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Abstract

Fusicoccin A is a diterpene glucoside phytotoxin generated by the fungal pathogen Phomopsis
amygadalithat causes the plant disease constriction canker, first discovered in New Jersey peach
orchards in the 1930’s. Fusicoccin A is also an emerging new lead in cancer chemotherapy. The
hydrocarbon precursor of fusicoccin A is the tricyclic diterpene fusicoccadiene, which is generated
by a bifunctional terpenoid synthase. Here, we report X-ray crystal structures of the individual
catalytic domains of fusicoccadiene synthase: the C-terminal domain is a chain elongation enzyme
that generates geranylgeranyl diphosphate, and the N-terminal domain catalyzes the cyclization of
geranylgeranyl diphosphate to form fusicoccadiene. Crystal structures of each domain complexed
with bisphosphonate substrate analogues suggest that three metal ions and three positively charged
amino acid side chains trigger substrate ionization in each active site. While /n vitro incubations
reveal that the cyclase domain can utilize farnesyl diphosphate and geranyl diphosphate as
surrogate substrates, these shorter isoprenoid diphosphates are mainly converted into acyclic
alcohol or hydrocarbon products. Gel filtration chromatography and analytical ultracentrifugation
experiments indicate that full-length fusicoccadiene synthase adopts hexameric quaternary
structure, and small-angle X-ray scattering data yield a well-defined molecular envelope
illustrating a plausible model for hexamer assembly.
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Terpenoids (also known as terpenes or isoprenoids) constitute the largest and most diverse
group of natural products, with more than 75,000 discovered to date. They play vital roles in
defense, regulation, and communication, and they have been utilized since times of antiquity
as therapeutics, fragrances, and flavorings.? Strikingly, the chemical origins of such vast
chemodiversity are rooted in just two simple Cs precursors, isopentenyl diphosphate (IPP)
and dimethylallyl diphosphate (DMAPP). Prenyl diphosphate synthases utilize one molecule
of DMAPP and one or more molecules of IPP as substrates in head-to-tail chain elongation
reactions to generate linear, achiral isoprenoid diphosphates such as Cqg geranyl diphosphate
(GPP), Cy5 farnesyl diphosphate (FPP), and Cyq geranylgeranyl diphosphate (GGPP).2 In
turn, terpenoid cyclases transform these linear isoprenoid diphosphates into myriad
hydrocarbon products containing multiple rings and stereocenters.3~7 Terpenoid cyclases
vary in the number of products generated, with some enzymes generating a single
cyclization product and other enzymes producing numerous cyclic products.8

Fusicoccin A is a Cyq diterpene glucoside containing an unusual tricyclic 5-8-5 ring system
(Figure 1).%-11 This phytotoxin is generated by the fungal pathogen Phomopsis amygdali
and causes constriction canker, a plant disease first discovered in New Jersey peach orchards
in the 1930’s and subsequently identified in Georgia and Maryland orchards.12-14 More
recently, however, fusicoccin A has been explored in new approaches to cancer
chemotherapy, since this novel diterpene exhibits promising antitumor properties.1> Much of
the biological activity of fusicoccin A derives from its ability to mediate protein-protein
interactions involving the 14-3-3 protein.16-18 Additionally, fusicoccin A blocks the
proliferation and migration of glioblastoma cells by inhibiting focal adhesion kinase, which
mediates the aggressive invasive phenotype of human gliomas.1®

Fusicoccadiene, the hydrocarbon precursor of fusicoccin A, is generated by a bifunctional
diterpene synthase.20 Unlike structurally characterized plant diterpene synthases that exhibit
afy domain architecture,?1-23 and bacterial diterpene synthases that adopt a single . domain
fold2425 (q, B, and y domain nomenclature is outlined by Oldfield26), fusicoccadiene
synthase from P amygadali (PaFS) is unique in that it is expected to adopt aa domain
architecture: the C-terminal a domain catalyzes the isoprenoid chain elongation reaction that
generates GGPP, which is then cyclized by the N-terminal a domain to form
fusicocca-2,10(14)-diene (Figure 1). Divalent metal ions are essential for catalysis by PaFS,
and the amino acid sequence contains signature metal binding motifs:2/:28 the C-terminal
domain contains two aspartate-rich DDXX(D,N) motifs characteristic of a chain elongation
enzyme, and the N-terminal domain contains one DDXXD motif and one NSE/DTE motif,
characteristic of a cyclase. The overall sequence identity between the N- and C-terminal
domains is 19%.

