
 

ABSTRACT 

LUND, SEAN ROBERT. Accessing Non-Natural Terpenes via Synthetic Biology. (Under 

the direction of Gavin Williams). 

 

Terpenes are a large class of natural products with wide-ranging biological activities 

and applications. Previous synthetic biology efforts in this area have focused on producing 

natural terpenes in microbes either in efforts to increase product titers through pathway 

engineering or for altering product specificity. However, just two building blocks are used in 

Nature to assemble the carbon scaffolds of terpenes, thus limiting the synthetic scope and 

utility of natural terpene biosynthetic pathways for the generation of non-natural analogues. 

Here, a comprehensive program of synthetic biology, metabolic engineering, and protein 

engineering to produce terpenes from non-natural building blocks will be described. This 

work provides, for the first time, a platform for the production of terpenes that are site-

selectively modified with non-natural chemical functionality, including handles for chemo-

selective diversification. Cumulatively, this work has (1) revealed remarkable substrate 

promiscuity in natural and engineered enzymes, (2) expanded our mechanistic understanding 

of several key enzymes, (3) provided an in vivo platform for generation of non-natural 

terpene building blocks, and (4) led to the generation of meroterpene and ergot alkaloid 

analogues via in vitro and in vivo chemo-enzymatic synthesis.  
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CHAPTER 1 

Introduction to terpene biosynthesis and engineering 

 

1.1 Terpene natural product diversity and biosynthesis 

 Terpene natural products are used as pharmaceuticals (taxol and artemisinin), 

pesticides (coumarin and pyrethrin), flavors (hopanoids and menthol), fragrances (citronel 

and limonene), pigments (carotenoids and xanthophylls), potential biofuels (farnesene) and a 

variety of other commercial products (Figure 1-1)
1,2

. While having applications across a 

broad range of industries, repurposing of terpenes for pharmaceuticals or agricultural use is 

stifled due to incomplete structure activity relationships (SAR). This in turn is due to the 

limited differential reactivity of chemical handles existing in these scaffolds
3
. Accordingly, 

there is emerging interest in harnessing terpene biosynthetic apparatus to generate non-

natural terpene analogues containing varying patterns of oxidation and substitution beyond 

the naturally available hydrocarbon skeleton. Such prospective diversity elements would 

open synthetic opportunities for diversification by leveraging the non-native reactivity for 

chemical derivatization.  
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Figure 1-1: Terpene structural diversity. Terpene containing natural products have a variety 

of applications in fields such as agriculture (pyrethrin I), pharmaceuticals (Paclitaxel), and 

food (guaiol) among many others. Terpene natural products often are composed from linear 

portions of varying length prenyl groups that can be cyclized to a variety of ring structures 

such as the 7-membered ring in guaiol or the cyclopropyl group in cycloartenol. These prenyl 

groups can also be appended to natural products from other biosynthetic systems such as 

polyketide synthases as is seen in viridicatumtoxin. 

 Terpenes are biosynthesized by the successive condensation of the five-carbon (C5-) 

isoprenes isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) (Figure 1-

2), collectively referred to as hemiterpenes. In plants, hemiterpenes are either generated by 

the 1-deoxy-D-xylulose 5-phosphate (DXP) pathway (compartmentalized in plastids) or the 

mevalonate pathway (cytoplasmic) which allows for various modes of regulation through 

sequestration, expression, and feedback regulation
4
. Most microbial organisms exclusively 

use the DXP pathway. Hemiterpenes are stitched together by enzymes classified as 

prenyltransferases (Figure 1-3). Most commonly, DMAPP acts as a starter unit to which a 

variable number of IPP extender units are added in a process called to as head-to-tail 



3 

 

condensation. Alternatively, head-to-head condensation reactions utilizing two equivalents of 

DMAPP can occur to generate structural diversity not present in their linear counter-parts
5
. 

The linear precursors are either transferred to various acceptor molecules or enzymatically 

cyclized via terpene cyclases and tailored to form a diverse array of carbon and chirality-rich 

multi-ring compounds. 

 

Figure 1-2: Terpene biosynthesis from primary metabolism. In the mevalonate pathway, 

acetyl-CoA serves as the carbon source while in the DXP pathway, pyruvate and 

glyceraldehyde-3-phosphate (G3P) serve as carbon sources. These primary metabolites are 

converted to the common building blocks IPP and DMAPP before being assembled into 

linear precursor that can be cyclized into a wide variety of ring structures. 
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Figure 1-3: Prenyltransferases can generate diverse structures by the various combinations 

of hemiterpenes. Prenyltransferases utilize carbocationic chemistry to generate a wide-range 

of products. Head-to-middle prenyltransferases such as lavandulyl diphosphate synthase use 

two units of DMAPP. Head-to-head prenyltransferases use two units of DMAPP as is the 

case of chrysanthemyl diphosphate synthase. Head-to-tail prenyltransferases such as 

geranylpyrophosphate synthase use one DMAPP and one IPP and differential deprotonation 

events and resulting double bond isometry result in products such as geraniol or nerol.  

 Generation of larger and more complex terpenes occurs through the polymerization of 

hemiterpenes into longer linear precursors. Theses precursors are biosynthesized by 

prenyltransferases that catalyze the elongation of hemiterpenes through the successive 

addition of IPP onto DMAPP using head-to-tail condensation(Figure 1-4). As many as 10 

extensions can be catalyzed by a single enzyme
6
. Each reaction proceeds through the 

generation of an allylic carbocation. 
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Figure 1-4: Linear precursor generation and subsequent cyclization. Prenyltransferases 

catalyze carbon-carbon bond formation between five-carbon unit hemiterpenes to produce 

elongated substrates. The elongated substrates are then acted upon by terpene cyclases to 

generate a diverse array of products. 

 Once the appropriate linear terpene is made, terpene cyclases cleave the allylic 

diphosphate to generate a highly reactive allylic carbocation (Figure 1-5)
7
. The electrophilic 

allylic carbocation undergoes a combination of intramolecular methyl shifts, hydride shifts, 

and alkene additions
8
. The enzyme dictates the cyclization pattern using a combination of 

geometry, solvolysis, and electrostatics. 
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Figure 1-5: Hypothetical cyclization of geranyl pyrophosphate. Terpene cyclases delicately 

direct various possible cyclization schemes afforded by the carbocationic chemistry 

available. 

 It is this chemical reactivity that is essential to the biosynthesis of more complex 

terpenes. Enzymes involved in the reaction of these allylic diphosphates must delicately 

coordinate and facilitate this carbocationic chemistry to afford structurally diverse and 

mesmerizing compounds from simple achiral five-carbon building blocks.  

 

1.2 Heterologous terpene production 

 Because terpenes are intimately involved in development, growth, reproduction, and 

signalling, they are tightly regulated and usually produced in limited quantity in non-

engineered or native systems
9
. Thus, terpene biosynthetic genes are often transplanted into 

various heterologous hosts in an effort to overcome these limitations
10

. While genetic tools 
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are increasingly becoming available allowing for genome engineering of plants for over 

production of terpenes and other natural products, generation time, seasonal variations, land 

use, and processing of plants including extraction and isolation is still quite an extensive 

effort that is both costly and inefficient. 

 In an effort to increase yields of these valuable products, hosts, often plants, have 

been engineered by optimizing regulatory factors, increasing the expression of rate-limiting 

enzymes
11

. Additionally, balancing biochemical precursor flux using strategies such as plant 

breeding, genetic engineering, and development of scalable plant cell cultures have been 

explored. Even with these efforts, extraction of these high-value products from natural 

sources is inefficient, low-yielding, and expensive. For example, a 100-year-old Pacific yew 

tree can be harvested to produce 300 mg of taxol which, on average, is a sixth of the amount 

needed to treat a single cancer patient
12

. Plant over-production is hampered by climate and 

cultivation limitations, product toxicity, and pests. A mere 60 mg/L of 10-deacethylbaccatin 

III (precursor) can be produced from optimized Taxus baccata cultures after 20 days of 

fermentation
13

.  

 Heterologous host systems employing Escherichia coli (E. coli) and Saccharomyces 

cerevisiae (S. cerevisiae) have greatly simplified efforts towards increasing titers of terpenes 

due to available genetic resources and cloning tools which enable frameworks that serve as 

customizable microbial factories. Titers of terpenes have been increased in E. coli and S. 

cerevisiae by boosting precursor supply and modulating native genes involved in terpene 

synthesis. For example, while a non-engineered strain of E. coli is only able to generate 10 
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mg/L of taxadiene (a synthetic precursor to taxol), balancing the expression of genes 

responsible for the production and consumption of IPP enabled taxadiene titers as high as 10 

g/L
14,15

. Modification of the native DXP pathway in E. coli by a combination of gene 

deletions and alteration of expression, resulted in a 50-fold increase in carotenoid (a 

conjugated polyunsaturated terpene) production over the non-engineered system
16

. When the 

lower-half of the mevalonate pathway from S. cerevisiae was transplanted into E. coli, 

feeding of mevalonate led to a 5-fold increase in production of carotenoids over the 

optimized DXP system
17

. While S. cerevisiae has boasted the highest production of IPP, in 

silico profiling of E. coli and S. cerevisiae using various carbon sources predicts maximum 

IPP production can be achieved from E. coli using glycerol as a carbon source
18

. A variety of 

companies including Gingko Bioworks and Amyris are exploiting these synthetic biology 

strategies to generate terpenes heterologously to disrupt the chemical production market by 

replacing fields of plants traditionally grown to produce these compounds with fermenters 

populated by engineered microbes
19

.  

 To produce the maximum amount of terpene in a given system, biosynthetic 

approaches can be blended with more efficient chemical processes. Semi-synthetic routes to 

terpenes use biosynthesis to generate chemical precursors that through chemical 

transformations can be converted to their final products (Figure 1-6). As P450 identification 

and activity in heterologous hosts can be difficult, this approach is often taken when P450s 

prove to be the bottleneck in a fermentation process.  
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Figure 1-6: A semi-synthetic route for the scalable production of artemisinin (antimalarial) 

through heterologous host engineering and chemical synthesis
20–22

. To enable this process, 

developed by Amyris, S. cerevisiae was engineered to produce large amounts of the native 

metabolite IPP and express genes from Artemisia annua to produce high titers of artemisinic 

acid (25 g/L) which then served as a feedstock for the chemical synthesis of artemisinin 

(45% overall yield from feedstock). Recently, the first shipment of semi-synthetic 

artemisinin was shipped for distribution in Africa. This project was funded by the Bill and 

Melinda Gates Foundation in order to supply a cheap and reliable source of the antimalarial 

drug for developing countries.  

1.3 Strategies for terpene natural product diversification  

Terpene structures can be diversified through a variety of biosynthetic 

transformations, most notably P450 oxidation. After oxidation, terpenes can be further 

modified by acylation, methylation, glycosylation, isomerization, and a variety of other 

biosynthetic reactions (Figure 1-7). The terpene scaffold affords a geometric structure to 

which points of oxidation afford biological specificity. For instance, the core scaffold of 

steroids, such as lanosterol, has negligible bioactivity. However once functionalized, by 

naturally occurring P450s or synthetic diversification, these oxidized scaffolds are highly 

biologically active and importantly their activities have diverged (Figure 1-8).  
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Figure 1-7: Tailoring of terpenes afforded by biosynthesis. Terpene natural products can be 

hydroxylated or oxidized (colored in pink), isomerized (colored in blue), acylated (colored in 

orange), methylated (colored in purple), or appended to other classes of natural products 

(colored in green). It is important to note that the compounds most relevant for use in 

medicine are highly oxidized. 
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Figure 1-8: Divergence of bioactivity by scaffold oxidation and modification. Lanosterol has 

minimal bioactivity, but synthetic and natural derivatives have broad applicability (blue).  

Terpene natural products can be functionalized by a variety of processes. Usually, the 

highly saturated and carbon-rich scaffolds of terpenes are not themselves the most facile 

starting material for chemical diversification as regiospecific oxidation of these highly 

saturated scaffolds is very challenging
3,23

. While the tailoring diversity in natural terpenes is 

extensive, chemists are still limited to modifications on terpene scaffolds that are directed by 

the usually stringent regio-selectivity of P450s.  

Nevertheless, beyond simple chemical transformations such as acylation of isolated 

functional groups, chemists have devised a variety of methods that rely on heavily oxidized 

natural products from Nature. Metabolites can be isolated and purified from native hosts or 

from engineered heterologous hosts by a combination of extraction, chromatography, 
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distillation, or recrystallization prior to chemical derivatization however, this can result in an 

increase costs and waste. Alternatively, methods are being developed for the direct 

diversification from crude extracts to produce pools of chemically altered natural products 

that can then be purified by similar methods (Figure 1-9). Such strategies must use robust 

synthetic strategies that target specific chemical moieties already present in natural products. 

Chemists realizing the difficulty in synthesizing some of the structural moieties contained in 

terpenes, have also devised methods to unravel these structures into other scaffolds ripe for 

chemical diversification (Figure 1-10). 

 

Figure 1-9: Direct diversification of plant extracts. Kikuchi et al. were able to prepare 

extracts that could be directly modified prior to chromatography using an existing synthetic 

handle (green) in a repeatable fashion as judged by HPLC
24

.  
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Figure 1-10: Complexity to diversity. In this example, the Hergenrother group employed a 

ring distortion strategy to use gibberellic acid as a starting material for a variety of other 

structures
25

. These novel structures have a high proportion of sp
3
 carbons, stereocenters, and 

have a low clogP value indicating they could be decent compounds for chemical libraries. 

 As diversification of these structures hinges on the modification of existing oxidation 

and diversity, there has been enormous interest in generating non-naturally occurring 

oxidation patterns and functionality in terpenes. The most common method of doing so is the 

mixing of cytochrome P450 monooxygenases with their non-native substrates to capitalize 

on the substrate promiscuity and product specificity to generate non-naturally oxidized 

modifications
26

. In these efforts, P450s have also been the target of extensive engineering 

using a variety of strategies such as DNA shuffling and rational engineering
27,28

. 

One potential route for diversifying the structures of terpenes includes feeding non-

natural substrates to terpene biosynthetic pathways in vitro or in vivo. For example, terpene 
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natural products have been inadvertently diversified by using analogues of structural 

precursors during mechanistic studies. To halt cyclization progression to dissect stepwise 

mechanisms utilized by terpene cyclases, fluorinated analogues are frequently employed 

(Figure 1-11)
29–31

. Beyond mechanistic studies, initial insight into the promiscuity of these 

enzymes towards substrate analogues has been leveraged to afford non-natural terpenes. 

These methods have been used to study protein prenyltransferases. Farnesyl pyrophosphate 

analogues containing terminal alkynes for “Click” reactions have been used to study 

ubiquitination pathways
32,33

. The corresponding alcohols are synthesized and fed into various 

cell lines for in vivo phosphorylation by an unknown mechanism.  

In order to produce terpene analogues in a sufficient amount for use in chemical 

libraries or potential drug studies, a different approach to terpene production must be 

considered. While insightful, the current method of synthesizing chemical precursors for in 

vitro cyclization is not scalable for adequate production. These pyrophosphorylated 

analogues are not cell permeable and therefore would be unavailable to whole-cell 

biocatalysis. In addition, synthesis of these analogues is limited in scope as each analogue 

needs a dedicated synthetic approach. Ideally a method for the production of analogues could 

be completed in vivo using cheap chemical precursors shuffled through a flexible pathway. 

