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Abstract

As part of an effort to identify substrate analogs suitable for helping to resolve structural features
important for terpene synthases, the inhibition of 5-epi-aristolochene biosynthesis from farnesyl
diphosphate (FPP) by the tobacco 5-epi-aristolochene synthase incubated with anilinogeranyl
diphosphate (AGPP) was examined. The apparent noncompetitive nature of the inhibition
supported further assessment of how AGPP might be bound to crystallographic forms of the
enzyme. Surprisingly, the bound form of the inhibitor appeared to have undergone a cyclization
event consistent with the native mechanism associated with FPP catalysis. Biocatalytic formation
of a novel 13-membered macrocyclic paracyclophane alkaloid was confirmed by high-resolution
GC-MS and NMR analysis. This work provides insights into new biosynthetic means for
generating novel, functionally diversified, medium-sized terpene alkaloids.

“Corresponding Author: chappell@uky.edu.

Author Contributions: These authors have contributed equally to this manuscript.
Supporting Information: Tables listing the crystallographic statistics, kinetic constants for the inhibition of the TEAS enzyme by
AGPP and for AGPP as a substrate; Lineweaver—-Burk plot of AGPP inhibition of TEAS activity; GC profile of AGOH; GC profile of
reactions products from TEAS incubated with FPP, AGPP and FPP +AGPP; NMR spectra for AGPP and geraniline. The Supporting
Information is available free of charge on the ACS Publications website at DOI: 10.1021/acschembio.5b00145.

The authors declare no competing financial interest.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rising et al.

Page 2

Introduction

Nicotiana tabacum (tobacco) 5-epi-aristolochene synthase (EAS) is a member of a
superfamily of enzymes referred to as terpene cyclases or synthases.12 These enzymes
catalyze complex cyclizations of linear allylic substrates of 10 (geranyl diphosphate, GPP),
15 (farnesyl diphosphate, FPP), or 20 (geranylgeranyl diphosphate, GGPP) carbons in
precise regio- and stereochemical ways and are capable of generating hundreds of different
carbon skeletons. In plants, the cyclized terpene hydrocarbon skeletons can undergo a
number of additional modifications including rearrangements, hydroxylations, oxidations,
methylations, acetylations, arylations, and halogenations generating an even more diverse
array of compounds. To date, more than 100 000 different cyclic terpene compounds have
been isolated from plant sources.3 Why plants require such a diverse array of compounds is
not completely understood, but some of these compounds serve primary metabolic needs
(i.e., growth regulators) while others mediate plant-environment interactions. Solanaceous
plants, for instance, synthesize sesquiterpenes possessing antimicrobial activities when
challenged by microbial pests. Capsidiol (3) is one such example compound synthesized by
the cyclization of farnesyl diphosphate (FPP) (1) to 5-epi-aristolochene (2) by 5-epi-
aristolochene synthase (EAS),* followed by epi-aristolochene hydroxylase (EAH), a
cytochrome P450, catalyzing the successive hydroxylation of 5-epi-aristolochene (Scheme
1).5

While an enormous variety of complex natural products are formed by plants, the generation
of additional chemical complexity is desirable for the discovery of new drugs and chemicals
for other agricultural and industrial uses. Many of the modern medicines in use today, for
instance, are inspired by or derived from plant natural products.®.” Natural products,
however, can often exhibit significant short-comings as drugs. They can variously be
insoluble, chemically unstable, available in only vanishingly small amounts, components of
complex mixtures, or show unacceptable toxicity and/or side effects. Because of these
difficulties, drug discovery efforts in the recent past focused on the preparation and
screening of large synthetic libraries of compounds. It is now recognized that these synthetic
libraries only sparsely cover the available structural and conformational space, and as a
result, a much smaller number of drug leads have arisen than anticipated.8- Drug discovery
efforts are now being re-expanded to include the preparation and screening of novel
scaffolds as potential lead compounds. Natural products are very useful in this regard,
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because of their intrinsic chemical and structural complexity. Medium sized rings are of
great interest as potential leads, in part because of their unusual conformations as well as
their ability to display functional groups in spatial orientations not found in the relatively
easy to synthesize five- and six-membered rings.1%-13 However, medium sized rings are
more difficult to obtain synthetically. In particular, efficient cyclization of acyclic precursors
into seven- to 15-membered ring systems is challenging using standard synthetic organic
methods.14-17

In the recent past, the range of natural product complexity has been extended by utilizing
enzymatic conversions of unnatural substrates to provide novel, difficult to obtain, complex
organic structures.19 We report here the efficient formation of a 13-membered macrocycle
alkaloid 3,7-dimethyl-trans,trans-3,7-aza[9]paracyclophane-diene “geraniline” via a
carbon—carbon bond forming cyclization of AGPP catalyzed by the tobacco 5-epi-
aristolochene synthase. This report highlights the utility of enzymatic cyclization approaches
for the generation of medium sized ring systems under mild conditions of aqueous
incubations at RT.

