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Abstract

Isoprenoids are a large class of natural products with myriad applications as bioactive and 

commercial compounds. Their diverse structures are derived from the biosynthetic assembly and 

tailoring of their scaffolds, ultimately constructed from two C5 hemiterpene building blocks. The 

modular logic of these platforms can be harnessed to improve titers of valuable isoprenoids in 

diverse hosts and to produce new-to-nature compounds. Often, this process is facilitated by the 

substrate or product promiscuity of the component enzymes, which can be leveraged to produce 

novel isoprenoids. To complement rational enhancements and even re-programming of isoprenoid 

biosynthesis, high-throughput approaches that rely on searching through large enzymatic libraries 

are being developed. This review summarizes recent advances and strategies related to isoprenoid 

synthetic biology, combinatorial biosynthesis, and chemo-enzymatic synthesis, focusing on the 

last five years. Emerging applications of cell-free biosynthesis and high-throughput tools are 

included that culminate in a discussion of the future outlook and perspective of isoprenoid 

biosynthetic engineering.
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Introduction

Isoprenoids (also known as terpenoids) are widely distributed in Nature, representing 

approximately one-third of characterized natural products and comprising >80,000 unique 

chemical structures [1]. These diverse molecular scaffolds provide a versatile source of 

potent pharmaceuticals with activities including antibiotic (fumigaclavine A), anticancer 

(paclitaxel), antiviral (betulinic acid), and antiparasitic (artemisinin) (Fig. 1) [2]. In addition 
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to their pharmaceutical relevance, isoprenoids have utility as commodity and industrial 

chemicals including fragrances (limonene), flavorings (guaiol), pigments (carotenoids), 

biofuels (bisabolane), biopolymers (rubber), and pesticides (pyrethrin I) [3].

Notably, the broad members of this class are universally derived from two isomeric five-

carbon (C5) hemiterpene diphosphates, dimethylallyl diphosphate (DMAPP) and 

isopentenyl diphosphate (IPP), which are natively biosynthesized via the mevalonate (MVA) 

or 1-deoxy-D-xylulose-5-phosphate (DXP) pathways. These ubiquitous monomeric 

precursors are subsequently leveraged as small molecule building blocks for intermolecular 

prenylation by prenyltransferases (PTases). The broad functionality of PTases enables the 

regioselective alkylation of diverse nucleophilic acceptor molecules including polyketides, 

non-ribosomal peptides, and amino acids, as well as the polymerization of hemiterpenes to 

form a variety of elongated linear diphosphates via a subset of PTases referred to as 

prenylelongases. Elongated prenyl diphosphate moieties can subsequently undergo various 

intermolecular transfers or can be leveraged as substrates for intramolecular cyclization by 

terpene cyclases (TCs) wherein the appropriate linear diphosphate chain is leveraged to 

produce diverse monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20) etc., via the 

generation and propagation of highly reactive carbocation intermediates. These products are 

often subsequently tailored and diversified via the action of P450 hydroxylases (CYPs), 

glycosyltransferases (GTs), acyltransferases, and methyltransferases (MTs).

In order to gain access to bioactive isoprenoid natural products as well as their analogues, 

synthetic organic chemistry [4, 5] has used starting materials with the chirality and 

precursor-scaffold built-in. These synthetic scaffolds have leveraged the integrated chirality 

of the starting material to facilitate chemical diversification yet are often limited in 

availability for large scale multistep synthesis. Conversely, Nature has evolved a multitude of 

enzymatic machinery for cascade reactions, but has limited access to chemically diverse 

starting materials [6]. Interestingly, small modifications and diversification of isoprenoid 

scaffolds can lead to significant differences in biological activity. For example, while 

meroterpenoid cannabidiol (CBD) shows prominent activity as an antischizophrenic [7], 

anti-inflammatory [8], and antiepileptic agent [9], its analogue (−)-trans-Δ9-

tetrahydrocannabinol (THC) is a psychoactive drug [10, 11]. Hence, the huge advancement 

in biomimetic terpenoid synthesis notwithstanding [4], accessing a broad range of non-

natural isoprenoid analogues in a facile, scalable, cost effective, and sustainable fashion 

remains a critical challenge [11].

As the demand for industrially relevant isoprenoids [12] and high-value therapeutics 

continues to increase, improving accessibility of terpenoids and their analogues to access 

novel drug targets, has become critical [13–15]. Over the past decade, emerging synthetic 

biology technologies have demonstrated great promise for both enhancing isoprenoid titers 

and diversifying their structures. Metabolic engineering and novel high-throughput 

screening technologies have been leveraged to improve natural product titers. Moreover, 

engineered de novo biosynthetic pathways have been developed to simultaneously improve 

access to natural building blocks as well as their non-natural analogues. While engineering 

the native promiscuity of these pathways ushered towards novel biosynthetic avenues of 

isoprenoid production, promiscuity with non-native substrates has revealed significant 
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potential for regio- and chemoselective diversification, spurring advancements towards novel 

drug development. This review summarizes the current state-of-the-art in isoprenoid 

synthetic biology, combinatorial biosynthesis, and chemo-enzymatic synthesis, with special 

emphasis on key progress over the last five years (Fig. 2).

Engineering Isoprenoid Precursor Production

Enhancing isoprenoid titers has often relied on precursor pathway engineering [11, 16], 

making both the DXP and MVA pathways critical engineering targets. Within plants, 

protozoa, and most bacteria, the DXP pathway is initiated by the decarboxylative 

condensation of acetyl-CoA and glyceraldehyde-3-phosphate (G3P) to yield DXP, which is 

then converted to DMAPP or IPP via an additional six enzymatic steps (Fig. 3a). 

Engineering efforts for this pathway have been historically met with minimal success as a 

result of poorly understood regulatory mechanisms [17]. However, recent metabolic control 

analyses have identified multiple potential enzymatic bottlenecks across the DXP pathway, 

including DXS and HDS, further complicating engineering efforts [18].

The MVA pathway has enjoyed substantial success for the overproduction of DMAPP and 

IPP despite its lower theoretical hemiterpene yield compared to the DXP pathway. Utilized 

in archaea and higher eukaryotes, the MVA pathway is initiated by the sequential additions 

of acetyl-CoA to yield 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA). HMG-CoA is 

subsequently reduced to MVA, which is then funneled to the lower MVA pathway, which 

has been convergently evolved among archaea and eukaryotes to yield IPP through a series 

of at least six enzymatic steps (Fig. 3b). IPP is then interconverted to DMAPP via 

isopentenyl diphosphate isomerase (Idi). Chassis organisms with an endogenous MVA 

pathway, such as Saccharomyces cerevisiae, have been successfully engineered through the 

identification and removal of negative regulatory elements like the pyruvate dehydrogenase 

bypass [19], and the overexpression of enzymatic bottlenecks, both within the pathway such 

as HMG-CoA reductase [20] and those that act on the MVA pathway including diglycerol 

kinase 1 [21]. These modifications and combinations thereof have yielded >3-fold titer 

enhancements of target isoprenoids. Variations of the MVA pathway have also been 

reconstructed in various heterologous hosts, such as Escherichia coli [22]. With novel 

strategies based on clustered regularly interspaced short palindromic repeats (CRISPR) 

interference, balancing carbon flux through this pathway in heterologous hosts has been 

easily manipulated [23].

While enhancing precursor levels often improves the production of bioactive isoprenoids, 

elevated levels of IPP have been demonstrated to cause toxicity in E. coli [24]. Indeed, 

physiological analysis of strains that accumulate IPP indicated decreased cellular viability 

and reduced plasmid stability as a result of the formation of a toxic isoprenyl-ATP analog. 

Thus, maintaining a balance between the precursor availability and downstream 

intermediates is crucial for optimal production.

Recently, novel strategies for the production of DMAPP and IPP from alternative precursors 

have been explored. For example, the potential for enhancing DMAPP and IPP titers by 

leveraging conversion of bioethanol to acetyl-CoA in recombinant Pseudomonas putida was 
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recently demonstrated [25]. Another example includes the utilization of methane as a 

feedstock for the ribulose monophosphate cycle, which feeds into the DXP pathway via the 

Embden–Meyerhof–Parnas pathway in the methanotroph Methylotuvimicrobium 
alcaliphilum 20Z [26]. In addition, emerging de novo pathways to the universal prenyl 

diphosphate precursors DMAPP/IPP offer potentially powerful complements to native 

biosynthetic pathways. To date, these pathways leverage two sequential phosphorylations of 

the corresponding alcohol precursors, dimethylallyl alcohol (DMAA) and isoprenol (ISO), 

to produce DMAPP and IPP [27–30]. Unlike engineering of endogenous metabolism, which 

is often limited by carbon and energy inefficiencies, these alcohol-dependent hemiterpene 

(ADH) pathways circumvent native metabolism to enable the decoupling of cellular growth 

and isoprenoid biosynthesis (Fig. 3c). The de novo pathways described so far leverage the 

native promiscuity of a kinase or reversible phosphatase to catalyze the first phosphorylation 

reaction, while the second phosphorylation is catalyzed by isopentenyl phosphate kinase 

(IPK) from the terminal step of the archaeal MVA pathway. These pathways significantly 

reduce the number of enzymatic steps that are required for optimization via metabolic 

engineering and enzyme engineering, allowing for facile engineering for enhancing 

isoprenoid titers. Notably, lycopene production through these prototype pathways is on par 

with or exceeds reported production in engineered strains of E. coli that leverage the MVA 

pathway and can be anticipated to far outpace the native pathways once engineered further. 

