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Plant Aromatic Prenyltransferases: Tools for

Microbial Cell Factories

Wouter J.C. de Bruijn ®,"*° Mark Levisson ®,2° Jules Beekwilder

Jean-Paul Vincken'#*

In plants, prenylation of aromatic compounds, such as (iso)flavonoids and
stilbenoids, by membrane-bound prenyltransferases (PTs), is an essential step
in the biosynthesis of many bioactive compounds. Prenylated aromatic com-
pounds have various health-beneficial properties that are interesting for
industrial applications, but their exploitation is limited due to their low abun-
dance in nature. Harnessing plant aromatic PTs for prenylation in microbial cell
factories may be a sustainable and economically viable alternative. Limitations
in prenylated aromatic compound production have been identified, including
availability of prenyl donor substrate. In this review, we summarize the current
knowledge about plant aromatic PTs and discuss promising strategies towards
the optimized production of prenylated aromatic compounds by microbial cell
factories.

Plant Aromatic PTs Are Essential in Secondary Metabolism

Plants produce secondary metabolites (also called specialized metabolites, see
Glossary), such as phenolic compounds, terpenes, or alkaloids, that serve a wide variety of
functions ranging from colorant to odorant to chemical defense compound. Thereby, sec-
ondary metabolites play an integral role in the survival and disease resistance of many plant
species, including those of agricultural importance [1,2]. To synthesize secondary metabo-
lites with such diverse functionalities, plants possess an assortment of enzymes to perform
structural modifications of the different building blocks. One such modification that is of par-
ticular interest is prenylation, which refers to attachment of an isoprenoid moiety, most com-
monly a prenyl group (C5). The term prenylation is also used in a wider context to refer to
substitution with longer isoprenoid units, like geranyl- (C10) or farnesyl-groups (C15) [3].
The structures of these isoprenoids, along with their biosynthesis, are described in more de-
tail in Box 1.

Prenylation of aromatic substrates is known to enhance their bioactivity and is an essential
step in the biosynthesis of biologically active secondary metabolites, such as vitamin E, can-
nabinoids, hop acids, and prenylated (iso)flavonoids and stilbenoids (Box 2) [3,4]. Prenylated
(iso)flavonoids and stilbenoids have been investigated extensively in plants of the legume
family (Leguminosae or Fabaceae). These secondary metabolites have been found to pos-
sess a range of bioactivities, amongst others, antimicrobial, antitumor, cancer preventive,
(anti-)estrogenic, vasodilatory, and antiallergic activities [5,6]. Thereby, these prenylated aro-
matic compounds are valuable for several industries. Their antimicrobial properties, for ex-
ample, make prenylated (iso)flavonoids and stiloenoids interesting for use as natural
preservatives in food and feed [7]. Additionally, natural products with antitumor and cancer
preventive activities are potential lead compounds for drug development in the pharmaceu-
tical industry [8].
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Prenylation of aromatic compounds is
an essential modification to enhance
functionality of plant secondary metab-
olites, and many prenylated aromatic
compounds possess health-beneficial
bioactivities.

A comprehensive overview of character-
ized plant aromatic PTs shows that most
of these enzymes possess strict
substrate- and regio-specificities.

Knowledge gaps include the absence of
high-resolution plant aromatic PT struc-
tures and lack of characterized plant aro-
matic O-PTs.

Microbial cell factories expressing plant
aromatic PTs have potential for biotech-
nological production of valuable bioactive
compounds.

Improving prenyl donor supply, and
colocalization of plant aromatic PTs and
substrates, have been identified as the
current challenges that need to be ad-
dressed to increase prenylation yields.
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Box 1. Isoprenoid Biosynthesis — MVA and MEP Pathways

In order to perform their catalytic activity, aromatic PTs require the presence of two substrates: the acceptor substrate (aromatic compound) and the donor substrate
(isoprenoid pyrophosphate). Isoprenoid pyrophosphates can be synthesized via two distinct biosynthetic pathways, the mevalonate and the non-mevalonate pathway
(Figure ).

