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Abstract
The reaction mechanisms of (E)-β-farnesene synthase (EBFS) and isoprene synthase (ISPS),
enzymes that catalyze a formal regioespecific 1,4-conjugate elimination of hydrogen-diphosphate
from (E, E)-farnesyl and dimethylallyl diphosphate (FDP and DMADP) to generate the
semiochemicals (E)-β-farnesene and isoprene, respectively, were probed with substrate analogs
and kinetic measurements. The results support stepwise reaction mechanisms through analogous
enzyme-bound allylic cationic intermediates. For EBFS, we demonstrate that the elimination
reaction can proceed via the enzyme-bound intermediate trans-nerolidyl diphosphate, while for
ISPS the intermediacy of 2-methylbut-3-enyl 2-diphosphate can be inferred from the product
outcome when deuterated DMADPs are used as substrates. Possible implications derived from the
mechanistic details of the EBFS catalyzed reaction for the evolution of sesquiterpene synthases are
discussed.

INTRODUCTION
Class I terpene synthases rely on a shared protein fold to catalyze the metal dependent
turnover of linear isoprenyl diphosphates to generate families of natural products
characterized by their enormous diversity in structure, stereochemistry, biological function
and application. Most mono-, sesqui- and diterpene synthases catalyze complex cyclization
cascades of reactive carbocations with high regio- and stereochemical precision.1 On the
other hand, the hemiterpene isoprene synthase (ISPS), the monoterpene myrcene synthase
(MS) and the sesquipterpene (E)-β-farnesene synthase (EBFS) generate linear hydrocarbons
through the regiospecific 1,4-conjugated elimination of hydrogen diphosphate (HOPP, i.e.,
inorganic pyrophosphate plus a proton) from diphosphates 1, 2 and 3, respectively (Scheme
1). From a mechanistic viewpoint, these enzymes catalyze one of the simplest biochemical
transformations of prenyl diphosphates.

The semiochemical (E)-β-farnesene (EBF, 6) is an acyclic sesquiterpene produced both by
plants and animals.2 EBF has been described as a defensive allomone (bees), a trail
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pheromone (ants), a prey-finding kairomone (beetles), a feeding stimulant (fly), an
oviposition stimulant (European corn borer) and a pollination stimulant (bumblebees).2

More importantly, since EBF is used by the majority of aphid species as an alarm
pheromone,3 this sesquiterpene is a valuable chemical to control aphid pests in crops.2a,4 To
date, cDNAs coding for EBFS have been isolated from several plants,4g,5 and some have
been over-expressed in bacterial2a, 6 and plant hosts.2b,4f,g,7 The amino acid sequence of
EBFSs,2a amino acid sequence alignments4h,5b,6a,c–e and molecular modeling suggest that
EBFSs possess the characteristic class I terpene fold found in all sesquiterpene synthases. 1c

EBFS from Mentha x piperita has the diagnostic Asp-rich DDXXD motif (residues 301-305)
that coordinates essential Mg2+-ions, and the non-catalytic N-terminal domain found in most
plant-derived sesquiterpene synthases. 8,9

Despite the prominent ecological role and economical potential of (E)-β-farnesene, a
detailed mechanistic study of the enzymatic reaction catalyzed by EBFS has not been
reported. The obvious formation of 6 via the transoid farnesyl cation 9 (Scheme 1, path b) or
the possible recombination of 9 with inorganic pyrophosphate (PPi) to yield trans-nerolidyl
diphosphate (NDP, 12) as an enzyme-bound intermediate en route to 6 (Scheme 1, path c)
were briefly discussed by Crock and colleagues, although no compelling evidence for either
proposal was provided.2a The maize sesquiterpene synthase TPS1 has been found to
produce, in addition to 6,6b equal amounts of (E)-nerolidol and (3E, 6E)-farnesol, thus
supporting the formation of the intermediate trans-farnesyl carbocation (9). Similarly, the
co-production of myrcene (5) and linalool or mixtures of myrcene and ocimene by the
myrcene synthases from P. frutensens and A. thaliana supports the formation of the geranyl
cation intermediate 8 during the elimination reaction. 10,11

An interesting alternative mechanistic possibility for a 1,4-conjugate elimination has
recently been considered for isoprene synthase (ISPS). This hemiterpene synthase converts
dimethylallyl diphosphate (DMADP, 1) to isoprene and hydrogen diphosphate.12 In plants,
isoprene emission protects plants from environmental stresses such as elevated temperatures
and oxidative damage; the atmospheric emission of plant-derived isoprene is approximately
100 Tg per year.13 While the dimethyl allyl cation 7 was favored as an intermediate in
catalysis,12f a plausible concerted syn-periplanar elimination mechanism was considered
based on X-ray crystallographic data, in which the diphosphate-leaving group could serve as
the catalytic base (Scheme 1, path a).12f