Interestingly, IPK mutants and homologs have also been explored for utility as a single-

enzyme ADH pathway that catalyzes both phosphorylations sequentially; however these 

variants are not as robust as the two-enzyme alternatives when evaluated for lycopene 

production [31, 32].

Approaches to Non-Natural Isoprenyl Diphosphate Production

As the building blocks of isoprenoids, prenyl diphosphates present an opportunity for 

precursor-directed biosynthetic diversification. While de novo ADH pathways offer 

attractive opportunities to improve titers of natural hemiterpenoids, these same pathways 

offer an additional benefit: promiscuity of the enzymes towards non-natural substrates with 

different carbon skeletons. Indeed, twenty-two non-native alkyl monophosphates were 

utilized by IPK (e.g. 8, 10-11, 18-19, 21, 23-31, Fig. 4b), suggesting a remarkable capacity 

to produce non-natural prenyl diphosphates [33]. This was also highlighted by a one-pot in 
vitro cascade reaction, to utilize hydroxylated and methylated analogues of DMAPP and IPP 

to produce farnesol analogues(e.g. 9, 12-17, 22, Fig. 4b) [34].

Native precursor biosynthetic pathways may also have some inherent promiscuity that could 

be leveraged for diversification. Several naturally occurring pathways produce methylated 

prenyl diphosphate analogues. For example, an S-adenosylmethionine (SAM)-dependent 

IPP methyltransferase was recently discovered by Drummond et al [35] in Streptomyces 
through genome mining. In vitro evaluation of enzymatic activity showed the creation of not 

only C6-methylated IPP and DMAPP derivatives (e.g. 12, 13, 16, 17, Fig. 4b), but also C7-

derivatives, presumably made through two successive methylations of the corresponding 

hemiterpene. GC-MS analysis of culture headspace showed in vivo production of these same 

compounds, as well as C11, C12, C16, and C17 isoprenoid alcohols, suggesting that native 

prenylelongases are able to recognize and incorporate these methylated IPP analogues (e.g. 
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32-34, 38, 50-55, 61, 66, Fig. 4c/4d). Another strategy uses propionyl-CoA starter units, 

rather than its native acetyl-CoA precursor, for the MVA pathway to yield C6 

hemiterpenoids [36].

Another example combined several promiscuous and engineered enzymes to create a C11 

isoprenoid biosynthesis pathway in S. cerevisiae. A 2-methylgeranyl diphosphate (2-

MeGPP) methyltransferase was fused with Erg20p—the native geranyl diphosphate (GPP) 

and farnesyl diphosphate (FPP) production enzyme in yeast—and mutagenized at several 

positions indicated by previous studies and structural analysis. These changes allowed for 

greater preference of the fusion enzyme for release and methylation of GPP, creating the 

linear C11 isoprenoid. This product was paired with two heterologous dedicated C11 terpene 

synthases; however, other C11 products were also identified, suggesting usage of 33 by 

native terpene synthases. The synthases were also mutagenized to prefer C11 substrates over 

their native C10 through saturation mutagenesis at positions chosen through structural and 

homology data [37].

Non-natural analogues of hemiterpenes are also accessible via organic synthesis. Typically, 

hemiterpenoid diphosphates are synthetically built via the activation of their respective 

alcohols (DMAA and ISO) towards a better leaving group, such as alkyl halides, tosylates, 

mesylates etc., followed by subsequent nucleophilic attack by pyrophosphates and extensive 

purification of the desired diphosphate [38, 39]. Leveraging this method, a diverse panel of 

hemiterpenoid analogues have been accessed including deuterated hemiterpene diphosphates 

for mechanistic probes [40]. Halogenated precursors have also been developed and while 

they often cannot be leveraged for prenylation or cyclization, they have enabled a range of 

mechanistic studies [41]. For example, the enantioselectivity of (−)-limonene synthase from 

Citrus sinensis has been probed with 36 and 37 (Fig. 4c) [42–44]. This subsequently led to 

co-crystallization of linalyl diphosphate in limonene synthase to further elucidate the 

mechanism of cyclization [45].

In summary, significant progress has been made towards accessing unnatural prenyl 

diphosphates (particularly with respect to variation of alkyl groups), the use of these 

derivatives by in vivo pathways, and the development of de novo pathways to access larger 

chemical diversity. Further exploration of the ability of these derivatives to be used by 

downstream pathways and to provide libraries of desired target compounds through 

precursor-directed biosynthesis is now critical.

Prenylelongase Promiscuity and Engineering

Prenylelongases polymerize the monomeric building blocks DMAPP and IPP into long 

chain isoprenoids. The simplest product is the C10 geranyl pyrophosphate (GPP), via the 

condensation of one unit each of DMAPP and IPP, catalyzed by GPP synthase (Fig. 5a). The 

mechanism of GPP synthase is initiated by the dissociation of the pyrophosphate moiety of 

DMAPP, facilitated by an active site Mg2+ ion. The resulting stabilized dimethylallyl cation 

then undergoes nucleophilic attack by the double bond of IPP. The tertiary carbocation 

subsequently undergoes syn or anti β-hydrogen elimination, yielding GPP [46] or neryl 

diphosphate (NPP), respectively. The condensation is categorized as “head-to-tail” because 
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it involves the carbon distal to the pyrophosphate of the ‘extender’ unit (“head”) reacting 

with the carbon atom proximal to the pyrophosphate (“tail”) of the ‘starter’ unit. Reactions 

are also possible with the secondary “middle” carbon (head-to-middle). In this way, 

structural diversity can be generated from just the two isomeric monomeric building blocks. 

For example, there are four possible C10 linear monoterpenes produced from DMAPP/IPP: 

GPP, NPP (the cis conformer of GPP), lavandulyl pyrophosphate, made from a head-to-

middle condensation of two DMAPP units, and chrysanthemyl pyrophosphate, which is also 

head-to-middle condensation of two DMAPP units with accompanying intramolecular 

cyclopropanation rather than elimination (Fig. 5b) [47]. Each of these reaction types can also 

be performed during the formation of longer-chain isoprenoid polymers using IPP as the 

extender, leading to additional natural diversification and allowing for transfer to other 

classes of molecules or cyclization into terpenoid natural products.

While prenylelongases are not generally known to be promiscuous, some side reactions 

producing alternative products are known. For example, a dedicated cis prenylelongase, 

which had been known to catalyze head-to-tail condensations of long chain polyprenyl 

pyrophosphates, also produces small quantities of head-to-middle isomers [48]. The limited 

inherent promiscuity of prenylelongases has been expanded via rational mutagenesis and 

directed evolution. For instance, a high-throughput screen based on the production of 

lycopene was leveraged to find mutants of IspA, a farnesyl pyrophosphate (FPP, C15) 

synthase capable of producing geranylgeranyl pyrophosphate (GGPP, C20). The 

geranylgeranyl pyrophosphate synthase CrtE from carotenoid biosynthesis endogenous to 

Pantoea ananatis was substituted with an error-prone library of IspA and screened via 

absorbance based measurement of tetradehydrolycopene [49]. Most of the productive 

mutations were in close proximity to two aspartate-rich domains that were previously 

implicated in chain length determination [50]. Notably, a double mutant was shown to have 

complete abolition of FPP synthase activity, becoming a dedicated GGPP synthase, while 

several other mutants showed mixed activity. A yeast FPP synthase from ergosterol 

biosynthesis was converted to a GGPP synthase through similar means [51]. Other studies 

have shown that FPP synthases can be interconverted via rational mutagenesis to GPP 

synthases [52, 53] and that these mutants can be used in cell-free biosynthesis of 

monoterpenoids [54]. The chain-length specificity of cis-olefin-forming prenylelongases has 

also been relaxed by enzyme engineering [55].

The product stereochemistry of prenylelongases has also been engineered. In a study 

attempting to produce Z,E-farnesol (a farnesol isomer with a cis olefinic bond) in E. coli, 
using the Z,E-FPP synthase Rv1086 from M. tuberculosis, endogenous IspA was found to 

interfere by competing for precursors. Free geraniol in the cytosol suggested that IspA was 

releasing and re-uptaking GPP, rather than performing two subsequent condensations in the 

active site to produce the desired FPP isomer. The authors reasoned that a fusion protein of 

IspA and Rv1086 may provide the best chance for capturing released GPP and providing a 

higher proportion of the Z,E isomer of farnesol. The fusion protein resulted in a 15-fold 

increase of the desired isomer compared to separate expression of each synthase [56].