The purpose of the current study is to establish a structural context for understanding
catalysis by PaFS, including an unusual transannular proton transfer proposed for the
cyclization mechanism.2% We report that PaFS is an allosteric hexamer that exhibits
cooperativity in the cyclization of GGPP, and it can also utilize GPP and FPP as aberrant
substrates. X-ray crystal structures of the individual catalytic domains allow us to construct a
plausible model of the full-length PaFS hexamer based on small-angle X-ray scattering data.
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RESULTS AND DISCUSSION

PaFS was previously prepared and characterized as a GST fusion protein, which enabled the
identification of chain elongation and cyclase domains.20 Here, we report the preparation of
a simpler PaFS construct bearing an N-terminal hexahistidine tag, which facilitates the
preparation and purification of wild-type and mutant enzymes. Because we were unable to
crystallize full-length PaFS, we hypothesized that potential flexibility in the 60-residue
polypeptide linker might be hindering crystallization. Therefore, we prepared 3 individual
domain constructs (details provided in the Supporting Information): (1) PaFSssg, which
contains residues 1-350 of the N-terminal cyclase domain, was used for activity
measurements; (2) PaFSsy4, Which contains residues 1-344 of the N-terminal cyclase
domain, was used for crystallography (PaFS344 and PaFSssq exhibit comparable activity, but
we were unable to crystallize PaFSssq); and (3) PaFScT, which contains residues 390-719 of
the C-terminal GGPP synthase domain, was used for activity measurements and
crystallography.

Catalytic activity of full-length PaFS

Saturation kinetics are not observed for the generation of diterpene products from the Cg
substrates DMAPP and IPP by full-length PaFS. Interestingly, full-length PaFS exhibits
approximately twice the activity at higher DMAPP concentrations compared with a
reconstituted equimolar mixture of the full-length but partially inactivated mutants D92A
PaFS and D474A PaFsS, in which the cyclase and GGPP synthase domains, respectively,
have been deactivated (Supplementary Information Figure S1). Covalent connection of the
GGPP synthase and the GGPP cyclase domains affords a modest enhancement in the rate of
formation of cyclic diterpenes, but this effect is not sufficiently large to suggest product
channeling between active sites.

Full-length PaFS exhibits a sigmoidal dependence of reaction rate on substrate concentration
for the direct cyclization of GGPP with a Hill coefficient of 2.2, with substrate inhibition
being observed at higher GGPP concentrations (Figure 2a, Table 1). Thus, full-length PaFS
is an allosteric enzyme for GGPP cyclization. When incubated with GGPP, full-length PaFS
generates 64% fusicoccadiene, 9% &-araneosene, and one additional unidentified diterpene
product.

In the absence of IPP, full-length PaFS can also solvolyze the shorter chain FPP and GPP as
alternative substrates (Figure 2a) to yield predominantly acyclic products (Supplementary
Information Figure S2): FPP is converted to farnesol (60.5%), nerolidol (14.0%), and
farnesene (14.0%), while GPP is converted to a mixture of geraniol (59.5%) and linalool
(35.0%). The binding of smaller Cyq or C15 substrates in the active site of the N-terminal
cyclase domain presumably allows binding of water in the vacant portion of the active site
normally occupied by the olefinic tail of the Cog GGPP substrate, thereby resulting primarily
in formation of the derived acyclic allylic alcohols, with some competing deprotonation in
the case of FPP. Finally, the cyclase-catalyzed solvolysis of FPP exhibits cooperativity, with
a Hill coefficient of 3.0, while the reaction of GPP does not (Figure 2a).
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Catalytic activity of PaFS35q

The N-terminal cyclase domain construct PaFS3sg is catalytically active, but the absence of
the C-terminal domain presumably results in subtle structural changes in the N-terminal
domain that impact substrate binding and increase the Ky, giving rise to moderate
reductions in catalytic efficiency, A.qt/ Kim (Table 1). The same trend is observed with
PaFS3s5q as with full-length PaFS, in that the catalytic efficiency (Aqqt/ Kiy) Of the reaction
with GGPP is lower than that with FPP. In contrast to the behavior of full-length PaFS,
reactions catalyzed by PaFS3gq using substrates GPP, FPP, and GGPP exhibit classical
Michaelis-Menten kinetics, with no evidence of cooperativity (Figure 2b). Therefore, the C-
terminal domains are required for allosteric communication among N-terminal domain
subunits of the full-length enzyme.