RESULTS AND DISCUSSION
Here, we examine the mechanistic details of the elimination reactions catalyzed by EBFS
and ISPS with the FDP (3) analogs (2Z,6E)-2-fluorofarnesyl diphosphate (2F-3), (6E)-3-
fluoromethylfarnesyl diphosphate (3CH2F-3) and (6E)-3-trifluoromethylfarnesyl
diphosphate (3CF3-3)15–17 and with DMADP (1) analogs (Z)-[4,4,4-2H3]DMADP and (E)-
[4,4,4-2H3]DMADP.14

Depending on the mode of proton elimination from the DMADP analogs, alternative
deuterated isoprene products would result that could be distinguished easily by mass
spectrometry; regiospecific proton/deuteron elimination should yield a single deuterated
product, which could be consistent with a concerted reaction path, whereas non-
regiospecific proton/deuteron elimination should yield two deuterated products, consistent
with a common dimethylallyl cation intermediate that would exclude a concerted pathway
(Scheme 2).

For pathways b and c (Scheme 1), the strong electron-withdrawing effect of the vinylic
(2F-3) and allylic (3CH2F-3 and 3CF3-3) fluorine substituent(s) is expected to diminish the
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rate of the formation of trans-farnesyl cation (9). Hence these substrate analogs should act as
competitive inhibitors of EBFS. While diphosphates 2F-315,16 and 3CH2F-316c have been
used previously, the kinetic evaluation of 3CF3-3 is without precedent in sesquiterpene
chemistry. 8a We have also probed the intermediacy of trans-nerolidyl diphosphate (12) in
the catalytic cycle of EBFS with (2Z, 6E)-FDP (cis-3) and (3RS)-trans-NDP (12), which
were prepared as indicated previously.16b,18,19

Isoprene Synthase
Recombinant ISPS from grey poplar hybrid Populus x canescens with an N-terminal
hexahistidine tag to facilitate purification was produced and purified as described.12f Major
peaks for isoprene appear in mass spectra at m/z = 68, 67 and 53, which are believed to
correspond to the molecular ion and its dehydrogenated and demethylated forms (Figure S3,
Supporting Information).

If the ionization and elimination steps are concerted in the ISPS reaction, or if the allylic
carbocation-PPi ion pair initially formed by ionization of DMADP is tightly bound, then
preferential elimination of a proton from the (Z)-methyl group would be expected based on
the conformation of dimethylallyl-S-thiolodiphosphate found in the ISPS active site.12f

Consequently, proton elimination from (E)-[4,4,4-2H3]DMADP would exclusively yield
[4,4,4-2H3]isoprene, which would generate ions with m/z = 71, 70, 53; proton elimination
from (Z)-[4,4,4-2H3]DMADP would exclusively yield [1,1-2H2]isoprene, which would
generate ions with m/z = 70, 69, 55 (Scheme 2). However, both (Z)-[4,4,4-2H3]DMADP and
(E)-[4,4,4-2H3]DMADP give rise to isoprene yielding ions with m/z = 71, 70, 53 and 70, 69,
55 (Supporting Info). Therefore, both the (Z)-methyl and (E)-methyl groups of DMADP (1)
can undergo elimination to generate isoprene, i.e., there is no regiospecificity in the proton
elimination step. It follows that the ISPS reaction must proceed through an allylic
carbocation intermediate, since DMADP cannot achieve a conformation that would support
the concerted departure of PPi with proton abstraction from the (E)-methyl group. If PPi is
indeed the general base that receives the proton, as implied from the lack of alternative
residues that can perform this function, 12f then there must be sufficient flexibility in the
ISPS active site to allow the allylic cation to shift, so that both (E)-methyl and (Z)-methyl
groups of 7 are equally accessible to bound PPi, which could serve as the general base.
Alternatively, if 10 is an intermediate in the ISPS reaction, then a concerted or stepwise
elimination reaction would similarly yield both deuterated isomers of isoprene (Figure 1).

Farnesene synthase
Recombinant (E)-β-farnesene synthase from Mentha x piperita2a was overproduced in E.
coli to yield the expected monomeric protein.2 The steady-state kinetic parameters were
measured with tritiated 3 (kcat = 0.028 ± 0.002 s−1; KM = 1.8 ± 0.2 μM, Table 1) and were
in reasonable agreement with previous reports (KM = 0.6 μM, kcat not determined,2a or KM
= 1 μM and kcat = 0.01 s−1).6e However, the product distribution observed here, 95% EBF
(6), 1.5% (Z)-β-farnesene (ZBF, 13), 1.3% (Z)-α-farnesene (ZAF, 14), 0.2% (E)-α-
farnesene (EAF, 15) and approximately 2% of unidentified material (Figure 2), differs from
that previously reported from a partially purified recombinant EBFS (85% 6; 8% 13 and 5%
δ-cadinene).2a The identities of EBF (6), ZAF (14) and EAF (15) were established by GC-
MS comparisons with an authentic mixture of standards generated from farnesyl acetate
with a Pd(0)-catalyst.20