The mevalonate pathway, or MVA pathway, is responsible for isoprenoid biosynthesis in the majority of organisms, including some Gram-positive bacteria, yeasts, an-
imals, and plants. It starts from condensation of two molecules of acetyl-CoA to form acetoacetyl-CoA, to which another molecule of acetyl-CoA is added to obtain 3-
hydroxy-methylglutaryl-CoA (HMG-CoA). HMG-CoA is reduced to MVA, which then undergoes two consecutive phosphorylations to form mevalonate-5-pyrophos-
phate (MVAPP), via mevalonate-5-phosphate (MVAP). MVAPP undergoes decarboxylation to form isopentenyl pyrophosphate (IPP). Recently, an alternative to the last
two steps of the MVA pathway has been discovered in which MVAP can be converted to IPP via isopentenyl phosphate. In plants, these reactions occur in the ER, in
peroxisomes, and in the cytosol [106,107].

The non-mevalonate pathway, or 2-C-methylerythritol 4-phosphate (MEP) pathway, is used by a smaller group of organisms, including most Gram-negative bacteria,
cyanobacteria, green algae, and plants. Plants are unique in this respect because they can utilize MVA and MEP pathways to biosynthesize isoprenoids. The MEP path-
way starts with the condensation of pyruvic acid and b-glyceraldehyde 3-phosphate to form 1-deoxy-b-xylulose 5-phosphate (DXP). DXP is reduced and rearranged
into MEP, which is then converted to 4-(cytidine 5'-diphospho)-2-C-methyl-p-erythritol (CDP-ME). A consecutive phosphorylation yields 2-phospho-4-(cytidine 5'-
diphospho)-2-C-methyl-p-erythritol (CDP-MEP), which is cyclized to form 2-C-methyl-p-erythritol-2,4-cyclodiphosphate (MECPP). MECPP undergoes two consecutive
reductions, resulting in a mixture of IPP and its isomer dimethylallyl pyrophosphate (DMAPP), via 4-hydroxy-3-methylbut-2-enyl diphosphate (HMB-PP). In plants, all of
these reactions take place in plastids [107].

IPP and DMAPP can be interconverted by IPP isomerase, however, most aromatic PTs of the UbiA superfamily cannot utilize IPP. DMAPP can undergo consecutive
chain elongations, by condensation with IPP, to form geranyl pyrophosphate (GPP), farnesyl pyrophosphate (FPP), and longer chain isoprenoid pyrophosphates.
Besides their function as donor substrates for prenylation of aromatic substrates, these isoprenoid pyrophosphates serve as precursors for the biosynthesis of a wide
variety of primary and secondary metabolites such as sterols, carotenoids, and chlorophylls [107].
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Figure |. Isoprenoid Biosynthesis via the Mevalonate (MVA, Left) and 2-C-Methylerythritol 4-Phosphate (MEP, Right) Pathways. Abbreviations: AACT,
acetoacetyl-CoA thiclase; CMK, 4-(cytidine 5'-diphospho)-2-C-methyl-p-erythritol kinase; CoA, coenzyme A; DMAPP, dimethylallyl pyrophosphate; DXR, 1-deoxy-b-xylulose
5-phosphate reductoisomerase; DXS, 1-deoxy-D-xylulose 5-phosphate synthase; FPP, farnesyl pyrophosphate; FPPS, FPP synthase GPP, geranyl pyrophosphate; GPPS,
GPP synthase; HDR, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; HDS, 4-hydroxy-3-methylbut-2-enyl diphosphate synthase; HMGR, 3-hydroxy-3-methylglutaryl-
CoA reductase; HMGS, 3-hydroxy-3-methylglutaryl-CoA synthase; IDI, isopenteny! diphosphate isomerase; IP, isopentenyl phosphate; IPK; IP kinase; IPP, isopenteny!
pyrophosphate; MCT, 2-C-methyl-p-erythritol 4-phosphate cytidylyltransferase; MDD, MVAPP decarboxylase; MDS, 2-C-methyl-p-erythritol-2,4-cyclodiphosphate synthase;
MK, mevalonate kinase; MPD, mevalonate-5-phosphate decarboxylase; MVAPP, mevalonate-5-pyrophosphate; PMK, phosphomevalonate kinase.
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Box 2. Bioactive Prenylated Aromatic Compounds from Plants

Plants produce a wide array of compounds that are well known due to their functionality in food or bioactivity in humans, for
which prenylation of aromatic substrates is an essential step in the biosynthesis (Figure |).

