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Abstract

Understanding the logic of plant natural product biosynthesis is important for three reasons: it
guides the search for new natural products and pathways, illuminates the function of existing

pathways in the context of host biology, and builds an enabling “parts list” for plant and microbial

metabolic engineering. In this review, we highlight the chemical themes that underlie a broad

range of plant pathways, dividing pathways into two parts: scaffold-generating steps that draw on a
limited set of chemistries, and tailoring reactions that produce a wide range of end products from a

small number of common scaffolds.

Introduction:

It is often noted that plants produce upwards of 200,000 distinct small molecule natural
products (NPs). This capacity for natural product biosynthesis makes plants unique among
multicellular organisms, and is comparable to the natural product diversity in bacteria and
unicellular fungi [1]. The wealth of recent plant genome information, combined with
decades of biochemical work, has allowed us to begin mapping how CO,, incorporated
during photosynthesis, is converted into abundant and diverse biomass. However, these
metabolic networks also reveal large gaps in our understanding of biosynthetic pathways that
lead to specialized plant NPs. This aspect of metabolism is critical for fitness with functions
including pathogen and pest resistance and nutrient acquisition. It also includes metabolites
that are invaluable as human nutrients, commodity products, and therapeutics. Knowledge of
plant biosynthetic pathways provides valuable opportunities for metabolic engineering, as
well as access to chemical transformations unique to plants. In addition, it allows a deeper
understanding of how plant secondary metabolism impacts both plant [2¢¢] and human
health [1].

Despite tremendous effort and advances, at present there are only a handful of ‘complete’
secondary metabolic pathways in which all enzymes and intermediates are known. Much of
the current plant secondary metabolic knowledge is a patchwork of well-characterized
biosynthetic enzymes in proposed metabolic networks strengthened by our understanding of
plant biochemistry, gene co-expression analysis and protein-protein interactions. From this
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admittedly incomplete picture of secondary metabolism, patterns emerge that provide insight
into the logic of how plants make molecules, and possibly the evolutionary history of plant
NP biosynthesis.

Notably, many known plant biosynthetic pathways appear to involve generation of a key
branch point intermediate, or scaffold, that is differentially tailored or enzymatically
decorated to create families of NPs. Surprisingly, only a small collection of enzymatic
transformations lead to these intermediates (Figure 1); how, then, how do plants generate
>200,000 different small molecules? The vast diversity of plant NPs seems to arise in two
distinct (and orthogonal) ways: (1) scaffold-generating transformations that utilize distinct
but closely related substrates, and (2) differential tailoring of a specific scaffold (Figure 2).

In this review, we summarize the key scaffold-generating transformations and tailoring
chemistries that serve as starting points for generating the diversity of plant NPs. To close,
we briefly discuss the recent progress in discovering and characterizing these enzymatic
reactions. It is important to note that the examples discussed below do not cover all branches
of plant metabolism, but instead highlight the general themes of diversity generation in
secondary metabolite biosynthesis in plants.

Key Scaffold-Generating Chemistries

A defining feature of plant secondary metabolism is the formation of key scaffolds through
the use of a small collection of chemical transformations using abundant building blocks
from primary metabolism as substrates. The starting materials for these scaffold-generating
chemistries are typically only a few metabolic steps from amino acids, with the exception of
polyketides and terpenes (both of which are derived from acetyl-CoA) [3]. The following list
highlights common scaffold-generating chemical transformations (Table 1), but is not
comprehensive. For more information on the biosynthesis of individual classes of NPs (e.g.
polyketides, terpenoids, and alkaloids), the interested reader is referred to additional recent
reviews [4,5,6,7¢].

Amine-aldehyde condensation.