Results and Discussion

AGPP is a Noncompetitive Inhibitor of TEAS

AGPP (4) is a structural analogue of FPP (1) where the terminal isoprene unit is replaced by
an aniline group. AGPP has previously been shown to be an efficient substrate for the
mammalian protein farnesyl transferase (FTase),2%-22 an inhibitor of breast cancer cell
invasion,23 but it is neither a substrate nor an inhibitor of mammalian squalene synthase, a
key branch point enzyme for sterol biosynthesis.2 We first sought to determine if AGPP
might bind to and inhibit the catalytic activity of TEAS, representative of yet another class
of terpene biosynthetic enzymes. If so, then AGPP could serve as a potential substrate
analog to further refine structural features of the TEAS enzyme in crystallographic
studies.2425 The ability of AGPP to inhibit TEAS was characterized by measuring the
conversion rate of [1-3H]-FPP to [1-3H]-5-epi-aristolochene in the presence of varying
concentrations of AGPP. The radiolabeled assay was previously qualified by comparison of
reaction product analysis by GC-MS.26:27 Expression of the experimental data in Michaelis—
Menten (Figure 1) or Line-weaver—Burk (Supporting Information Figure S1) plots with
nonlinear regression line fitting were best for AGPP acting as a noncompetitive inhibitor of
the TEAS-catalyzed cyclization of FPP, although these determinations were complicated by
an apparent inhibition of the TEAS activity by high concentrations of the native substrate,
FPP. The calculated K; for the inhibition of TEAS activity by AGPP was 0.38 uM (range of
0.025-1.24 uM, Supporting Information Table S2), which is significantly lower than the K,
of 3-7 uM for FPP as measured by others*18.26 and 4.47 uM calculated from the data shown
in Figure 1 (range of 4.3-9.8 uM, Supporting Information Table S2). The turnover rate (Kqat)
of FPP by the TEAS enzyme was 0.032 s™1, also comparable to that of 0.048 s~1 reported
previously by Rising et al.#18.26 Thus, AGPP appeared to be an effective FPP analog and
inhibitor of the TEAS enzymatic activity.
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The Crystal Structure of TEAS with AGPP Reveals an Unexpected Cyclic Product

Noncompetitive inhibition often involves binding of the inhibitor to an allosteric binding site
on the protein that reduces the rate of substrate turnover, but a noncompetitive inhibitor may
also bind in the active site of the enzyme. An allosteric binding site was previously
identified for the E. coli FPPS,28 a prenyl transferase that shares structural homology with
TEAS, suggesting that an allosteric site could be involved in the present case. To determine
which of these two possible noncompetitive inhibition mechanisms might be occurring, we
soaked AGPP into crystals of WT TEAS and collected X-ray diffraction data.

The overall structure of the TEAS-AGPP complex is similar to the apo-form and ligand-
bound TEAS structures reported previously (Figure 2a).2425 The enzyme has two structural
domains, both of which consist entirely of helices and connecting loops. The single active
site is a deep, hydrophobic, aromatic-rich pocket in the C-terminal domain, with bound
magnesium ions and positively charged residues at its entrance. Several loops that surround
the active site are disordered, resulting in an open, solvent-exposed pocket. In structures of
TEAS soaked with AGPP, as in the previously examined TEAS—farnesyl
hydroxyphosphonate complex (PDB code 5EAT), the active site is in a closed conformation,
as evidenced by the strong electron density apparent for residues in the J/K loop (Figure 2a).
This closed conformation is thought to sequester the hydrophobic active site from solvent
and is likely adopted by the enzyme during catalysis. Beyond this region of the structure, the
presence of AGPP in the soaking solution does not induce any large conformational changes
in the protein structure. In addition, the only ligand-derived electron density visible in the
solved crystal structure was found in the active site, providing another indication that the
AGPP inhibition mechanism may not involve another allosteric binding site on the enzyme.