While there has been minimal insight into the catalytic promiscuity of 

prenyltransferases and terpene cyclases, the chemistry utilized by these enzymes suggests 

potential substrate flexibility and malleability for the production of natural product 

derivatives. A broad range of strategies has been developed to diversify other classes of 
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natural products, but little progress has been made in applying these approaches for the 

diversification of terpenes, presumably due to the difficulty of applying these approaches in 

vivo.  

 

 

Figure 1-11: Terpene diversity afforded through the use of substrate analogues. (A) The 

natural product of aristolochene synthase using farnesyl diphosphate. (B) Fluorination of C-2 

in farnesyl diphosphate affords an intermediate product formed during the natural cyclization 

progression
29

. (C) Use of an aniline analogue of farnesyl diphosphate by aristolochene 

synthase results in the formation of a 12-membered ring
34

.  

1.4 Strategies for diversification of polyketides and non-ribosomal peptides 

The templated and highly modular logic of polyketide and non-ribosomal peptide 

synthesis has spurred the development of various strategies that aim to diversify their 

structures. Precursor directed biosynthesis leverages unnatural building blocks and native 

biosynthetic machinery to produce unnatural products
35–37

. An improvement of this strategy, 

termed mutasynthesis, blocks the availability of the natural substrate so that the unnatural 

A 

B 

C 



16 

 

substrate does not compete for incorporation, resulting in a single unnatural biosynthetic 

product. Potential building blocks can be synthesized using traditional organic synthesis and 

then used as substrates by biosynthetic machinery in vivo or in vitro for the production of 

natural product derivatives (Figure 1-12). While such derivatives may be available through 

biological manipulation, feeding of substrates may be more economically feasible as the 

substrates could be synthesized using robust organic chemistry on a larger scale at a lower 

initial cost. 

 

Figure 1-12: Mutasynthesis for the production of fluorobalhimycin
38

. An Amycolatopsis 

balhimycina mutant deficient for β-hydroxytyrosine biosynthesis allows for the incorporation 

of 3-fluoro-β-hydroxytyrosine. The natural product contains chlorine in place of fluorine. It is 

hypothesized that this halogenation event takes place late in the biosynthesis of this 

glycopeptide. Rather than engineer an alteration in substrate selectivity of the halogenase, 

alternative building blocks were supplied and the halogenation event prevented.  

Chemical handles can also be incorporated into natural products via promiscuous or 

engineered biosynthetic machinery using unnatural building blocks. Such chemical handles 

may provide sites available for traditional organic synthesis enabling biochemical studies or 
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chemical library construction (Figure 1-13). To diversify the Jadomycin antibiotics, the 

culture media was enriched with unnatural amino acids that were thermodynamically 

incorporated into the final products, without the use of biological engineering, due to their 

high concentration
39

. The structure afforded by this method contained an isolated alkyne that 

provided a bioorthogonal chemical handle for synthetic diversification.  

 

Figure 1-13: Precursor directed diversification strategy for Jadomycin analogues
39

. 

Jadomycin derivatives were prepared by supplementing the growth media with O-propargyl-

L-serine as the sole nitrogen source. The resulting derivative was used as a building block for 

copper(I)-catalyzed alkyne-azide cycloadditions (CuAAC) with a panel of azide 

functionalized sugars.  

Natural building blocks may still be required for viability or for the biosynthesis of 

the natural product and as such cannot always be removed from the media or organism. 

Protein engineering enabling broader promiscuity or specificity shift of biosynthetic 

pathways and development of chemical strategies will expand the utility of mutasynthesis. 

Such strategies for the diversification of polyketides and terpenes are being developed in the 

Williams lab
40–42

. In collaboration with David Sherman and co-workers, the Williams lab 
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has recently engineered a switch in substrate specificity of a polyketide synthase from that of 

the natural substrate to a propargyl-substituted substrate
43

. This shift in specificity strategy is 

unique in that instead of removing the natural substrate from the reaction, the enzyme was 

engineered to prefer an alternative substrate which should facilitate the use of these enzymes 

in vivo for polyketide analogue production. 

While these strategies have been employed for the diversification of non-ribosomal 

peptides and polyketides, they have yet to be employed to terpene natural products. In 

systems where these approaches have been implemented, there exists standing chemical 

diversity already used in the biosynthesis of these natural products (Figure 1-14). For 

instance, nonribosomal peptide synthases (NRPSs) use a large variety of amino acid building 

blocks. Because the identity of the amino acid building blocks utilized by NRPSs does not 

play a mechanistic role in bond formation, alterations of diversifiable elements have little 

effect on bond formation, although some other unwanted downstream effects are often 

observed. In contrast, manipulation of terpene building blocks has been limited due to the 

extremely narrow diversity contained within two interconvertible building blocks.  
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Figure 1-14: Biosynthetic building blocks and construction of natural products. R’ denotes 

either coenzyme-A or an acyl carrier protein linked unit. Polyketides are composed of 

malonyl coenzyme-A building blocks where R can be a variety of substituents including but 

not limited to hydrogen, methyl, ethyl, methoxy, and amino. Polyketides are generated by 

successive Claisen-like condensations. Non-ribosomal peptides are composed of amino acids 

that are linked together in an ATP dependent reaction to generate amide bonds. Terpenes 

have low fidelity in the extension of starter units and no diversity of building blocks exists 

naturally.  

1.5 Objectives and scope  

 The following work outlines and evaluates a precursor directed strategy for terpene 

diversification that fundamentally alters the composition of terpene scaffolds through the 

incorporation of non-natural building blocks. In this way, this precursor-based approach 

could access a completely different and broader chemical space than that of tailoring 

enzyme-based approaches. Generation of non-natural terpene building blocks will be 

accomplished using a synthetic biology philosophy whereby chemical precursors will be 

converted into non-natural building blocks through a completely artificial biosynthetic 

pathway. While this effort is being undertaken for the generation of terpene analogues for 
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commercial and drug discovery applications, the studies are also expected to expand our 

knowledge of the catalytic capabilities of these enzymes.  
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CHAPTER 2 

An artificial pathway for in vivo production of hemiterpenes  

from a non-natural chemical precursor 

2.1 Introduction  

 A modern method for chemical production that exhibits the principles of green 

chemistry involves the use of commodity chemicals as the feedstock for the bioconversion of 

low-value chemicals to higher-value chemicals. For instance, the use of sugar can be used as 

the carbon source for yeast that are further genetically engineered to produce biofuels such as 

farnesene or pharmaceuticals such as artemisinic acid
20–22

. While these chemical 

transformations are highly reflective of natural metabolism, it is also possible to take non-

native metabolites and apply chemical transformations using a biosynthetic toolbox 

leveraging strategies such as whole cell biocatalysis. For instance, Evonik has developed a 

method in which E. coli that express alcohol dehydrogenase from Rhodococcus erythropolis 

and glucose dehydrogenase from Bacillus subtilis is used for the R- or S-selective reduction 

of various ketones using substrates at concentrations of greater than 100 g L
-1

 with 

conversions higher than 93%, all while maintaining enantiomeric excesses superseding 

96%
44,45

.  

 While terpene metabolism has been engineered extensively to take primary 

metabolites and convert them into high-value chemicals, we sought a means by which an 

exogenously supplied chemical, not found in native metabolism, could be converted into this 

class of natural products. As terpene metabolism is highly regulated and is a burden to the 
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carbon supply on a cell
18

, we envisioned one way of reducing this carbon requirement would 

be to supply carbon building blocks dedicated for a designer pathway that would function 

independent of E. coli metabolism. Using a retro-biosynthetic approach, we deconstructed 

the building blocks of terpene biosynthesis, IPP and DMAPP, through the hypothetical 

dephosphorylation of these compounds to their corresponding alcohols, 3-methyl-3-buten-1-

ol (isopentenol, ISO) and 3-methyl-2-buten-1-ol (prenol or dimethylallyl alcohol, DMAA) 

respectively. In addition to lifting the carbon burden of these 5-carbon precursors by 

decoupling them from native metabolism, the conversion of these substrates would only 

require two phosphate donors as compared to the native systems, the 1-deoxy-D-xylulose 5-

phosphate (DOXP) or the mevalonate (MEV) pathways, that respectively require two 

phosphate donors and three reducing equivalents or three phosphate donors and one reducing 

equivalent (Figure 2-1). Beyond relief of the carbon burden, such a hypothetical pathway 

should be much easier to engineer as it would utilize fewer enzymes. 
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Figure 2-1: Hemiterpene biosynthesis. A. The MEV pathway. B. The DXP pathway. 

2.2 Discussion and Results 

2.2.1 Native Ability of E. coli to Convert Alcohols into Terpenes  

Inspired by the observation that several different mammalian cells (HeLa, MDA-MB-

231, and HL-60) convert farnesol and farnesol analogues to the corresponding 

disphosphates
46–49

, it was first determined whether E. coli harbors suitable enzymatic 

machinery that could convert exogenously provided ISO or DMAA into a pool of 

hemiterpenes for terpene natural product production. To test this, reporter systems utilizing 

intensely pigmented carotenoids were implemented (Figure 2-2)
50,51

. pAC-LYCipi encodes 

the operon CrtEBI as well as ipi from Erwinia herbicola, a Gram-negative bacteria from 

Enterobacteriaceae. The CrtEBI operon consists of (1) a geranylgeranyl synthase (CrtE) 

which catalyzes the conversion of one DMAPP and three IPP units to geranylgeranyl 

MEV Pathway 

DXP Pathway 

A 

B 
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diphosphate, (2) a 15-cis-phytoene synthase (CrtB) that converts two geranylgeranyl 

diphosphate units into 15-cis-phytoene synthase, and (3) a phytoene desaturase that catalyzes 

four dehydrogenation events to yield all-trans-lycopene through 15-cis-phytoene synthase 

(CrtI). Isopentenyl diphosphate isomerase (ipi, Idi) isomerizes the hemiterpenes DMAPP and 

IPP. When harbored in E. coli, this plasmid expresses genes that use pools of hemiterpenes to 

generate the pigment lycopene, enabling colorimetric screening based on its bright red color. 

The intensity of this color can be directly associated with an increase in hemiterpene 

production as it has been used previously to engineer natural hemiterpene pathways which is 

indicative of this reporter system not being rate limiting
16,17,52,53

. Variations of this vector 

system include the expression of the gene crtY from E. herbicola in pAC-BETAipi. CrtY 

encodes a β-lycopene cyclase resulting in the accumulation of β-carotene, an orange pigment. 

In pAC-ZEAXipi, crtZ is included in addition to CrtEBIY, producing β-carotene hydroxylase 

from Arabidopsis thaliana resulting in the accumulation of the yellow pigment zeaxanthin 

(Figure 2-2). Variation of the pigment color can provide better resolution when qualitatively 

comparing carotenoid levels by sight.  
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Figure 2-2: Carotenoid reporters. The reporter plasmids pAC-LYCipi, pAC-BETAipi, and 

pAC-ZEAXipi generate lycopene, β-carotene, and zeaxanthin respectively. These bright 

compounds can be used for screening based on their absorption properties. 
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Notably, the native DXP pathway in E. coli supports production of carotenoids 

independently of exogenously added DMAA/ISO as terpenes are essential for growth. In 

order to differentiate production of carotenoid through as-of-yet unknown endogenous 

machinery, the antibiotic fosmidomycin (Fs) was leveraged as a chemical tool. Fs is an 

inhibitor of DXR, the first dedicated step in terpene biosynthesis in E. coli (Figure 2-3)
54–56

. 

Fs was added to the culture medium at sufficient concentration (IC50 = 34 nM for E. coli) to 

inhibit the DXP pathway but at low enough concentration that the antibiotic didn’t 

significantly suppress growth. In this way, the goal was to employ Fs to prevent 

accumulation of excess DXP-dependent hemiterpene, forcing production of carotenoid solely 

from the exogenously fed precursors via potential as of yet undetermined endogenous 

enzymatic machinery.  

 

Figure 2-3: Fosmidomycin attenuation of hemiterpene production. Fosmidomycin inhibits 

DXR through competitive inhibition and thus solely targets the DXP pathway. 

Following addition of DMAA and ISO each at 2.5 mM and Fs at 0.5 µM to an 

overnight culture of E. coli pAC-LYCipi, carotenoid production was quantified by visual 

examination of the culture broth. Notably, by comparison of carotenoid production to an 
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otherwise identical culture prepared in the absence of DMAA/ISO, E. coli was not found to 

generate a detectable increase in hemiterpene production in the presence of the substrates 

(Figure 2-4). This suggested that under these conditions, endogenous enzymatic machinery in 

E. coli was not sufficient to support conversion of ISO and DMAA to carotenoids at a rate 

greater than background conversion via the (partially) inhibited DXP-pathway. Thus, efforts 

shifted to identification of enzymes that could be heterologously expressed in E. coli that 

would be dedicated for this conversion. 

 

Figure 2-4: Fosmidomycin effect on lycopene production. E. coli BL21 DE3 cells harboring 

pAC-LYCipi and empty pETDuet were treated with combinations of IPTG to induce 

expression of heterologous genes, DMAA and ISO as substrate for hemiterpene production, 

and Fs to eliminate DXR-dependent hemiterpene production. When cell were treated with 

IPTG, Fs, and provided substrate, no DXR-independent carotenoid production was observed. 

2.2.2 Design and Construction of a Novel Hemiterpene Biosynthetic Pathway 

Deconstruction of such a desired pathway could result in several forward syntheses 

(Figure 2-5). One option would be the biosynthesis of the corresponding hemiterpenes 

through the direct pyrophosphorylation of the alcohols using a diphosphokinase (EC 2.7.6) 

No treatment 

IPTG 

IPTG, DMAA and ISO 

IPTG, Fs 

IPTG, Fs, DMAA and ISO 
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such as thiamine diphosphokinase. A second option would be the successive phosphorylation 

of the alcohol using an iterative kinase such as the recently reported engineered variant of 

isopentenyl phosphate kinase
57

. This is the only one report of such a kinase that was achieved 

by engineering. Such an activity is highly unlikely as the first nucleophile, an alcohol, has 

drastically different properties compared to that of a phosphate, the second theoretical 

alcohol. A third option would be the stepwise phosphorylation of the alcohols to the 

corresponding monophosphates and diphosphates using two separate heterologously 

expressed enzymes. Currently, enzymes with the desired substrate specificity are not known. 

 

Figure 2-5: Deconstruction of DMAPP through dephosphorylation. 1. DMAPP could be 

generated directly by the pyrophosphorylation of DMAA. 2. Sequential phosphorylation of 

DMAA has been accomplished using an engineered IPK variant. 3. DMAPP could be 

generated through the stepwise phosphorylation of DMAA by two separate kinases. 
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2.2.3 Evaluation of an isopentenyl phosphate kinase 

Isopentenyl phosphate kinase (IPK), a protein recently found in archaea
58,59

, is 

responsible for the generation of IPP from isopentenyl phosphate (IP). In several archaea, it 

is hypothesized that the final two steps in the conversion of mevalonate to IPP were inverted 

from phosphomevalonate kinase and mevalonate pyrophosphate decarboxylase to that of 

mevalonate-5-phosphate decarboxylase and IPK. This resulting branch of the MEV pathway 

is deemed the Archaeal MEV Pathway II (Figure 2-6). Briefly, the Archaeal MEV Pathway I 

consists of an extra phosphorylation step of mevalonate to generate mevalonate-3-phosphate 

prior to the analogous steps of the remaining part of the MEV pathway.  
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Figure 2-6: Archaeal mevalonate pathway. In red is denoted the Archaeal MEV II pathway. 