Hop a acids (humulones) and 3 acids (lupulones) possess antibacterial properties against Gram-positive bacteria, thereby
contributing to microbial stability in beer. Additionally, derivatives of the a acids, that is, iso-a acids, give bitter taste to beer
and contribute to beer foam stability [108]. The prenylated isoflavone 8-prenylnaringenin and prenylated chalcone
xanthohumol, also produced in hops, possess a wide variety of bioactivities such as antimicrobial, anti-inflammatory, an-
ticancer, antioxidant, and estrogenic activity [109]. Cannabinoids, exemplified by cannabidiol and A°-tetrahydrocannabi-
nol (THC) in Figure 1, are responsible for the medicinal properties of cannabis, which can, amongst others, be applied for
chronic pain management, and for treatment of anxiety-related disorders and kidney disease [110]. However, THC is best
known for its psychotropic activity and is therefore most commonly associated with drug use. Vitamin E has an excellent
reputation due to its antioxidant activity and its function as an essential micronutrient for humans, besides many other ben-
eficial bioactivities. Vitamin E is the collective name for the fat-soluble compounds tocopherols and tocotrienols, which are
produced by plants [111].

As exemplified by humulones and lupulones, modification after or upon prenylation can lead to changes in the acceptor
substrate structure; for example, leading to loss of aromaticity. In other cases, such as tocopherol, cannabidiol, and
THC, the structure of the isoprenoid moiety itself is modified after attachment to the acceptor substrate (Figure I).
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Figure I. Examples of Bioactive Prenylated Compounds. Several well-known bioactive compounds are shown, for
which prenylation of aromatic substrates is an essential step in the biosynthesis. The (modified) isoprenoid moieties are
shown in red.

To perform prenylation, plants use membrane-bound aromatic PTs that transfer isoprenoid moi-
eties from pyrophosphate donor substrates to aromatic acceptor substrates. Until recently, few
plant aromatic PTs had been identified. However, due to the increasing interest in bioactive
plant metabolites, research in this field has been stimulated. In the past few years, this has led
to the identification, gene cloning, and characterization of aromatic PTs from species such as
soy bean (Glycine max) [9,10] peanut (Arachis hypogaea) [11] and hop (Humulus lupulus) [12].

Cell

REVIEWS

Glossary

Chemoenzymatic synthesis: use of
enzymes to catalyze chemical reactions
for the synthesis of organic compounds.
De novo biosynthesis: synthesis of
complex molecules from simple
precursors, such as sugars or amino
acids, by a single microorganism
equipped with the required metabolic
pathways.

Isoprenoid: any organic hydrocarbon
derived from one or more isoprene (C5)
units.

Lead compounds: compounds with
biological activity that serve as starting
points in drug discovery for the
development of pharmaceutical drugs.
Lead compounds often require further
structural optimization to improve
characteristics like potency and
pharmacokinetic properties.

Microbial cell factories: microbial
cells that serve as production facilities for
recombinant proteins and natural
products, or as catalysts for biological
transformations of industrial interest.
Natural preservatives: natural
compounds that can be added to food
to extend its shelf life. Typically, natural
preservatives possess antimicrobial
activity, whereby they contribute to
microbial stability of food products, and
can serve as natural alternatives to
synthetic food preservatives.
Plastidial: localized to plastids, which
are organelles found in various
eukaryotic organisms. Plastids can
differentiate into various forms, with the
most well-known example being
chloroplasts, green plastids that host
chlorophyll for photosynthesis.

Prenyl: the shortest possible isoprenoid
moiety, consisting of five carbon atoms,
most commonly in a 3,3-dimethylallyl
configuration.

