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Specialized metabolites are structurally diverse and cell- or tissue-specific

molecules produced in restricted plant lineages. In contrast, primary meta-

bolic pathways are highly conserved in plants and produce metabolites

essential for all of life, such as amino acids and nucleotides. Substrate

promiscuity – the capacity to accept non-native substrates – is a common

characteristic of enzymes, and its impact is especially apparent in generat-

ing specialized metabolite variation. However, promiscuity only leads to

metabolic diversity when alternative substrates are available; thus, enzyme

cellular and subcellular localization directly influence chemical phenotypes.

We review a variety of mechanisms that modulate substrate availability for

promiscuous plant enzymes. We focus on examples where evolution led to

modification of the ‘cellular context’ through changes in cell-type expres-

sion, subcellular relocalization, pathway sequestration, and cellular mixing

via tissue damage. These varied mechanisms contributed to the emergence

of structurally diverse plant specialized metabolites and inform future

metabolic engineering approaches.

Introduction

Plants produce hundreds of thousands of structurally

diverse specialized metabolites that serve ecological,

medicinal, and industrial roles [1]. In contrast to pri-

mary – or core – metabolism, specialized metabolites

are restricted in their taxonomic distribution, pro-

duced in specific cell or tissue types, and often have

documented biological activity [2]. Plant primary

metabolic pathways provide the building blocks of

life including nucleotides, fatty acids, and amino

acids, and are more highly conserved than specialized

metabolism. As such, primary metabolic pathways

are under greater evolutionary constraints, yet can be

co-opted into specialized metabolic pathways [3–5].

The expansion and alteration of this core set of

ancestral metabolic pathways facilitated the evolution

of the vast structural diversity of plant specialized

metabolites [6,7].

The classical view of a lock-and-key model for

enzyme–substrate interactions first proposed by Emil

Fischer and elaborated by Linus Pauling [8] and others

– although not inherently wrong – does not allow for

the messiness inherent in biology [9]. Enzymes typically

can catalyze similar chemical reactions on multiple sub-

strates – a characteristic known as catalytic promiscuity

[10–15]. Promiscuity is a common characteristic of

enzymes, because selection only requires that a catalyst

is good enough to confer a selective advantage to the

cell or organism and does not require perfection [16,17].
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This provides opportunities for metabolic innovation;

however, promiscuous side activities are not physiologi-

cally relevant unless alternative (non-native) substrates

are available, and promiscuous activities are of high

enough catalytic efficiency [10,16,17]. Access to alterna-

tive substrates is necessary to unlock the biosynthetic

potential of a promiscuous enzyme. While this can occur

through various mechanisms, gene duplication plays an

especially important role by releasing enzymes from

metabolic constraints, priming promiscuous activities

for functional innovation.

Paralogous genes emerge through three distinct

duplication mechanisms: segmental, tandem, and

whole genome [18]. The genetic redundancy created

following duplication provides the raw material for

functional innovation [19]. Whole-genome duplication

is common in plants, with at least five events docu-

mented in the Arabidopsis lineage [20,21]. Pseudoge-

nization and gene loss is the most common outcome

following duplication [22]. In the rare instances when

duplicates are retained, metabolic novelty can occur,

either through the alteration of protein function (neo-

functionalization) [19,23–25], or the original function

can be maintained or split among duplicates (subfunc-

tionalization) [23,26–28]. The recent accumulation of

sequence data from divergent organisms enables dis-

covery of the underlying mechanisms involved in gene

retention and functional novelty following duplication.

Functional innovation through neofunctionalization

occurs via multiple mechanisms, often involving

changes in enzymatic activity, which in turn leads to

novel products [3]. However, enzymatic activity change

is not a prerequisite for metabolic novelty. Another

neofunctionalization mechanism involves enzyme relo-

calization, altering its ‘cellular context’ while taking

advantage of inherently promiscuous enzymes [29–37].

In this review, we describe four different mecha-

nisms by which enzyme relocalization leads to changes

in cellular context, in turn potentiating metabolic

diversity. First, altered gene regulation modifies cell-

or tissue-type enzyme accumulation patterns. Second,

alterations in enzyme or pathway subcellular localiza-

tion occur through loss, gain, or modification of a pro-

tein targeting sequence or genes possessing alternative

transcription start sites. Third, enzyme relocalization

events sequester portions or complete metabolic path-

ways away from competing reactions and pathways.

Fourth, the mixing of cellular compartments through

herbivore-induced plant tissue damage generates defen-

sive compound accumulation. These examples high-

light the varied evolutionary mechanisms leading to

changes in cellular context, which in plants has led to

the production of diverse specialized metabolism.