When incubated with GGPP, PaFS35q generates a mixture of cyclic diterpenes consisting of
66% fusicoccadiene, 4% &-araneosene, and one unidentified diterpene product, comparable
to the product array of full-length PaFS (Figure 2c). By contrast, when incubated with the
corresponding monoterpene and sesquiterpene analogues, PaFS3sg converts GPP exclusively
to a mixture of acyclic monoterpenes consisting predominantly of geraniol (64.5%) and
linalool (28.5%), while FPP is converted to a mixture comprising mostly farnesene isomers
(60.2%) and nerolidol (9.5%) (Supplementary Information Figure S2). Compared with full-
length PaFS, the truncation mutant PaFSgs essentially lost the ability to convert FPP into
farnesol (1.0%), instead favoring deprotonation of the farnesyl cation to produce acyclic
farnesene hydrocarbons. Subtle structural changes in the active site presumably caused by
the domain truncation may lead to the observed alteration in product outcome. Alternatively,
it is also possible that the C-terminal elongation domain in full-length PaFS makes some
contribution to the catalytic solvolysis of FPP in the absence of IPP.

Catalytic activity of PaFSct

The measurement of steady-state kinetic parameters for the chain elongation reaction was
complicated by the existence of an ambiguous mixture of oligomeric species detected for the
C-terminal domain construct PaFScT. Accordingly, we measured only the specific activity of
PaFScT (Table 1).

To measure the steady-state kinetic parameters in full-length PaFS for the chain elongation
reaction catalyzed exclusively by the C-terminal domain, the N-terminal cyclization domain
was inactivated by the D92A mutation, which abolished the binding of catalytically essential
Mg?2* ions. As expected, the resultant D92A PaFS did not generate any cyclic products yet
retained GGPP synthase activity. The chain elongation reaction in the D92A mutant using
the 5-carbon substrates DMAPP and IPP was extremely sluggish, however, thereby
preventing determination of the steady-state kinetic parameters. In contrast, GPP and FPP
were processed with increasing efficiency when co-incubated with IPP to generate GGPP
(Table 1). This result presumably reflects the imperative for GGPP biosynthesis by this
processive enzyme, in that the product of one cycle of chain elongation generates a better
substrate for the next cycle of chain elongation until the isoprenoid chain length reaches the
maximum limit set by the depth of the active site cavity.
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Crystal structure of PaFScTt

Crystals of the unliganded and liganded GGPP synthase domain PaFScT belong to two
distinct space groups (Supporting Information Table S1). Regardless of the presence or
absence of ligand, both crystal forms reveal a hexameric quaternary structure in the crystal
lattice (Figure 3a). The hexamer can also be described as a trimer of isologous dimers with
D3 point group symmetry. Extensive surface area is buried between each monomer of the
dimer (1,854 A2 per monomer), and between one dimer and the next (1,960 A2 per dimer),
as calculated by PISA (http://www.ebi.ac.uk/pdbe/pisa). The active site of each monomer is
oriented inward toward a central cavity approximately 22 A in diameter. Helices B, E, and F
of each monomer mediate dimer assembly, in similar fashion to that first observed in the
avian FPP synthase dimer (Supplementary Information Figure $3).30 With regard to dimer-
dimer interactions in hexamer assembly, helices a2 and a3 of one dimer engage loops
connecting helices D and E of one monomer and helices F and G of the other monomer in
the neighboring dimer. While similar quaternary structure is observed for human GGPP
synthase,31 GGPP synthases from yeast and mustard crystallize simply as isologous
dimers.32:33

The structure of the PaFSct monomer clearly reveals the characteristic class | terpenoid
synthase fold (Figure 3b). Like other class | terpenoid synthases,* PaFSct undergoes a
significant conformational change upon the binding of ligands. In unliganded PaFScT, the
al loop is disordered. This loop flanks the ~14 A-deep active site cleft, the contour of which
is defined mainly by nonpolar residues. In the liganded enzyme, the al loop becomes
ordered and a-helices D, H, and a3 shift to fully enclose the active site. The substrate
analogue pamidronate (Supplementary Information Figure S4) binds in the DMAPP binding
site, and the bisphosphonate moiety of pamidronate mimics the diphosphate moiety of
DMAPP (as inhibitors of human FPP synthase, bisphosphonates are formulated as drugs
such as Fosamax to treat osteoporosis®4). The bisphosphonate moiety of pamidronate
coordinates to 3 Co?* ions, which are also coordinated by two aspartate-rich metal binding
motifs, D474DFQD and D®%5DYQN on helices D and H, respectively (Figure 3c and
Supplementary Information Figure S5a). Water molecules complete metal coordination
polyhedra so that each metal ion is 6-coordinate with octahedral geometry. The
bisphosphonate moiety is also stabilized by hydrogen bonds with R483, K619, and K629; an
additional hydrogen bond is made with K561 in some monomers. Typically, diphosphate or
bisphosphonate binding to terpenoid synthases is accommodated by 3 metal ions and 3 basic
residues, and these interactions ensure complete active site closure.28