Prenylelongases have also been shown, in a few cases, to accept unnatural substrates without 

engineering. One such example established the ability of avian FPP synthase to condense 3-
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chloro-IPP with DMAPP or GPP to form 35 and 44, respectively (Fig. 4c/d). No products 

were formed when two chlorinated derivatives were incubated with the enzyme together, 

suggesting that these enzymes are only able to utilize one unnatural substrate in a given 

reaction [41]. Other work has shown the ability of FPP synthases to use methylated and 

cyclized analogues of DMAPP and IPP to construct novel GPP- (39-43, Fig. 4c) and FPP-

like compounds (62-65, Fig. 4d) [57]. As described earlier, native prenylelongases have been 

shown to accept mono- and dimethylated IPP and DMAPP derivatives and incorporate them 

into up to C17 FPP products [35].

These studies have contributed to our mechanistic understanding of prenylelongases and 

demonstrate some potential for diversification of isoprenoids during the chain elongation 

phase of their biosynthesis, albeit being largely limited to naturally-occurring substrates. 

Yet, the promiscuity of prenylelongases towards non-native and non-natural substrates 

appears limited, although this may reflect difficulties associated with accessing the 

necessary pyrophosphates. However, prenylelongases have proven amenable to engineering. 

Development of methods for high-throughput detection of non-natural chain extensions, as 

well as additional structural information of prenylelongases to aid rational mutagenesis 

efforts, will help to expand the diversity introduced during the chain-elongation phase of 

isoprenoid biosynthesis.

PTase Substrate Scope and Engineering

The best characterized PTases are the ABBA-fold aromatic PTases, composed of an 

antiparallel β/α barrel-like structure with a central cavity open on both ends. While not 

catalytically dependent on metals, they are more efficient in the presence of Mg2+ ions. 

Mechanistic studies of this broad enzymatic class, including by kinetic isotope effect (KIE) 

and positional isotope exchange (PIX) experiments, have indicated that the mechanism with 

natural substrates proceeds via the allylic stabilized carbocation intermediate [58, 59] and 

was thought to be concerted [60]. However, a more recent study suggests that the reaction 

proceeds via a dissociative mechanism wherein the nucleophilic attack does not participate 

in the rate determining step [54].

Due to the relatively open nature of their active sites, ABBA-fold aromatic PTases have 

demonstrated promiscuity towards both their aromatic substrates and the pyrophosphate 

alkyl donors [61]. Two families of ABBA-fold PTases have been proposed: (1) the 

dimethylallyltryptophan synthase (DMATS) family are mostly fungal enzymes which 

generally alkylate indole-containing natural products, and (2) NphB/CloQ-like proteins 

which are mostly of bacterial origin and alkylate phenols and phenazines [62]. Later studies 

have expanded this framework to include phylogenetic analysis and further subgroups [63]. 

Each group has demonstrated high levels of substrate promiscuity (Table 1).

The most-studied member of the fungal aromatic PTases, is FgaPT2, a 4-

dimethylallyltryptophan synthase from Aspergillus fumigatus (Table 1). While the enzyme 

shows remarkable regiospecificity for C4 of the indole ring of tryptophan when utilizing 

DMAPP as an alkyl donor, there is a preference for the C5 position with alternative donors 

(e.g. 15, 68, 73, 74, 76-79, Fig. 6). For alkyl donors, FgaPT2 has shown a tolerance for a 
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variety of allylic and benzylic (e.g. 77–80, Fig. 6) donors [64, 65]. Of those tested, shorter 

chain donors were not utilized, including propargylic pyrophosphate [66]. Electron-donating 

groups on benzylic donors do not appear to increase alkylation. For aromatic acceptors, 

FgaPT2 natively leverages L-tryptophan (Fig. 7a), but tolerates tryptophan derivatives with 

altered amino acid backbone moieties, indole-containing DKPs (Fig. 7b), indolocarbazoles, 

m- and o-tyrosine, and fumiquinazolines [67–70]. Other members of the fungal aromatic 

PTase family have shown similar levels of promiscuity for both aromatic acceptors and 

donors, including FtmPT1, CdpNT, 7-DMATS [71], and SirD [72, 73], while others may be 

as tolerant but are less well-studied, such as 5-DMATS and IptA [74, 75]. More recently, the 

aromatic PTase AtaPT demonstrated unprecedented promiscuity towards aromatic acceptors 

and donors, including donors with various alkyl substituents and differing chain lengths, and 

showing multiple sites of alkylation on the same acceptors [76].

Variations in PTase regioselectivity are likely the result of repositioned carbocation via the 

tilt of the aromatic acceptor. For example, comparisons between crystal structures of FgaPT2 

and FtmPT1 shows that due to change of a tyrosine residue to a glycine in the active site, the 

indole ring in FtmPT1-substrate brevianamide F is tilted compared to the indole ring of 

tryptophan in FgaPT2. This tilt puts C-4, C-5, C-6 and C-7 of indole far away from the other 

substrate DMSPP. This in turn alters position of DMSPP, which indicates towards the 

observed change in regioselectivity of this two enzymes [77, 78]. Recent studies focused on 

FtmPT1 have described prenylation of the native C2 position and the anomalous C3 position 

of the dipeptide. It was suggested that the initial ionization to produce the allylic carbocation 

is stabilized by cation-π interactions with the aromatic substrate (dipeptide) and Tyr382 in 

the PTase barrel. Combination of this binding effect with the aromatic acceptor tilt forms the 

basis of the observed regioselectivity [79]. Interestingly, CTrpPT from Aspergillus oryzae 
prenylates indole-containing DKPs at C7 and N1 [80]. Despite its broad scope of prenyl 

acceptors [81], the mechanism for the regioselectivity of CTrpPT prenylation remains 

unknown. Recently, the reverse N-prenylation by DMATS1Ff was shown to proceed via a 

unique transition state via direct nucleophilic attack of N1 to the tertiary center of the allylic 

carbocation or rotation of the carbocation, followed by C3-nucleophilic attack on the 

primary allylic carbocation and subsequent aza-Cope rearrangement [82].

The prenyltransferase NphB is the canonical example of the second, bacterial family of 

PTases. NphB is dependent on the presence of Mg2+ ions, though many other members are 

not, and all lack the (N/D)DXDX motif usually required for magnesium ion chelation. Like 

its relatives in the DMATS family, NphB tolerates a wide range of acceptors (Table 1), 

though it prefers phenolic compounds rather than indoles, and catalyzes both C-C (Fig. 7c) 

and C-O (Fig. 7d) bond formation [83]. NphB has proven useful for the production of 

cannabinoids in yeast, where it catalyzes the crucial geranylation of olivetolic acid to 

produce cannabigerolic acid [84]. However, the subsequent landmark heterologous 

biosynthesis of cannabinoids and unnatural analogues did not utilize NphB, preferring 

instead a plant PTase, due to issues with selectivity towards the desired reaction [85]. Recent 

work with NphB has revealed extensive promiscuity towards allylic alkyl donors and the 

ability to append them to an unnatural acceptor molecule [86]. The related enzymes CloQ 

and NovQ are part of the pathways forming clorobiocin and novobiocin, respectively, share 
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84% sequence identity, and accept many phenolic compounds [87, 88]. The donor 

promiscuity of this group, outside of NphB, has been poorly described; indeed, CloQ and 

NovQ are only reported to utilize DMAPP in the studies above. This is a notable difference 

from the DMATS group, which have been shown to utilize unnatural alkyl pyrophosphates 

of various chain lengths. It is unclear whether this is a true difference, or rather due to a lack 

of exploration of alternative alkyl donors. The recent demonstration of NphB’s remarkable 

promiscuity towards alkyl donors suggests that this family of enzymes may be more 

accommodating than previously thought.

Outside of the soluble ABBA-fold PTases, membrane-bound PTases such as UbiA have been 

shown to utilize natural alkyl pyrophosphates of varying lengths (Table 1). The E. coli UbiA 

has shown to use C10, C15, and C45 prenyl groups to alkylate 4-hydroxybenzoate [89]. 

Analogous plant PTases show similar activity [90]. UbiX, a C5-prenyltransferase, has 

isoforms that natively use the monophosphate DMAP, but are able to catalyze the addition of 

a geranyl group to a flavin ring system as well [91]. Mammalian peptide farnesyltranferases 

and geranylgeranyltransferases have been shown to use ‘frame-shifted’ FPP and GGPP 

analogues with added methylene units between isoprenes in their backbones, showing some 

additional chain-length preference flexibility [82]. However, these enzymes appear to be 

extremely stringent in terms of their aromatic acceptor selectivity. An additional non-ABBA 

fold example comes from the algal neurotoxin biosynthesis PTases DabA and KabA, which 

were unable to use a variety of resonance-stabilized unnatural alkyl donors, including 

alkynyl diphosphates; however, KabA was shown to use crotonyl diphosphate to alkylate its 

native acceptor, glutamic acid [92].