Mevalonate is instead phosphorylated to generate mevalonate-3-phosphate by mevalonate-3-

kinase (M3K). Mevalonate-3-phosphate is then phosphorylated by the PMK homologue, 

mevalonate-3-phosphate kinase (M3PK). Mevalonate-3,5-bisphosphate then undergoes 

decarboxylation to form IP through mevalonate-5-phosphate decarboxylase (M5PD). In blue 

is the Archaeal MEV I pathway in which IP can be generated from the decarboxylation of 

mevalonate-5-phosphate by M5PD before being phosphorylated by IPK to form IPP. 

Over-expression of IPK in E. coli could lead to improved production of carotenoid 

from exogenously added ISO if (1) an endogenous kinase can convert ISO to the 

corresponding monophosphate, and (2) the obligatory second phosphorylation (Figure 2-1) 

contributes to the rate limiting step in the conversion of ISO to carotenoid in E. coli. To test 

these assumptions, a culture of E. coli pAC-LYCipi that also expressed codon optimized IPK 
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from Thermoplasma acidophilum was incubated either in the presence or absence of 

Supplementary ISO and DMAA. In vitro studies have shown that fosmidomycin is not a 

substrate for IPK and therefore should not be enzymatically deactivated
60

. Strikingly, an 

increase in carotenoid production was observed when the E. coli cultures were supplemented 

with ISO/DMAA (Figure 2-7). An increase in carotenoid production that was dependent on 

IPK and ISO/DMAA validates the assumption that an endogenous kinase is capable of 

providing isopentenyl phosphate from ISO/DMAA and that IPK supports the second required 

phosphorylation. It was hypothesized that over-expression of the E. coli gene product 

putatively responsible for ISO and DMAA phosphorylation would result in an even higher 

production of hemiterpenes from the corresponding alcohols, and attention was next focused 

on identifying a candidate kinase for this step. A full description of the in vitro activity and 

substrate specificity of IPK can be found in Chapter 3. 
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Figure 2-7: IPK increases DXR-independent production of carotenoid. E. coli BL21 DE3 

cells harboring pAC-LYCipi and pETDuet-IPK were treated with combinations of IPTG to 

induce expression of heterologous genes, DMAA and ISO as substrate for hemiterpene 

production, and Fs to eliminate DXR-dependent hemiterpene production. When cells were 

treated with IPTG, Fs, and provided substrate, expression of IPK resulted in a visible 

increase in carotenoid production.  

2.2.4 Probing the E. coli kinome for candidate isopentenol and dimethylallyl alcohol 

kinases 

 As successful generation of IPP from ISO or DMAA will result in the same 

phenotype due to the presence of IDI which interconverts the two hemiterpenes. Due to this, 

E. coli was screened in the presence of both ISO and DMAA.  

It was initially reported that IspE from E. coli (Figure 2-1B) was able to iteratively 

phosphorylate ISO to generate IPP
61

. The authors used 
13

C labelled ISO and showed that in 

the presence of ATP, the presence of IspE supported the successive phosphorylation of ISO. 

However, upon expression, purification, and testing under various buffer conditions, we 
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could not verify this activity as other follow up studies by other researchers had confirmed as 

well
62

.  

Subsequently, an effort was taken to clone many of the kinases in E. coli responsible 

for the phosphorylation of small molecules with an alcohol acceptor (EC 2.7.1). The kinome 

of E. coli was assessed using a non-redundant protein set (Figure 2-6). Assuming that the 

enzyme(s) endogenous to E. coli responsible for converting ISO and DMAA to the 

phosphorylated products were annotated as (1) a kinase and (2) a kinase transferring a 

phosphorous containing group to an alcohol acceptor, 170 candidate kinases are available for 

characterization (Figure 2-8).  

 

Figure 2-8: E. coli kinome (UnitProtKB protein data set). The E. coli kinome consists of all 

phosphotransferases (EC 2.7). The E. coli kinome consists of 333 kinases, over half of which 

utilize an alcohol acceptor. 
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To predict whether an approach of fractionation could be undertaken to enrich active 

alcohol kinases and proteins putatively responsible for the desired activity, the kinome and 

the proteome of E. coli were assessed in silico based on the predicted chemical properties of 

the protein set (Figure 2-9). It was hypothesized that active fractions could be identified by 

detection for ISO and DMAA phosphorylation using MS or a coupled assay. Proteins in the 

active fractions could then be identified by MS. It was found that the kinome and proteome 

of E. coli have very similar distributions of isoelectric points and molecular weights 

suggesting that standard techniques of chromatographic fractionation based in biophysical 

properties would not provide differentiation between the kinome and proteome and therefore 

no enrichment of the kinome would be predicted to be obtained. Within the kinome, the 

distribution of physical properties was still relatively narrow suggesting that fractionation by 

standard techniques such as precipitation and gel-permeation chromatography would be 

difficult and may not suffice for the isolation of distinct kinase fractions for testing. 
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Figure 2-9: Physical characterization of E. coli proteome and kinome. A. The isoelectric 

point (pI) distribution and B. molecular weight (MW) distribution is similar between the 

kinome and the proteome suggesting it would be difficult to enrich for the kinome in the 

presence of the other proteins in E. coli. The narrow distribution of pI and MW also suggests 

fractionation by salt precipitation and gel permeation chromatography may not suffice to 

isolate individual kinases. 

As an alternative strategy, a subset of the 170 alcohol kinases was identified by 

comparison of the structures of their native substrates to ISO and DMAA. Several kinases 

from E. coli were cloned for expression and isolation. In addition to these kinases, several 

kinases from S. cerevisiae and A. thaliana were examined, but no detectable phosphorylation 

of ISO or DMAA was observed (Table 2.1).  
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Table 2-1: Kinases tested for ISO and DMAA phosphorylation.  

Enzyme Substrate Product 

E. coli 

Phosphoribosylpyrophosphate 

synthetase 

  

S. cerevisiae 

Glycerol kinase 
  

E. coli 

Homoserine kinase 

  

S. cerevisiae 

Homoserine kinase 

  

E. coli 

Ethanolamine kinase   

E. coli 

Hydroxyethylthiazole kinase 

  

E. coli 

Undecaprenol kinase 

  

E. coli 

Diacylglycerol kinase 
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Table 2-1 Continued  

Enzyme Substrate Product 

E. coli 

Glycerol kinase 
  

E. coli 

4-diphosphocytidyl-2-C-

methyl-D-erythritol kinase 

  

Arabidopsis thaliana 

Farnesol kinase 

  
 

However upon purification of these kinases to homogeneity and testing in vitro, none 

of them were found to phosphorylate ISO or DMAA when examined by mass spectrometry. 

It is important to note, that the natural activity was not verified in every case. While the 

kinome was not exhaustively screened for the desired activity, it is possible that (1) the 

kinase responsible for this activity was not prepared in an active manner resulting in a false-

negative, (2) the kinase responsible for the in vivo activity was not included in this set, (3) the 

kinase responsible for this activity was not denoted as a kinase, and (4) that the observed 

activity in vivo may not have been due to a single kinase, but a suite of enzymes having very 

low activity that when collectively examined in vivo have detectable phosphorylation 

activity. In the absence of a suitable high-throughput tools for paralleled gene cloning of all 
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170 alcohol kinases, attention was focused on a smaller number of kinases known in the 

literature to catalyze phosphorylation of alcohols close in structure to ISO and DMAA.  

 

2.2.5 Probing the utility of a diacylglycerol kinase from Streptococcus mutans 

Recently a diacylglycerol kinase (DGK) from Streptococcus mutans was found to 

display undecaprenol kinase (UK) activity
63

. The authors coupled UK with MraY and MurG 

from Micrococcus flavus for in vitro biosynthesis lipid II analogues using geraniol, nerol, 

farnesol, and other long chain prenyl alcohols as substitutes for undecaprenol
64

. Given the 

established promiscuity of DGK towards long-chain alcohols, it was hypothesized that this 

enzyme might display additional substrate promiscuity towards ISO/DMAA, and could 

provide the ability to provide hemiterpenes from ISO/DMAA in an engineered E. coli strain.  

It was hypothesized that in the presence of substrate, DGK could phosphorylate 

DMAA and ISO to generate dimethylallyl monophosphate (DMAP) and IP respectively. In 

the presence of IPK, both DMAP and IP could be converted to DMAPP and IPP to generate 

hemiterpenes. This conversion of alcohols into hemiterpenes by this artificial pathway should 

be manifested by an increase in carotenoid production. Accordingly, DGK was cloned into 

pETDuet harboring IPK and tested with three different carotenoid reporters (Figure 2-3). ISO 

and DMAA were either provided or not to cells expressing just IPK or DGK with IPK. Cells 

containing both DGK and IPK were found to increase carotenoid production substantially as 

compared to the system only utilizing IPK when DMAA and ISO were provided (Figure 2-

10). 
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Figure 2-10: In vivo carotenoid assay for DGK with IPK. With each carotenoid assay, it is 

visibly apparent that the most carotenoid was produced with DGK and IPK, but only when 

provided with substrate.  

Given that IPK is already carrying out its native activity in the designed hemiterpene 

biosynthetic pathway, and that the addition of DGK resulted in only a small but detectable 

increase in the production of carotenoids, efforts to engineer the activity of DGK were 

undertaken. Although the crystal structure of DGK is not known, it is predicted to be a trimer 

with three transmembrane helices making it difficult to obtain a decent homology structure as 

well as challenging to predict how mutations would alter the greater organization of the 

tertiary structure in efforts to increase activity towards ISO and DMAA (Figure 2-11). As 

such, a directed evolution approach was envisioned that leverages the ability to screen 

carotenoid production in high-throughput. Accordingly, a library of random DGK mutants 

was constructed using error-prone PCR that consisted of ~27,000 variants with an average of 

3 amino acid mutations per gene product. No wild-type sequences were observed in the 

library members submitted for sequence analysis. 
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Figure 2-11: Homology models of DGK. A. A monomer of DGK was generated using the I-

Tasser server (Zhang Lab, University of Michigan). B. The monomer was then transposed 

onto PDB 3ZE5 template a trimer model
65

. C. DGK is composed of a trimer with three 

transmembrane helices with the active site at the interface of the cell membrane and the 

cytoplasm. D. PDB 4UXX was used to model how ATP and alcohol substrates may interact 

with DGK
66

. 4UXX contains density for two separate alcohols suggesting multiple modes of 

substrate binding. Residues important to catalysis were identified by protein sequence 

alignment achieved using MUSCLE (EMBL-EBI). ACP: ATP analogue, γ denotes terminal 

phosphate of ATP analogue. 

The previous colorimetic assay demonstrated that there was some background 

carotenoid production in the absence of ISO/DMAA even when Fs was provided to knock-

down endogenous hemiterpene production. To employ this screen in high-throughput for the 

directed evolution of DGK activity, it would be preferable not to carry out duplicate assays in 
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the absence of alcohol. Thus, to verify that the background carotenoid production in the 

absence of alcohol was not affected by mutagenesis to DGK, the activity of a subset of DGK 

mutants was determined in the presence and absence of ISO/DMAA (Figure 2-12 A, 

Supplementary Figure 2.5-2). Gratifyingly, background activity without substrate was 

relatively constant among the mutants tested, indicating that the assay in the absence of 

substrate is unnecessary to faithfully report the substrate-dependent carotenoid activity. Next, 

a multiplexing strategy was also considered whereby more than one colony from the DGK 

library was cultured and assayed in each well of the microtiter plate. To achieve this, and to 

minimize labor usually associated with colony picking, a method was developed to explore 

the possibility of simply transforming the mutant DGK plasmid library into the host strain 

and diluting sufficiently in each microplate well to obtain a mixture of variants for screening. 

First, the transformation efficiency of the E. coli pAC-BETAipi competent cells was 

determined, and this was used to estimate a range of dilution factors that were predicted to 

furnish on average 5, 15, and 50 mutants (colonies) per well. By pooling mutants in each 

well, the poor chance of finding a relatively rare mutant DGK with higher activity than the 

majority of the clones in other wells is balanced by the ability to more quickly search through 

a large mutant library size. A sample of each pooled library was then screened by feeding 2.5 

mM ISO with 2.5 mM DMAA and measuring the carotenoid production in each well using a 

microplate reader. Notably, when 15 or 50 DGK mutants were pooled in each well, wells 

with activity higher than that of the wild-type DGK were not detected. However, with 5 

mutants per well, two wells were identified with higher than wild-type activity, whereby the 
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well activity was >1 standard deviation of the wild-type activity (Figure 2-9). Although not 

completely rigorous, this analysis suggests that by pooling ~5 mutants per well, mutants with 

higher activity than the wild-type enzyme can be identified, while allowing ~500 mutants to 

be screened simultaneously in one microplate. 

   

Figure 2-12: DGK screening validation. (A) Individual mutants were screened in the 

presence and absence of substrate, and plotted in descending order on the basis of activity in 

the presence of substrate . Absorbance values in the absence of substrate are shown negative 

for display purposes only. The greater slope of the linear regression of the “with substrate” 

activities compared to “no substrate” indicates substrate-dependent phenotypes. (B) The 

screen was validated with multiple mutants per well to assess whether a multiplexing strategy 

would simply dilute activity or increase throughput sufficiently to isolate hits. This 

distribution is from 15 mutants per well. The solid line represents the average carotenoid 

production using WT DGK and the dashed lines represent a single standard deviation. 

Screening of individual mutants, 15 mutants per well and 50 mutants per well are shown in 

the supplemental (Supplementary Figure 2.5-3,4,5). 
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Using this multiplexing strategy and only screening in the presence of substrate, 

nearly 15,000 mutants were screened by measuring the A450. From these, several wells were 

found to be hits as defined as being one standard deviation higher than the average wild-type 

activity. The contents of each well were streaked out onto LB-agar plates supplemented with 

chloramphenicol, ampicillin, and streptomycin. For each hit well, a minimum of 46 single 

colonies (~9-fold coverage) were then grown in individual wells of a microtiter plate and 

screened for carotenoid production (Figure 2-13). After secondary screening, 12 unique 

mutants were found and of those, 5 had substrate dependent increases in carotenoid 

production. These mutants were sequenced and however minimal convergence upon 

mutations was identified. Among the 27 mutations identified, 3 amino acids were found to be 

mutated more than once (Figure 2-13). While the mutants were found to increase carotenoid 

production as high as 12% in a substrate dependent manner (e.g. clone B3, Figure 2-13), the 

increase in hemiterpene production as measured by carotenoid production was still minimal 

when compared to titers obtained previously by other researchers. It was at this point another 

candidate was examined for this activity. 
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Figure 2-13: DGK screening. (A) Isolated mutants from the multiplex screening method 

were isolated and then characterized for substrate dependence. (B) Mutations were found 

across the entire gene. In yellow are single spots where mutations were found while in red, 

multiple mutations were discovered. 