(2Z, 6E)-2-Fluorofarnesyl (2F-3) proved to be a potent competitive inhibitor of EBFS (Ki of
1.3 ± 0.1 μM), thus suggesting a reaction along either path b or c (Scheme 1). The strong
inhibition of EBFS by 2F-3 is comparable with that observed previously for several
monoterpene cyclases with 2-fluorogeranyl (2F-2) and 2-fluorolinalyl diphosphate (2F-11).
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In these cases, fluorinated products were formed albeit at reduced rates.21 Similarly,
prolonged incubations (16–18 h) of EBFS (10 μM) with saturating concentrations of 2F-3
(500 μM) generated a single fluorinated hydrocarbon (m/z 222), which was identified by
GC-MS as (E)-β-2F-farnesene (2F-6).22 While this observation could in principle be
reconciled with a reaction along pathways b or c, it could be interpreted to suggest a
concerted process (path a) similar to the one previously discussed for ISPS catalysis.12 To
distinguish between the concerted and the stepwise mechanisms, (1RS)-2-fluoro[1-3H1]FDP
(2F-[1-3H1]-3) was synthesized23 and assayed with EBFS under standard Michaelis-Menten
conditions. While the replacement of trans-FDP (3) by this ‘trans’ fluorinated analog had a
negligible effect on the Michaelis constant (KM = 1.6 ± 0.2 μM), the strong electron-
withdrawing effect of fluorine reduced the turnover number 140-fold (kcat = 2.0 ± 0.5 × 10−4

s−1, Table 1), thereby confirming the most likely electrophilic nature of the elimination
reaction catalyzed by EBFS.

Further support for the stepwise mechanism was obtained from the observation that 15-
fluorofarnesyl diphosphate (3CH2F-3) and 15-trifluorofarnesyl diphosphate (3CF3-3) acted
as potent competitive inhibitors of EBFS with Ki values of 2.3 ± 0.2 μM and 1.6 ± 0.2 μM,
respectively. As expected for reactions proceeding through positively charged
intermediates,24 the substitution of hydrogen atoms in the allylic substrate by the strongly
electron-withdrawing fluorine atom abolished the formation of fluorinated α- or β-
farnesenes as judged by GC-MS, even after incubations of up to 72 h. The kinetic behavior
of 3CH2F-3 and 3CF3-3 during EBFS catalysis parallels that previously observed in a study
of yeast farnesyl-transferase, in which 3CF3-3 was shown to act as the stronger inhibitor of
the farnesylation reaction and the weaker substrate of the transferase enzyme.25

As inferred for the reaction catalyzed by ISPS (Figure 1), the possible involvement of the
tertiary allylic diphosphate trans-NDP (12, Scheme 1) as an enzyme-bound intermediate in
catalysis by EBFS was examined using (2Z, 6E)-FDP18 (cis-3) and (3RS)-trans-NDP (12).19

GC-MS analysis reveled that EBFS converted cis-3 (and 12) almost exclusively and with
high efficiency to (E)-β-farnesene (93%) suggesting that the reactions for both FDP isomers
proceed via a common intermediate arising from the plausible collapse of either cis-farnesyl
or trans-farnesyl cation to NDP (12). Indeed, (3RS)-(1Z)-trans-[1-3H1]NDP, prepared by
stereoselective γ-cis-vinylic metallation26 of racemic transnerolidol, 27 displayed a turnover
number (kcat = 0.023 ± 0.001 s−1)28 similar to that measured for FDP (kcat = 0.028 ± 0.002
s−1) in good agreement with a reaction along pathway c (Scheme 1). It is noteworthy that
racemic trans-NDP was used in the kinetic analysis and hence the Michaelis constant
measured for racemic trans-[1-3H1]NDP (KM = 25.0 ± 4.2 μM, Table 1) is not easily
compared with that measured for 3. The steady-state kinetic parameters for trans-FDP (3)
and (3RS)-trans-NDP (12) resemble the well-established kinetic behavior observed for the
monoterpene substrates 2 and 11 (Scheme 1).1a The higher kcat values observed for the
tertiary (3S)- or (3R)-linalyl diphosphate (11) isomers suggest that they are indeed
biosynthetic intermediates in reactions catalyzed by several monoterpene synthases.1a,21

Similarly, for trichodiene synthase and δ-cadinene synthase, the formation of trans-NDP
(12) from FDP 3 was inferred from comparisons of their kcat values, although in these cases,
the turnover number for the presumed intermediate (12) was slightly lower that that
measured for 3.29 Thus, in catalysis by EBFS, the almost identical kcat values for trans-NDP
(12) and trans-FDP (1) strongly support a stepwise elimination reaction via path c and
intermediate 12 (Scheme 1).