Crystal structure of PaFS3y4

Crystallization of the GGPP cyclization domain PaFSg44 complexed with 3 Mn2* jons and
the bisphosphonate substrate analogue neridronate (Supplementary Information Figure S4)
was achieved by 7 situ proteolysis. Crystals diffracted X-rays to 2.5 A resolution and were
moderately twinned (22%). The initial electron density map was phased using the single-
wavelength anomalous diffraction of the MnZ* ions. The refined structure of the PaFSz4-
Mn2*3-neridronate complex (Supplementary Information Figures S5b and S6) then
facilitated structure determination of the PaFS344-Mg?*3-pamidronate complex (Figure 4
and Supplementary Information Figure S5c¢) from highly twinned crystals (41%) using
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molecular replacement. Since Mg2* is generally the metal ion required by terpenoid cyclases
in vivo, this structure with its 3 bound Mg?2* ions is the more biologically relevant.

Two monomers oriented in antiparallel fashion occupy the asymmetric unit of PaFS344
crystals, and these monomers interact through 583 A2 of contact surface area (calculated
with PISA). This relatively minimal buried surface area suggests that PaFS344 is @ monomer
in solution, consistent with the results of gel filtration chromatography. Like PaFScT, the
PaFS344 monomer adopts the characteristic class | terpenoid synthase fold (Figure 4a).
However, two extra segments in PaFS3y44, E2-T16 at the N-terminus and P328-L.344 at the
C-terminus, are fully ordered and distinguish PaFS344 from PaFSct. The active site of
PaFS344 is locked in a fully closed conformation through the binding of 3 Mn?* ions and
neridronate (Supplementary Information Figures S5b and S6). The Mn2* ions are also
coordinated by the aspartate-rich metal binding motif (D92DVTD%) on helix D as well as
the “NSE” motif (N232DIWS236WPKE?240) on helix H. Water molecules complete metal
coordination polyhedra so that each metal ion is 6-coordinate with octahedral or distorted
octahedral geometry. Additionally, the bisphosphonate moiety receives hydrogen bonds from
R188, K239, R325, and Y326. Thus, as observed in PaFScT, 3 metal ions and 3 basic
residues ensure the molecular recognition of the bisphosphonate moiety, and these
interactions ensure complete active site closure.

The higher resolution structure (2.3 A) of the PaFS344-Mg2*3-pamidronate complex
determined from highly twinned crystals is generally identical to that of the PaFSz44-Mn2*3-
neridronate complex, with an r.m.s. deviation of 0.28 A for 273 Ca atoms. The Mg2*
coordination polyhedra in this structure (Figure 4b and Supplementary Information Figure
S5c) are essentially identical to Mn2* coordination polyhedra (Supplementary Information
Figure S6), suggesting that these two metal ions may be interchangeable for function.
Additionally, hydrogen bond interactions with the bisphosphonate groups of pamidronate
and neridronate are essentially identical in both structures.