2.2.6 Probing the utility of a non-specific acid phosphatase from Shigella flexneri 

A class-A non-specific acid phosphatase from Shigella flexneri (PhoN) has previously been 

described for the ability to transfer a phosphate from a phosphate donor to alcohols, 

carbohydrates, and nucleotides in vitro
67–70

. PhoN was cloned into pETDuet-IPK as a hexa-

histidine N-terminally-modified fusion protein and tested for its ability to support carotenoid 
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production in E. coli (Figure 2-14). In parallel, the ability of DGK to support carotenoid 

production in conjunction with IPK was also determined. For this experiment, a calibration 

curve was also constructed in order to determine the carotenoid yields in mg/L culture 

(Supplementary Figure 2.5-12). Remarkably, the un-optimized PhoN-IPK system was 

capable of converting DMAA and ISO (initially each at 5 mM) to lycopene in titers of ~150 

mg L
-1

 in E. coli after only 12 hours post-induction (Figure 2-14). These titers are 

comparable to those of engineered DXP pathway optimization (24 mg/L) and MEV 

heterologous production (102 mg/L) in E. coli performed by the Keasling lab
17,71

. The 

activity was largely dependent on the presence of PhoN, 17-fold less lycopene is produced at 

26 hours post-induction when PhoN is not present. In addition, this fully quantitative study 

revealed that while wild-type DGK could support lycopene production in good yields, these 

were 4-fold lower than that with PhoN after 24 hours. 
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Figure 2-14: DGK- and PhoN-supported carotenoid production in E. coli strains. Vector 

setups are indicated in the legend. Lighter bars of the same color indicate the no substrate 

control. When supplied with 2.5 mM DMAA and ISO, PhoN + IPK was found to produce 

much more carotenoid in a shorter period of time compared to DGK + IPK. (Supplementary 

Figure 2.5-8,9,10,11,12). Empty vector did not produce any measurable carotenoid.  

This experiment was followed up to observe concentration dependence of lycopene 

production on substrate availability to be sure that product titers were associated with 

substrate. After 24 hours, E. coli BL21DE3 harboring pETDuet-PhoN+IPK and pAC-LYCipi 

produced 200 mg L
-1

 at 5 mM DMAA, 100 mg L
-1

 at 2.5 mM DMAA, and 60 mg L
-1

 of 

lycopene at 0.5 mM of DMAA and ISO when incubated in the presence of Fs (Figure 2-15). 

At substrate concentrations of 10 mM, DMAA and ISO proved to be toxic by resulting in a 

maximum of 25 mg L
-1

 of lycopene after 24 hours.  
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This result requires reexamination of the hypothesis that the first phosphorylation 

may be rate limiting. At this point, it was determined that an adequate system for the 

conversion of ISO and DMAA to their corresponding terpenes was sufficient as determined 

by the in vivo carotenoid assay. 

 

Figure 2-15: Substrate dependence of carotenoid production with PhoN + IPK. Carotenoid 

production was measured over time in the presence of different substrate concentrations.   

2.3 Conclusions and future work 

 Hypothetical deconstruction of hemiterpenes to their corresponding alcohols 

counterparts, resulted in testable retrosynthetic approaches. After systematic testing of E. coli 
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kinases for the phosphorylation of hemiterpene alcohols and their resulting monophosphates, 

allowed for the generation of natural terpenes from non-natural chemical precursors. 

In pursuit of the eventual implementation of this pathway for the in vivo biosynthesis 

of hemiterpene analogues, the enzymes need to be tested for their ability to use structural 

analogues for successive phosphorylation. We hypothesize that IPK principally interacts with 

its substrate IP through electrostatic forces governed by the phosphate portion of the 

substrate and that the remaining alkyl tail is simply sterically accommodated. By extension, 

these greasy substrate analogues proposed to be utilized by the same pathway would be 

primarily bound to PhoN through electrostatic forces afforded by the interaction between the 

alcohol on the substrate and the magnesium ions within PhoN.  

 Gratifyingly, many studies have been done on PhoN and its homologs. When 

provided ATP as a phosphate donor, PhoN has been found to phosphorylate a variety of 

alcohols. PhoN from Salmonella typhimurium has previously been engineered for shifting of 

its pH optima from that of an acidic environment to a neutral media
72

. As the reverse reaction 

of the phosphatase has extensive biosynthetic utility, a homolog from Morganella morganii 

has been engineered in order to amplify its kinase activity and reduce its phosphatase 

activity
73

. As these efforts have all proven to be quite successful, a graduate student in the 

Williams Lab, Rachael Hall, is working to engineer PhoN for the implementation in the 

hemiterpene analogue biosynthetic pathway outlined.  

 As the phosphorylation of ISO and DMAA was predicted to be rate limiting as it is an 

unnatural reaction, it was assumed that the first kinase in this cascade would have to be 
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evolved using the carotenoid assay in a directed evolution strategy. Because of the 

overwhelmingly high incorporation of DMAA and ISO into carotenoids through the PhoN 

and IPK pathway, this hypothesis needs to be revisited. One manner to asses bottlenecks in 

this pathway would be to do ribosomal binding site engineering to alter the translation rate of 

these genes to draw conclusions about which step is rate limiting based on the catalyst 

loading afforded by either the higher or lower translation rate of the genes involved in this 

pathway.  

 While this may be feasible, it should be noted that prenol costs an estimated $4645 

ton
-1

 while glycerol costs $612 ton
-1

. Aside from the notable cost difference, addition of 

prenol to fermenters may provide other mechanical and hazardous difficulties and challenges. 

Importantly, both PhoN and IPK have been reported to have quite broad promiscuity. This 

provides promise that the system may have potential for the in vivo production of 

hemiterpene analogues from their corresponding alcohols that may enable the production of 

prenylated and terpene natural products with unnatural prenyl groups expanding upon the 

limited chemical diversity afforded by Nature. 

 

2.4 Methods 

General 

All plasmids were verified by DNA sequencing. Purifications of all DNA were performed 

with kits from BioBasic. β-carotene and lycopene standards were purchased from Sigma 

Aldrich. Synthetic oligonucleotides were purchased from IDT (Coralville, IA, USA). All 

plate reader assays were performed using a BioTek Hybrid Synergy 4 plate reader 
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(Winooski, VT, USA). Plasmids pAC-LYCipi (Plasmid #53279), pAC-BETAipi (Plasmid 

#53277), and pAC-ZEAXipi (Plasmid #53287) were all purchased from Addgene 

(Cambridge, MA, USA) and were gifted from the laboratory of Francis X. Cunningham Jr. 

Restriction enzymes were purchased from New England Biolabs (Ipswich, MA, USA). 

Polymerase chain reactions were conducted using Phire Hot Start II DNA Polymerase from 

ThermoFisher Scientific (Waltham, MA, USA).  

LC-MS experiments were conducted using a Shimadzu LC-MS 2020 single quadrupole 

instrument with a Phenomenex Kinetex UPLC C18 column (2.1 X 50 mm, 2.6 µm particle, 

100 Å pores) column. 5 µL was injected onto and separated using a series of linear gradients 

developed from 0.1% formic acid in H2O (A) to 0.1% formic acid in acetonitrile (B) at 0.2 

mL/min using the following protocol: 0-2.2 min, 95-1% A; 2.21-2.6 min, 1% A; 2.61-2.62 

min, 1-95% A; 2.63-3.5 min, 95% A. 

 

E. coli proteome characterization 

A non-redundant protein set (UnitProtKB) was mined for proteins in B strain E. coli that 

could be phosphorylating isopentenol. The proteome and EC 2.7 (kinome) were compared by 

analyzing protein sequences using ExPASy Compute pI/MW tool in order to determine 

parameters suitable for crude purification. 
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Screening of kinases for ISO and DMAA phosphorylation 

Genes were amplified from template obtained by taking 100 µL of cell pellet, adding 200 µL 

of water, followed by boiling in a 1.5 mL tube for 15 minutes. The cell debris was pelleted 

and 1 µL of this was used for PCR from genomic DNA. This process was done for E. coli 

BL21 and S. cerevisiae EBY100. Farnesol kinase from A. thaliana was PCR amplified from 

a cDNA library gifted from the lab of Dr. José M. Alonso (NC State, Department of 

Genetics). These inserts were cloned into pET28a (Novagen now Merck KGaA, Darmstadt, 

Germany) using standard molecular biology techniques. Vectors were transformed into 

chemically competent E. coli NovaBlue DE3 cells (Novagen) and plated on LB agar 

supplemented with 50 μg/mL kanamycin for incubation overnight at 37°C. Colonies were 

then screened for the appropriate size insert by colony PCR using primers annealing to the 

T7 promoter and T7 terminator. Colonies were then picked and grown in 3 mL LB 

supplemented with 50 μg/mL kanamycin for incubation overnight at 37°C before the plasmid 

DNA was isolated and sent for sequencing. Upon confirmation of sequencing, the plasmid 

DNA was transformed into chemically competent E. coli BL21 DE3 Tuner cells and plated 

on LB agar supplemented with 50 μg/mL kanamycin for incubation overnight at 37°C. 

Colonies were picked the following day and used to inoculate 3 mL LB supplemented with 

50 μg/mL kanamycin for incubation overnight at 37°C. 1 mL of this culture was then used to 

inoculate 100 mL of LB supplemented with 50 μg/mL kanamycin and grown at 37°C at 250 

rpm until the culture reached OD600 of ~0.2 before the temperature was reduced to 18°C and 

IPTG was added to a final concentration of 1mM. The culture was incubated for 18 hours at 



52 

 

250 rpm. The culture was pelleted at 4000 rpm for 10 min, the supernatant was decanted, the 

cell pellet resuspended in 5 mL of lysis buffer (100 mM Tris, 300 mM NaCl, 10% glycerol, 

pH 8.0) and lysed by sonication. The debris was then pelleted at 4500 rpm for 20 min, 

decanted, and the soluble protein was spun down additionally at 15,000 rpm for 1 hour. The 

resulting soluble fraction was then purified using loose Ni
2+

 resin from GE Healthcare. 200 

µL of resin was added to the soluble fraction of protein and incubated on ice for 1 hour with 

intermittent agitation to suspend the resin. The resin was then spun down for 10 min at 4500 

rpm at 4°C and the lysate was removed. The resin was then resuspended in 1mL of wash 

buffer (50 mM TRIS, 500 mM NaCl, 20 mM imidazole, pH 8.0) and transferred to a 1.5 mL 

tube. The mixture was allowed to incubate on ice for 10 min before the resin was spun down 

again as before. This washing procedure was repeated 4 more times before the protein was 

eluted with 200 µL of elution buffer (50 mM TRIS, 500 mM NaCl, 200 mM imidazole, pH 

8.0). The protein was then directly assayed and purity was verified by SDS-PAGE with 

comparison to the soluble fraction of E. coli BL21 DE3 Tuner cells not harboring any 

plasmid. The assay consisted of 10 µL of purified protein in a total volume of 100 µL 

containing 5 mM ATP, 1 mM of ISO and DMAA (stock of 100 mM in DMSO), 50 mM 

TRIS at pH 7.5, and 2.5 mM MgCl2. The reaction was incubated overnight at 37°C before 

being quenched with an equal volume of methanol. The mixture was then analyzed by low 

resolution LC-MS along with a synthetic standard of IP and DMAP to look for activity. 

 

 



53 

 

Carotenoid assays for screening of kinases and libraries 

A vector containing IPK in MCS2 of pETDuet (Novagen) was generated using standard 

molecular biology techniques using IPK from a purchased vector (IDT) as a template. The 

resulting plasmid is denoted pETDuet-IPK. Next, investigated kinases for carotenoid 

production were inserted into the MCS1 of pETDuet-IPK using standard molecular biology 

techniques. Vectors were transformed into NovaBlue DE3 cells harboring the carotenoid 

reporters and plated onto LB agar supplemented with ampicillin (100 µg/mL) and 

chloramphenicol (35 µg/mL) before being grown at 37°C overnight. The following day, 

colonies from each transformation were used to inoculate separate wells in deep-well plates 

containing 1 mL of LB supplemented with ampicillin (100 µg/mL) and chloramphenicol (35 

µg/mL). These deep-wells plates were incubated on a rotary shaker at 350 rpm overnight at 

37°C. The following morning, 50 µL of the overnight culture was used to inoculate 400 µL 

of media supplemented with a final concentration of 89 µg/mL ampicillin and 31.2 µg/mL 

chloramphenicol. After 3 hours of shaking at 350 rpm at 37°C, the OD600 of the culture was 

approximately 0.1 at which point 50 µL of a mix of LB and substrate or DMSO was added to 

bring the cultures to a final volume of 500 µL. 50 µL contained 10X 5mM DMAA and ISO 

in supplemented LB (diluted from 1M stocks in DMSO) or equivalent amounts of DMSO in 

LB (no substrate control) and 10X 1mM IPTG. Upon assembly of all of the substrate, IPTG, 

starter culture, and growth media, final concentrations of substrate or DMSO were 5 mM, 1 

mM IPTG, and 90 µg/mL ampicillin and 32.5 µg/mL chloramphenicol. Plates were then 

incubated at 350 rpm in the dark at 30°C for 48 hours. After 48 hours, deep-well plates were 



54 

 

spun-down at 3000 rpm for 7 minutes to pellet the cultures. After removal of the growth 

media, the pellets were resuspended with 1 mL of PBS buffer in each well with vigorous 

vortexing. 100 µL of each well was transferred to a 96-well plate for final OD600 

measurements. The remaining 900 µL was again spun down at 3000 rpm for 7 minutes. The 

PBS was removed and to the pellets was added 250 µL of isopropanol and 50 µL of water. 

The plates were vigorously vortexed and placed in a container away from light to incubate at 

room temperature for 30 minutes. After incubation, the plates were again vortexed before the 

cell debris was pelleted at 4000 rpm over 10 minutes. At this point, 200 µL was carefully 

removed from the deep-well plates for assaying on the plate reader. Plate reader 

measurements for the 100 µL PBS aliquots were taken at 600 nm to measure cell density at 

the end of the incubation. For measurements of carotenoids, measurements were taken at 450 

nm for quantification of carotenoid and 600 nm to detect cell debris that had carried over.  

 

Homology modeling 

The homology models of DGK and PhoN were generated using the I-Tasser server (Zhang 

Lab, University of Michigan). The homology model of the monomer of DGK was then 

mapped to a trimer of PDB 3ZE5 in silico using PyMol. The trimer was then aligned with 

PDB 4UXX in Pymol and the peptide of 4UXX was removed, leaving the ligands aligned 

with the predicted active site of DGK.  
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DGK library generation 

The diacylglycerol kinase library from Streptococcus mutans was generated by using primers 

initially used for the cloning of DGK into pETDuet-IPK with pETDuet-DGK+IPK as the 

template. The GeneMorphII kit (Agilent Technologies, Santa Clara, CA, USA) was used for 

mutagenesis following the manufacturer’s protocol. The resulting PCR product was digested 

with BamHI and NotI and purified by gel electrophoresis. The desired band was isolated and 

miniprepped. The resulting DNA was then cleaned up using Co-Precipitant, Pink (Bioline, 

London, UK) following the manufacturer’s protocol with resuspension in 25 µL of water. 

The purified DNA was then transformed into E. cloni ® 10G electrocompetent cells 

(Lucigen, Middleton,WI, USA) using the manufacturers protocol. The cells were allowed to 

incubate at 37 °C before an aliquot was taken to estimate library size by plating on LB agar 

supplemented with ampicillin (100 µg/mL) and incubating overnight at 37 °C. The 

competent cells were then brought to a volume of 3 mL with LB and supplemented with 

ampicillin (100 µg/mL) then grown overnight at 37 °C. The following day, colonies were 

counted to estimate library size and 20 were picked to estimate the mutation frequency. The 

library was estimated to contain 27,000 members with an average amino acid mutation rate 

of 3 mutations per peptide. A portion of the overnight culture was then stored as a glycerol 

stock and the remaining culture was miniprepped for plasmid purification. Libraries were 

screened as outlined in “Carotenoid assays for screening of kinases and libraries”. DGK 

mutants shown include A1 (T29I, F35S, K42N, G55S, N82S, S98N), A4 (4 silent mutations), 

A5 (K13T, S22I, S71I, A108D), and B3 (G55D, E79K).  
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High-throughput assay development and screening 

To access multiplexing, the transformation efficiency of transforming pETDuet-DGK+IPK 

into NovaBlue DE3 cells containing pAC-BETAipi was first estimated. The library was then 

transformed and diluted to approximately add 5, 15, and 25 colony forming units to inoculate 

deep-well plates for the carotenoid assay with pAC-BETAipi. Portions of these dilutions 

were also plated onto LB agar to verify transformation efficiency.  