Co-option of an invertase through
changes in cell-type expression

Alteration of substrate availability through cell- or tis-

sue-specific gene expression changes in a promiscuous

primary metabolic enzyme can prime metabolic inno-

vation. One such example is a trichome-expressed

invertase enzyme in the wild tomato Solanum pennellii,

which produces structurally diverse acylglucoses

(Fig. 1).

Acylsugars are defensive compounds produced pri-

marily within the Solanaceae family, consisting of a

sugar core decorated with acyl chains [38]. While the

sugar core is typically the disaccharide sucrose, some

plants accumulate monosaccharide cores including glu-

cose [38]. Cleavage of acylsucroses catalyzed by the

cell wall invertase-like enzyme SpASFF1 (S. pennellii

acylsucrose fructofuranosidase 1) is the final step in

S. pennellii acylglucose biosynthesis [39]. While homol-

ogous invertase enzymes more typically play key roles

in plant energy metabolism [40], the larger group of

invertases and other glycoside hydrolase enzymes use a

broad range of sugar substrates beyond sucrose [41–

43].

Relocalization, through trichome gland cell-specific

expression, of SpASFF1 allowed for the emergence of

acylglucose biosynthesis in S. pennellii. Pyranose ring-

acylated acylsucroses accumulate in the trichomes of

S. pennellii, but not cultivated tomato Solanum lycop-

ersicum, which is due to a recent evolutionary alter-

ation in acylsugar biosynthesis [44]. In the trichomes,

SpASFF1 can promiscuously cleave pyranose ring-acy-

lated acylsucroses leading to acylglucose production

(Fig. 1). Although cultivated tomato possesses an

apparently functional ASFF1 ortholog, it does not

make acylglucoses; this is partly because tomato

ASFF1 does not accumulate in the trichomes [39]. The

combination of SpASFF1 relocalization and accumula-

tion of pyranose ring-acylated acylsucroses in the tri-

chomes created a cellular environment that potentiated

the evolution of a novel invertase that no longer

cleaves sucrose, but instead makes structurally diverse

acylglucoses in S. pennellii.

Subcellular enzyme relocalization
leads to functional innovation in
aromatic amino acid biosynthesis

The previous example highlights how sequestration of

metabolic activities to specific cell and tissue types can

lead to metabolic diversity. Changes in the subcellular

localization of metabolic enzymes also can have pro-

found impacts on specialized metabolism, as plant
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aromatic amino acid biosynthesis illustrates. Plant Phe

and Tyr biosynthesis and the upstream shikimate path-

way occur in the plastids (Fig. 2A), and the branch-

point steps are feedback-regulated by the aromatic

amino acid end products [45]. The committing steps of

Phe and Tyr biosynthesis, arogenate dehydratase

(ADT), and arogenate dehydrogenase (TyrAa), respec-

tively, are also plastidic and feedback-regulated by

their end products [45,46]. The occurrence of non-feed-

back-regulated cytosolic isoforms in some plant

species is an unusual aspect of aromatic amino acid

biosynthesis [47–51]. While the possibility of unique

cytosolic Phe and Tyr pathways was raised decades

ago [52], these enzymes were only recently confirmed

and their in planta functions are only now being iden-

tified through genetic approaches.

Gene duplication and subsequent subcellular pro-

tein relocalization to the cytosol released Phe and

Tyr enzymes from plastidic metabolic constraints

resulting in functional innovation (Fig. 2). A single

petunia ADT gene produces both a cytosolic and

plastidic ADT, via alternative transcription start sites

[53]. Along with the loss of its native substrate, aro-

genate, cytosolic ADT gained access to the alterna-

tive substrate prephenate in the cytosol. Despite

~ 10-fold preference for arogenate over the non-na-

tive substrate, prephenate [54], ADT promiscuously

converts prephenate into phenylpyruvate; this is fur-

ther converted into Phe-derived phenylacetaldehyde,

a floral scent component involved in pollinator

attraction [53,55]. ADT is more highly expressed at

night than during the day, consistent with diurnally

regulated Phe-derived volatile emission in petunia

[53]. Following gene family expansion, alteration of

substrate accessibility of a promiscuous ADT potenti-

ated the evolution of diverse specialized metabolites

in petunia.

Gene duplication and loss of the arogenate dehydro-

genase TyrAa chloroplast transit peptide led to the

evolution of cytosolic prephenate dehydrogenase

TyrAp in legumes [56,57]. The relocalization of legume

TyrAs altered their cellular environment in two major

ways: (a) loss of native substrate availability and (b)

diminution of feedback regulation by Tyr, which has

lower concentration in the cytosol than plastids [58].