The considerable inherent promiscuity of PTases has inspired engineering efforts to further 

expanding the substrate scope of these enzymes (Table 2). These efforts have focused on 

mutagenesis of residues in the prenyl donor binding pocket and those that alter the aromatic 

acceptor scope. Previous work suggested that overlapping specificity with L-tryptophan/L-

tyrosine of FgaPT2 and SirD may be a common feature of these enzymes [63, 71]. Structural 

determination of the FgaPT2-catalyzed product with DMAPP and tyrosine revealed that 

prenylation occurs at the C3 position. Co-crystallization of FgaPT2 with the non-native 

tyrosine and a sulfur-based non-hydrolyzable DMAPP analogue, dimethylallyl-S-

thiolodiphosphate, enabled the selection of candidate residues for mutagenesis in an attempt 

to direct specificity towards tyrosine [71]. Subsequently the mutant K174F was identified, 

which lost all activity towards tryptophan but displayed a three-fold increase in activity 

towards tyrosine compared to the wild type enzyme. It was suggested that Lys174 acts as a 

base in the rearomatization of the indole ring following alkylation, but that an alternative 

residue (E89) performs that function when tyrosine is the acceptor. Subsequent mutagenesis 

of FgaPT2 has altered its substrate scope towards various non-natural acceptors. Indole-

containing cyclic dipeptides have been targeted through removal of an arginine involved in 

Trp side chain binding [93]. Combining K174F and R244Y [94] led to activity at the C3-

position of indole-containing cyclic dipeptides; selectivity toward longer chain prenyl donors 

through a single M328G mutation in the prenyl binding pocket was also achieved [95]. 

These studies, while limited to one enzyme, showcase a framework for altering the 

regioselectivity and promiscuity of PTases through single- or multiple-site saturation 

mutagenesis, guided by structural studies.
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Another example of this approach is the engineering of a group of cyclic dipeptide PTases to 

decorate the indole ring at every position [75]. A total of nine products were isolated: seven 

normal-geranylated, one at each position, and two additional products which were reverse-

geranylated at C2 and C3. These products were accessed by altering the gate-keeping 

residues to glycine to accommodate and select for GPP. Conversely, substitution at the 

gatekeeping glycine and alanine residues with larger, more sterically-demanding residues 

can be leveraged to switch the specificity of enzymes which natively prefer longer chain 

prenyl donors to DMAPP [95, 96]. This approach is applicable outside of the small molecule 

aromatic ABBA-fold PTases. For example, the dimethylallyl transferase, PagF, and the 

geranyl transferase, PirF, post-translationally alkylate peptides on tyrosine residues. Single 

amino acid switches from phenylalanine to alanine or glycine converted the DMAPP-

dependent PagF to a GPP-specific enzyme [97].

The acceptor side of the AtaPT active site has been subjected to alanine mutagenesis at 

residues that interact with the aromatic acceptor [76]. Several mutants showed different 

product profiles, including altered number of prenylations, changes in regioselectivity, and 

increased activity towards poor substrates. With the goal of optimizing enzyme efficiency 

towards its natural substrate rather than increasing promiscuity, a 14-fold increase in 

catalytic efficiency was seen in a single point mutant for EpzP; the residue was selected by 

homology to a related enzyme with better efficiency [98].

Although the field of PTase engineering is relatively young, much progress has been made 

towards impacting the product profiles. The potential chemical space to be filled by 

application of these enzymes for the chemoenzymatic synthesis of non-naturally alkylated 

natural product analogues, is remarkable. Medicinal chemistry studies have pointed to 

potential opportunities leveraging PTases for development of compounds with enhanced 

biological properties. For example, arylated brevianamide [99] and aminocoumarin 

novobiocin [100] analogues have shown increased antitumor activity, a transformation 

readily feasible using promiscuous aromatic PTases. Moreover, crystallographic evidence 

has demonstrated the critical role of the dimethylallyl moiety of clorobiocin for its antibiotic 

activity, and implies that modifications to this side chain may be successful in increasing 

binding affinity [101, 102]. However, these opportunities for engineering and diversification 

have yet to be widely applied to PTases outside of the ABBA-fold family, which are 

generally less well-characterized. Future efforts in this regard may provide access to novel 

scaffold modifications.

Terpene Cyclase Specificity, Promiscuity, and Engineering

Isoprenoid cyclization cascades are initiated by the generation of highly reactive carbocation 

intermediates from elongated prenyl diphosphates. The formation of these intermediates is 

highly dependent on the active site architecture of the cyclase and can be mechanistically 

subdivided into two types. Metal-dependent type I cyclases, characterized by the conserved 

DDXX[D/E] motif, cleave the terminal diphosphate to yield an allylic carbocation. Type II 

cyclases, with a catalytic DXDD motif, protonate the olefin to produce a tertiary carbocation 

[103, 104]. The cyclization cascade allows the linear precursor to undergo a variety of 

structural changes before the reaction is terminated via deprotonation or quenching with 
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water to yield a wide range of cyclic isoprenoids. The broad goal of terpene cyclase 

engineering is to redirect this chemistry to provide mutants with improved catalytic activity, 

altered product profiles, expanded or narrowed product specificity, or altered substrate 

specificity.

Cyclases, such as amorpha-4,11-diene synthase (responsible for the construction of the 

artemisinin core), often catalyze the rate-determining step in the biosynthesis of the mature 

natural product and are a critical target for optimization of catalytic efficiency through 

mutagenesis [105]. Leveraging a mutability map, wherein libraries of mutants were screened 

to identify positive, negative, and neutral amino acid substitutions, the double mutant 

T339S/H448A was identified that successfully enhanced the titer of amorpha-4,11-diene ~3-

fold compared to that of the wild-type [105]. Phylogeny-based mutagenesis studies have also 

yielded mutants with significant improvements in catalysis, including those of the 

ophiobolin synthase, Au8003, a bifunctional terpene synthase that catalyzes both the 

prenylelongation and the cyclization [106]. Random mutagenesis strategies enabled by high-

throughput screening have also been reported for enhancing catalytic activity and 

thermostability of the botrydial synthase, BcBOT2; however, as explored in a later section, 

these efforts remain fairly limited [107].

The active site architecture of terpene cyclases is critical in determining the product profile, 

serving as a ‘cryptic’ template for catalysis using a combination of geometry [108], 

solvolysis, energetics, and electrostatics [109] to guide the carbocation intermediate. High-

fidelity cyclases, such as δ-cadinene synthase [110] and limonene synthase, demonstrate 

significant preference for the formation of a single cyclic product by providing exquisite 

chemical control of the carbocation cascade. Recent structural analyses and mutagenesis-

guided studies have elucidated the mechanistic basis of chemical control within these 

product-specific cyclases. Structural studies of 5-epi-aristolochene synthase identified a 

highly conserved Mg+2 binding domain, which templates product formation via the binding 

of an active site water molecule [111, 112]. The contour of the enzymatic active site also 

significantly impacts the cyclization cascade in epi-isozizaene synthase (EIZS), which is 

largely defined by Phe95, Phe96, Phe198, and Trp203 [113]. Utilizing these structural 

insights, rational reprogramming of the EIZS active site significantly altered its product 

profile (Fig. 8) [113–115]. Mechanistic studies of cyclases have led to an improved 

understanding of the energetics behind these highly controlled reactions. For example, recent 

simulations of trichodiene synthase (TDS) indicated that the cyclization of FPP is facilitated 

by raising the free energy of the bisabolyl carbocation which is directed by a sulphur-

carbocation bonding interaction with Met73 to provide the chemical control demonstrated 

by this enzyme [116, 117].

Mutagenesis studies have engineered high fidelity cyclases with altered or promiscuous 

activity. Bacterial cineole synthase (bCinS) is highly specific for cineol (~95% yield) as a 

result of quenching the highly reactive α-terpinyl carbocation intermediate by an Asn305-

stabilized water by [118]. Leveraging a semi-rational approach, Asn305 was targeted for 

site-directed mutagenesis to afford mutants with dramatically altered product profiles, albeit 

with concomitant reductions in overall isoprenoid production. For example, N305D 

produced linalool and α-terpineol exclusively, while N305Q and N305L each produced 
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100% linalool [119]. Similarly, the single point mutations L454G and L454A of the β-

sesquiphellandrene synthase from Persicaria minor (PmSTS) each produced multiple 

hydroxylated cyclic products that were not produced by the wild-type enzyme [120].

In contrast to the examples above, the majority of terpene cyclases produce multiple cyclic 

products resulting from the formation and propagation of multiple discrete high-energy 

carbocation intermediates throughout the cyclization cascade with limited enzymatic 

direction and control [104]. Enzymes with substantial product promiscuity include δ-

selinene synthase and γ-humulene synthase, which produce 34 and 52 sesquiterpene 

products, respectively (Fig. 9) [121].