Surprisingly, the 2Fo-Fc electron density map of the model with the ligand exhibited a
donut-shaped region of electron density in the TEAS active site (Figure 2b). This
unexpected electron density suggested that ionization and macrocyclization of the AGPP
substrate within the TEAS active site had occurred. Assuming TEAS cyclizes AGPP
analogously to FPP (Scheme 1), then the enzyme may promote the ionization of the
pyrophosphate from AGPP to form an allylic carbocation such as shown in Scheme 2. Since
the amino substituent of the aniline ring activates the ortho and para positions by donating
electron density to the ring, electrophilic attack by the allylic carbocation would most likely
occur at either of these positions. Model building into the electron density map suggested
that cyclization indeed took place onto the para position of the aniline ring. Loss of a proton
to the enzyme or solvent would then yield a macrocyclic [9]paracyclophane alkaloid (5). An
energy-minimized (Chem3D) model of this macrocyclic C1gH21N (5) structure was
generated and easily placed into the TEAS active site with features in the ring of the electron
density map accommodating the phenyl and methyl groups.

It appears that we caught the enzyme in the act of catalyzing the cyclization of a substrate,
given that some electron density remains in the space spanning C1 of AGPP and its
pyrophosphate (red arrow, Figure 2b). Given this mixture of states, we modeled both the
macrocylic geraniline 5 and the unionized AGPP substrate. Occupancy refinement of the
structure considering dual residence of these groups revealed that 4 and 5 are present in
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roughly equal proportions. In cocrystal structures of TEAS bound to FPP analog 2F-FPP
(PDB code 3M01),24 the farnesyl chain curves around the active site in a direction that
leaves the terminal dimethyl allyl group poised under the pyrophosphate leaving group. We
noted that the AGPP hydrocarbon chain curves along the active site in the same direction as
substrate analog 2F-FPP,24 rather than farnesyl hydroxyphosphate (FHP:25 compare Figure
2c and d). This is the first time a hydrolyzable substrate has been observed in the active site
of TEAS, which suggests that 2F-FPP is the more faithful of the substrate analogs, binding
the active site in the catalytically relevant orientation.

The structural determinations corroborate the inhibition by AGPP; overlays of TEAS-
alkaloid 5 structure with either 2F-FPP or FHP suggest that the substrate should be
completely precluded from binding when AGPP is bound (Figure 2c,d). In the initial
orientation, the most polar group of 4, its nitrogen atom, is relatively buried in the
hydrophobic active site pocket. It is likely stabilized, however, by an electrostatic interaction
between the partially negative ring dipole of Trp273 at the back of the active site. The rest of
the hydrophobic groups can interact favorably with the hydrophobic active site surface.
After ionization and attack on C1 by the para- carbon of the anilino group, the macrocycle
swivels around to face the active site entrance where it is able to hydrogen bond with water
molecules as well as engage in electrostatically favorable interactions with the ionized
pyrophosphate. In addition, this orientation allows the phenyl ring of 5 to pack against the
aromatic face of Tyr527 in an edge—face interaction. This interaction seems to aid in
stabilizing the rest of the J/K loop, locking the active site in a closed conformation. Thus,
although the initial inhibitor binding orientations match in the TEAS-alkaloid 5 and the
TEAS-2F-FPP complex structures, the J/K loop conformation is more in line with that of
the TEAS-FHP complex structure. By contrast, this loop is in various extents of disorder in
the complexes with 2F-FPP.24 Given the rotational freedom around its single bonds, we
verified this binding mode of 5 by modeling other conformations and orientations of 5 in the
active site electron density of the Fo-Fc map. Conformation 5b fit the electron density
moderately well, and its atomic positions and temperature factors were refined against the
diffraction data. The resulting model, however, had higher temperature factors for the cyclic
product (Supporting Information Table S1), and subsequent electron density maps calculated
using this model exhibited poorer quality electron density in the active site. This suggested
that the initially modeled conformation 5 was correct.

Verification that TEAS Utilizes AGPP as a Substrate

To characterize the catalytic turnover of AGPP by TEAS, additional enzyme assays were
performed. TEAS catalyzes formation of an initial germacrenyl 10-membered ring
intermediate between C1 and C10 of FPP in the biosynthesis of 5-epi-aristolochene.
However, cyclization of AGPP to a 10-membered ring would require bond formation
between C1 of AGPP and the aromatic ring carbon bonded to the nitrogen. GC profiling of
hexane extracts from incubations of AGPP with TEAS indicated the formation of a product
with a retention time of 18.05 min (Figure 3a). The retention time of this reaction product
was distinct from 5-epi-aristolochene, the reaction product of incubations of TEAS with
FPP, which migrated with a retention time of 12.68 min under these GC conditions (Figure
3b). The AGPP reaction product did not appear to arise from simple hydrolysis of the
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diphosphate substituent generating the parent alcohol anilinogeraniol (AGOH) because no
reaction product with the retention time of authentic AGOH (20.73 min) was observed under
these conditions (Supporting Information Figure S2). Biochemical and crystallographic
evidence indicate that Mg?* is a required cofactor in TEAS catalysis due to its role in
coordinating binding of the diphosphate moiety of FPP, thereby facilitating both the
formation of a catalytically competent enzyme—substrate complex as well as the ionization
of the diphosphate group from the substrate.2529 If formation of a putative cyclized product
from AGPP is the result of binding and catalysis within the TEAS active site, then MgZ*
would be expected to function in a similar capacity in this reaction. Consistent with this
notion, no reaction products were formed in incubations of TEAS and AGPP with 10 mM
EDTA substituted for 40 mM MgCl,. Lastly, if AGPP could serve as a bona fide substrate,
then a substrate dependent accumulation of product would be expected (Figure 4).