Secondary or specialized
metabolites: small molecules, which
are not directly involved in growth,
reproduction, and development of the
plant, but contribute to, amongst others,
defense against pathogens and
chemical signaling.
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Figure 1. Phylogenetic Analysis of Plant Aromatic Prenyltransferases. Protein sequences of all plant prenyltransferases that have been reported to act on aromatic substrates
were aligned using MUSCLE. A Neighbor-Joining tree (200 replicates) was constructed to illustrate their evolutionary relationships using the MEGAY7 software [112]. The evolutionary
distances were computed using the JTT matrix-based method [113]. Bootstrap values are indicated at the nodes of each branch. The abbreviations of the protein sequences and their
corresponding accession numbers are listed in Table S1 (supplemental information onling). Abbreviations: HG, homogentisate; PHB, p-hydroxybenzoic acid.

In this review, we aim to provide a comprehensive overview of the current state of the art on plant
aromatic PTs and their exploitation in biotechnological platforms to produce prenylated (iso)flavo-

noids and stilbenoids.

Characterizing Plant Aromatic PTs
Plant aromatic PTs are members of the UbiA superfamily of intramembrane PTs. A recent review

by Li gave a general overview of the entire superfamily [4]. Here, we focus on plant aromatic PTs,
with special attention to those who catalyze the prenylation of (iso)flavonoids and stilbenoids.

Structure and Phylogeny
We compiled a list of known active, functionally characterized plant aromatic PTs (Table S1 in the

supplemental information online). Based on phylogenetic analysis these enzymes can be divided
into two distinct families: p-hydroxybenzoic acid (PHB) PTs and homogentisate (HG) PTs
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Figure 2. Canonical Fold of a Plant Aromatic PT and Mechanism of PT-Catalyzed Prenylation. (A) PTs are transmembrane proteins with 7-9 predicted
transmembrane helices. The conserved aspartate-rich (D, in red) motifs in loops 2 and 6 coordinate Mgz* ions, which stabilize the pyrophosphate moiety of the prenyl
donor substrate. (B) Biosynthesis of 8-prenylnaringenin is used as an example. The pyrophosphate group of the donor substrate is bound and stabilized by
magnesium (Mgz*) ions facilitating prenyl carbocation formation and subsequent electrophilic substitution of the aromatic acceptor substrate. Abbreviations: HG,
homogentisate; PHB, p-hydroxybenzoic acid; PT, prenyltransferase.

(Figure 1). All these PTs are transmembrane proteins with typically 7-9 predicted transmembrane
helices. In addition, they possess two conserved aspartate-rich motifs in protein loops 2 and 6
(Figure 2A). Motifs for members of the HG PT family are NQxxDxxxD and KDxxDxxGD, whereas
for members of the PHB PT family, the corresponding motifs are NDxxDxxxD and DKxDDxxxG
(Figure 2A). Low resolution (>3 A) crystal structures from two archaeal aromatic PTs (UbiA homo-
logs) provide some insight in the structure of plant aromatic PTs, as most intramembrane PTs of
the UbiA family seemingly share considerable structural similarity [13,14]. These crystal structures
show that both aspartate-rich motifs coordinate Mg?" ions, which stabilize the diphosphate moi-
ety of the prenyl donor. Site-directed mutagenesis of a PHB PT from Lithospermum erythrorhizon
confirms that residues in both motifs are critical for enzyme activity [15]. So far, no high-resolution
structures of plant aromatic PTs have been reported.

Subcellular Localization

PHB PTs are located in the mitochondria or endoplasmic reticulum (ER) of the plant, whereas
HG PTs are found in plastids (Figure 1). Most plant aromatic PTs reported today seem to have
evolved from the HG PT family, and accordingly they are localized to the plastid compartment,
as shown by GFP-fusion experiments [9,11,16-21]. Plastidial localization might be beneficial,
and one of the reasons why most PTs have evolved from the HG rather than the PHB PT family,
because this provides easy access to isoprenoid donor substrates. The plastid synthesizes
large amounts of isoprenoids for the production of carotenoids and chlorophylls. Therefore, it
is expected that the donor substrate flux through the plastidial 2-C-methylerythritol 4-
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