While the N- and C-terminal domains of PaFS exhibit 19% mutual amino acid sequence
identity, it is interesting that PaFS344 exhibits a higher sequence identity (24%) with the
fungal sesquiterpene cyclase aristolochene synthase from Penicillium roqueforti. In fact, this
is the highest sequence identity shared between PaFS344 and any terpenoid synthase, the
next highest being with aristolochene synthase from the orthologous Aspergillus terreus,
with which it shares 22% sequence identity. A search of available terpenoid cyclase
structures using Dali®® indicates that PaFS344 most closely resembles aristolochene synthase
from A. terreus3®:37 (Z = 25.7, root-mean-square deviation (rmsd) = 2.5 A for 257 Ca
atoms). Among diterpene cyclases, PaFS344 most closely resembles the bacterial cyclase
CotB2 (Z = 15.7, rmsd = 3.3 A for 221 Ca atoms),24 although the amino acid sequence
identity between these two proteins is only 14%. PaFS344 exhibits comparable structural
similarity with the a domain of taxadiene synthase from the Pacific yew (Z = 15.6, rmsd =
3.3 A for 236 Ca atoms) as well as fungal ent-kaurene synthase (Z = 15.6, rmsd = 3.2 A for
217 Ca atoms).21:25 Therefore, the diterpene cyclase domain of PaFS is more similar to
sesquiterpene cyclases than to diterpene cyclases based on both sequence and structural
comparisons.
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A feature that distinguishes PaFS344 from other terpenoid cyclases is the T58-F65 loop,
which mediates a direct connection between the cyclase active site and the polypeptide
linker segment D329-S389 that connects the C-terminal GGPP synthase domain and the N-
terminal cyclase domain in full-length PaFS. Main chain atoms of the G60-P61 segment at
the tip of this loop make hydrogen bonds with the side chains of N333 and Q336 in the
D329-L.344 fragment of the linker segment (D329-S389) present in the PaFS344 construct
(Figure 4c). Additionally, the main chain NH group of G60 hydrogen bonds with S64, which
is immediately adjacent to F65, the ring face of which partially defines the active site
contour. Given that the linker segment connecting the catalytic domains in full-length PaFS
is about 60 residues long, it is possible that in addition to direct domain-domain interactions,
the linker could transmit interdomain as well as intrasubunit conformational changes
between active sites to enable cooperativity in catalysis. The functional importance of
interdomain linkers in this regard has been reviewed by Ma and colleagues.38

Highly reactive carbocation intermediates in the cyclization cascade require not only a fully
enclosed active site for protection from bulk solvent, but they also require a chemically inert
active site capable of stabilizing these high-energy intermediates and their intervening
transition states. To better understand how the cyclization domain of PaFS enables this
chemistry, a model of the product fusicoccadiene docked in the active site of PaFS344 Was
generated (Figures 5a,b). The ring faces of aromatic residues F65, F89, and W197 appear to
be ideally positioned to stabilize proposed?® carbocation centers through cation-r
interactions. Additionally, the structure of PaFS3y4 reveals a characteristic break in helix G
at the V192-G193 segment with the C-terminal end of helix G1 oriented toward the active
site. The best fit of fusicoccadiene in the active site is such that sites of developing positive
charge on the face of the macrocycle are oriented toward the backbone carbonyl of V192,
consistent with possible carbocation stabilization by the helix G1 macrodipole.3°

Given the general lack of acidic or basic residues in the PaFS344 active site cavity, it is
possible that inorganic pyrophosphate (PP;) serves as a general base to quench the final
carbocation intermediate to yield fusicoccadiene (Figure 2c). A similar role for the PP; co-
product was first considered in the aristolochene synthase mechanism#C and subsequently in
the FPP synthase mechanism.#! As docked in the active site of PaFS344, the correct end of
the 5-8-5 carbon skeleton is oriented toward the PP;-Mg?2*5 cluster so as to enable a final
PP;-mediated deprotonation to generate fusicoccadiene (Figures 5a,b). The PP; anion could
similarly mediate the final deprotonation that generates the minor product 8-araneosene.

Hexameric quaternary structure of PaFS

Gel filtration chromatography initially indicated that full-length PaFS is an oligomer with
either 5 or 6 subunits; analytical ultracentrifugation experiments confirmed that full-length
PaFsS is a 502-kD hexamer (Supplementary Information Figure S7). Therefore, small-angle
X-ray scattering (SAXS) was used to view the molecular envelope and determine the
molecular dimensions of PaFS in solution. The radius of gyration (Rg) from Guinier analysis
of low-angle scattering data is 53.7 A, and the pair-distance distribution function P(r) yields
an Ry value of 52.5 A and a maximum dimension (Dpyay) Value of 155.4 A (Supplementary
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Information Figure S8). These dimensions are consistent with the assembly of the full-length
protein as a hexamer.