The slow reaction rates for TEAS catalyzed cyclization of AGPP; high concentrations of
enzyme relative to substrate and difficulty in measuring product formed or substrate
consumed within the first 10% of substrate consumption precluded analysis of the enzyme
kinetics by Michaelis—Menten formalism. Nevertheless, we derived the AGPP product
formation rates employing the standard Michaelis—Menten formalism in order to compare
determinations with those for FPP. The average Ky, determined for AGPP in five
independent experiments was approximately 8.2 um, albeit exhibiting a turnover rate (Kcar)
of 0.00012 s™1, a rate approximately 100-times slower than for the native FPP substrate
(Supporting Information Table S3).

When 1 uM TEAS was incubated with either 20 uM FPP or an equal amount of AGPP at 37
°C for 0.5 h, the TEAS enzyme was able to generate 27.2 nmol of 5-epi-aristolochene (2)
per 50 pL reaction in comparison to 12.8 nmol of the AGPP reaction product 5 (Supporting
Information Figure S3). However, when incubated with both FPP and AGPP, the TEAS
enzyme yielded 7.3 nmol of the AGPP reaction product but only 1.5 nmol of 5-epi-
aristolochene, consistent with our observations that AGPP is a suitable substrate analog (K,
= 8.2 uM) and a potent noncompetitive inhibitor (K; = 0.41 uM).

The exact mass and corresponding molecular formula for the product of TEAS catalyzed
conversion of AGPP were deduced from high-resolution GC-MS experiments in comparison
to the natural FPP substrate. Importantly, the reaction products of either incubation were
dominated by a single product (Figure 3). The mass spectrum for the 5-epi-aristolochene
standard exhibited a parent molecular ion at 204 Da as well as a fragmentation pattern
consistent with that previously pub-lished.18:30 The mass spectrum for the hexane-
extractable product generated by incubation of AGPP with TEAS was characterized by a
parent molecular ion of 227 Da and a fragmentation pattern distinctly different from that of
5-epi-aristolochene (Figure 3c,d). The observed mass of 227 Da was consistent with the
formula C1gH21N. The monoisotopic mass calculated for C1gH»1N is 227.1675 Da, and the
experimentally determined high resolution mass for the AGPP reaction product 5 was
227.1676 Da. This mass is consistent with either TEAS catalyzed elimination of diphosphate
to form a linear triene or cyclization of AGPP after ionization and cleavage of the
diphosphate group.
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NMR of the AGPP Reaction Product

Mechanistic

To confirm the structure, especially the geometry and stereochemistry, of the cyclized
product, we employed NMR analysis summarized in Figure 5 (see Supporting Information
Figures S4 and S5 for spectra). For these experiments, 200 ug of the reaction product was
prepared by hexane extraction and chromatographic purification of preparative-scale
incubations of TEAS with AGPP. IH NMR 1D and COSY spectra in CDCl5 revealed
resonances for four aromatic protons and only two olefinic protons, which is inconsistent
with a linear triene structure. Many of these resonances were broadened by intermediate
exchange at 24 °C. These resonances sharpened, shifted, and developed a J-coupling pattern
consistent with a para-substituted aromatic ring when cooled to -50 °C. Analysis of 1H
COSY, 1D NOE, and 1D selective decoupling experiments at 24 °C and -50 °C clearly
demonstrated macrocycle closure onto the para- position of the aniline ring as well as
retention of the E-configuration for both the 2,3 and 6,7 double bonds. Although the four
aromatic resonances had different chemical shifts, the COSY correlations established a
para-substitution pattern. The absence of an NOE in IH NMR NOE experiments at —50 °C
between the H1 and H8 protons excludes both ortho-ring closure and alkylation of the
aniline nitrogen. Analysis of the IH COSY spectrum at =50 °C revealed that each olefinic
resonance was part of an isolated spin system. The E-configuration of both double bonds
was confirmed by employing *H NMR NOE experiments at —50 °C (Figure 5). Irradiation
of the Cq methyl group (61.31 ppm) leads to enhancement of the C1—H (63.02-3.13 ppm)
and C4—H (51.92-2.02 ppm) resonances, and irradiation of the C;¢ methyl group (51.44
ppm) leads to enhancement of the Cs—H (51.75-1.82 ppm) and Cg—H (§3.26-3.36 ppm)
resonances. A molecular model of the three-dimensional structure of 5 made using
ChemBio3D gave a lowest energy conformation with a relatively high level of strain (40.1
kcal/mol) due to the distortion of the aromatic amine geometry. This strain was calculated to
be reduced to 21.7 kcal/mol in models of the protonated molecule. Accordingly, 1H NMR
1D spectra recorded in 1 N HCI at 24 °C were simplified and showed a classic para-
substituted AA’MM’ aromatic spin system. These observations suggest that a single,
enantiomeric conformation of geraniline 5 is formed by TEAS cyclization of AGPP 3, that is
racemized upon protonation.