In Nature, production of multiple products may present a significant benefit as isoprenoids 

broadly produce molecules of significant value to plants including signaling molecules, 

pollination attractants, insecticides, and antioxidants among other activities [3]. Such broad 

product specificity may be a natural method to maximize resources, while minimizing 

required cellular energy; however, for the overproduction of a single valuable product, 

engineering for improved specificity may be necessary. Only a few published examples have 

focused on re-engineering these promiscuous cyclases for the production of a single product. 

Early reports leveraged truncated enzymes in an attempt to alter product profiles with mixed 

results [122]. More recently however, a semi-rational approach has been leveraged to 

engineer the product profile of γ-humulene synthase towards a variety of its minor products 

including β-bisabolene, α-longipinene, longifolene, and siberene, as well as demonstrating 

dramatic enhancements in both the relative percentage and total titer of γ-humulene [123].

Notably, both product specific and promiscuous terpene cyclases display various levels of 

substrate promiscuity and are therefore able to accept multiple elongated isoprene 

diphosphate chains as substrates, including different isomers of the native substrate and 

those of different chain lengths [124]. Based on a recent ancestral sequence reconstruction of 

a spiroviolene synthase it has been speculated that this substrate promiscuity is likely an 

artifact of the general catalysis of ancestral cyclases that have evolved over-time for 

enhanced specialization [125]. While GPP is the canonical substrate for most monoterpene 

cyclases, alternative substrates can be utilized [126, 127]. For example, monoterpene 

synthases that natively use GPP were found to use the cis-isomer NPP in vivo, without 

significant changes to the product profiles in four of the five synthases evaluated. 

Remarkably, this indicated that NPP could be leveraged as an orthogonal monoterpenoid 

production pathway [128]. More commonly, however, alternative substrate isomers can 

cause non-native cyclization to occur. Indeed, (+)-zizaene synthase, which natively utilizes 

(2E,6E)-FPP for high yields of (Z)-β-farnesene is able to leverage (2E,6Z)-FPP (7, Fig. 4a) 

to produce only (Z)-β-farnesene, while the same enzyme produces three products, (+)-

zizaene, β-(R)-farnesene, and β-acoradiene, when the isomer (2Z,6E)-FPP (6, Fig. 4a) is 

provided [129]. Such activities have also been identified in other cyclases [130].

Moreover, as a result of steric accommodation within the active site, some cyclases accept 

shorter-chain non-native prenyl diphosphates as substrates for cyclization. Notably, the 

remarkable product promiscuity of terpene cyclases with their native substrate is often 

mirrored with a non-native substrate. For instance, γ-humulene synthase, which natively 
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leverages FPP to produce numerous sesquiterpene products, also supports the use of GPP as 

a substrate to yield at least ten monoterpene products [121]. Promiscuity for non-native 

substrates has also been demonstrated with enzymes that have complete fidelity for a single 

product with their native substrate. For example, when incubated with NPP or GPP, the 

sesquiterpene synthase (+)-zizaene synthase produces a variety of monoterpenes including 

myrcene, limonene, sabinene, terpinolene, terpineol, linalool, and geraniol [129].

Notably, cyclases are able to accept synthetically derived unnatural prenyl diphosphate 

analogues to produce new-to-nature isoprenoids (Fig. 10, Table 3). One example of this 

promiscuity is aristolochene synthase, which is natively able to cyclase non-natural FPP 

analogues including halogenated (45, 49, Fig. 4d) [131] and aza analogues (59) [132]. 

Enzymes including δ-cadinene synthase [133] and (S)-germacrene D synthase [134] also 

leverage halogenated substrates; however the ability to successfully utilize [45] and 

incorporate [135] halogenated diphosphate analogues to produce isoprenoid analogues is not 

universal among these enzymes. In order to produce heteroatom substituted isoprenoid 

analogues, FPP analogues with a 10,11-epoxide substitution (56) or an allylic alcohol 

substitution (57) have been reported to produce 11-membered oxygen-substituted rings 

when reacted with a wide variety of sesquiterpene synthases including aristolochene 

synthase, δ- cadinene synthase, amorphadiene synthase, (R)-germacrene A synthase, 

germacradien-4-ol synthases [136]. Notably, other oxygenated substrates have been 

leveraged by amorphadiene synthase, such as 58, to yield dihydroartemisinic aldehyde, a key 

precursor to artemisinin [137]. Recent studies of the highly promiscuous type II triterpene 

cyclase, squalene hopene cyclase, have demonstrated the promiscuity of these enzymes for 

acyclic terpene analogues with a variety of functionalization to produce C-O and C-N 

heteroatom substituted compounds [138, 139] including ambroxan and sclareolide. As the 

cyclization of non-natural substrates continues to be explored, thus expanding the chemical 

space of the terpenome, the full scope of isoprenoid diversification will offer a combinatorial 

and semi-synthetic approach to tailored compounds with potential biological and industrial 

implications [4, 34].

Modifications to Isoprenoid Scaffolds

While canonical isoprenoid biosynthesis uses a single terpene cyclase to generate the core 

terpene scaffold, full bioactivity often relies upon the chemo-, regio-, and stereoselective 

functionalization by tailoring enzymes. Tailoring enzymes include CYPs, GTs, and MTs that 

transform hydrocarbon terpene scaffolds to functionalize a wide range of biologically active 

natural products [140]. Moreover, these oxidized scaffolds can offer reaction handles in 

downstream modifying steps such as alkylation, peptidylation or glycosylation towards the 

bioactive final product [141].

Often, investigations into these core scaffold modifications lead to the discovery of new 

metabolites. For example, bioinformatics based fungal genome mining for NRPS-TC hybrid 

cluster and heterologous expression of the flv pathway from A. flavus led to the production 

of an unprecedented natural product, the peptido-terpenoid flavunoidine 1. Moreover, this 

helped identify FlvE as a type I terpene cyclase that forms the flv tetracyclic core and the 
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CYP FlvD that selectively carries out its oxidation. In addition, NRPS, MTs and PLP-

dependent lyases help build the complete alkaloid terpenoid [142].

Notably, newer technologies such as untargeted GC/MS based metabolomics have enabled 

in vitro scanning of CYP activities for a broad range of oxy-functionalized products. For 

instance, three CYPs capable of robust activities were tested across 15 acyclic, monocyclic 

and bicyclic monoterpenoids. Employing multi-site selective mutations, a panel of nine 

variants successfully utilized monoterpene scaffolds to furnish 53 previously identified and 

27 novel oxygenated monoterpenoids. Additionally, leveraging cell-free NADPH recycling 

systems and high substrate concentrations enabled maximum CYP turnover [143, 144]. In an 

effort to enhance titers of oxidized isoprenoids, extensive metabolic engineering efforts that 

focus on CYPs have been explored in a variety of heterologous hosts, including E. coli and 

S. cerevisiae. For example, Cas9-mediated homologous recombination of the casbene 

pathway in yeast and subsequent heterologous expression led to >5-fold increased titer of 

casbene. Additionally, integration of two CYPs genes from Euphorbia lathyris and Jatropha 
curcas that oxidize the C9 and C5 positions of casbene has led to titers of the lathyrane 

diterpenoid jolkinol C as high as ~400 mg/L. This was further enhanced to ~800 mg/L upon 

integration of the E. lathyris alcohol dehydrogenase [145]. Similarly, to increase the titer of 

(+)-epi-α-bisabolol, a precursor of potential natural sweetener hernandulcin, metabolic 

engineering was used to tune yeast native metabolism away from the formation of 

sesquiterpenol (nerolidol and farnesol). Integration and overexpression of two CYP 

reductase genes with the CYP in a previously engineered S. cerevisiae strainoptimized to 

produce bisabolol (precursor sesquiterpenol) resulted in 36 mg/L of (+)-epi-α-bisabolol that 

was further enhanced to 64 mg/L upon integration of an additional copy of bisabolol 

synthase [146].

In addition to host and metabolic engineering, in silico methods have facilitated deeper 

mechanistic insights into CYPs. Following in silico prediction, two CYPs, BezC and BezE, 

were identified from the biosynthetic gene cluster of benzastatin, a potent antiviral agent. 

Subsequently, heterologous expression of the benzastatin biosynthetic gene cluster in 

Streptomyces lividans and gene deletion experiments identified BezC as a methylated-GPP 

oxidase and BezE as a cytochrome P450-dependent oxidase that catalyzes the cyclization of 

benzastatin D and E derivatives. Furthermore, in vitro analysis of BezE with BezF (a 

putative UbiA-type polyprenyltransferase), BezG (a putative N-acetyltransferase), p-

hydroxybenzoic acid and GPP in the presence of 18O-labelled water revealed that the 

cyclization proceeds via a nitrene transfer like reaction mechanism where a putative iron 

nitrenoid intermediate is leveraged instead of an epoxide. This result was supported by the 

substrate binding absorption spectrum of BezE where a Soret type II substrate binding shift 

indicated that the amine of N-acetoxy-geranylated-PABA derivative directly binds to the 

hemin of BezE [147].