Upon initial inspection of the ab initio molecular envelope of PaFS calculated from SAXS
data (Figure 6), it was evident that the hexameric architecture of PaFSct docked with 3
PaFS344 dimers would not fit satisfactorily within this envelope. Indeed, our best attempt at
manual fitting in this regard yielded x = 7.4 (y is a measure of the goodness of fit of the
protein model to the X-ray scattering data; a lower y value indicates a better fit). We
subsequently hypothesized that the C-terminal domains observed in the crystal structure of
PaFScT could dissociate into 3 dimers. Indeed, dimeric quaternary structure is observed for
GGPP synthases from yeast32 and mustard;33 the PaFS dimer (Supplementary Information
Figure S3) is identical to these. Accordingly, to optimize the fit of PaFS domains into the
molecular envelope, we utilized the program SASREF42 to allow the 3 PaFScT dimers of the
crystallographic hexamer to separate by 5 A and reorient by 15°. Subsequently, 3 PaFS344
crystallographic dimers were docked at the periphery, all while maintaining overall three-
fold symmetry. The resulting model yielded a satisfactory fit to the molecular envelope with
x = 1.5 (Figure 6). The C-terminus of PaFS344 and the N-terminus of PaFSct are
approximately 25 A apart, suggesting that the flexible 60-residue long linker connecting the
C-terminal and N-terminal domains may reside between the PaFScT and PaFS344 dimers.
This would facilitate the possible function of the linker in mediating interdomain
communication required for allosteric catalysis.

Implications for bifunctional catalysis

The catalytic efficiencies for the conversion of GGPP and FPP into hydrocarbon products by
full-length PaFsS in the absence of IPP are almost equal, which is curious in view of the fact
that until now PaFS was believed to be solely a diterpene cyclase.2® However, if the
intracellular and/or local concentrations of GGPP exceed those of FPP, then aberrant
processing of FPP would not be an issue. It is certainly possible that the coordinate
expression and covalent assembly of the GGPP synthase and cyclase domains ensure a
higher local concentration of GGPP so that the cyclization of GGPP by the N-terminal
domain is favored. When full-length PaFsS is incubated with DMAPP and IPP, diterpene
products are exclusively generated. Thus, intermediates GPP and FPP do not dissociate from
the C-terminal domain for aberrant reactions with the N-terminal domain.

Interestingly, when full-length PaFsS is incubated solely with a 1:1 ratio of FPP and IPP, the
ratio of sesquiterpene to diterpene products generated is 57:43, while with an FPP:IPP ratio
of 1.8, the sesquiterpene:diterpene product ratio decreases slightly to 35:65, indicating that
the amount of GGPP produced and cyclized is increased compared with the direct,
anomalous cyclization of FPP. Even so, since FPP is not released from the C-terminal
domain during GGPP biosynthesis from DMAPP and IPP, local concentrations of FPP
should remain well below the K, for FPP utilization by the N-terminal domain, thereby
ensuring that the anomalous processing of FPP by the cyclase domain will be minimal /n
vivo.

While there does not appear to be strong channeling from the C-terminal domain to the N-
terminal domain, the generation of diterpene products by full-length PaFS is roughly twice
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as fast as that observed for an equimolar mixture of two PaFS mutants bearing inactivated
chain elongation and cyclase domains, respectively (Supplementary Information Figure S1).
This is consistent with the similarly modest enhancement of the rate of sesquiterpene
product formation by a bifunctional fusion protein engineered between farnesyl diphosphate
synthase and 5-egpr-aristolochene synthase, perhaps reflecting a modestly advantageous
proximity effect influencing the transient local concentration of the acyclic intermediate.*3
This modest enhancement could also reflect the possibility of an agglomeration or enzyme-
clustering effect* resulting in part from the hexameric quaternary structure of full-length
PaFsS.

Notable, too, is the fact that PaFSssq is most closely related to the fungal sesquiterpene
cyclase aristolochene synthase (amino acid sequence identities of 24% and 22%,
respectively, with the enzymes from P, roquefortiand A. terreus). In comparison, the amino
acid sequence identity between the N-terminal and C-terminal domains of PaFS is 19%.
Thus, the evolutionary origins of the aa domain architecture of PaFS are not clear,
particularly in view of the catalytic versatility of the cyclase domain with both C15 and Cyq
substrates. While it is tempting to speculate that ac domain architecture arose from a gene
duplication and fusion event involving a primordial diterpene synthase, it is also possible
that the cyclization domain of PaFS evolved from an ancestral sesquiterpene synthase,
developing the ability to utilize GGPP as well as FPP subsequent to fusion with a GGPP
synthase.

Finally, it is instructive to compare PaFS with the bifunctional sesterterpene cyclase
ophiobolin F synthase from Aspergillus clavatus (AcOS), which generates tricyclic products
from Cy5 geranylfarnesyl diphosphate, each containing a common 5-8-5 tricyclic ring
structure similar to that of fusicoccadiene.?> The cyclization domains of AcOS and PaFS
share 42% amino acid sequence identity, and there is significant conservation of the residues
that contribute to the active site contour in each cyclase. Although most paired residues are
isosteric or strictly conserved, two are smaller: L217 and A220 of AcOS correspond to
W225 and V228 of PaFsS, respectively. As a result, the active site of AcOS is slightly larger,
so that it can accommodate the isoprenoid tail of a C,5 substrate as distinguished from a Cyq
substrate. However, the active site contours are otherwise highly similar (Figure 5c), so as to
accommodate and enforce the cyclization cascade leading to the formation of the 5-8-5
tricyclic product. Future experiments will probe the role of this contour in PaFS as a
specialized template for the generation of tricyclic 5-8-5 hydrocarbon products.