Considerations

The suitability of AGPP as a substrate for TEAS is intriguing with regard to the reaction
mechanism proposed for this enzyme. Based largely on chemical rationalization, Whitehead
et al.30 and Cane3! suggested earlier that the cyclization of FPP by TEAS proceeded via
sequential partial reactions (Scheme 1). These partial reactions included (1) initial cleavage
of the strong electron withdrawing diphosphate leaving group resulting in the generation of a
carbocation at C1; (2) ring closure to generate the 10-membered germacrene A skeleton by
nucleophilic attack of C10 on C1; (3) reprotonation at C6 followed by attack of C2 on C7
generating a new bicyclo eudesmane carbocation centered at C3; and finally, (4) a hydride
shift from C2 to the new C3 carbocation followed by a methyl migration from C7 and final
proton abstraction from C8 resulting in a double bond between C7 and C8 and formation of
5-epi-aristolochene 2. Structural and functional studies have supported this model of
sequential partial steps. For example, tyrosine 520 is spatially positioned within the active
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site of TEAS such that it was proposed to donate a proton to the germacrene A intermediate
and initiate the second round of partial reactions. Based on the assumption that a mutation of
tyrosine 520 to phenylalanine would eliminate reprotonation of the germacrene intermediate,
Rising et al.18 demonstrated that such a mutant did only synthesize germacrene A.

With respect to the cyclization of AGPP by TEAS (Scheme 2), the initial ionization and
formation of the carbon—carbon bond between C1 and the para- position of the phenyl ring
are directly analogous to the initial steps within the TEAS catalyzed reaction of FPP leading
up to germacrene A (Scheme 1). However, formation of the 13 membered aza-[9]-
paracyclophane ring is somewhat surprising given that cyclization of FPP gives the 10
membered germacrene A intermediate. There are four nucleophilic centers on the aniline
ring, the nitrogen, the two ortho, and the para ring carbons, and cyclization is only observed
onto the para-position. Ring closure onto the nitrogen or ortho-position would give a nine-
membered ring (N-phenyl,-3,7-dimethyl-trans,trans-3,7-azacy-clononadiene) or an 11-
membered ring (3,7-dimethyl-trans,-trans-3,7-aza[9]orthocyclophane-diene), respectively.
The observed geraniline product indicates that the steric constraints imposed by the active
site preclude these alternative products. These constraints allow cyclization of C1 onto the
para position of the anilinogeranyl cation despite the acyclic precursor adopting a
conformation distinct from that for the cyclization onto the 10-position of the farnesyl
cation. That one cyclization product is seen rather than a mixture suggests that the AGPP
cannot adopt conformations that would lead to formation of the other two products.

Why the initial cyclized AGPP intermediate does not go on to form additional rings or other
structural rearrangements may be related to an inability of the double bonds in the 13-
membered ring to achieve sufficient orbital overlap to allow bicycle-ring formation. The
carbocation generated by proto-nation of C6 in geraniline would be unable to interact with
the C2 nucleophile due to the conformation of the strained ring in 5. The C2 and C6
geraniline atoms are approximately 4.5 A apart. Another possibility is that the positioning of
geraniline within the active site pocket may prevent further reaction. Previous structural
studies with FHP and F3-FPP, non-hydrolyzable substrates, helped to place the diphosphate
moiety of these analogs at the entrance of the active site pocket. Subsequent modeling of the
FPP cyclization events relied on positioning of the various intermediates within the active
site with little overall movement or reorientation of the intermediates. In the electron density
map of Figure 2b, the cyclization product of AGPP appears to be positioning the C6—-C7
double bond 5 A from Y520, which perhaps limits the possibilities for proton donation at
this electron rich center or at C2—C3 and terminates further chemical transformations.