 

Measurement of carotenoids 

Cell lines containing pETDuet constructs in NovaBlue DE3 harboring pAC-LYCipi and 

pAC-BETAipi were incubated as before but in 250 mL baffled shake flasks at 250 rpm. 600 

µL of culture was removed at various time points. From this 100 µL was removed for OD600 

measurements. The remaining 500 µL was spun down at 10000 rpm and the supernatant 

removed. The cell pellets were then dried using a speed vacuum with no heat until the pellets 

were dry. 200 µL of acetone was then added to the pellets and the tubes were sonicated at 37 

°C for 20 min before incubation at 55 °C for 30 min. The tubes were then sonicated again as 

before. Next, the pellets were spun down and 100 µL was removed for HPLC analysis. 

 

HPLC analysis of carotenoids 

A standard curve for carotenoids was produced by adding various amounts of standard to cell 

pellets and extracting as outlined in the previous section. HPLC was performed by injecting 

10 µL onto a Phenomenex Kinetex EVO C18 column (250 x 4.6 mm, 5 µm, 100 Å pores) 
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with an isocratic elution buffer consisting of 8: 1.5: 0.5 isopropanol: acetonitrile: methanol 

over 20 minutes. β-carotene was assayed at 450 nm and lycopene was assayed at 470 nm. 

Areas were extracted and compared to the standard curve for quantification. Higher lycopene 

production was observed, so pACLYC-ipi was used for quantification of carotenoid 

production. The HPLC method was shortened to 12 minutes for screening of samples 

containing lycopene in triplicate.  

 

Sequence of codon-optimized IPK from Thermoplasma acidophilum: 

ATGGATCCGTTCACCATGATGATCCTGAAGATTGGCGGCAGCGTGATTACCGATA

AGAGCGCATATCGCACCGCACGCACCTACGCCATTCGTAGCATCGTGAAAGTGC

TGAGCGGCATTGAAGATCTGGTGTGCGTGGTGCATGGCGGTGGTAGCTTTGGCC

ACATCAAGGCGATGGAGTTTGGTCTGCCGGGTCCGAAAAATCCGCGTAGCAGCA

TCGGCTACAGCATCGTGCATCGCGACATGGAAAACCTGGACCTGATGGTGATCG

ACGCAATGATCGAGATGGGTATGCGCCCGATTAGCGTGCCGATTAGCGCCCTGC

GTTATGATGGTCGCTTTGACTACACCCCGCTGATCCGCTATATTGATGCAGGCTT

CGTGCCGGTGAGCTATGGCGACGTGTATATCAAGGACGAACATAGCTATGGCAT

CTACAGCGGCGACGATATTATGGCCGATATGGCCGAACTGCTGAAGCCGGATGT

GGCCGTGTTCCTGACCGATGTGGATGGCATCTATAGCAAGGACCCGAAACGCAA

TCCGGATGCCGTGCTGCTGCGCGACATCGATACAAACATCACCTTCGATCGCGTG

CAGAACGATGTGACCGGCGGCATTGGCAAGAAATTCGAAAGCATGGTTAAAATG
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AAAAGTAGCGTTAAAAATGGTGTGTACCTGATTAATGGCAATCACCCGGAGCGC

ATTGGTGACATCGGCAAGGAGAGCTTCATCGGTACCGTGATTCGC 

 

Sequence of codon-optimized DGK from Streptococcus mutans: 

ATGCCGATGGATCTGCGCGACAACAAACAGAGCCAGAAGAAATGGAAAAACCG

CACCCTGACCAGCAGCCTGGAATTTGCCCTGACCGGCATTTTTACCGCCTTCAAA

GAAGAACGCAACATGAAAAAACACGCCGTGAGCGCACTGCTGGCCGTGATTGCC

GGTCTGGTGTTCAAAGTGAGCGTGATCGAGTGGCTGTTTCTGCTGCTGAGCATCT

TCCTGGTGATCACCTTCGAGATCGTGAACAGTGCCATCGAGAATGTGGTGGATCT

GGCCAGCGACTATCACTTCAGCATGCTGGCCAAAAACGCCAAAGATATGGCCGC

CGGTGCCGTGCTGGTTATTAGCGGTTTTGCCGCCCTGACCGGCCTGATTATTTTTC

TGCTGAAAATTTGGTTTCTGCTGTTTCAT 

 

Sequence of codon-optimized PhoN from Shigella flexneri: 

ATGCCGATGGATCTGCGCGACAACAAACAGAGCCAGAAGAAATGGAAAAACCG

CACCCTGACCAGCAGCCTGGAATTTGCCCTGACCGGCATTTTTACCGCCTTCAAA

GAAGAACGCAACATGAAAAAACACGCCGTGAGCGCACTGCTGGCCGTGATTGCC

GGTCTGGTGTTCAAAGTGAGCGTGATCGAGTGGCTGTTTCTGCTGCTGAGCATCT

TCCTGGTGATCACCTTCGAGATCGTGAACAGTGCCATCGAGAATGTGGTGGATCT

GGCCAGCGACTATCACTTCAGCATGCTGGCCAAAAACGCCAAAGATATGGCCGC
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CGGTGCCGTGCTGGTTATTAGCGGTTTTGCCGCCCTGACCGGCCTGATTATTTTTC

TGCTGAAAATTTGGTTTCTGCTGTTTCAT 
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2.5 Supplementary  

Table 2-2: Primers and genes used in this study.  

E. coli  

phosphoribosylpyrophosphate synthase. 

(NP_415725.1) 

5'- CATGCATATGCCTGATATGAAGCTTTTTGCTGG -3' 

5'- CATGCTCGAGTTAGTGTTCGAACATGGCAGAGAT -3' 

S. cerevisiae  

Glycerol kinase 

(NP_011831) 

5'- CATGGGCCGGCCACTTTCCCTCTCTCTTCCGACTTG -3' 

5'- CATGCTCGAGTTATTGGAAGTTTTCTAGAACCTGTTCG -3' 

E. coli 

Homoserine kinase 

(ACX41206) 

5'- CATGCATATGGTTAAAGTTTATGCCCCGGCT -3' 

5'- CATGCTCGAGTTAGTTTTCCAGTACTCGTGCGC -3' 

S. cerevisiae 

Homoserine kinase 

(NP_011890.1) 

5'- CATGCATATGGTTCGTGCCTTCAAAATTAAAGTTC -3' 

5'- CATGCTCGAGTTATCATTGCTGTTCGACGCTAG -3' 

E. coli 

Ethanolamine kinase 

(CP001665.1) 

5'- CATGCATATGGCGCACGACGAACAATG -3' 

5'- CATGCTCGAGTTATCATTTTGCATATAGCCCCTCC -3' 

E. coli 

Hydroxyethylthiazole kinase 

(ACT28613.1) 

5'- CATGCATATGCAAGTCGACCTGCTGGGT -3' 

5'- CATGCTCGAGTTAAGGAGGTGCAGGCATGA -3' 

E. coli 

Undecaprenol kinase 

(ACA76318) 

5'- CAGTAGATCTCAGCGATATGCACTCGCTG -3'  

5'- CAGTCTCGAGTTAAAAGAACACGACATACACCG -3' 

E. coli 

Diacylglycerol kinase 

(ACA79587.1) 

5'- CATGCATATGGCCAATAATACCACTGGATTCAC -3' 

5'- CATGCTCGAGTTATCCAAAATGCGACCATAAC -3' 

E. coli 

Glycerol kinase 

(ACT31081.1) 

5'- CATGCATATGACTGAAAAAAAATATATCGTTGCGC -3'  

5'- CATGCTCGAGTTATTCGTCGTGTTCTTCCCAC -3' 

E. coli 

4-diphosphocytidyl-2-C-methyl-D-erythritol 

kinase 

(AF179284) 

5'- CCATGG CG ATGCGGACACAGTGGCCCTC -3'  

5'- CTCGAGTTAAGCATGGCTCTGTGCAATGG -3' 

Arabidopsis thaliana 

Farnesol kinase 

(NM_125242) 

5'- CGATGGATCCGATGGCAACTACTAGTACTACTACAAAGCTC -3'  

5'- CGATGCGGCCGCTTAGAAGAGTAAGAATCCGGCC -3' 

Streptococcus mutans 

Diacylglycerol kinase 

(AAN59259.1) 

5'- ATAGGATCCGATGCCGATGGATCTGC -3'  

5'- CGATGCGGCCGCTTAATGAAACAGCAGAAACCAAATT -3' 

Shigella flexneri 

Non-specific acid phosphatase 

(BAA11655.1) 

5'- CTAGGGATCCGATGAAACGTCAGCTGTTTACC-3'  

5'- CTAGGCGGCCGCTTATTTTTTCTGATTATTGGCGAAT -3' 

Thermoplasma acidophilum 

Isopentenyl phosphate kinase 

(CAC11251.1) 

5'- GTACCATATGGATCCGTTCACCATGATGATCC-3'  

5'- GTACCTCGAGTTAGCGAATCACGGTACCGAT-3' 
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Supplementary Figure 2.5-1: Sequence alignment of diacylglyercol kinase from 

Streptococcus mutans and diacylglyercol kinase from Escherichia coli. Red boxes indicate 

residues hypothesized to interact with alcohol substrates. Blue boxes indicate residues 

hypothesized to interact with ATP. As the sequence similarity was too low to generate a 

homology model of S. mutans DGK from E. coli DGK, the sequence alignment was used to 

find residues of DGK that may be interacting with substrates as indicated from the co-crystal 

structure of E. coli DGK with an ATP analogue and alcohol substrates. 

 

 

Supplementary Figure 2.5-2: Representative deep-well plate from carotenoid high-

throughput screening. Wells contain DGK mutants that were screened for an increase in 

activity as determined by the coupled carotenoid assay.  
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Supplementary Figure 2.5-3: Distribution of carotenoid production due to substrate 

addition of 1 mutant per well of DGK mutants. The solid line represents the average of the 

wild type and the dashed lines represent a single standard deviation.  
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Supplementary Figure 2.5-4: Distribution of carotenoid production due to substrate 

addition of 15 mutant per well of DGK mutants. The solid line represents the average of the 

wild type and the dashed lines represent a single standard deviation. 

 

Supplementary Figure 2.5-5: Distribution of carotenoid production due to substrate 

addition of 50 mutant per well of DGK mutants. The solid line represents the average of the 

wild type and the dashed lines represent a single standard deviation. 
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Supplementary Figure 2.5-6: Sequence alignments of non-specific acid phosphatase class A 

enzymes. Conserved histidine residues involved in catalysis are boxes in red.  
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Supplementary Figure 2.5-7: Homology model of PhoN from Shigella flexneri. A. Overall 

structure generated using I-Tasser. B. Conserved histidine residues involved in catalysis. The 

active site surface was generated to display the binding pocket.  

 

Supplementary Figure 2.5-8: Extracted lycopene HPLC trace. Lycopene eluted at 8.5 min 

with low background.  
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Supplementary Figure 2.5-9: Extracted lycopene UV-vis spectrum. Using a photodiode 

array detector, a UV-vis spectrum was isolated at 8.5 min. Features of this spectrum are 

consistent with those previously reported.  
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Supplementary Figure 2.5-10: Extracted β-carotene HPLC trace. β-carotene eluted at 13.5 

min with low background.  

 

Supplementary Figure 2.5-11: Extracted β-carotene UV spectrum. A UV-vis spectrum was 

isolated at 13.5 min. Features of this spectrum are consistent with those previously reported.  
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Supplementary Figure 2.5-12: Standard curves of carotenoids. β-carotene exhibited a lot 

higher extinction coefficient however due to the miniscule production of β-carotene in vivo, 

lycopene production was chosen for quantification of carotenoid production because of its 

wide range of linear detection.  
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CHAPTER 3 

Probing the substrate promiscuity of isopentenyl phosphate kinase as a platform for 

hemiterpene analogue production 

3.1 Introduction 

Unnatural linear terpene precursors with enhanced chemical diversity beyond a 

carbon-hydrogen scaffold would expand the scope of available chemo-, regio-, and stereo- 

specific organic transformations that could be used to diversify terpene scaffolds generated 

by cyclases. In addition, such unnatural analogues may provide uncharacterized modes of 

reactivity for terpene cyclases. Importantly, such unnatural linear terpene precursors could 

also be appended to other natural products such as meroterpenoids and ergot alkaloids. 

 Generation of unnatural terpenes through, for example, a mixed synthetic biology 

and precursor directed diversification strategy, would provide chemists previously 

unavailable chemical handles needed for synthetic derivatization for use in structure-activity 

relationships, pharmaceutical production, and biochemical studies. A similar strategy is being 

explored for the production of unnatural biosynthetic polyketides (Figure 3-1)
40,41,43,74

. 

 

 

 



70 

 

 

Figure 3-1: Precursor directed natural product diversification strategies explored in the 

Williams Lab. The polyketide diversification platform researched by the Williams lab hinges 

on the generation of unnatural malonyl-coenzyme A derivatives generated by the ATP-

dependent ligation of various malonic acids and coenzyme A using a malonyl-CoA synthase 

(MatB) from Rhizobium trifolii. A terpene production platform that converts alcohols to their 

corresponding diphosphates is being investigated. 

Both terpene synthases and terpene cyclases have already been shown to be at least 

partially promiscuous towards analogues of their natural substrates. A platform enabling the 

production of hemiterpene analogues would allow for generation of diversified building 

blocks for which prenyltransferases and terpene cyclases could be engineered to accept.  

Terpene precursors are naturally synthesized by the DXP and mevalonate pathways. 

Terpenes, produced in E. coli by the DXP pathway, are essential for the construction of lipid 

carriers used in the transportation of glycan components for the maintenance of the cell 

envelope. Because terpenes are essential for cell survival, modification of the native anabolic 

pathway may be lethal and in addition, would require the engineering of up to 7 enzymes and 

methodical planning of how to generate their corresponding substrate analogues from 

primary metabolites. 
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 In an attempt to generate unnatural hemiterpenes, the lower part of the mevalonate 

pathway was investigated for plasticity by providing chemically synthesized analogues for 

sequential biocatalytic conversions. However, these substrates aren’t commercially available 

and require extensive synthesis (9 steps minimum, 4 steps after divergence, 8 

chromatographic purifications, 47% overall yield maximally achieved, and racemic)
75,76

. 

Analogues produced from such a route can only contain the homoallylic diphosphate core of 

IPP and would result in minimal and restricted modifications to IPP (Scheme 3-1). This 

limited flexibility for analogue generation is a consequence of using biocatalysts that have 

stereochemical preferences in addition to the requirement of structural motifs essential for 

full substrate maturation.  