Notably, structure-based and in silico CYP engineering has been complemented by high-

throughput approaches that rely on random mutagenesis. For instance, semi-synthetic 

chromogenic probes were leveraged to map active site size and geometry to develop a P450 

fingerprinting method based on first-sphere mutagenesis, semi-synthetic chromogenic 

probes were leveraged to map the size and geometry of the active site of the P450 [148]. 

Malico et al. Page 14

J Ind Microbiol Biotechnol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cleverly, a reporter methoxy group allowed rapid profiling via a 4-amino-3-hydrazino-5-

mercapto-1,2,4-triazole (Pupald) based high-throughput colorimetric assay that generated 

reliable prediction of activity-substrate structure relationship [149, 150]. This was leveraged 

in late stage regio- and enantioselective hydroxylation of artemisinin on a preparative scale 

[151].

In addition to CYP engineering of terpene scaffolds, heterologous expression of glycosyl 

transferases (GTs) have been another area of active investigation [152]. Recently, the 

Bacillus licheniformis GT, YjiC, was shown to have a broad substrate promiscuity with 

various monoterpene alcohols and sugar moieties. Moreover, the conversion with menthol 

and β-D-glucose was over 40% and the glucosylated terpenes displayed 2–4-fold increased 

antibacterial potency against MRSA and MSSA strains, compared to the aglycone [153]. 

Interestingly, the cyclized terpene scaffolds generally undergo oxidation by CYPs prior to 

methylation [154]. However, cyclization is often initiated by methylation of the prenyl chain 

to afford an active cationic species. While type II TCs are often activated by protonation by a 

Bronsted acid to a double bond or epoxide, a SAM dependent MT and the TC TleD can bi-

functionally catalyze the cyclization of lyngbyatoxin A by activating the double bond via 

attachment of a methyl group instead of a proton. A similar mechanism is also employed in 

the case of sodorifen biosynthesis [155].

Isoprenoid Semi-Synthesis

Chemical modifications to isoprenoid scaffolds via semi-synthetic strategies have enhanced 

the production of critical natural products with potent bioactivities. The semi-synthesis of 

artemisinin from artemisinic acid serves as one of the earliest such examples. This leveraged 

engineered yeast for the biosynthesis of artemisinic acid at industrially relevant levels as a 

viable synthetic starting point that circumvented its otherwise costly and challenging total 

synthesis [20, 156]. Similar semi-synthetic efforts have been applied to the construction and 

optimization of de novo biosynthetic pathways to valuable natural products. For example, a 

novel pathway to entatiseronic acid was recently produced in yeast at high titers (>500 

mg/L) which was subsequently transformed via four additional chemical reactions into 

serofendic acid, a natural neuroprotective molecule with no known natural biosynthetic route 

[157].

Semi-synthesis strategies have also been utilized to produce a variety of non-natural 

analogues of isoprenoids to enhance their native bioactivities. For example, semi-synthetic 

amide analogues of rupestonic acid, a sesquiterpenoid influenza treatment, have been 

synthesized to yield compounds with comparable activity to Tamiflu against influenza B and 

enhanced activity against H1N1 and H3N2 [158]. Aside from the combination of 

biosynthesis and chemical steps, total synthesis efforts have continued to provide methods 

for accessing isoprenoids and their analogues and to ultimately inspire further synthetic 

biology advances to match them. For instance, an elegant two-phase synthetic strategy for 

the anti-cancer agent, Taxol, furnished multigram quantities of the taxane core, 

demonstrating a simplified synthetic route to this biosynthetically challenging compound 

(~20 enzymes), particularly as some enzymes within the pathway have not yet been 

identified. Furthermore, this approach uniquely enables the potential for structure-activity 
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relationship (SAR) studies for the development of potent pharmaceuticals [159]. Other 

notable semi-synthetic approaches to isoprenoid analogues of yahazunol [160] and 

strongylophorine 2 [161], derived from sclareol and isocupressic acid, respectively, have 

yielded compounds that are significantly more potent than their parent molecules. As 

synthesis continues to expand the isoprenoid chemical space, it is critical to consider how 

synthetic biology platforms may be able to provide key precursors in a scalable and 

sustainable manner, or even replace the synthetic steps entirely.

Cell-Free Isoprenoid Biosynthesis

Cell-free biosynthesis (CFB) has recently emerged as a robust platform for the biosynthesis 

of isoprenoid natural products. Unlike traditional in vivo production platforms, CFB offers a 

host of unique benefits including the ability to rapidly prototype pathway variations in a 

controlled setting, decoupled from cellular growth, that enables the scalable and directed 

biosynthesis of a single product [162] including toxic isoprenoids, such as limonene [163] 

and α-pinene [164], without negatively impact overall yields or substantial host engineering.

The glycolysis and MVA pathways have been leveraged by CFB to produce a variety of 

monoterpenoid products, which have dramatically improved product yields and production 

rates compared to previous approaches. The production of limonene, α-pinene, and sabinene 

was demonstrated using a purified protein CFB platform in titers >15 g/L from glucose in 

>95% yield—a 10-fold and 5-fold improvement, respectively, compared to optimized in vivo 
platforms [165]. More recently, lysate-based CFB platforms have been developed, which 

eliminates time-consuming protein purification and reduces the need for other workups 

required prior to use. These lysate systems have been leveraged to enhance the production of 

limonene [54, 166] and α-pinene [164], via the modulation of cofactors and protein levels, 

rather than manipulating transcription and translation and the DNA-level. Notably, despite 

the higher theoretical yields of DMAPP and IPP produced by the DXP pathway, it has not 

yet been leveraged for cell-free use in the production of isoprenoids, likely due its 

complexity.

Variants of the ADH pathway have also been developed for CFB. One purified CFB 

platform utilized choline kinase (CK) and IPK in combination with various prenylelongases 

and TCs to rapidly produce limonene, amorphadiene, valencene, and taxadiene from 

isopentenol [167]. Similar to the benefits that ADH pathways afford in vivo, these CFB 

platforms provide abridged pathways compared to the MVA and DXP pathways with fewer 

required cofactors, making the optimization of the system simple.

The full utility of CFB platforms can be exploited via complete cell-free protein synthesis 

(CFPS) whereby DNA is introduced into the system which is transcribed and translated in 
vitro to effectively mimic in vivo biosynthesis. While offering the rapid prototyping 

capabilities of CFB [168], CFPS further enables rapid prototyping of multiple protein 

homologs for rapid characterization without the need for pre-expression. For example, novel 

in vitro prototyping and rapid optimization of biosynthetic enzymes (iPROBE) strategy 

enabled by CFPS was utilized to rapidly test 580 unique pathway variants with various 

enzyme homologs and cofactor conditions to increase limonene production [169]. Following 
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the multiparameter optimizations, the CFB pathway was subsequently used for the 

production of the biofuels α- and β-pinene as well as bisabolene.

Considering the future of CFB for isoprenoid compounds, a key facet of these systems has 

often been overlooked: eliminating concerns regarding cell wall permeability [170]. Indeed, 

the ability to directly introduce non-natural diphosphates into a cell-free reaction to rapidly 

probe and prototype isoprenoid biosynthesis for promiscuous non-natural activities has not 

yet been reported. Moreover, this would essentially eliminate competition from the native 

substrates, which are otherwise available in vivo. These types of critical prototyping 

strategies could enable the rapid engineering of downstream machinery as well as providing 

potentially useful platforms for biological structure-activity relationship screening of non-

natural isoprenoid analogues.

High-Throughput Isoprenoid Synthetic Biology

Isoprenoids and their analogues are often not biosynthesized at titers that are industrially 

viable and require additional optimization. However, the complexities of biological systems 

and the number of enzymatic transformations can often be challenging to optimally re-

engineer isoprenoid biosynthesis through rational or semi-rational approaches. As such, 

metabolic engineering strategies are moving towards top-down approaches, whereby 

requirements of the system are identified and obtained via combinatorial and directed-

evolution strategies [171]. However, high-throughput application of the design-build-test 

cycle is throttled by the moderate throughput of chromatography based methods (<103) that 

are often used to screen the variants, thereby creating a testing bottleneck [171]. While high-

throughput screening and selection strategies have been successfully leveraged for other 

classes of natural products [172], these technologies are just emerging within isoprenoid 

synthetic biology.

Optimizing precursor levels remains a critical focus of isoprenoid metabolic engineering. 

