalysis by the C-terminal
domain. Specifically, residues that coordinate to catalytic Mg2+

ions in the N-terminal domain are conserved in the C-terminal
domain as D455 in the aspartate-rich motif, and N598, S602, and
E606 in the “NSE” motif. Additionally, the three basic residues
and the tyrosine residue that hydrogen bond with the
bisphosphonate anion in the N-terminal domain are conserved
in the C-terminal domain as R552, K605, R694, and Y695. Metal-
binding residues as well as residues that hydrogen bond with
diphosphate/PPi are highly conserved in all class I terpenoid
cyclases.44 Conservation of these structural elements in the C-
terminal domain of ScGS strongly suggests that this domain
similarly binds one or more Mg2+ ions. The binding of Mg2+

might facilitate full active site closure of the C-terminal domain,
just as it does for the N-terminal domain (Figure 4), but without
interactions with a diphosphate group. As for all class I terpenoid
cyclases, complete active site closure ensures the protection of
reactive carbocation intermediates from premature quenching by
bulk solvent. Notably, the more than 70 deduced or verified
Streptomyces geosmin synthase sequences that have been
reported to date in the protein databases exhibit an exceptionally
high level of sequence conservation (60−85% sequence identity
over more than 720 amino acids), with essentially 100% identity
of the conserved aspartate-rich and NSE motifs in both the C-
terminal and N-terminal domains.
The fragmentation reaction catalyzed in the C-terminal

domain of ScGS utilizes germacradienol as a substrate. The
first step is a proton-assisted cyclization, covalently linking C2
and C7 along with retro-Prins fragmentation to eliminate the 2-
propanol side chain as acetone. The resulting bicyclic
intermediate, octalin, has a trans-decalin-like configuration and
subsequently undergoes protonation and a hydride shift to yield
a tertiary carbocation, which is quenched by a water molecule to
yield the final product alcohol, geosmin, which similarly adopts a
trans-decalin-like configuration. It is highly unusual for a
cyclization reaction to be initiated by protonation in a class I
terpenoid cyclase; ordinarily, such a protonation is the chemical

Figure 8. Model of substrate FPP bound in the active site of the N-
terminal domain of ScGS. The position of the FPP diphosphate group is
based on the position of the bisphosphonate group of alendronate in the
ScGS338−Mg2+3−alendronate complex. Protein atoms are color-coded
as follows: dark blue for C, blue for N, red for O, and magenta for Mg2+.
Atoms are color-coded for the FPP stick figure as follows: yellow for C,
orange for P, and red for O. The active site contour is indicated by light
gray meshwork, and a red dashed line indicates the trajectory of
formation of an initial carbon−carbon bond between C1 and C10 of
FPP. The additional volume in the lower active site may accommodate a
trapped solvent molecule that quenches the final carbocation
intermediate. Active site contour in meshwork created with VOIDOO.80
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strategy for cyclization adopted by a class II terpenoid cyclase,
which adopts a completely unrelated protein fold.21

Both a general acid and a general base are required for the
retro-Prins fragmentation reaction catalyzed by the C-terminal
domain of ScGS (Figure 1), yet analysis of the homology model
reveals a relative dearth of chemical functionality within the
mainly nonpolar active site pocket beyond the conserved D455
and D456 residues. On the other hand, in the crystal structure of
the ScGS338−Mg2+3−alendronate complex with the N-terminal
domain, several ordered solvent molecules are trapped in the
active site. Corresponding solvent molecules might conceivably
remain bound in the active site of the C-terminal domain upon
the binding of the substrate germacradienol, with one of these
waters ultimately quenching the final carbocation intermediate,
as shown in Figure 1.
Finally, rigid body modeling with SAXS data provides a

plausible model for the assembly of the N- and C-terminal α
domains of ScGS. Manual docking of the N-terminal domain
structure and the homology model of the C-terminal domain
yielded poor fits to the scattering profile. However, CORAL
generated models with better fits, although not all of these
models made good chemical sense. For example, domain
interactions in some models appear to be mediated solely by
loops rather than secondary structural elements (data not
shown). Intriguingly, depending on the flexibility of the linker
connecting the N-terminal domain and the C-terminal domain,
multiple domain orientations could be feasible. While a single αα
domain orientation cannot be definitively established, it is clear
that the two α domains interact with each other through a
substantial interface based on the cross sections of the molecular
envelopes shown in Figures 6 and 7. Although it could be argued
that αα domain assembly in full-length ScGS ought to mimic αα
dimer assembly as observed in the crystal structure of ScGS338,
this particular αα assembly mode does not yield a satisfactory fit
to the scattering data and yields a much higher χ value of 9.96
(Figure S4 of the Supporting Information).
Regardless of the orientation of one domain to the other in the

αα assembly, there is no channel specifically formed between the
two active sites. Although bifunctional catalysis might be
facilitated by a simple proximity or clustering effect,78,79 it is
not clear that germacradienol generated in the N-terminal
domain is captured by the C-terminal domain of the same or a
different geosmin synthase molecule. Future studies will
continue to probe these aspects of catalysis and the role of
domain architecture in bifunctional catalysis by ScGS.
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