METHODS

The PaFS gene was cloned from a plasmid encoding full-length PaFS.20 The full-length
construct, plus the single-domain constructs PaFScT, PaFSssg, and PaFS3z44, Were each
prepared using a pET-28a vector (Novagen) with an N-terminal His-tag, expressed using
Escherichia coli BL21(DE3)RIL-CodonPlus (Novagen), and purified as described in the
Supporting Information.

Steady-state kinetics were measured for full-length PaFS and single-domain constructs with
GPP, FPP, and GGPP, and product arrays were evaluated using gas chromatography-mass
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spectrometry using previously described methods.#® Sedimentation equilibrium experiments
to determine the quaternary structure of full-length PaFS are outlined in the Supporting
Information.

Crystals of unliganded PaFScT, the PaFSc1-Co%*3-pamidronate complex, the PaFS344-
Mn2*3-neridronate complex, and the PaFS344-Mg2*+3-pamidronate complex were grown by
the sitting-drop method at 4 °C; following X-ray diffraction data collection at the
synchrotron, initial electron density maps were phased by molecular replacement or by
single wavelength anomalous diffraction of manganese in the PaFSg44-Mn2* 3-neridronate
complex as described in the Supporting Information. Each structure was satisfactorily
refined using PHENIX.47 Data collection and refinement statistics are recorded in
Supplementary Information Table S1.

SAXS measurements were performed at the SIBYLS beamline at the Advanced Light
Source using full-length N333A/Q336A PaFS. To reconstruct the ab /nitio molecular
envelope of PaFS, the algorithm described by Svergun and colleagues was used as
implemented in the program GASBOR.*8 Complete experimental details are outlined in the
Supporting Information, and SAXS statistics are recorded in Supplementary Information
Table S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AcOS ophiobolin F synthase from Aspergillus clavatus
DMAPP dimethylallyl diphosphate
EDTA ethylenediaminetetraacetic acid
FPP farnesyl diphosphate
GC-MS gas chromatography-mass spectrometry
GPP geranyl diphosphate
GGPP geranylgeranyl diphosphate
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IPP isopentenyl diphosphate
PaFS fusicoccadiene synthase from £ amygdali
PaFS3a fusicoccadiene synthase construct containing N-terminal residues 1-344
PaFSs5q fusicoccadiene synthase construct containing N-terminal residues 1-350
PaFScTt fusicoccadiene synthase construct containing C-terminal residues 390-719
PP; inorganic pyrophosphate
rmsd root-mean-square deviation
SAXS small-angle X-ray scattering
TCEP tris(2-carboxyethyl)phosphine hydrochloride
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Figure 1. Fusicoccadiene synthase from P. amygdali (PaFS)
Geranylgeranyl diphosphate (GGPP) is generated from one molecule of dimethylallyl

diphosphate (DMAPP) and three molecules of isopentenyl diphosphate (IPP) in the C-
terminal a domain (blue box), and GGPP is cyclized in the N-terminal a domain to form
fusicocca-2,10(14)-diene (red box). Further biosynthetic modifications (green) yield the
phytotoxin fusicoccin A.
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Figure 2. Catalytic activity measurements
(a) Generation of hydrocarbon products from substrates GPP, FPP, and GGPP in the absence

of IPP (the concentrations of full-length PaFS in these experiments were 74.5 nM, 7.45 nM,
and 14.9 nM, respectively). Catalysis with GPP exhibits Michaelis-Menten kinetics, whereas
catalysis with FPP or GGPP exhibits cooperativity based on the sigmoidal dependence of
catalytic activity on substrate concentration. With GGPP, substrate inhibition is evident at
higher concentrations. (b) PaFSsgq (33.5 nM) exhibits Michaelis-Menten kinetics for the
generation of hydrocarbon products from substrates GPP, FPP, and GGPP. (c¢) Proposed
cyclization mechanism?® for the generation of fusicoccadiene (black and blue arrows) and -
araneosene (black and red arrows) by full-length PaFS and PaFS35q (a third, unidentified
diterpene product is also generated).
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b