In addition to accepting its native substrate arogenate,

cytosolic TyrAs promiscuously catalyze prephenate

conversion to 4-hydroxyphenylpyruvate, albeit weakly

[56,57]. Following relocalization, legume cytosolic

TyrAs diverged in sequence and function: In fact, a

single key amino acid mutation results both in a

change to prephenate substrate preference and loss of

Tyr inhibition (Fig. 2B) [57]. Although the biological

role of cytosolic TyrA homologs has yet to be deter-

mined, based on analogy to the Phe pathway cytosolic

relocalization in petunia, our working hypothesis is

that relocalization potentiated Tyr-derived specialized

metabolism. These examples suggest that altering

promiscuous enzyme–substrate availability through

distinct subcellular relocalization mechanisms releases

regulatory and substrate availability constraints allow-

ing for the emergence of metabolic novelty.

An example of metabolic innovation without

enzyme relocalization but potentiated by alterations in

regulatory mechanisms is also found in the Tyr path-

way, in the plant order Caryophyllales. The appear-

ance of Tyr-derived betalain pigments evolved multiple

times and correlates with the emergence of plastidic

TyrAa enzymes with relaxed Tyr regulation [59] among

other metabolic innovations [60]. TyrAa deregulation

allowed for increased Tyr accumulation, potentiating

downstream betalain pathway evolution [59]. Taken

together, these examples from aromatic amino acid

biosynthesis highlight how changes in substrate avail-

ability and loss of feedback regulation of promiscuous

primary metabolic enzymes – with or without subcellu-

lar relocalization – can drive the evolution of special-

ized metabolic diversity.

Fig. 1. Alteration of cell-type-specific gene

expression of an invertase potentiated

acylglucose biosynthesis. Following

duplication, gene expression changes and

alteration of substrate specificity led to a

trichome-specific acylsucrose

fructofuranosidase 1 (SpASFF1) that cleaves

acylsucroses leading to acylglucose

production in Solanum pennellii.
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Terpene structural diversity
potentiated by enzyme promiscuity
and subcellular relocalization

As in Tyr and Phe pathways, there are examples of

terpene specialized metabolic diversification being

potentiated by subcellular relocalization of promiscu-

ous terpene synthase enzymes providing access to new

substrate pools. Terpenes have roles in both primary

and specialized metabolism and their structural diver-

sity is derived in part from the catalytic activity of ter-

pene synthases, which create the terpene skeleton from

prenyl diphosphate precursors [61,62]. As a group, ter-

pene synthases have broad in vitro specificity with

some accepting hemi (C5)-, mono (C10)-, sesqui (C15)-,

and diterpenoids (C20) [63–66]. Yet, terpene synthases

display specificity in vivo: Cytosolic terpene synthases

generally are involved in sesquiterpene biosynthesis,

whereas those in the plastids are usually involved in

hemi-, mono-, and diterpenoid biosynthesis [67]. Alter-

ing the substrate availability of promiscuous terpene

synthases through subcellular relocalization led to the

evolution of lineage-specific terpenoids.

Plant terpene synthase prenyl diphosphate substrates

are synthesized by distinct organelle-specific pathways:

the plastidic 2-C-methyl-D-erythritol 4-phosphate

(MEP) and the cytosolic mevalonate (MVA) pathways

[67]. This segregates the two potential substrate pools

of promiscuous terpene synthases. Extant terpene syn-

thases, including those localized to both the plastids

and cytosol, are likely evolutionarily derived from an

ancestral plastidic diterpene synthase involved in gib-

berellin biosynthesis [66,68,69]. Phylogenetic analyses

suggest that the relocalization of diterpene synthases

from the plastids to the cytosol occurred multiple

times [64]. One example of terpene synthase relocaliza-

tion is the Prunella vulgaris diterpene synthase 11-hy-

droxy vulgarisane synthase (PvHVS), which

promiscuously accepts monoterpene, sesquiterpene,

and diterpene substrates in vitro. However, its plastidic

localization prevents access to sesquiterpene precursor

pools in vivo [64], resulting in specific production of

the diterpene vulgarisin in P. vulgaris [64]. Another

example of a promiscuous terpene synthase increasing

metabolite diversity through altered cellular context is

the Solanum habrochaites santalene and bergamotene

synthase (SBS). SBS is localized to the plastids, and

phylogenetic analyses show that SBS groups with plas-

tidic diterpene synthases [70]. Like other terpene

Fig. 2. Subcellular enzyme relocalization

leads to diverse specialized metabolism. (A)

Tyrosine and phenylalanine biosynthetic

pathways and subcellular

compartmentalization. Promiscuous,

plastidic TyrAa and ADT enzymes were

relocalized to the cytosol where they

contribute to diverse metabolic processes.