CONCLUSION
The data presented here exclude concerted processes and strongly support electrophilic
reaction mechanisms for the EBFS and ISPS catalyzed conversions of FDP (3) and DMADP
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(1) to EBF (6) and isoprene (4), respectively. Furthermore, the kinetic values (Table 1) and
the observed deuterium patterns (non-regiospecific elimination, Figure 2) obtained for EBFS
and ISPS are consistent with electrophilic reaction pathways via the enzyme bound tertiary
diphosphates 12 and 10. By implication, it seems reasonable to speculate that the synthesis
of the monoterpene myrcene (5) from geranyl diphosphate (2) will also proceed along a
stepwise mechanism presumably via the intermediate linalyl diphosphate (11). Indeed,
tertiary diphosphate intermediates could comprise a general feature of all 1,4-conjugate
elimination reactions catalyzed by terpene synthases.

The presence of NDP (12), the effective substrate of sesquiterpene cyclases that follow a 1,6
cyclization mechanism, as an intermediate of the reaction catalyzed by EBFS from Mentha x
piperita is intriguing, since this plant produces EBF (6) as the only reported acyclic
sesquiterpene; however, EBF constitutes only approximately 2% of the total sesquiterpene
fraction in the essential oil of pepermint. 2a,30 Furthermore, since the sesquiterpene fraction
is rich in cyclic olefins such as 39% β-caryophyllene, 33% γ-cadinene, 2% δ-cadinene,
1.5% germacrene D, 1.3% copaene and 1.3 % α-humulene, which mechanistically may be
derived from enzyme-bound trans-NDP (12), it is tempting to suggest that the common
precursor2a,6e of sesquiterpene cyclases and EBFS in the secretory glands of Mentha x
piperita31 may have been an eliminase without the ability to form C-C bonds. This proposal
is in good agreement with the results from a mutational study of two sesquiterpene synthases
from Mentha x piperita with homology to EBFS, MxpSS1 (a cyclase utilizing 12 and with
96% amino acid identity to EBFS) and MxpSS2 (an enzyme with 99.6% sequence identity
to EBFS, but no activity towards FDP).6e The sesquiterpene cyclases epi-isozizaene
synthase (EIZS) from Streptomyces coelicolor and aristolochene synthase from Penicillium
roqueforti could be converted into eliminases through single amino acid substitutions that
produced EBF in excess of 70%.32 Interestingly, the catalytic efficiency (kcat/KM) of F96A-
EIZS is only approximately 14-fold lower than that of peppermint EBFS making the mutant
an enzyme with a catalytic performance approaching that of wild type EBFS. Hence, a
single point mutation is sufficient to convert a cyclase into an eliminase, or vice versa.
While this evolutionary scenario is highly plausible, it is nevertheless not possible to
completely exclude that the modern EBFS derives from a peppermint sesquiterpene cyclase
that has lost its cyclase activity. 2a The discovery of additional sesquiterpenes cyclases from
peppermint, sequence alignments, reciprocal mutagenesis and a phylogenetic reconstruction
should allow us to distinguish between these two proposals.
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Figure 1.
Proposed formation of MW 71 and 70 isoprene (4) products (Scheme 2) from (Z)- and (E)-
[4,4,4-2H3]DMADPs via 10. This reaction could be concerted via a 6-membered ring
transition state involving inorganic pyrophosphate, or it could proceed in a stepwise fashion
through the re-formation of allylic carbocation intermediate 7.
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Figure 2.
Product profile for the EBFS catalyzed conversion of FDP (3) to (E)-β-farnesene (6), (Z)-β-
farnesene (13), (Z)-α-farnesene (14) and (E)-α-farnesene (15).
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Scheme 1.
Conversion of FDP (3) and DMADP (1) to EBF (6) and isoprene (4) along concerted (a)12f

or stepwise (b and c)2a,12f reaction pathways.
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Scheme 2.
Possible product profiles for the conversion of DMADP (1) to isoprene (4).
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Table 1

Steady-state kinetic parameters and inhibition constants.a

KM (μM) kcat × 10−3 (s−1) Ki (μM)

3 1.8 ± 0.2 28 ± 0.2 -

2F-3 1.6 ± 0.2 0.2 ± 0.1 1.3 ± 0.1

3CH2F-3 - - 2.3 ± 0.2

3CF3-3 - - 1.6 ± 0.2

(±)-12 25.0 ± 4.2 23 ± 0.1 -

a
Assays were carried out according to the standard, linear range, microassay procedure (see Supporting Info and Refs 16b and 20). Reported values

are the average of 3 (Michaelis-Menten) or 2 (inhibition) measurements; all values were within 5% of the average. Errors are standard deviations
for one sigma.
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