The orientation of the cyclized AGPP product also has implications for a limiting step in the
cyclase reaction mechanism. Presteady state kinetic analysis of TEAS implied a rapid
equilibration of the enzyme with FPP, followed by a slightly slower conversion of FPP to
hydrocarbon, and a subsequent rate-limiting step.3% Whether this rate-limiting step
constituted a chemical transformation, for example protonation of germacrene A, or a
nonchemical step such as product release could not be determined. However, it is reasonable
to assume that release of an aliphatic reaction product from the hydrophobic active site
pocket into an aqueous environment would be slow. Addition of the amine nitrogen and
positioning of the AGPP cyclized product near the entrance with the nitrogen closest to the
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bulk phase solvent may stabilize the product complex and result in a slower product release
rate, consistent with the experimental data. Determination of such must await additional
presteady-state kinetic analysis of the TEAS enzyme with AGPP as a substrate.

Implications for Synthesis of Novel Organic Compounds

Methods

Materials

Closure of acyclic intermediates to medium-sized rings is more difficult than five- and six-
membered rings because of unfavorable entropic factors and the development of unfavorable
transannular interactions.16 A significant aspect of enzyme function is the preorganization of
substrates that substantially reduces the entropic penalties associated with the subsequent
catalyzed reaction. Because of the chemo-, stereo-, and regio-selectivity inherent in enzyme
mediated transformations, highly functionalized acyclic precursor molecules can be
employed in ring synthesis. The cyclization of AGPP by the tobacco 5-epi-aristolochene
synthase involves regioselective formation of a single bond to construct the medium-sized
ring.32 Medium sized rings are typically prepared by intra- and intermolecular cyclization
reactions under high dilution conditions.32 Medium sized rings can also be made through
ring closing metathesis and intramolecular lactonization reactions.12 However, macrocycles
with multiple double bonds like geraniline are difficult to obtain through ring closing
metathesis since the product becomes highly strained.1” The observation that tobacco 5-epi-
aristolochene synthase catalyzes the cyclization of the linear AGPP 4 to a single 13-
membered ring product 5 demonstrates that the enzymatic cycloaddition approach to the
generation of medium sized ring systems represents an important complementary alternative
to existing conventional synthetic approaches.

[1-3H] FPP (1) (15-30 Ci/mmol) was purchased from PerkinElmer or American
Radiolabeled Chemicals. 8-Anilino-geranyl pyrophosphate (AGPP (4)) and 8-anilino-
geraniol (AGOH) were synthesized according to the procedure of Chedhade et al.2% and
were stored at —20 °C. AGPP for kinetic and GC-MS experiments was stored as a 2 mM
solution in water. FPP was obtained from Sigma Chemical Company and Echelon
Bioscience. A 5-epi-Aristolochene standard for GC-MS was kindly provided by Dr. Robert
Coates, Department of Chemistry, University of Illinois, Urbana—Champaign.

Purification of Recombinant TEAS

Bacterial expression and purification of TEAS were based on previously published
procedures.1829 In summary, a full-length TEAS cDNA containing a 5’ terminal extension
sequence encoding a hexameric His sequence was inserted into the pET28B expression
vector (Novagen), and this recombinant vector transformed into BL21-D3 (Novagen) E. coli
cells. Recombinant cells were incubated until they entered into an exponential growth phase,
then expression of the TEAS cDNA was induced by the addition of 1 mM IPTG for an
additional 5 h. Cells were collected by centrifugation and resuspended in a lysis buffer
containing lysozyme. Complete disruption of the cells was achieved by sonication and the
lysate clarified by centrifugation. The supernatant was filtered, then applied to His-bind NiZ*
column and eluted with a linear or step gradients of 20 to 250 mM imidazole. Further
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purification, which was necessary for the crystallographic work, included chromatography
on a MonoQ HR10/10 column (Pharmacia) eluted with a linear salt gradient from 0 to 500
mM NacCl, and gel filtration on a Superdex-200 column (Pharmacia) in the presence of 100
mM NaCl. Fractions containing the highest TEAS enzyme activity were combined,
dialyzed, and concentrated to 10-20 mg mL~1 using a Millipore Ultrafree-4 Biomax-30
centrifigal concentrator. Glycerol was added to 50%, and the purified TEAS protein was
stored at —80 °C.

