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Old substrates for new enzymes of terpenoid biosynthesis
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nzymologists have never had it

so good. Thanks to advances in

gene discovery, driven by high-

throughput sequencing of ge-
nomes and transcriptomes, and im-
proved heterologous expression of
proteins, the functional characterization
of new enzymes is generally straightfor-
ward: clone the gene, express the pro-
tein, assay for activity, and publish the
results. However, without knowing the
correct substrate to use in the assay
such efforts can easily go astray. A pa-
per by Schilmiller et al. (1) published
in the latest issue of PNAS shows how
one can elegantly avoid this pitfall by
integrating genomic, genetic, enzymo-
logical, and metabolite-profiling ap-
proaches. In this important contribution,
the authors report the discovery of a
new substrate for enzymes of plant
terpenoid biosynthesis.

Determining the correct substrate has
historically been a major challenge for
researchers of terpene biosynthetic en-
zymes in plants. Terpenes are an enor-
mous class of plant metabolites with
many diverse roles in growth, develop-
ment, and resistance to environmental
stresses (2). Terpenoids also have a myr-
iad of applications as industrial biomate-
rials, including pharmaceuticals, fra-
grances and flavors, and insecticides (3),
and some terpenoids may serve in the
production of novel biofuels. The early
steps of terpene biosynthesis in plants
involve the formation and assembly of
Cs isopentenoid units that arise from
two separate pathways. The Cs units are
polymerized into Cjo, C;5, Ca, and
larger diphosphate intermediates which
then radiate out in a complex network
of biosynthetic sequences forming thou-
sands of products that vary with plant
species, cell type, and organelle.

Monoterpenes are Cy terpene com-
pounds that serve in plant defense, polli-
nator attraction, and other ecological
roles. Their skeletons are formed by a
family of enzymes known as monoterpene
synthases (4, 5), but it has not always been
easy to know which substrates these en-
zymes employ. Monoterpene synthases
seem promiscuous in vitro, employing
geranyl diphosphate (GPP), the ubiqui-
tous Cyo intermediate of the isoprenoid
pathway in animals and bacteria, as well
as neryl diphosphate (NPP), its Z-isomer
(Fig. 1), and linalyl diphosphate, a tertiary
isomer. For early researchers of monoter-
pene biosynthesis, NPP seemed a more
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Fig. 1.

Type | and type VI glandular trichomes on the stems and the leaf veins of the cultivated tomato

(Solanum lycopersicum). The tiny type VI glandular hairs contain specialized cells for the formation of
terpenoid volatile compounds. Using cell-type-specific ultrahigh-throughput transcriptome sequencing
combined with metabolite profiling, genetic analysis, and biochemical characterization of heterologously
expressed enzymes, Schilmiller et al. (1) discovered that neryl diphosphate (NPP), rather than the classical
geranyl diphosphate (GPP), is the biologically relevant intermediate in the biosynthesis of tomato
monoterpenes. Micrographs were taken by Anthony Schilmiller (Michigan State University, East Lansing).