Amine-aldehyde condensation is a classic example of a scaffold-generating chemistry: this
transformation is efficient at physiological pH in aqueous solution, and it is an efficient
method of generating chemical complexity from simple precursors. It can occur either inter-
or intra-molecularly. Intermolecular amine-aldehyde coupling is promoted by Pictet-
Spenglerases (PSRs), of which two notable, distinct variants - strictosidine synthase [8]
(STR1) and norcoclaurine synthase [9] (NOR) - have been biochemically characterized.
These reactions play a key role in generating strictosidine and norcoclaurine scaffolds,
which are central biosynthetic precursors to the widely distributed indole- and isoquinoline-
alkaloid NPs [10]. In both cases, the amine is derived from an aromatic amino acid, while
the aldehyde is in the former case a terpene, and in the latter case an oxidized form of
tyrosine. The resulting scaffolds are optimally situated for the formation of additional rings
by oxidative tailoring that lead to some 5000 structurally distinct plant alkaloids [11].
Furthermore, recent efforts have shown that PSRs display some degree of plasticity, making
these enzymes attractive targets for metabolic engineering. For example, wild-type and
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rationally engineered STR1 can be utilized to produce unnatural alkaloids /n planta[12,13],
and most recently, a novel function of STR1 was recognized, which allows the conversion of
the more common tryptoline scaffold into the less frequently observed piperazino[1,2-
dlindole scaffold [14].

Intramolecular amine—aldehyde condensation is an equally powerful transformation for
generating cyclic alkaloids, albeit less well understood. Diamine (e.g., putrescine) or
polyamine (e.g., spermidine) precursors derived from basic amino acids and/or &
adenosylmethionine are converted by copper amine oxidases (CuAOs) to amino aldehydes
that spontaneously cyclize [15]. Diamines give rise to monocyclic scaffolds, whereas
polyamines are set up for additional cyclization(s). To date, the only characterized example
is the Nicotiana benthamiana CuAOs that converts A-methylputrescine to Atmethyl-Al-
pyrrolinium cation, which is the central intermediate for tropane alkaloid and nicotine
biosynthesis [16].

Non-canonical oxidation of amino acids.

Since plant secondary metabolism relies heavily on oxidative transformations (including
tailoring chemistries), it is no surprise that unusual oxidations of amino acid precursors lead
to the key scaffolds in the biosynthesis of cruciferous phytoalexins and glucosinolates [17].
Oxidative decarboxylation of a precursor amino acid, catalyzed by dedicated cytochromes
P450 (such as CYP79 family) [18], generates key scaffold aldoximes that give rise to a
diverse group of heteroatom-rich phytoalexins such as camalexin, brassinin, and their
derivatives [19¢]. Furthermore, the resulting aldoxime scaffold sits at a metabolic branch
point of several classes of plant secondary metabolites and can be converted into chemically
distinct ‘warheads’ such as the cyanohydrin of cyanogenic glucosides [20] or the
thiohydroxamate of glucosinolates [21].

Aryl-CoA acylation.

Acylation of an aryl-CoA substrate, catalyzed by type Il polyketide synthases (PKSs), is a
key scaffold-generating transformation that leads to the formation of a variety of diverse
polyketide intermediates including chalcones, flavonoids, stilbenes, and acridone alkaloids
[22]. The general mechanism of plant PKSs consists of a series of decarboxylative
condensations of a starter aryl-CoA unit with multiple malonyl-CoA molecules. This
generates a linear polyketide intermediate that is further cyclized to form the canonical
polycylic scaffolds [4]. Typically, the identity of the aryl-CoA substrate and the number of
malonyl-CoA condensations, along with the catalytic environment of the PKS, define the
chemical features of the polyketide intermediate that is formed. A notable substrate of the
plant PKSs in secondary metabolism is coumaryl-CoA, which is derived from the
deamination of phenylalanine. This molecule is particularly abundant in plants due to its
central role as the key building block for lignin biosynthesis [23]. It has been co-opted for
secondary metabolism in two ways: as a starting material for making the flavonoid, stilbene
and lignan scaffolds, and as a scaffold itself for coumarin and a-pyrone biosynthetic
pathways, which are discussed below in the scaffold tailoring section. In the case of
flavonoids, acylation of coumaryl-CoA and its derivatives by chalcone sythases leads to the
central chalcone intermediate naringenin, which gives rise to several branches of flavonoid
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metabolism [24]. In contrast, a similar acylation of the coumaryl-CoA substrate by another
PKS, stilbene synthase (STS) generates a different scaffold - resveratrol - in stilbene
phytoalexin synthesis [25]. This catalytic diversity and broad substrate specificity make
plant PKSs an excellent platform for metabolic engineering, and recent efforts have shown
that unnatural polyketide-alkaloid scaffolds can be synthesized using a combinatorial
approach of precursor-directed biosynthesis and protein engineering [26,27e¢].