Kinetic Characterization of the Interactions of AGPP with TEAS

The assay for TEAS activity is based upon partitioning of the hydrophobic product (3H-5-
epi-aristolochene) into an organic solvent while the hydrophilic substrate (3H-FPP) remains
in the aqueous phase,2? an assay previously validated by GC-MS analysis of the reaction
product profile.26:27 The K; describing the interaction of AGPP with TEAS was determined
by measuring initial reaction velocities. Reactions (50 pL) contained 200 mM Tris-HCI, pH
7.5, 40 mM MgCl,, 40-333 nM TEAS, and 0.2 pCi of 3H-FPP, carrier free or in
combination with unlabeled FPP to give final substrate concentrations of 0.1 to 90 uM.
Fixed concentrations of AGPP ranged from 0 to 150 uM. Reactions were initiated by the
addition of enzyme and were incubated for 10 min at RT. Reactions were quenched by rapid
addition of 0.5 M EDTA and 50 mM KOH. Samples were subsequently extracted with 300
uL of hexanes, briefly centrifuged, then 200 uL of the hexane phase was treated with
approximately 10 mg of silica powder to remove any contaminating FPP or farnesol, the
latter generated by any contaminating phosphatase activities. Following gentle mixing and a
brief centrifugation to pellet the silica, 100 pL of the hexane phase was analyzed for
radioactivity by scintillation counting. Determination of reaction rate was based on percent
conversion of FPP to product, a value that was obtained by comparing the radioactivity in
the hexane phase to that in an untreated aliquot of the assay mixture. Near background levels
of radioactivity were observed in hexane extracts derived from control reactions lacking
enzyme. In addition, silica treatment did not significantly alter the amount of radioactivity
observed in hexane extracts, indicating insignificant phosphatase contamination.
Determinations were performed in triplicate with data analyzed using the Enzyme Kinetics
1.3 suite within the Sigma Plot 11.0 program (Trinity Software).

Characterization of the TEAS Reaction with AGPP As Substrate

Control reactions contained 20 uM FPP (the natural substrate), 40 mM MgCl,, 200 mM
Tris-HCI, pH 7.5, and 0.1 to 1 uM TEAS in a volume of 50-100 pL. Reactions with AGPP
contained 0.1 to 100 uM AGPP, 40 mM MgCl,, 10% glycerol, 200 mM Tris-HCI, pH 7.5,
and 1 pM TEAS in a volume of 100 pL. Reactions were incubated at 4 °C for a period of 30
min to overnight, or at 37 °C for 30 min prior to extraction with hexanes. For high-
resolution MS determinations, the pooled hexane extracts were concentrated to a minimum
volume under N,. Assays were performed in triplicate, and the concentration of hexane-
extractable product (0.1-3 pg/mL) was estimated by GC based on a comparison to the
detection of a hexadecane standard.

The hexane extracts and a 5-epi-aristolochene standard were examined by GC-MS analyses
using a Varian 3400 gas chromatograph and a Finnigan INCOS-50 quadrapole mass
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selective detector. The GC was equipped with a capillary DB-5MS column (15 m x 0.25
mm, 0.25 um phase thickness), with He as the carrier gas (10 psi). Samples of the hexane
extracts were introduced by splitless injection at an injection port temperature of 110 °C.
The column temperature was maintained at 60 °C for 1 min following injection and then
increased to 280 °C with a gradient of 10 °C per min. GC-MS analysis of the 5-epi-
aristolochene standard included splitless injection at a port temperature of 110 °C. The
column temperature was maintained at 50 °C for 1 min, then increased to 250 °C with a 4 °C
per min gradient. All samples were introduced directly to the electron impact ionization
source for mass spectral analysis. Spectra were recorded at 70 eV, scanning from 20 to 420
atomic mass units. Mass spectral data were compared to those published for 5-epi-
aristolochene,18:30

The exact molecular mass of the hexane-extractable product generated upon incubation of
AGPP with TEAS was determined by high-resolution mass spectrometry using a Kratos
CONCEPT I1IH magnetic sectro mass selective detector. Samples were introduced directly
to the electron impact ionization source, and each measurement was recorded at 70 eV. For
each spectrum, approximately 20-30 scans were collected in a slow scanning mode (10 s/
decade). The column bleed was used as the internal standard and was calibrated separately
against perfluorokerosene. Reported data are based on a composite of the early strong scans
for which an optimal response from the molecular ion was obtained.

NMR Analysis of the TEAS Reaction Products

The double bond geometry and aromatic substitution pattern for the hexane-extractable
product generated upon incubation of AGPP with TEAS was determined by 1H COSY,
NOE, and partial decoupling experiments in CDClI3 at —50 °C using a Varian Inova
spectrometer operating at 400 MHz. Chemical shifts are reported in parts per million from
CDClj internal peak at 7.27 ppm.

Crystallization and Data Collection

TEAS crystallizes in hanging drops as described by Starks et al.25 For structure
determination of a TEAS-AGPP complex, TEAS crystals were soaked in mother liquor
containing 1-5 mM AGPP, then stabilized for freezing in a similar solution which also
included 20% ethylene glycol. The crystal was frozen in a nitrogen stream (~190 K), and a
diffraction data set was collected at Stanford Synchrotron Radiation Laboratory beamline 7—
1 (Supporting Information Table S1).