Dotted red lines indicate feedback inhibition.

Dotted black lines indicate multiple

enzymatic steps. (B) Duplication of plastidic

arogenate dehydrogenase (TyrAa) and

subsequent loss of the chloroplast transit

peptide (CTP) led to cytosolic TyrA.

Mutation of a key active site residue

(indicated by the red star) of some cytosolic

TyrA enzymes led to prephenate-specific

TyrAp (prephenate dehydrogenase) in

legumes. Green boxes indicate plastids.

ADT, arogenate dehydratase; HPP, 4-

hydroxyphenylpyruvate; PPY,

phenylpyruvate.
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synthases, SBS has activity with a range of prenyl

diphosphates in vitro; however, SBS uniquely produces

the sesquiterpenes bergamotene and santalene in vivo

[70]. Thus, the subcellular relocalization of terpene

synthases in plants alters their substrate availability

leading to structurally diverse and lineage-specific ter-

penes.

Pathway sequestration leads to
alkaloid diversity in opium poppy

Promiscuity increases the catalytic repertoire of an

enzyme and can lead to increased metabolite diversity,

but the diversion of pathway intermediates may lead

to dead-end products in the presence of multiple sub-

strates [71,72]. Separation of pathway reactions or por-

tions of metabolic pathways within distinct cell types

reduces substrate availability, thus decreasing side

reactions by promiscuous enzymes. The production of

the pharmaceutically important benzylisoquinoline

alkaloids (BIAs), such as the analgesic morphine, rep-

resents one such example [2]. The BIA intermediate

(S)-norcoclaurine is modified through tailoring reac-

tions to produce the structural diversity characteristic

of BIAs (Fig. 3A). Many of these tailoring enzymes

have promiscuous activities (Fig. 3B) [73], and their

sequestration in distinct cell types maintains product

specificity in the BIA pathway.

Biosynthesis of morphinan-type alkaloids – including

morphine and codeine – is separated into two cell types:

upstream reactions in the sieve elements and the final

three steps in laticifers [74]. The laticifer-localized steps

are catalyzed by the promiscuous tailoring enzymes the-

baine 6-O-demethylase (T6ODM), codeinone reductase

(COR), and codeinone O-demethylase (CODM)

[73,75,76]. A key outcome of pathway separation is

that, although CODM and T6ODM have activity with

many nonphysiologically relevant BIA intermediates

in vitro, these substrates are unavailable in vivo [75]

(Fig. 3A). Pathway sequestration may have provided or

potentiated the evolution of novel transport mecha-

nisms, which contribute an additional layer to control

cell-type specific substrate availability [77]. Limiting the

substrate availability of morphine biosynthetic enzymes

in the laticifers allows tailoring enzymes to use their

promiscuity to produce structurally diverse BIAs with-

out side reactions. The above examples illustrate how

the relocalization of promiscuous enzymes at the orga-

nelle, cell, and tissue levels alters their cellular context

leading to diverse plant specialized metabolism.

Fig. 3. Sequestration of benzylisoquinoline

alkaloid intermediates and enzymatic

activities in two cell types. (A)

Benzylisoquinoline alkaloids are derived

from (S)-norcoclaurine. The final three steps

of morphine biosynthesis, thebaine 6-O-

demethylase (T6ODM), codeinone

reductase (COR), and codeinone O-

demethylase (CODM), are localized in

laticifer cells (blue), sequestered from the

sieve element-localized upstream reactions

(purple). A dotted line indicates that the

intermediate thebaine is likely transported

from sieve elements to laticifers. (B) Some

examples of the structurally diverse

substrates used - and metabolites produced

by ––– CODM in vitro.
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Glucosinolates and release of the
‘mustard bomb’

Glucosinolate specialized metabolite synthesis and cat-

abolism provide multiple examples of changes in cellu-

lar contexts in modulating structural diversity and

biological activity of specialized metabolites. With few

exceptions, glucosinolates are produced within plants

of the order Capparales, which includes the Brassi-

caceae family, and upon hydrolysis, glucosinolates pro-

duce various defense-related compounds.