 



72 

 

 

Scheme 3-1: Efforts for the generation of hemiterpene analogues from mevalonate analogues 

conducted in the Silverman Lab
75

. (A) Synthesis of racemic mevalonate analogues proceeds 

through a 9-step synthesis using 4 total protection and deprotection steps with a maximum 

yield of 47% and a minimal yield of 25% overall. (B) Use of the synthesized mevalonate 

analogues is limited as the compounds synthesized are racemic and only the (R)-

stereoisomers are accepted by the biosynthetic machinery. The only evidence for successful 

analogue generation is detection of ATP release in a coupled-enzyme assay. Blue coloring 

indicates parts of the analogues that may be amendable to diversification through this 

strategy.  

As an alternative to engineering endogenous metabolism to accept structural 

analogues of their native substrates, unnatural hemiterpenes could be produced by 

consecutive enzymatic phosphorylation of alcohols, as is accomplished synthetically. Use of 

an artificial pathway for the generation of natural hemiterpenes from the corresponding 

A 

B 
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alcohols of IPP and DMAPP was accomplished by the use of PhoN and IPK (Chapter 2). 

Instead of supplementing this novel pathway with a carbon precursor that would be 

converted to natural terpenes, it was envisioned that this pathway could potentially be used to 

generate hemiterpene analogues by providing the pathway with an alternative substrate. 

Conversion of the alcohols to the corresponding hemiterpene analogues would require just 

two equivalents of ATP, a small energy cost compared to that of the mevalonate pathway (3x 

ATP and 2x NADH) and the DXP pathway (1x ATP, 1x CTP, and 3x NADH). As 

hemiterpene production via the mevalonate and DXP pathways often limits downstream 

production of terpenes, the energy benefit alone justifies inquiry of a novel biosynthesis 

platform. 

A two-step biosynthetic platform using a non-specific acid phosphatase (PhoN) from 

Shigella flexneri and IPK from Thermoplasmsa acidophilum was validated in Chapter 2 by 

demonstrating that the production of carotenoids in an engineered E. coli reporter strain was 

dependent on feeding isopentenol (ISO) and dimethylallyl alcohol (DMAA). Importantly, the 

substrate promiscuity of both component enzymes has been previously investigated. While 

PhoN has been found to phosphorylate a wide variety of alcohols with various phosphate 

donors from unpublished work in our lab and published work from others (Figure 3-2)
69,70,72

, 

minimal studies have been conducted to describe promiscuity of IPK towards various alkyl 

phosphates that may be relevant to terpene diversification. The objective of this chapter is to 

fully explore the substrate promiscuity of IPK by defining its scope and utility as a tool to 

generate non-natural terpene precursors. It is hypothesized that IPK will display broad 
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specificity towards a wide range of alcohol monophosphates and that this can be effectively 

coupled with an upstream candidate isopentenol kinase (e.g. PhoN) to produce non-natural 

hemiterpenes. 

 

Figure 3-2: Substrate promiscuity of PhoN from S. flexneri. PhoN has been found to 

phosphorylate a variety of primary alcohols (R) using various phosphate donors (D). 

Previously undescribed promiscuity found in the Williams lab is denoted with substrates 

highlighted in green.  

3.2 Results and Discussion 

3.2.1 Design and synthesis of a hemiterpene monophosphate analogue library 

In order to describe the substrate promiscuity of IPK, a panel of isopentenyl 

monophosphate analogues was designed and synthesized (Figure 3-3). The panel of 
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analogues was designed to have various alkyl chain lengths, branching, substituents, and 

hybridization in order to characterize the catalytic flexibility of IPK.  

The most straightforward and robust method was initially developed by Cramer
77

 

before being modified by Keller and Thompson
78

. Using this modified synthesis over 

methods developed by the Poulter lab
79

 had the benefit that the reaction did not need to be 

carried out anhydrously and a single purification step could be used to isolate the desired 

compounds. While this reaction was simpler to carry out for the production of many 

analogues, the reaction produces a mixture of the corresponding monophosphate, 

diphosphate, and triphosphate. Importantly, this chemistry was carried out with starting 

materials that had a single alcohol in order to eliminate the isolation and purification of 

multiple regio-isomers. Building blocks containing other nucleophiles besides a single 

alcohol were omitted as the phosphorylation reaction would have produced mixed 

phosphorylation patterns.  

 

Figure 3-3: Trichloroacetonitrile promoted phosphorylation of various alcohols. A wide 

variety of alcohols were phosphorylated using this strategy to generate a diverse panel of 

substrates to test with IPK.  

Alcohols were mixed with trichloroacetonitrile before addition the addition of 

triethylammonium phosphate solution (TEAP). After TEAP was added, the mixture was 
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incubated at 37C for a few minutes before another addition of TEAP was added and the 

process repeated for a total of three additions. Next, the mixture was diluted by adding 20% 

v/v modified chromatography buffer to precipitate insoluble contaminants. The mixture was 

then centrifuged to pellet the contaminants before the mixture was loaded onto a silica 

column for separation. Initial iterations of the column chromatography were conducted in 60 

mL syringes before being transferred to a flash column for larger scale syntheses. Syntheses 

were optimized for isolation of the diphosphates, however the monophosphate containing 

fractions could be collected. Initially, monophosphate fractions were identified by MS and 

concentrated in vacuo. While the resulting residue was not pure, the residues were diluted to 

5 mg/mL and IPK was tested with and without ATP to observe whether the compounds were 

indeed substrates. If sufficient activity was observed, the syntheses were scaled for isolation 

of the monophosphates. 

Because the chromatography in the syringes has a limited flowrate due to elution 

being dictated by gravity, this chromatographic separation takes more than eight hours and 

typically yields ~ 15 mg of product. After scaling the reaction 20-fold, removing precipitate 

to increase flow rates, and using flash columns to hold larger volumes of reaction mixtures as 

well as pressure to increase flow rates, upwards of 150 mg of monophosphate could be 

isolated with the synthesis and chromatography taking a total of 2.5 hours.  
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3.2.2 Characterization of the substrate promiscuity of isopentenyl phosphate kinase 

from Thermoplasma acidophilum 

Recently, several isopentenol phosphate kinases (IPK) from archaea have been 

characterized
58,59

. In addition to a crystal structure being available
80

, engineering a wider 

substrate tolerance of IPK from Thermoplasma acidophilum had already been successful for 

the phosphorylation of geranyl monophosphate and farnesyl monophosphate
81

. We 

envisioned that this successful rational approach could be used to broaden substrate 

specificity if we found the catalytic use of IPK to be limiting. Several pieces of evidence 

suggest that IPK could be successfully engineered to broaden its substrate specificity. For 

example, the kinetic parameters and optimal conditions for IPK from T. acidophilum have 

already been determined by others, and the enzyme has been found to have the highest 

kcat/Km at pH 7.5 and was stable up to 70°C
59

. The thermostability suggests a rigid structure 

that are often amenable to engineering. Further, IPK was also found to be active towards a 

variety of C4 and C5 monophosphorylated substrates. After finding some basal level of 

geranyl monophosphate (GP) phosphorylation, IPK has also been engineered to use GP 

resulting in 130-fold increase in kcat/Km at the cost of specificity with IP. As the authors 

simply used structure-guided alanine scanning mutagenesis to identify this mutant
82

, further 

engineering could result in an increase of kcat/Km toward longer length terpene precursors 

(Figure 3-4). 
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Figure 3-4: Crystal structure of T. acidophilum isopentenyl monophosphate kinase (PDB 

3LKK). (A) The Poulter lab examined the crystal structure of IPK in complex with IP and 

ATP to determine which residues (indicated in red) may be restricting the length of the 

monophosphorylated substrate
80

. Alanine mutations of these residues improved kinetic 

properties of IPK with longer prenyl monophosphate substrates. Further engineering could be 

focused on residues near C1-C3 of IP to accommodate branching. (B) Surface depiction of 

IPK shows a tight hydrophobic pocket with the sp
2
 methyl oriented away from the cleft.  
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Since the substrate scope of IPK has yet to be fully described, here IPK was tested 

against a wider panel of substrates. The IPK gene from T. acidophilum was codon optimized 

and subcloned into pET28a. Following expression in E. coli BL21 DE3, the enzyme was 

purified via metal-chelation affinity chromatography. Next, the substrate specificity of the 

enzyme was determined in vitro using a panel of synthesized alcohol monophosphates using 

low resolution mass spectrometry (Figure 3-5). The availability of alcohol diphosphate 

byproducts (Figure 3-3) conveniently served as product standards.  
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Figure 3-5: Substrate promiscuity of IPK as determined by low-resolution MS. Compounds 

in blue were good substrates (approximately > 50% conversion) for phosphorylation by IPK. 

Substrates in red were poor (approximately < 25% conversion) substrates for IPK. 

Compounds in black were not substrates for IPK. Reactions were compared against synthetic 

diphosphate standards.  

 This initial study revealed broad promiscuity of IPK towards a wide variety of 

substrates. IPK showed some activity with nearly every substrate tested, while 11, 15, 

geranyl monophosphate (GP), FP, and neryl monophosphate (NP) did not result in detection 

of the corresponding pyrophosphate, as judged by MS analysis. Substrates 10, 12, 13, 14, 16, 

and 17 supported detectable levels of phosphorylations as found by MS, but as the 

conversions were very low after overnight reactions, they were deemed too poor for 

subsequent kinetic analysis. These results suggest that substrate promiscuity is limited by 
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simple sterics, whereby substrates longer than 17 were not accepted by the enzyme. With the 

exception of substrate 14, all of the smaller compounds were substrates for IPK. To better 

understand the limits and utility of IPK for these phosphorylations, kinetics parameters 

required determination with a wide variety of representative substrates. A simple moderate 

throughput microplate assay was employed for this purpose. To examine the kinetic 

parameters of IPK towards novel substrates, a commonly used NADH-coupled assay was 

employed (Fig. 3-6)
83

. 
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Figure 3-6: Strategy for kinetic characterization of kinases. (A) ADP formation is monitored 

by a loss in NADH absorbance. In the process, ADP is converted back into ATP, holding the 

concentration of ATP in the assay constant. Using isopentenyl monophosphate with IPK as 

an example, (B) kinases are screened with (red) and without (blue) substrate to determine 

background rate of ATP hydrolysis. (C) A Michaelis-Menten curve is then fitted using a 

nonlinear regression for the calculation of Km and kcat. 

 Steady state kinetic parameters of the IPK-catalyzed turnover of successful 

substrates were determined by measuring initial rates using a fixed concentration of 
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phosphate donor and variable concentration of alcohol monophosphate (Table 3-1, see 

methods for details). The data was fitted to the Michaelis-Menten equation using SigmaPlot, 

and the kinetic parameters (kcat, Km, kcat/Km) extracted. 
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Table 3-1: Kinetic parameters of IPK with monophosphorylated substrates. Values are ± SD 

of the mean. 

Structure Substrate Km (μM) kcat (s
-1

) 
kcat/Km 

(M
-1

 s
-1

) 

 
IP 27.9 ± 4.37 43.9 ± 1.10 1.5 x 10

6
 

 
DMAP 134 ± 38.2 32.7±2.05 2.3 x 10

5
 

 23 578±18.0 187±2.16 3.2x10
5
 

 

24 282±64.1 225±14.9 8.0x10
5
 

 
25 1400±232 49.2±3.99 3.5x10

4
 

 
26 2030±2.24 14.6±3.56 7.2x10

3
 

 
27 848±57.9 93.1±2.67 1.1x10

5
 

 

28 1090±68.8 116±3.31 1.1x10
5
 

 
29 6830±3770 43.0±17.8 6.3x10

3
 

 
30 3020±667 47.9±6.47 1.6x10

4
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 Gratifyingly, the Km
 
and kcat values were within 10% of previously reported kinetic 

constants for T. acidophilum IPK with IP, DMAP, and 1
59

. Due to limits in solubility for 

many of the substrates, kinetic values weren’t obtained for a large portion of the substrates 

initially found using LC-MS (10, 12, 13, 14, 16, and 17). Notably, IPK displayed a higher kcat 

with many of the substrates compared to the natural substrate, IP. For example, the kcat with 1 

and 3 was 4.25- and 5.1-fold higher than that with IP. However, this increase in kcat was 

offset by the large increase in Km which resulted in lower catalytic efficiencies (kcat/Km) for 

all non-natural substrates tested when compared to the natural substrate IP. While Km isn’t a 

perfect descriptor for affinity, the analogues tested all had significantly higher Km’s 

presumably due to IPK having a high specificity for IP at low concentrations. This could be a 

mechanism by which IPK only phosphorylates IP instead of any monophosphorylated 

metabolite in the cellular context. Interestingly, and consistent with previous data, some 

correlation is observed between overall length of the substrate and catalytic efficiency
81

. For 

instance, there was a 3-fold drop in kcat/Km between 1 and 6. Branching at C2 also seems to 

dramatically lower kcat/Km as observed with 5 and the detectable but kinetically irrelevant use 

of 2. Interestingly, a 17-fold decrease in kcat/Km is observed when the π-bond geometry of 7 is 

switched from Z to E in substrate 8. Overall, longer substrates and especially those with 

structural rigidity (high proportions of sp
2
 and sp) are poorer substrates for phosphorylation 

by IPK (Figure 3-7).  
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Figure 3-7: IPK tolerance of alternative substrates. Portions in red highlight rigid portions of 

substrates. IPK exhibits better kinetic properties with shorter alkyl monophosphates that have 

flexibility near the monophosphate portion of the molecule. This is reflected in the Km. 

 As diphosphate moieties are presumably the primary component contributing to 

the binding energy between prenyltransferases and these short alkyl monophosphates, it 

makes sense that IPK has a wide substrate tolerance. Prediction of cLogP values of the 

substrates to measure greasiness and plotting these against measured Km’s and kcat’s provided 

no correlation (Supplemental Figure 3-1 and 3-2). No correlation between Km’s and kcat’s 

were observed when plotting against molecular volumes (Supplemental Figure 3-3 and 3-4). 

While IPK exhibits a wide substrate tolerance, Km values very greatly. This indicates that 

while it was hypothesized that the phosphate was the primary governing force in substrate 

binding, the remaining alkyl portions of the monophosphates have a large impact on Km. 

Residues found to allow for the turnover of larger substrates are not involved in other aspects 

of catalysis and seem to sterically accommodate larger alkyl chains (Figure 3-4). The active 

site may be occupied by water and substrate binding might displace water for favored 

lipophilic interactions. Besides the phosphate moiety on these analogues, the enzyme simply 

has to allow for a larger, greasier substrate. Consistent with reported findings, the lower 

catalytic efficiency of IPK with small monophosphorylated substrate analogues isn’t due to 

kcat, but is attributable to higher Km values. Several examples of expanding the substrate 
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tolerance of IPK towards longer natural prenyl monophosphates has been achieved. In these 

successes, the authors note that while expansion of the substrate binding pocket increased kcat 

but did not substantially alter Km for the longer chain phosphates, a larger Km was observed 

for these mutants with IP. The authors hypothesize that this expansion of the active site 

allows for IP to bind in more unproductive conformations either due to a looser binding 

pocket or due to the presence of additional water molecules. 

 

3.3 Conclusions and future work 

 The data in this chapter points towards the plausibility of using IPK to generate small 

monophosphorylated substrates (from four up to eight carbons) into their corresponding 

pyrophosphates. Congruent with the known promiscuity of PhoN (Rachael Hall, 

unpublished), such a system can be coupled together to convert a broad variety of alcohols 

into diphosphorylated compounds via the consumption of just two phosphate donors. 

Notably, Nature has not been afforded the opportunity to select against the use of 1-15 as 

substrates, and this is effectively leveraged by PhoN-IPK as a platform the hemiterpene 

production.  