Structure Determination and Refinement

A starting model consisting of protein residues 17-522 and 533-548 of the TEAS- farnesyl
hydroxyphosphonate structure (PDB code 5EAT) was positioned with respect to the TEAS—
AGPP data using rigid body refinement in PHENIX.33 The initial Fo-Fc difference electron
density map revealed additional density for protein residues 523-532 as well as a bound
reaction product in the active site. The missing regions of the protein were built, water
molecules were added, and several rounds of positional and temperature factor refinement
and manual model adjustment were carried out. An energy-minimized model of 5 was then
placed in the active site electron density,3* aided by the clear density for its phenyl and
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methyl groups. Additional refinement of the model, including 5 was carried out with the
program Coot;3® refinement, map calculation, and water molecule location were carried out
with PHENIX. Final coordinates of the TEAS-5 complex have been submitted to the
Protein Data Bank (4RNQ).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Catalytic conversion of FPP by 5-epi-aristolochene synthase to sesquiterpene hydrocarbons

inhibited by AGPP. 5-Epi-aristolochene synthase (72 nM) was incubated at the indicated
concentrations of 3H-FPP in the absence (@) or presence of 0.03 (blue #), 0.3 (green ¥), 3.0
(red ®) UM AGPP at RT for 10 min before determining the incorporation of radioactivity
into hexane extractable products.
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Figure 2.
TEAS-AGPP/geraniline cocrystal structure. Full view of TEAS structure with a Sigma A-

weighted Fo-Fc electron density map calculated based on data refined without the J/K loop
(residues 521-530) (a). Strong density for entire loop demonstrates closed conformation of
the active site. Active site view with 2Fo-Fc map calculated based on the final structure
absent the geraniline, AGPP, magnesiums, and pyrophosphate (b). Map contoured at 1o.
Superposition of the TEAS-AGPP structure with the structure of TEAS bound to 2F-FPP
(PDB code: 3M01) (c) or FHP (PDB code: 5EAT) (d).

ACS Chem Biol. Author manuscript; available in PMC 2015 September 16.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rising et al.

Figure 3.

g § 8

Relative abundance

ra
2

Relative abundance

10 15 20

Time (min}

]

A
o

g

"
]

Relative abundance
3 3

"
o

S

Relative abundance

\_M.JLJ——'!*"L‘M

75

50

251

10 15 20

Time (min)

Page 16

GC-MS comparison of the reaction products generated by TEAS incubated with AGPP (a)
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Figure 4.
Reaction kinetics of 5-epi-aristolochene synthase for the non-native substrate AGPP. The

TEAS enzyme (1 uM) was incubated with the indicated concentrations of AGPP at 37 °C for
0.5 h, the reaction products extracted into hexanes, then qualified and quantified by GC-MS.
Error bars are standard errors of the mean of five independent experiments.
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Figure 5.
Key COSY spin system correlations and NOEs for geraniline, the reaction product generated

when the TEAS enzyme is incubated with AGPP.
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Scheme 1. A Proposed Catalytic Mechanism for the Cyclization of Farnesyl Diphosphate (1) to 5-
epi-Aristolochene (2) by TEAS, a Tobacco Sesquiterpene Synthase, Adapted with permission
from ref 18, copyright American Chemical Society 20002

8lonization of the diphosphate moiety from FPP is followed by attack of the C10-C11
double bond on the newly created carbocation at C1 and subsequent proton abstraction at the
cis-methyl function to yield germacrene A. Protonation of C6 of the germacrene A
intermediate followed by attack of the C2—-C3 double bond results in the formation of an
internal bond between C7 and C2, and generation of a new carbocation centered at C3. A
hydride shift from C2 to this carbocation, followed by a methyl migration from C7 and final
proton abstraction at C8 generates 5-epi-aristolochene (2). In planta, 5-epi-aristolochene
formation is followed by its successive hydroxylation catalyzed by 5-epi-aristolochene
hydroxylase, a cytochrome P450 enzyme,® to the final end-product capsidiol (3).
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Scheme 2. A Proposed Mechanism for the Cyclization of Anilino-Geranyl Diphosphate (4) to

“Geraniline” (5, 5b) by TEAS, a Tobacco Sesquiterpene Synthase?

8lonization of the diphosphate moiety from AGPP is followed by attack of the para-aniline
carbon on the newly created carbocation at C1 and subsequent loss of a proton from the
benzene ring system would generate “geraniline”. 5 and 5b represent conformers discussed

in the text.
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