Similar to BIA biosynthesis in opium poppy, the

stages of glucosinolate synthesis occur in distinct sub-

cellular compartments (Fig. 4). There are three mod-

ules: First, amino acids, typically from methionine, are

elongated in the plastid; second, the amino acid is con-

verted into a core glucosinolate structure in the cyto-

sol; and third, various modifications can be made to

the core structure in the cytosol (Fig. 4B). Plastidic

chain elongation sequesters intermediates away from

enzymes involved in cytosolic modules (Fig. 4A)

[78,79] limiting potential side reactions of promiscuous

chain elongation enzymes. Methylthioalkylmalate

(MAM) synthases catalyze the first step of chain elon-

gation of methionine-derived glucosinolate precursors

in a process analogous to the isopropylmalate synthase

committing step in leucine biosynthesis through con-

densation of acetyl-CoA to the 2-oxoacid of methion-

ine [80–82]. Repeated rounds of elongation are

facilitated by the promiscuity of MAM synthases

accepting elongated substrates [81]. Pathway sequestra-

tion protects against the diversion of nonelongated

intermediates entering the core biosynthetic module.

This spatial partitioning of metabolic modules facili-

tates elongated glucosinolate production.

Glucosinolate core biosynthetic enzymes are not

only promiscuous and spatially separated from chain

elongation steps, but also show tissue-specific expres-

sion patterns. For example, CYP83 family enzymes

have broad activity with amino acid-derived aldoximes

[83], and in Brassica juncea CYP83A1, homologs show

distinct gene expression patterns in different tissues

[84]. BjuCYP83A1-1 controls the accumulation of ali-

phatic glucosinolates and is highly expressed in the

roots, siliques, and in response to wounding [84]. Tis-

sue-specific expression of the core module further

modulates substrate availability and spatial distribu-

tion of glucosinolates.

Tissue damage by insect herbivory creates the ‘mus-

tard bomb’, which is an extreme example of a change

Fig. 4. Enzyme promiscuity in chain elongation coupled with pathway sequestration and cellular mixing lead to glucosinolate diversity and

release of the ‘mustard bomb’. (A) Plastidic glucosinolate chain elongation pathway. Methylthioalkylmalate synthase catalyzes the initial

condensation reaction with an amino acid-derived oxoacid (here methionine (Met)) and acetyl-CoA. Isomerization and oxidative

decarboxylation produce an elongated oxoacid that can be further elongated or enter glucosinolate core biosynthesis in the cytosol. (B)

Glucosinolate biosynthesis occurs in the plastids (chain elongation) and the cytosol (core biosynthesis) sequestered from vacuolar

myrosinase. The mixing of subcellular compartments through tissue damage by an herbivore initiates the mustard bomb as the myrosinase

can now interact with its substrate, releasing toxic nitriles and isothiocyanates. Green and gray boxes indicate plastids and vacuole,

respectively. R represents the amino acid-derived portion of a glucosinolate.
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in cellular context, in this case through mixing of cellu-

lar contents. Following tissue damage, vacuolar-con-

fined myrosinase reacts with glucosinolates to release

reactive isothiocyanates and nitriles (Fig. 4B) [78,79].

In undamaged tissue, the production of these poten-

tially harmful reaction products is prevented by com-

partmentalization of the vacuolar myrosinase and

glucosinolates in distinct specialized cell types [79].

Maintenance of separate cellular environments through

sequestration of glucosinolates away from the cata-

bolic enzyme activity regulates the glucosinolate

defense response, mitigating damage to the plant until

herbivory causes tissue wounding.

In summary, glucosinolate synthesis and activation

show how coordination of varied cellular context-alter-

ing mechanisms, including subcellular pathway seques-

tration, tissue-specific gene expression, and tissue

damage, all contribute to the production of specialized

defense metabolites.

Future outlook

Not only have enzyme relocalization mechanisms pro-

vided opportunities for the evolution of plant special-

ized metabolism, but engineering of spatial

compartmentalization can be used to expand the

biosynthetic capacities and reduce metabolic con-

straints of synthetic biology platforms [85,86]. Recent

examples used the high metabolic activity of develop-

ing tomato fruit to produce endogenous or novel plant

metabolites. Tomato fruit was engineered to accumu-

late the phenylpropanoid-derived compounds resvera-

trol and genistein, through tissue-specific co-expression

of biosynthetic enzymes and a MYB transcription fac-

tor from other plants [87]. Another example produced

geraniol and geraniol-derived terpenes in tomato fruit,

which enhanced the flavor, through tomato-specific

expression of an Ocimum basilicum terpene synthase

[88]. These examples show that hijacking specific

metabolically active tissue types is a successful meta-

bolic engineering approach. The remarkable biosyn-

thetic potential of specialized and core metabolism

across the green plant lineage, along with their

extraordinary organ-, tissue-, cell-, and subcellular-

metabolic capacities, provides unlimited possibilities

for future metabolic engineering through hijacking of

cellular context.
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