 In order to generate hemiterpene analogues for non-naturally prenylated compounds 

and terpene natural product derivatives, the next step is to couple these enzymes in vivo. In 

addition, while the non-engineered PhoN-IPK system has the potential to be satisfactory for 

the production of non-natural compounds, the determination of rate limiting steps and 
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subsequent pathway and enzyme engineering to improve flux would make such a system 

more amendable to commercial use.  

 

3.4 Methods  

General 

All plasmids were verified by DNA sequencing. Purifications of all DNA were performed 

with kits from BioBasic. Synthetic oligonucleotides were purchased from IDT (Coralville, 

IA, USA). All plate reader assays were performed using a BioTek Hybrid Synergy 4 plate 

reader (Winooski, VT, USA). Restriction enzymes were purchased from New England 

Biolabs (Ipswich, MA, USA). Polymerase chain reactions were conducted using Phire Hot 

Start II DNA Polymerase from ThermoFisher Scientific (Waltham, MA, USA). Chemicals 

were purchased from Sigma Aldrich (St. Louis, MO, USA) and Alfa Aesar (Haverhill, MA, 

USA).  

 

Gene cloning 

Isopentenyl monophosphate kinase (IPK) from Thermoplasma acidophilum was codon-

optimized and synthesized by Genewiz, Inc. The ipk gene was PCR amplified from the 

provided template using then cloned into pET28a using NdeI and XhoI restriction sites. PCR 

was performed using Phire Hot Start II polymerase (ThermoFisher) according to supplier’s 

protocol. PCR product was purified prior to and after digestion by agarose gel 

electrophoresis. Digested PCR product and similarly treated pET28a were ligated at room 
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temperature with T4 ligase (New England BioLabs) according to supplier’s protocol. Ligated 

plasmid was then transformed into DH5α and plated onto LB agar plates containing 50 

μg/mL kanamycin. Individual colonies were picked, grown in the presence of kanamycin, 

plasmids purified and the ipk gene sequence and frame verified by DNA sequencing 

(Genewiz). 

 

Expression and purification of IPK 

pET28a-IPK plasmid was transformed into E. coli BL21 (DE3) for protein expression. A 

single colony was used to inoculate a 3 mL culture in LB media supplemented with 50 

μg/mL kanamycin. A 1 L culture containing 50 μg/mL kanamycin in LB media was then 

inoculated with 1 mL of the overnight culture and grown to an OD600 of ~0.6 at 37°C with 

shaking at 300 rpm at which point protein expression was induced by the addition of 1 mM 

IPTG. The temperature of the incubator-shaker was reduced to 30°C and the culture 

incubated for approximately 18 hours. The culture was pelleted at 4000 rpm for 10 mins, the 

supernatant was decanted, the cell pellet resuspended in 15 mL of lysis buffer (100 mM Tris, 

300 mM NaCl, 10% glycerol, pH 8.0) and lysed by sonication. The lysate was then pelleted 

at 4500 rpm for 10 mins, decanted, and the soluble protein was spun down at 15,000 rpm for 

1 hour. The resulting soluble fraction was then purified by fast protein liquid chromatography 

(FPLC) using nickel-bead column chromatography for the extraction of His6-tagged proteins. 

The column was first equilibrated with wash buffer (50 mM TRIS-HCl, 500 mM NaCl, 20 

mM imidazole, pH 8.0) prior to loading of the soluble fraction. The soluble fraction was then 
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eluted with elution buffer (50 mM TRIS-HCl, 500 mM NaCl, 200 mM imidazole, pH 8.0) 

using a gradient of 0% elution buffer 0-7.5 min., 0-50% 7.5-18 min., 50-100% 18-22 min., 

100% 22-27.5 min, and equilibrated for additional runs with 0% elution buffer 27.5-35 min. 

Fractions containing the desired protein were identified by SDS-PAGE and pooled. The 

pooled protein was then concentrated using a 10 KDa molecular weight cut-off filter 

(Millipore Amicon-Ultra) and the buffer was exchanged with protein storage buffer (50 mM 

Tris-HCl, 100 mM NaCl, and 20% glycerol at pH 8.0). Protein aliquots were flash frozen 

with a dry ice isopropanol bath before storage at -80°C. Protein purity was confirmed by 

SDS-PAGE while concentration was determined by absorbance using a Pierce Bradford 

Protein Assay kit. 

 

General procedure for the synthesis of isoprenoid monophosphates 

400 μmol of the neat alcohol substrate was added to a 15 mL falcon tube. 

Trichloroacetonitrile (1 mL, 10 mmol) was then added and the mixture was allowed to 

incubate at room temperature for 5 min. Bis-triethylammonium phosphate (TEAP) solution 

was prepared by slowly adding solution A (25 mL phosphoric acid, 94 mL acetonitrile) to 

solution B (110 mL triethylamine, 100 mL acetonitrile) to generate a solution that was 38% 

solution A and 62% solution B. To the mixture of alcohol and trichloroacetonitrile was added 

1 mL of TEAP solution. The mixture was then incubated in a 37°C water bath for 5 min 

before another addition of TEAP was added. A total of three additions of TEAP solution 

were added and incubated. The mixture was then separated by column chromatography using 
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6:2.5:0.5 iPrOH: conc. NH4OH: H2O with silica as the stationary phase. Prior to loading the 

column, the reaction mixture was diluted 20% v/v with chromatography buffer and the 

resulting precipitate was pelleted by centrifugation prior to loading of the flash column. 

Generally, each column was eluted with a total of 400 mL of eluent with a total silica load of 

50 mL pre-equilibrated stationary phase slurry. Fractions of 10 mL (around 24 total) were 

collected after the yellow color of the solvent front disappeared. Fractions were analyzed by 

using a Shimadzu single quadrupole LCMS-2020 and those containing the diphosphorylated 

compound, (M-H)-, free of tri- or mono- phosphorylated were pooled. The pooled fractions 

were then concentrated in vacuo to remove isopropanol and acetonitrile. The concentrated 

mixture was then filtered using 0.2 μm cellulose filter and frozen at -80˚C. After being frozen 

overnight, the sample was lyophilized yielding a salt. The triammonium salt was then 

characterized and stored frozen as 250 μL 25 mM aliquots. 

 

Mass spectrometry 

Samples from synthesized monophosphates were subjected to negative-mode mass analysis 

on a Thermo Fisher Scientific Exactive Plus operating with a heated ESI source connected to 

a UV detector with a Phenomenex Kinetex UPLC C18 column (2.1 X 50 mm, 2.6 µm 

particle, 100 Å pores). 1 μL was injected onto a and separated using a series of linear 

gradients was developed from 20 mM NH4HCO3 in H2O (A) to 4:1 acetonitrile: H2O (B) at 

0.2 mL/min using the following protocol: 0-2 min, 100-80% A; 2-6 min, 80-0% A; 6-7 min, 

0% A; 7-7.1 min, 0-100% A; 7.1-12 min, 100% A. 
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Assay for initial activity of monophosphates with IPK 

Fractions from the synthesis of the diphosphates on a 400 μmol scale containing the 

monophosphates were concentrated in vacuo and resuspended to 5 mg/mL in water. 

Enzymatic reaction mixtures contained 50 mM Tris (pH 8.0), 2.5 mM MgCl2, 0.05 mM DTT, 

1 mM ATP, and 4.2 µg of enzyme in a 200 µL reaction with 40 µL of substrate (1 mg/mL 

final). A reaction mixture without enzyme was setup as a control. Reactions were incubated 

overnight at 37°C and checked by low-resolution LC-MS for diphosphate product formation. 

Standards from the isolated diphosphates were used to confirm retention time and mass. 

Reactions with a >10% diphosphate generation as compared to the no enzyme control were 

selected for kinetic experiments. LC-MS experiments were conducted using a Shimadzu LC-

MS 2020 single quadrupole instrument with a Phenomenex Kinetex UPLC C18 column (2.1 

X 50 mm, 2.6 μm particle, 100 A pores) column. 5 µL was injected onto and separated using 

a series of linear gradients developed from 0.1% formic acid in H2O (A) to 0.1% formic acid 

in acetonitrile (B) at 0.2 mL/min using the following protocol: 0-2.2 min, 95-1% A; 2.21-2.6 

min, 1% A; 2.61-2.62 min, 1-95% A; 2.63-3.5 min, 95% A. Products of enzymatic reactions 

were verified by mass and comparison with diphosphate standards previously synthesized. 

 

NADH coupled kinetic assays 

NADH coupled assays were performed with purified enzymes. Reaction progress was 

monitored by absorbance at 340 nm at 30°C in a 96-well plate using a Biotek Synergy 4 plate 

reader (Winooski, VT). 200 µL enzymatic mixtures contained 50 mM Tris (pH 8.0), 25 mM 
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KCl, 2.5 mM MgCl2, 0.05 mM DTT, 1 mM ATP, 320 µM NADH, 400 µM 

phosphoenolpyruvate, 0.5 U pyruvate kinase, 0.7 U lactate dehydrogenase, and various 

amounts of substrate. Conditions were verified by doubling enzyme and verifying the initial 

rate was doubled as well. 

Kinetics of IPK were done with purified enzyme using 0.09 µg of enzyme per well. 

Serial dilution was used to generate specific concentrations of substrates (3125, 1562, 781, 

625, 391, 195, 98, 24, 12, and 3 µM). Each condition was performed in triplicate. Nonlinear 

regression was fitted using SigmaPlot (Systat Software Inc., San Jose, CA, USA).  

 

In silico modeling of molecular properties of substrates.  

Compounds were modeled in Chem3D Pro 13.0 (Perkin Elmer, Waltham, MA, USA). cLogP 

values were determined by using the cLogP driver. Surface areas were calculated after MM2 

minimization using the Connolly Solvent Excluded Volume.  

 

Sequence of codon-optimized IPK from Thermoplasma acidophilum: 

ATGGATCCGTTCACCATGATGATCCTGAAGATTGGCGGCAGCGTGATTACCGATA

AGAGCGCATATCGCACCGCACGCACCTACGCCATTCGTAGCATCGTGAAAGTGC

TGAGCGGCATTGAAGATCTGGTGTGCGTGGTGCATGGCGGTGGTAGCTTTGGCC

ACATCAAGGCGATGGAGTTTGGTCTGCCGGGTCCGAAAAATCCGCGTAGCAGCA

TCGGCTACAGCATCGTGCATCGCGACATGGAAAACCTGGACCTGATGGTGATCG

ACGCAATGATCGAGATGGGTATGCGCCCGATTAGCGTGCCGATTAGCGCCCTGC
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GTTATGATGGTCGCTTTGACTACACCCCGCTGATCCGCTATATTGATGCAGGCTT

CGTGCCGGTGAGCTATGGCGACGTGTATATCAAGGACGAACATAGCTATGGCAT

CTACAGCGGCGACGATATTATGGCCGATATGGCCGAACTGCTGAAGCCGGATGT

GGCCGTGTTCCTGACCGATGTGGATGGCATCTATAGCAAGGACCCGAAACGCAA

TCCGGATGCCGTGCTGCTGCGCGACATCGATACAAACATCACCTTCGATCGCGTG

CAGAACGATGTGACCGGCGGCATTGGCAAGAAATTCGAAAGCATGGTTAAAATG

AAAAGTAGCGTTAAAAATGGTGTGTACCTGATTAATGGCAATCACCCGGAGCGC

ATTGGTGACATCGGCAAGGAGAGCTTCATCGGTACCGTGATTCGC 

 

 

Compounds used in this study: 

 

3-Methylbut-2-en-1-yl monophosphate (dimethylallyl monophosphate, DMAP): 
1
H 

NMR (400 MHz, D2O) δ 5.40 (t, J = 5.8 Hz, 1H), 4.34 (dd, JH,P = 6.8 Hz, JH,H = 6.8 Hz, 2H), 

1.75 (s, 3H), 1.70 (s, 3H); 
31

P NMR (162 MHz, D2O) δ 1.58; HRMS m/z calculated for 

C5H11O4P [M-H
+
]

- 
165.0322, found: 165.0316. 
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3-Methylbut-3-en-1-yl monophosphate (isopentenyl monophosphate, IP): 
1
H NMR (400 

MHz, D2O) δ 3.92 (dt, JH,P = 6.6 Hz, JH,H = 6.6 Hz, 2H), 2.34 (t, J = 6.6 Hz, 2H), 1.74 (s, 

3H); 
31

P NMR (162 MHz, D2O) δ 1.56; HRMS m/z calculated for C5H11O4P [M-H
+
]
- 

165.0322, found: 165.0317. 

 

 

But-3-en-1-yl monophosphate (1): 
1
H NMR (400 MHz, D2O) δ 5.70 (ddtd, J = 17.0, 9.9, 

6.8 Hz, 1H), 4.99 (dd, J = 17.0, 3.2 Hz, 1H), 4.97 – 4.87 (m, 1H), 3.70 (dt, JH,P = 6.6 Hz, JH,H 

= 6.6, 2H), 2.20 (dt, J = 6.8, 6.6 Hz, 2H); 
31

P NMR (162 MHz, D2O) δ 2.31; HRMS m/z 

calculated for C4H9O4P [M-H
+
]

-
 151.0166, found: 151.0164. 

 

  

Pent-4-en-2-yl monophosphate (2): 
1
H NMR (400 MHz, D2O) δ 5.87 (ddt, J = 17.3, 10.5, 

7.1 Hz, 1H), 5.19 – 5.06 (m, 2H), 4.29 (dtq, JH,P = 6.5 Hz, JH,H = 6.5, 6.3 Hz, 1H), 2.38-2.32 

(m, 2H), 1.24 (d, J = 6.3 Hz, 3H); 
31

P NMR (162 MHz, D2O) δ 1.82; HRMS m/z calculated 

for C5H11O4P [M-H
+
]

- 
165.0322, found: 165.0320. 
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3-Bromobut-3-en-1-yl monophosphate (3): 
1
H NMR (400 MHz, D2O) δ 5.81 – 5.71 (m, 

1H), 5.53 (t, J = 2.3 Hz, 1H), 3.94 (dt, JH,P = 6.4 Hz, JH,H = 6.3 Hz, 2H), 2.72 (t, J = 6.3, 2H); 

31
P NMR (162 MHz, D2O) δ 1.59; HRMS m/z calculated for C4H8BrO4P [M-H

+
]

-
 228.9271; 

found: 228.9272. 

 

  

Pent-4-yn-1-yl monophosphate (4): 
1
H-NMR (400 MHz, D2O): δ 3.90 (dt, JH,P = 6.4 Hz, 

JH,H = 6.4, 2H), 2.33-2.28 (m, 4H), 1.83-1.80(m, 1H); 
31

P NMR (162 MHz, D2O) δ 1.73; 

HRMS m/z calculated for C5H9O4P [M-H
+
]

-
 163.01656, found: 163.0164. 

 

 

2-Methylallyl monophosphate (5): 
1
H NMR (400 MHz, D2O) δ 5.75 – 5.43 (m, 2H), 4.14 

(d, JH,P = 6.7 Hz, 2H), 0.72 (s, 3H); 
31

P NMR (162 MHz, D2O) δ 2.08; HRMS m/z calculated 

for C4H9O4P [M-H
+
]

-
 151.0166, found: 151.0162. 
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Pent-4-en-1-yl monophosphate (6): 
1
H-NMR (400 MHz, D2O):  5.91-5.88 (m, 1H), 5.11-

4.99 (m, 2H), 3.85 (dt, JH,P = 6.6 Hz, JH,H = 6.6 Hz, 2H), 2.13 (q, J = 6.4 Hz, 2H), 1.70 (p, J 

= 6.6 Hz, 2H); 
31

P NMR (162 MHz, D2O) δ 2.33; HRMS m/z calculated for C5H11O4P [M-

H
+
]

-
 165.03221, found: 165.0320. 