Figure 3. PaFS C-terminal GGPP synthase domain
a) PaFScT adopts the o fold of a class | terpenoid synthase and crystallizes as a hexamer, or

a trimer of dimers. The N-termini of selected subunits are labeled and indicate the point of
connection to the missing N-terminal domain. Two perpendicular orientations are shown. (b)
The binding of 3 Co2* ions and pamidronate triggers complete closure of the active site of
PaFScr. (c) Stereoview of intermolecular interactions in the PaFSc1-Co2*3-pamidronate
complex. Metal coordination and hydrogen bond interactions are shown as black and red
dashed lines, respectively (metal-ligand distances are recorded in Supplementary
Information Table S3). Pamidronate binds in the DMAPP binding site, so interactions of the
phosphonate groups mimic interactions with the diphosphate group of DMAPP that trigger
ionization and formation of the allylic cation that initiates the chain elongation reaction.
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Figure 4. PaFS N-terminal GGPP cyclase domain
(a) Stereoview of the PaFS344-Mg2*3-pamidronate complex reveals that the N-terminal

domain adopts the o fold of a class | terpenoid synthase. (b) Stereoview of the PaFS344-
Mg?2*3-pamidronate complex showing metal coordination and hydrogen bond interactions as
black and red dashed lines, respectively (metal-ligand distances are recorded in
Supplementary Information Table S3). (c) The G60-F65 hairpin segment may facilitate
communication between cyclization domain active sites in full-length hexameric PaFS by
mediating interactions between active site residue F65 and interdomain linker residues N333
and Q336 (green).
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Figure 5. Models of enzyme-product complexes
(a) Model of product fusicoccadiene bound in the active site of PaFS344. The three-

dimensional active site contour is represented by black meshwork, and fusicoccadiene was
manually fit into this meshwork. The position of the Mg2*3-PP; cluster is modeled after the
Mg?2*3-bisphosphonate cluster in the PaFS344-Mg2*3-pamidronate complex. Two
perpendicular views are shown; the backbone carbonyl of V192 at the helix G break (87) is
oriented toward the location of a proposed carbocation intermediate in the PaFS mechanism.
(b) Cut-away view of the active site pocket of PaFS344, Showing how the surface contour
(black meshwork) is defined by residues lining the pocket. (¢) Ophiobolin F docked in the
active site of ophiobolin F synthase modeled after the PaFS344-fusicoccadiene complex in
(b). The extra active site volume resulting from the W225L and VV228A substitutions readily
accommodate the larger Co5 sesterterpene.
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Figure 6. Structure of the full-length PaFS hexamer in solution
(a) Model of the hexamer of full-length N333A/Q336A PaFS fit into the three-fold averaged

ab initiomolecular envelope generated from SAXS data. PaFS344 and PaFSct dimers are
marine and green, respectively. (b) Theoretical scattering profile (teal solid line) overlaid
with experimental data (black) indicates an excellent fit of the molecular envelope in (a),
with y = 1.5 as calculated with SASREF.
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Full-length PaFS
Substrate
Keat (571) Kim (M) Keat/Km (M71s71) h
GpPpé 0.036 + 0.007 9.2+26 3.9x 108 1.0
Fppb 0.027 £ 0.001 0.14+0.02 1.9 x 105 3.0
GGPPC 0.021 + 0.002 0.63 + 0.03 3.3 x 104 2.2
Cyclization domain, PaFSszs5g
Substrate
Kear (571 K (M) Keadd Ky (M™1572) h
GPP4 0.0036 + 0.0005 15+0.6 2.7 %103 1.0
rppd 0.069 + 0.004 15+03 4,6 x 10* 1.0
GGPPC 0.0042 + 0.0002 96+1.1 4.4 %102 1.0
Full-length D92A PaFS, with inactivated cyclase domain | GGPP synthase domain, PaFSct
Substrates for GGPP biosynthesis
kgt (571 K (M) Keadd Ky (M71572) specific activity (nmoles~mg™2)
GPP + IPP 0.26 + 0.03 21+06 1.2 x10° 0.77 £ 0.03
FPP + IPP 16+£0.2 1905 8.4 x 10° 1.96 +0.08

4Yields geraniol and linalool as major products.

byields (E,E)-farnesol and (£)-nerolidol as major products.

CYields fusicoccadiene, 8-araneosene, and one unidentified diterpene as major products.

Hields (E)-p-farnesene and (£)-nerolidol as major products.
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