However, as the MVA and DXP pathways comprise six or more enzymatic steps, subsequent 

combinatorial libraries are vast and difficult to screen for optimal DMAPP and IPP 

production. Colorimetric isoprenoid products (Fig. 11a), such as carotenoids, present a high-

throughput opportunity for the qualitative and quantitative analysis of modular precursor 

engineering strategies [173–175]. Application of these assays have yielded improvements to 

precursor pathways; however, precursor toxicity is tightly coupled to product formation and 

improvements in titer may not be transferable to other downstream pathways.

For engineering valuable isoprenoid small-molecules and their analogues, prenyl 

diphosphates must subsequently undergo intra- or intermolecular prenyltransfer, which 

universally produces inorganic pyrophosphate. As such, a variety of assays for the rapid 

detection of pyrophosphate have been developed as surrogate measurements for enzymatic 

conversion to the desired product. These assays have leveraged a variety of chemical and 

enzymatic transformations including malachite green [176], 7-methyl-6-thioguanosine 

(MESG) [177], amplex red [178], and luciferase [179], for the highly sensitive colorimetric, 

fluorescent, and luminescent quantification of inorganic pyrophosphates. While byproduct 

assays offer rapid and affordable screening of enzymatic activity, these screening approaches 
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suffer from a number of critical caveats. Background cellular activity often prevents these 

screens from being leveraged in lysate reactions for high throughput screening of enzyme 

libraries and are challenging to leverage for large scale screening of enzyme libraries. 

Moreover, while background hydrolysis can be accounted for through appropriate control 

reactions, false positives generated via unproductive enzymatic dephosphorylation still 

represent a potential source of error. Additional methods have also been developed 

leveraging the cyclization of an oxidized substrate, that upon reacting, releases methanol to 

interact with Purpald to yield a colorimetric output [107].

Selections can be more efficient than traditional screening approaches as a result of the 

simultaneous removal of non-active variants from the population [171]. As hemiterpenoids 

are essential cellular building blocks, inhibition or downregulation of the DXP or MVA 

pathways negatively affects growth, and thus can be leveraged as a selection for enhancing 

native pathway activity or engineering non-native pathways (Fig. 11b). In the case of the 

DXP pathway, a number of inhibitors have been leveraged for high-throughput selections 

[180]. Fosmidomycin, an antibacterial and antimalarial agent, is a DXR inhibitor [181], and 

blocks native E. coli DMAPP/IPP biosynthesis. This selectable marker has been utilized for 

the rapid engineering of a bioorthogonal IPP-bypass pathway to isopentenol with titer 

improvements ~2.4-fold above the wild-type [182].

Direct-detection of isoprenoid products, such as gas chromatography mass spectroscopy 

(GC-MS), eliminates concerns related to indirect assays but are often low-throughput and 

require cumbersome sample preparation. Recent advances in analytical chemistry provide 

novel opportunities to develop high-throughput screening platforms. For example, liquid 

handling systems have been leveraged for organic extractions and subsequent assay using 

GC-QTOF equipped with a 96-well autosampler to screen monoterpene cyclase libraries 

[144]. In addition, the direct analysis of isoprenoids has been enabled via infrared matrix-

assisted laser desorption electrospray ionization (IR-MALDESI) and secondary electrospray 

ionization (SESI) [183]. In other studies [184], the high-throughput capabilities of this 

technology have been demonstrated with other enzymatic reactions and whole-cell samples, 

suggesting the possibility for the direct detection of isoprenoids from whole-cell reactions 

with minimal or no workup.

Engineered transcription factor-based biosensors for the detection of isoprenoids are 

emerging as a useful tool for engineering isoprenoid biosynthesis. These genetic molecular 

switches operate as activators or repressors of gene expression, whereby the binding of an 

effector causes a conformational change to the transcription factor protein. This change 

subsequently promotes or represses the expression of a reporter gene, which transduces the 

input signal into a qualitative or quantitative output (Fig. 11c). While these systems offer a 

potentially facile approach to detecting and quantifying the production of a desired 

isoprenoid or other effector, their selectivity, background-to-noise, and other transfer 

functions can be challenging to optimize. The complexity of these engineering efforts can be 

significantly compounded if the biosensor platform does not natively recognize the target 

small molecule or if a de novo biosensor platform must be constructed.
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While no native transcription factors have yet been identified for the detection of DMAPP 

and IPP, novel biosensor platforms have been developed for enhancing titers of these critical 

precursors. For example, leveraging AraC, a native E. coli activator of the L-arabinose 

operon, was engineered for the detection of MVA, a critical precursor to IPP in the MVA 

pathway. Leveraging this optimized platform to screen a library of >1 million tHMGR RBS 

variants, the authors reported mutants of the MVA-biosynthetic operon that produced 4-fold 

higher MVA titers than that of the native pathway [185]. More recently, novel chimeric 

biosensors were developed wherein well-characterized DNA-binding domains were fused to 

ligand binding domains from Idi and IspS that recognize DMAPP and IPP to produce fully 

functional biosensor platforms in E. coli and S. cerevisiae [186, 187]. Unlike assays that 

measure byproduct formation or production of a colorimetric product, these biosensor 

platforms may offer significantly more valuable information as these tools detect and report 

the production of DMAPP and IPP, rather than an enzymatic product that is multiple steps 

removed from their production with multiple potential bottlenecks.

Notably, some native bacterial transcription factors have been identified to sensitively and 

selectively detect cyclic monoterpenes, such as cumate and camphor [188, 189]. However, 

these platforms, as well as other native isoprenoid-detection regulators [190], are often 

highly specific to oxidized products that do not have particular pharmaceutical or industrial 

relevance. Similarly, AtuR has been determined to bind acyclic isoprenoids, but has yet to be 

leveraged for specific biosensing capabilities in situ [191]. Engineering these regulatory 

proteins by directed evolution and/or rational redesign of the ligand binding domain offer 

potential sources of designer biosensors for detection of a variety of valuable isoprenoid 

end-products [192, 193]. Alternatively, non-specific bacterial transcription factors that detect 

oxidative stress, such as MexR, have been deployed as a means of engineering synthetic 

feedback loops for the detection of toxic isoprenoids such as α-pinene [194].

Future Outlook and Future Perspectives

The native diversity of the terpenome has yielded an unparalleled abundance of structurally 

distinct and biologically active small molecules. Yet, the ability to manufacture a given 

terpene at scale, to tailor the structure of isoprenoids for specific applications, or to access a 

variety of analogues of a given isoprenoid scaffold remains limited. Databases, such as 

TeroKit, are also being developed for the identification of the native chemical space as a 

potential tool to identify isoprenoids suitable as relevant platforms for synthetic biology 

[195]. Computational tools have also begun to pave the way for facile enzyme engineering 

for both improved catalytic activity and altered reactivity via machine learning platforms, as 

well as the identification of novel enzymes with potentially unique activities through 

genome mining programs. Expanding isoprenoid biosynthesis beyond canonical pathways 

and host organisms has enabled the potential for further diversification through the use of 

non-natural precursors. Such “bottom-up” designed pathways are expected to circumvent the 

stringent or narrow specificity/selectivity of native isoprenoid biosynthesis and to access a 

variety of isoprenoids that are modified with non-natural chemical functionality, including 

chemical handles that can be leveraged in downstream modification via semi-synthesis. 

These engineering efforts are further enhanced by the continued development and 

deployment of high-throughput screening technologies that offer the ability to rapidly search 
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through large libraries of variants for novel or improved activities. For example, rapidly 

tailored biosensors that can detect specific terpenes could be leveraged by directed evolution 

to improve titers of plug-and-play biosynthetic pathways, to increase the catalytic efficiency 

of terpene cyclases, or to broaden the specificity/selectivity of key biosynthetic enzymes. 

One vision for the future creates a fully integrated strategy whereby the intersection of 

organic synthesis, synthetic biology, and directed evolution can be leveraged in tandem for 

the rapid and selective chemoenzymatic production of designer isoprenoids.
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Abbreviations

ADH Alcohol-dependent hemiterpene

CoA Coenzyme A

CFB Cell-free biosynthesis

CFPS Cell-free protein synthesis

CRISPR Clustered regularly interspaced short palindromic repeats

CYP Cytochrome P450

DKP Diketopiperazine

DMAA Dimethylallyl alcohol

DMAPP Dimethylallyl pyrophosphate

DXP 1-Deoxy-D-xylulose-5-phosphate

FPP Farnesyl pyrophosphate

G3P Glyceraldehyde-3-phosphate

GGPP Geranylgeranyl pyrophosphate

GPP Geranyl pyrophosphate

GT Glycosyltransferase

HMG-CoA 3-Hydroxy-3-methyl-glutaryl-CoA

IPP Isopentenyl pyrophosphate

ISO Isoprenol

MT Methyltransferase

MVA Mevalonate

Malico et al. Page 20

J Ind Microbiol Biotechnol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NPP Neryl pyrophosphate