C-C bond formation through radical coupling.

Oxidative coupling is another important scaffold-generating transformation that yields a
central dimerized intermediate in the biosynthesis of lignans, lignin, and other polyphenolic
NPs. In the canonical lignan biosynthesis pathway, oxidative phenoxy coupling of coumaryl-
CoA derived alcohols, promoted by designated laccases and dirigent proteins, provides entry
to lignan pathways via dimerized scaffolds, such as pinoresinol [28]. More importantly, this
initial reaction determines the enantiomeric configuration of the resulting lignan, as two
radicals are forced to undergo regio- and stereospecific coupling that is directed by dirigent
(DIR) proteins. DIRs and DIR-like proteins are found exclusively in plants, and are thought
to play important roles in enantiospecific coupling of C-C or C-O bond formation in plant
secondary metabolism [29]. Recent efforts have shown that various DIRs for the formation
of enantiocomplementary (+)- and (=)-pinoresinol are found within the plant kingdom [30],
and that the engineering of dirigent activities is possible as demonstrated by the reversal of
the coupling mode of pinoresinol-forming DIRS in Arabidopsis and Schizandra species
[31e].

Carbocation-mediated cyclizations.

A cascade C—C bond formation of polyolefinic carbocations via cyclization is a powerful
way to generate large, polycyclic carbon-based scaffolds in terpene biosynthesis. This
crucial step gives rise to more than 20,000 distinct terpene metabolites by utilizing two
common isomeric C5 units: isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) [6]. While present in bacteria and fungi, terpene synthases are especially prolific
in plant secondary metabolism. Recent work has shown that the genes encoding these
enzymes and the tailoring enzymes that decorate the reduced scaffold are often “clustered”:
they are physically proximal on the chromosome [32]. Furthermore, due to their astonishing
capability to synthesize complex metabolites from readily available common precursors -
IPP and DMAPP -exciting progress has been made with engineering terpenoid metabolism
in plants [33] and in heterologous hosts [34]. Although many terpene synthases have been
biochemically characterized, recent reports continue to highlight the extraordinary diversity
of scaffolds that can be generated from a very limited set of acyclic precursor
pyrophosphates [35]. While this diversity is mainly derived from the carbocation
intermediates, alternative connectivities by which the C5 units can be connected by terpene
synthases are another key source of chemical complexity [36]. In addition, recent work by
O’Connor and coworkers demonstrated that irregular cyclic terpene-scaffolds can be
generated via novel mechanisms such as the reductive cyclization of 10-oxogeranial,
catalyzed by iridoid synthase, which generates iridoid, another key scaffold in terpene
metabolism [37<]. Yet, another source of metabolic diversity comes from the participation
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of these terpene intermediates in other scaffold-generating chemistries, such as the role of
the secologanin terpene moiety in strictosidine biosynthesis [8].

Variations on a Theme: Scaffold Tailoring

Once a scaffold is created using the chemistries above, it can be tailored to meet the specific
molecular needs of the plant. Variations in scaffold-tailoring chemistry are arguably the most
significant source of plant natural product diversity. Large families of closely related
compounds are produced through either altered regiochemistry of the same scaffold
modification type, catalyzed by related tailoring enzymes with different substrate
specificities, or the combination of entirely different classes of tailoring chemical
transformations. The examples shown in Figure 3 highlight both types of metabolic logic,
and demonstrate how they can lead to collections of compounds that are significantly altered
from the precursor scaffold (covered in the Kliebenstein review in this issue). The majority
of scaffold modifications can be grouped into two categories: redox chemistry and group
transfer including alkylation, acylation, and glycosylation.

Closely related oxidations + skeletal rearrangements.

Redox chemistry, particularly oxidation, is especially prevalent in plant secondary
metabolism. In addition to hydroxylations (such as those catalyzed by canonical
cytochromes P450), unusual rearrangements, ring closures, and functional group
interconversions that occur through formal oxidation greatly expand the diversity of plant
NP families [38].