likely candidate on chemical grounds than
GPP as a substrate for monoterpene syn-
thases, because GPP would first have to
isomerize before cyclizing to form a 5- or
6-membered ring. In fact, it was once con-
cluded from in vitro studies of crude
preparations that NPP was a general sub-
strate for monoterpene synthases (6, 7).
In the late 1970s, Rodney Croteau
and his coworkers launched their land-
mark enzymological, mechanistic, struc-
tural, and molecular studies on mono-
terpene synthases. Using cell-free assays
and recombinant proteins, they demon-
strated that for many monoterpene syn-
thases from plants as diverse as mints
and conifers, GPP was probably the na-
tive substrate, because these enzymes
could carry out the necessary isomeriza-
tion before cyclization and kinetic pa-
rameters indicated that many monoter-
pene synthases actually worked more
efficiently with GPP than NPP (6, 7).
However, NPP is apparently not ready
to go quietly into the dustbin of bio-
chemical history. Schilmiller et al. (1)
have now marshaled convincing evi-
dence that NPP is indeed the native
substrate of a monoterpene synthase
from tomato, a plant that accumulates a
bouquet of volatile monoterpenes in
glandular hairs on the surfaces of its
leaves and stems (Fig. 1). Not only was
the product profile of this enzyme with
NPP much more closely correlated with
the natural monoterpene spectrum of
this particular variety of tomato than the
product profile with GPP, but the smok-
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ing gun was the authors’ discovery of a
gene encoding an NPP synthase (to the
best of our knowledge, the first enzyme
of its type) whose expression in tomato
is restricted to glandular trichomes and
resides in the same region of the tomato
genome as the monoterpene synthase, in
a chromosome position responsible for
controlling monoterpene formation.
Why nature has room for both GPP
and its cisoid isomer, NPP, in its stable of
Cy terpene intermediates is not clear,
although the use of separate substrates
may allow more opportunities for regulat-
ing the biosynthesis of monoterpenes, re-
duce competition for formation of other
terpenes, or alter the product profile of
the enzyme. Many monoterpene synthases
have the unusual ability to form multiple
products from a single substrate (4, 5),
and the product profile of a given mono-
terpene synthase varies with the type of
substrate used in vitro (1). In any case,
the discovery of a NPP-using monoter-
pene synthase in tomato accompanied by
an NPP synthase is a major addition to
textbook knowledge of terpene biosynthe-
sis. This report should prompt a reassess-
ment of the substrates of other terpene
synthases that have proved inactive with
GPP, had product spectra that correlated
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poorly to those found in the plant, or pro-
duced mainly acyclic monoterpenes. It
should also stimulate the search for ter-
pene synthases using other novel sub-
strates. Remarkably, earlier this year a
tomato terpene synthase was reported that
makes sesquiterpenes (C;s) in glandular
trichomes and also uses a cisoid substrate,
in this case (Z,Z)-farnesyl diphosphate
(Z,Z-FPP) rather than the much more
common (E,E)-FPP (8).

Surprisingly, the two new terpene syn-
thases described by Schilmiller et al. (1)
and Sallaud et al. (8) have more in com-
mon than their unexpected preference
for cisoid over transoid substrates. Al-
though one enzyme uses a Cj( substrate
(NPP) (1) and the other Cys (Z,Z-FPP)
(8), both are members of the same
subfamily (TPS-e) of the large and ap-
parently monophyletic group of plant
terpene synthases. Members of the
TPS-e subfamily share sequence features
that are reminiscent of ancestral plant
terpene synthases (4). Hence, the bio-
logically relevant use of cisoid C;o and
Cis substrates by two terpene synthases
in tomato may not be a new trick of
nascent genes, but may actually mark
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the (re)-discovery of new substrates by
old enzymes in an evolutionary sense.
Unlike these two newly described to-
mato terpene synthases that use cisoid Cy
and C,5 substrates for the formation of

Nature has room for
both GPP and its cisoid
isomer, NPP, in its
stable of C4o terpene
intermediates.

specialized mono- and sesquiterpenes, sev-
eral previously characterized members of
the TPS-e subfamily use the Cy copalyl
diphosphate substrate for the formation of
intermediates in the biosynthesis of gib-
berellins, plant diterpene hormones.
Therefore, the discovery of new enzymes
of the TPS-e group with an unexpected
preference for cisoid Cyo and C;s sub-
strates reinforces an important notion for
the annotation of genes that code for en-
zymes in specialized plant metabolism
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(also known as plant secondary metabo-
lism): neither substrate specificity nor
product profiles can be predicted by se-
quence gazing (e.g., BLAST searches or
other means of bioinformatics sequence
comparisons) or through guilt by associa-
tion with family members. Instead, rigor-
ous biochemical testing in a biologically
relevant context can readily establish en-
zyme function, as illustrated by Schilmiller
et al. (1).

This work also serves as a reminder
that for many enzymes promiscuity in
substrate acceptance in vitro may be
only an illusion. In vivo the enzyme
may never be tempted by more than
one substrate partner. However, even
with all of the molecular, biochemical,
and genetic resources at our disposal,
there is no magic shortcut for deter-
mining the actual substrate in vivo, and
an integration of approaches is often
required, as demonstrated here in ex-
emplary fashion (1).
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