PTase Prenyltransferase

SAM (S)-adenosylmethionine

TC Terpene cyclase
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Fig. 1. 
Biosynthesis of diverse isoprenoid natural products.
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Fig. 2. 
Combinatorial synthetic biology and chemo-enzymatic approaches to isoprenoids and their 

non-natural designer analogues.
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Fig. 3. 
Enzymatic biosynthesis pathways to isoprenoid precursors, DMAPP and IPP. a Native DXP 

pathway. b Native MVA pathway. c de novo pathways. Enzymatic steps highlighted in blue 

have been identified for critical metabolic engineering described in the text. DXS, DXP 

synthase; DXR, DXP reductoisomerase; CMS, 2-C-methyl-D-erythritol 4-phosphate 

cytidylyltransferase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; MCS, 2-C-

methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS, HMB pyrophosphate synthase; 

HDR, HMB pyrophosphate reductase. AACT – acetoacetyl-CoA thiolase; HMGS, HMG-

CoA synthase; HMGR, HMG-CoA reductase; MVK, mevalonate kinase; PMK, 

phosphomevalonate kinase; MVD, mevalonate-5-phosphate decarboxylase; MPK, 

mevalonate-3-phosphate-5-kinase; MPD, mevalonate phosphate decarboxylase; IPK, 

isopentenyl phosphate kinase; BPMK, bisphosphate mevalonate; CK, choline kinase.
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Fig. 4. 
Biologically and chemoenzymatically derived non-natural prenyl diphosphates. Structural 

differences from the natural diphosphates are highlighted in red. See text for references.
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Fig. 5. 
Mechanism of C10 isoprenoid pyrophosphate formation. a GPP and NPP are formed by the 

condensation of one unit each of DMAPP and IPP, with the formation of an E- or Z- olefin, 

respectively. b LPP and CPP are formed by the head-to-middle condensation of two units of 

DMAPP. LPP undergoes a simple elimination, while CPP undergoes an intramolecular 

cyclopropanation to form the final product.
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Fig. 6. 
Non-native promiscuity and regioselectivity of FgaPT2 with unnatural alkyl diphosphates on 

indole acceptor.
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Fig. 7. 
Promiscuity and regioselectivity of PTases. a Alkylation of amino acids. b Alkylation of 

DKPs. c Alkylation of flavonoids. d Alkylation of phenylpropanoids. PTases shown are 

wild-type unless labeled with ‘Δ’.
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Fig. 8. 
Rational engineering of EIZS to produce different product profiles. Shown are the major 

products that result from some of the individual point mutations evaluated with the percent 

fraction of the indicated product of the total products shown [113, 115]. *denotes 

temperature dependence of the product distribution.
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Fig. 9. 
Proposed mechanism of sesquiterpene formation by γ-humulene synthase [117].
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Fig. 10. 
New-to-nature cyclized isoprenoids derived from precursor-directed biosynthesis.
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Fig. 11. 
High throughput screening platforms for isoprenoids. a Colorimetric product biosynthesis to 

enhance the production of precursor levels or colorimetric product titers. b Antibiotic 

(denoted with grey circles) selection markers for optimizing native or bioorthogonal 

pathways to enable growth. c Transcriptional regulation by a repressor protein prevents the 

expression of a downstream reporter gene such as green fluorescent protein (GFP). In the 

presence of the target small molecule, the protein binds the ligand, causing a conformational 

change in protein structure to yield a quantitative signal. These biosensing platforms have 

numerous applications related to isoprenoid synthetic biology.
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Table 1.

Native promiscuity of PTases for non-natural substrates.

Enzyme (organism) Acceptors Donors Reference

FgaPT2 (Aspergillus fumigatus) 
[D]

L-Trp;* D-Trp; altered backbone Trp derivatives, L-
Tyr and isomers, indole-containing DKPs and 
indolocarbazoles, fumiquinazolines 1*, 15, 16, 68–80 [64–70]

AtaPT (Aspergillus terreus) [D]
lignanoids, indole DKPs, quinolines, xanthones, 
benzophenones, flavonoids, stilebenes, coumarins 1, 3, 5, GGPP, PPP [76]

FtmPT1 (Neosartorya fumigata) [D] Cyclo(Trp-Pro);* Indole DKPs 1* [67, 69]

CTrpPT (Aspergillus oryzae) [D] Indole DKPs 1 [70, 76]

DMATS1Ff (Fusarium fujikuroi) L- and D-Trp, 5-hydroxytryptophan, L-Tyr 1 [77]

NphB (Streptomyces spp.) [N] 2,7-dihyroxynaphalene;* DHN isomers, flavonoids 
(O- and C-), olivetol, resveratrol, sulfabenzamide

1, 3*, 5, 15–17, 29, 69, 71–76, 78, 
methyl, propargyl, o-propargyl, 
and o-benzyl GPP analogues; 
alkyl DMAPP analogues; 
substituted benzyl PP analogues, 
furan, thiophene, cyclohexene 
derivatives [62, 83–86]

NovQ (Streptomyces spheroides) 
[N]

4-hydroxyphenylpyruvate;* phenylpropanoids 
(caffeic acid, p-coumaric acid), resveratrol, olivetol, 
flavonoids (naringenin, genestein)

1*

[62]

CloQ (Streptomyces 
roseochromogenes) [N]

4-hydroxyphenylpyruvate;* flavonoids (i.e. 
luteolin, daidzein, genistein), reseveratrol

1*
[62, 86]

UbiA (Escherichia coli) [X] 4-hydroxybenzoate* 3, 5, solanesyl PP (C45) [89]

UbiX (many species) [X] Flavin mononucleotide*
1/DMAP,* 3/GP (species 
dependent) [91]

Protein FTase/GGTase 
(mammalian) [X] dansyl GCVLL

5/GGPP;* 5/GGPP analogues 
with additional methylene units [82]

KabA (Pseudo-nitzxhia spp.) [X] L-glutamate* 1*, crotyl diphosphate [92]

DabA ((Pseudo-nitzxhia spp.) [X] L-glutamate* 3*, 5 [92]

(*)
Denotes the native substrates for the enzyme.

Letter in brackets indicates PTase group: N=NphB-like; D=DMATS-like; X=O-PTase.

J Ind Microbiol Biotechnol. Author manuscript; available in PMC 2021 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Malico et al. Page 44

Table 2.

Examples of engineered PTases to enhance or alter specificity and activity.

Enzyme Mutation Product Profile Reference

FgaPT2 K174F Loss of activity towards Trp, increase towards Tyr [93]

K174F:R244Y Increase towards indole DKPs [94]

M328G Increase towards GPP and away from DMAPP [95]

R244Q:M328G Increase towards GPP and away from DMAPP, accept indole DKPs [75]

FtmPT1 M364G Increase towards GPP and away from DMAPP [75]

CdpC2PT T351G Increase towards GPP and away from DMAPP [75]

CdpC3PT F335G Increase towards GPP and away from DMAPP [75]

CdpNPT M349G Increase towards GPP and away from DMAPP [75]

BrePT I337G Increase towards GPP and away from DMAPP [75]

A173M Increase towards DMAPP and away from GPP [96]

TleC W97Y Increase towards DMAPP [96]

MpnD Y80W Increase towards GPP and away from DMAPP [96]

M159A Increase towards GPP/FPP and away from DMAPP [96]

PagF F222A Increase towards GPP and away from DMAPP [97]

AtaPT W397A Altered diversity of many acceptor compounds [76]

E91A/E91Q Only monoprenylations for all wild-type products [76]

EpzP A285Q 14-fold increase in enzyme velocity [98]
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Table 3.

Demonstrated substrate promiscuity of terpene cyclases with native, chemoenzymatically, and synthetically 

accessible elongated prenyl diphosphates.

Enzyme (organism) Native Substrates Non-Native Substrates
New-to-Nature 

Products Reference

amorpha-4,11-diene synthase (Artemisia annua) 5 57, 58 94 [137]

5-epi-aristolochene synthase (Nicotiana tabacum) 5 59 95 [132]

aristolochene synthase (Penicillium roqueforti) 5 56, 57 94 [136]

cineol synthase (Salvia fruticosa) 3 4 - [128]

δ-selinene synthase (Abies grandis) 5 3 - [121]

γ-humulene synthase (Abies grandis) 5 3 - [121]

limonene synthase (Citrus limon) 3 4 - [128]

camphene synthase (Solanum elaeagnifolium) 3 4 - [128]

sabinene synthase (Salvia pomifera) 3 4 - [128]

TPS5 (Medicago truncatula) 5 6 - [130]

δ-cadinene synthase (Gossypium arboreum) 5 46, 47 81–85 [133]

germacradien-4-ol synthase (Streptomyces citricolor) 5 56, 57 94 [136]

(+)-zizaene synthase (Chrysopogon zizanioides) 5 3, 4, 6, 7 - [129]

germacerene D synthase 5 45–50, 52–54 87–93 [134]

(E)-β-farnesene synthase (Mentha × piperita) 5 56 94 [136]

R-germacene A synthase (Solidago canadensis) 5 56, 57 94 [136]
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