In the Brassicaceae family of plants, sulfur-containing metabolites are critical for plant
defense, including glucosinolates and indole derived phytoalexins [17]. The formation of the
key C-S bonds that are characteristic of these metabolites is often enabled by cytochrome
P450-catalyzed oxidation to generate a reactive intermediate that then traps a sulfur
nucleophile [39,40], either through the intermolecular addition of glutathione, or through the
intramolecular addition of a pendant thiol. Although current understanding of the chemistry
downstream of brassinin in cruciferous plants is based on isotope feeding studies [41,42], it
appears that closely related enzymes with redox capabilities, such as cytochromes P450,
could be responsible for tailoring and rearranging the brassinin scaffold to produce a suite of
indolic phytoalexins abundant in these edible plants.

The use of oxidation to set up subsequent bond formations is also a theme in other branches
of metabolism. In many of these cases, highly similar transformations catalyzed by closely
related enzymes (e.g., hydroxylating at adjacent positions) can lead to divergent structural
outcomes in the product by setting up spontaneous skeletal rearrangements. Two examples
are the conversion of coumaryl-CoA to either the coumarin [43] or recently discovered &
pyrone [44e] family of NPs, and the amazing diversity of strictosidine and norcoclaurine
derivatives (see the de Luca review in this issue).

Combining oxidation with group transfer.

Plants also employ a combinatorial approach to scaffold tailoring as another way to
accomplish structural diversity in NP families. Species-specific combinations of oxidation
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and group transfer to C-, O-, N-, and S-atoms such as alkylation (prenylation and
methylation), acylation, and glycosylation are found within the plant kingdom, resulting in
diverse pools of NPs [45]. Various combinations of group transfer and/or oxidative tailoring
can lead to closely related analogs of a secondary metabolite family (e.g. tropinones), or
generate entirely new metabolic scaffold branch points (e.g. steroidal saponins). For
example, the aliphatic sidechain of the cholesterol scaffold is modified by a series of
oxidative and group transfer enzymes that results in amine insertion to a set of steroidal
saponins that include tomatidine [46] and, presumably, cyclopamine [47]. Regardless of the
extent of diversity created by combinations of tailoring chemistry, many NPs generated in
this way have distinct biological function from the parent scaffold and other tailored
derivatives.

Conclusion: What’s Next for Pathway Discovery

Viewing the logic of plant pathways from a chemical perspective highlights two areas that
are likely to see important advances in the near term. First, there are certain scaffold-
generating chemistries about which very little is known, such as the intramolecular amine-
aldehyde condensations that lead to polycyclic alkaloids [48]. Second, there are numerous
pathways for which the complete set of biosynthetic genes has not yet been compiled,
despite important clues about key intermediates from feeding studies and analogies to other
pathways. The remarkable challenges of pathway discovery in the absence of genome
sequencing data — a molecule-to-gene discovery approach — make it all the more impressive
that so much is known even at this point.

Genome sequencing opens the possibility of a far more rapid molecule-to-gene approach,
and potentially a gene-to-molecule approach. While assembling a complete pathway remains
a significant challenge, three genome-enabled strategies for connecting genes into a pathway
have shown great promise: the discovery of physical gene clustering in plants [32], co-
expression analysis [49], and phylogenetic analysis [50]. In addition, the ability to express
candidate genes and pathways in alternative plant hosts [51] and yeast [52,53] sets the stage
for a powerful synthetic biology discovery platform. These newer technologies will be
particularly enabling for exploring metabolism in non-model, genetically intractable plant
hosts.
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Highlights
. Chemical diversity in plant natural products arises in two ways
. Scaffold-generating enzymes draw on a limited set of chemistries
. Scaffolds are chemically tailored by redox and group transfer enzymes
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Figure 1.

Key chemical reactions in plant natural product biosynthesis. (2) Common scaffold-
generating enzymatic steps are highlighted in the left panel, and (b) Common tailoring
themes are highlighted in the right panel.
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Figure 2.
Diversity in plant natural products can be established by two general chemical strategies.

Examples shown illustrate these two strategies. (a) Common scaffold-generating chemical
reactions generate diversity by utilizing closely related, but distinct substrates. (b) Key
scaffold intermediates generate diversity by differential tailoring reactions. Multiple arrows
indicate multiple chemical transformations.
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Figure 3.
Closely related oxidations and resulting skeletal rearrangements in (a) cruciferous

phytoalexin biosynthesis and (b) coumaryl-CoA tailoring. Dotted arrows indicate predicted
biosynthetic steps.
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Figure 4.
Combinations of tailoring chemistries create diverse families of plant natural products. (a)

Side chain tailoring of cholesterol scaffold leads to a range of steroidal saponins. (b)
Tailoring of daidzein scaffold expands family of isoflavonoids.

Curr Opin Plant Biol. Author manuscript; available in PMC 2019 November 19.



Page 15

Anarat-Cappillino and Sattely

SOD - aseyluAs ausuIpe)

941 eueljeys sisdopiqery
TY1Q 2IpaLLIBIY BIYIASIOA
H1a- suigjoud JusbLip pue saseade]

S1S - 8seyluAs ausqns
SHD - aseyluAs auoafey)d

SaWIXop[eTade-g-a|opul - €6/¢96.dAD
SaWIXOop|e d1rewole - ZV/TV6.dAD
sawixopye oneydife - Z4/T46.dAD

10dI - asepixo auiouind [Aylaw-y/
OWND - asepixo auiwe Jaddo)

HON - 8SeyluAs auLINejo0210N
THLS - 8SBUYIUAS BUIPISOIOLIS

auaulpes
\7_\ -
N ddo"NF Z v

|cursasoud

OH

o OH
- —
o_zou“ U\_\&H_\ O :O/\/\QO%

HO

OH

H H
SWIXOp|E1a0E aopWL “z N N
b
HOL 2~ L U~ - g \r‘g
N H0D

_._o_"mu h
:_:.E_o:.__.a O m__.r\..f.\./,\z.,:
Husw-n @Jz 3 N

oA oM

2A90"
- 2 2 H

BUINSOIOLLS

areydsoydoiAd jAuaid

(s)joubijouow

v0D-|Ate Jo -|Aoe

pioe oulwe

3U018y| oulwe autweAjod Jo -1p

apAyspje ‘auiwe

uolrez1194d auad.al

Burdnoa jeaipes 9-0

apneyAjod uone|Aoe-y0D

UOIEPIXO PIoe oulwe

(JeIno3jOWEUL) UOITESUBPUOD BpAYBp[e-aUIWE

Ja|buads-19101d

B9 (1ejnasjowIalul) UOIBSUBPUOD BPAYSpP[e-auIWe

(s)awAzu3z

a)dwexa pes

(s)area15QNS

adA1 Ansiwayd

Author Manuscript

‘TalqeL

Author Manuscript

sojdwexe pea| pue saisIwayd Buneiauahb-pjoyedss

Author Manuscript

Author Manuscript

Curr Opin Plant Biol. Author manuscript; available in PMC 2019 November 19.



Page 16

Anarat-Cappillino and Sattely

yoo-luewnog

VL - 8seA| eluowwe auiSoJA]
TIvd - 8seA| eluowwe auluefejAuayd

VvoOs

OH o
-+—— HO
J)\y\‘@\
(o)

pIok oulwe

UOIJBUILLIESP POR OUILLER

(s)awAzu3g

a)dwexa pes]

(s)area15QNS

adA1 Ansiwayd

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Opin Plant Biol. Author manuscript; available in PMC 2019 November 19.



	Abstract
	Introduction:
	Key Scaffold-Generating Chemistries
	Amine-aldehyde condensation.
	Non-canonical oxidation of amino acids.
	Aryl-CoA acylation.
	C–C bond formation through radical coupling.
	Carbocation-mediated cyclizations.

	Variations on a Theme: Scaffold Tailoring
	Closely related oxidations + skeletal rearrangements.
	Combining oxidation with group transfer.

	Conclusion: What’s Next for Pathway Discovery
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.