 

  

(Z)-Hex-2-en-1-yl monophosphate (7): 
1
H-NMR (400 MHz, D2O):  5.67-5.61 (m, 2H), 

4.41 (dd, JH,P = 6.2 Hz, JH,H = 8.0 Hz, 2H), 2.10-2.07 (m, 2H), 1.52-1.48 (m, 2H), 0.87 (t, J = 

6.3 Hz, 3H); 
31

P NMR (162 MHz, D2O) δ 1.51; HRMS m/z calculated for C6H13O4P [M-H
+
]

-
 

179.0479; found: 179.0477. 

 

 

(E)-2-Hexen-1-yl monophosphate (8): 
1
H-NMR (400 MHz, D2O):  5.83-5.80 (m, 1H), 

5.66-5.61 (1 H, m), 4.29 (dd, JH,P = 6.8 Hz, JH,H = 6.8 Hz), 2.04 (q, J = 7.0 Hz, 2H),1.40 (q, J 

= 7.5 Hz, 2H), 0.88 (t, J = 7.5 Hz, 3H); 
31

P NMR (162 MHz, D2O) δ 1.92; HRMS m/z 

calculated for C6H13O4P [M-H
+
]

-
 179.0479, found: 179.0477. 
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But-3-yn-1-yl monophosphate (9): 
1
H-NMR (400 MHz, D2O): δ 3.91-3.95 (2 H, m), 2.52-

2.55 (2 H, m), 2.36-2.40 (1 H, m); 
31

P NMR (162 MHz, D2O) δ 2.38; HRMS m/z calculated 

for C4H7O4P [M-H
+
]

-
 149.0009, found: 149.0007. 

 

 

Table 3.2: Masses of isolated monophosphates used in initial characterization. 

Compound 
Chemical 

Formula 
Calculated Mass [M-H

+
]

-
 Found [M-H

+
]

-
 

10 C9H11O4P 213.0322 213.0319 

11 C7H13O4P 191.0479 191.0479 

12 C6H9O4PS 206.9886 206.9887 

13 C5H7O5P 176.9958 176.9955 

14 C4H7O4P 149.0009 149.0008 

15 C5H11O5P 181.0271 181.0271 

16 C6H8NO4P 188.0118 188.0117 

17 C6H11O4P 177.0322 177.0319 

GP C10H19O4P 233.0948 233.0944 

FP C15H27O4P 301.1574 301.1575 
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3.5 Supplementary 

 

 

Supplementary Figure 3.5-1: cLogP compared to Km. No correlation is observed when 

plotting measures of hydrophobicity versus Km. 

 

 

Supplementary Figure 3.5-2: cLogP compared to kcat. No correlation is observed when 

plotting measures of hydrophobicity versus kcat. 
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Supplementary Figure 3.5-3: Connolly solvent excluded volume compared to Km. No 

correlation is observed when plotting measures of volume versus Km. 

 
 

Supplementary Figure 3.5-4: Connolly solvent excluded volume compared to kcat. No 

correlation is observed when plotting measures of volume versus kcat. 
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Supplementary Figure 3.5-5: IPK kinetics with IP. 

 
Supplementary Figure 3.5-6: IPK kinetics with DMAP. 
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Supplementary Figure 3.5-7: IPK kinetics with 1. 

 

  
 

Supplementary Figure 3.5-8: IPK kinetics with 3. 
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Supplementary Figure 3.5-9: IPK kinetics with 4. 

 
 

Supplementary Figure 3.5-10: IPK kinetics with 5. 
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Supplementary Figure 3.5-11: IPK kinetics with 6. 

  
Supplementary Figure 3-12: IPK kinetics with 7. 
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 Supplementary Figure 3.5-13: IPK kinetics with 8. 

 
Supplementary Figure 3.5-14: IPK kinetics with 9. 
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CHAPTER 4 

Remarkable catalytic and mechanistic versatility of a trans-prenyltransferase 

4.1 Introduction  

Terpene natural products are used in pharmaceuticals (taxol and artemisinin), 

pesticides (coumarin and pyrethrin), flavors (hopanoids and menthol), fragrances (citronel 

and limonene), pigments (carotenoids and xanthophylls), potential biofuels (bisabolane) and 

a variety of other commercial products. Biosynthesis of terpenes proceeds through 

condensation of dimethylallyl pyrophosphate (DMAPP) with consecutive isopentenyl 

pyrophosphate extender units (IPP) to generate prenyl diphosphates. These linear precursors 

are then cyclized to generate cyclic terpenes via terpene cyclases (Figure 4-1A). The utility 

of terpenes as scaffolds for chemical diversification is limited to leveraging the reactivity of 

chemical handles that may be present in naturally occurring terpenes. This in turn limits the 

scope of structure activity relationship (SAR) studies of terpenes. As cyclized terpenes are 

almost exclusively composed of only hydrocarbon backbones, decoration of these scaffolds 

is accomplished synthetically by oxidation using C-H activation or biosynthetically using 

P450s (Figure 4-1B). Accordingly, there is emerging interest in harnessing the terpene 

biosynthetic apparatus to generate non-natural terpene analogues with chemical diversity 

built into the linear precursors that are in-turn cyclized into these elaborate structures.  

In this Chapter, the ability of prenyltransferases to condense non-natural 

hemiterpenes to form potential linear precursors for terpene cyclases is explored. 
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Figure 4-1: Biosynthesis of terpenes. (A) Terpene natural products are composed of 

hydrocarbon backbones that arise from cyclization of linear prenyl diphosphates. Linear 

diphosphates are generated by the sequential addition of IPP to DMAPP by 

prenyltransferases. (B) Terpenes are functionalized by carbocationic quenching with water 

(cycloartenol and guaiol), P450 oxidation (betulinic acid), or enzymatic tailoring (paclitaxel). 

Terpenes can also be combined with other metabolites such as fatty acids 

(tetrahydrocannabinol, viridicatumtoxin). Bonds and atoms highlighted in red are of IPP and 

DMAPP origin. 

Prenyltransferases catalyze elongation of the hemiterpene starter unit, DMAPP, 

utilizing sequential additions of the hemiterpene extender unit, IPP (Scheme 4-1)
84–86

. 

Prenyltransferases are responsible for the generation of linear terpenoid intermediates from 

these two interconvertible endogenous building blocks and therefore directly impact the 

B 

A 
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composition of the final terpene natural product. Prenyltransferases can utilize DMAPP 

analogues containing alternative diphosphate moieties, alkyl extensions at the methyl 

positions, epoxidized alkenes, and unsaturated alkenes
87–93

. Even though these studies 

cumulatively describe an extensive panel of DMAPP analogues as substrates for 

prenyltransferases, the structural diversity of these analogues is entirely limited to derivatives 

of allylic diphosphates containing trisubstituted alkenes. While extensive studies on DMAPP 

derivatives have been conducted, minimal work has been carried out to describe the 

promiscuity of prenyltransferases with IPP analogues. To the best our knowledge, work done 

previously with IPP analogues has been limited to extender units containing the natural 

homoallylic diphosphate core with no exploration into alternative nucleophiles and only a 

single study using one substrate altering the spacing between the nucleophile and 

diphosphate moiety
91,94

. To overcome this severely limited scope, it was hypothesized that 

prenyltransferases might be able to use a variety of nucleophiles in place of the natural 

extender unit IPP as a general strategy to biosynthesize isoprenoid analogues. In support of 

this, prenyltransferases catalyze carbon-carbon bond formation simply by directing the 

nucleophilic attack of a relatively non-nucleophilic homoallylic alkene to an allylic 

carbocation followed by stereospecific desaturation. Importantly, additional diversity 

accessed through this approach could provide new chemical handles or varying oxidation 

states of carbons in terpene backbones not afforded by endogenous P450s. 
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Scheme 4-1: Mechanism of trans-prenyltransferases. Prenyltransferases catalyze chain 

extension by coordination of the allylic diphosphate of the starter unit. Departure of the 

diphosphate results in an allylic carbocation which is then attacked by a homoallylic alkene 

followed by subsequent deprotonation resulting in a C5 extended product. Reloading of the 

extended product can then be achieved after expulsion of the released diphosphate allowing 

for further elongation. Whether the deprotonation and nucleophilic attack is concerted has 

been debated. 

As the substrate scope of prenyltransferases has not been found to be limited, the 

tolerance of prenyltransferases towards unnatural nucleophiles should be further 

characterized for their ability to catalyze irreversible carbon-carbon bond formation. To more 

fully understand the inherent promiscuity of prenyltransferases, IspA, a farnesyl diphosphate 

synthase (FPPase) from Escherichia coli, was characterized for its ability to utilize a panel of 

unnatural extender units for the generation of extended prenyl diphosphate analogues. 
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4.2 Results and Discussion 

4.2.1 Design and Synthesis of a Panel of DMAPP/IPP Analogues  

A panel of potential extender and starter units was synthesized from their respective 

commercially available alcohols, as outlined in Chapter 3. A wide panel of alcohols was 

selected for phosphorylation and included functionalities such as alkynes, aromatics, and 

hetereoatomic moieties as potential nucleophiles in chain extension (Figure 4-2). 
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Figure 4-2: Hemiterpene analogues. Alcohols were treated with trichloroacetonitrile and 

phosphorylated with several additions of triethylammonium phosphate solution before being 

purified on silica.  

4.2.2 IspA Specificity with Starter Unit Analogues  

The majority of research on prenyltransferase substrate tolerance has been focused on 

varying DMAPP. While the substrate scope of these enzymes has not been fully 

characterized, all substrates previously tested by others in place of DMAPP have had 
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structural similarity (Figure 4-3). Here, the panel members (Figure 4-2) are incredibly 

diverse. Each unnatural diphosphate 18-37 was first tested as a replacement to DMAPP as 

foreign starter units in the presence of the natural extender unit IPP. 

 

Figure 4-3: Previously reported ability of FPPases to use DMAPP analogue. Only analogues 

with structures that stabilize the allylic carbocation on a tertiary carbon are known substrates 

for FPPases. 

Prenyltransferase reactions were run with 200 μM starter unit and 600 μM extender 

unit in 50 mM Tris and 10 mM MgCl2 at pH 7.5 with enzyme. Reactions were allowed to 

proceed overnight at 37C before being quenched with an equal volume of methanol. 

Products were analyzed by high-res mass spectrometry. 

None of the substrates resulted in the detection of the predicted condensation product, 

as judged by LC-MS analysis of the product mixtures (data not shown). Accordingly, none of 

the diphosphates are able to act as unnatural starter units, most likely because they lack the 

trisubstituted allylic double bond featured in previously reported DMAPP analogues utilized. 

Only analogues 27, 30, and 32 included trisubstituted allylic double bonds, however these 

analogues may have been too sterically demanding to be accommodated in the active site of 

IspA.  
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4.2.3 Use of extender unit analogues  

As IPP recognition is presumably principally driven by the electrostatic forces of the 

diphosphate rather than that of the greasy interactions of the alkyl tail, it was envisioned that 

the enzyme may be agnostic towards the remaining part of the extender unit. Besides the 

pyrophosphate segment, IPP must sterically fit into the extender unit binding pocket and 

must be recognized by low energy lipophilic binding forces facilitated by the displacement of 

water. The homoallylic alkene of IPP is unactivated suggesting that the FPPases may also 

accommodate alternative π-bonds as nucleophiles. While numerous studies have shown that 

farnesyl pyrophosphate synthases (FPPases) are quite promiscuous towards DMAPP 

analogues, only a few reports provide evidence for the incorporation of IPP analogues which 

have consisted of aliphatic analogues and a chlorinated analogue, all of which contain the 

seemingly requisite homoallylic diphosphate
91,95

. 

Next, the panel members were tested as potential replacements of IPP (unnatural 

extender units) by incubating IspA with 18-37 and DMAPP as the usual starter unit. 

Remarkably, most of the diphosphate extender units (18, 20--23, 26, 28-29, 31, 33) were 

used by IspA to generate the corresponding geranyl pyrophosphate (GPP) analogues, as 

judged by LC-MS analysis of the product mixtures (Figure 4-4, Supplementary Table 4.5-1). 

In agreement with findings about chlorinated-IPP analogue incorporation, once a 

prenyltransferase has catalyzed an unnatural chain-extension with an unnatural extender unit, 

it will not subsequently use the GPP analogue as a substrate for consecutive condensations. 
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No product ions consistent with multiple unnatural extensions (corresponding C15 products) 

could be detected. 

 

 

 

Figure 4-4: Extender unit specificity of wild-type IspA with DMAPP as the starter unit. 

Conversions were measured by comparing the extracted ion count of the product compared 

to the amount of starter unit, DMAPP, remaining. For conversion of DMAPP to product with 

the natural substrate IPP, all extension products (C10 analogues) were summed for the total 

conversion. The standard deviation of these measurements is 3.2% and was determined by 

measuring the WT reaction in triplicate. 

Alkene diphosphate 18 was efficiently utilized by IspA to extend the natural starter 

unit DMAPP. Compared to the natural extender unit IPP, 18 only lacks a methyl group, and 

it is expected to occupy the IspA extender unit binding pocket as well as IPP does. Notably, 
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the vinyl bromide 20 was used almost as efficiently as IPP. Low activity of IspA towards 22 

is of note as extender units do not typically have allylic diphosphates unless the 

prenyltransferase is catalyzing head-to-head condensation. The alkene 23 was also found to 

be a good substrate indicating that IspA was able to accommodate catalysis of carbon-carbon 

forming reactions between unactivated π-systems and DMAPP as is the case with the use of 

the natural substrate IPP (Figure 4-5). 

 

 

Figure 4-5: Active site of E. coli FPPase (PDB 1RQI). Sterically, IspA provides plenty of 

room for the use of IPP analogues in the active site. As DMAPP is extended and reloaded 

into the active site for further elongation, the extended diphosphate reaches further into the 

cavity shown. 

DMAPP 

IPP 
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As there is ample space for IPP analogues to occupy the active site in the presence of 

DMAPP, it is not entirely unexpected that a properly positioned nucleophile (e.g. 18, 20-23) 

can participate in catalysis (Figure 4-4). Notably, the two highest molecular weight analogues 

were not utilized by IspA (e.g. 27 and 37). In addition, analogues with improperly positioned 

nucleophiles did not facilitate carbon-carbon bond formation either (24, 25, 27). For 

example, π-bonds extending too short towards the presumed allylic carbocation of the 

ionized starter unit (22 and 31) and those extending past (21 and 33) were poor substrates for 

carbon-carbon bond formation, as compared to those analogues with appropriately positioned 

nucleophiles. In an attempt to characterize this kinetically, the commercial PiPer assay was 

used (measure pyrophosphate release), however, no correlation between carbon-carbon bond 

formation and the rate of pyrophosphate was observed indicating pyrophosphate release 

could not be used to determine kinetic parameters of these reactions. This could be due to the 

release of pyrophosphate from DMAPP when triggered by the binding of an analogue that 

acts as an inhibitor rather than a substrate. 

Cumulatively, this data suggests that simple sterics and nucleophile positioning are 

sufficient to predict the substrate promiscuity of IspA. If this is accurate, then the extender 

unit specificity when an alternative, longer starter unit is used, should largely parallel that 

with DMAPP. To test this hypothesis, diphosphates 18-37 were each incubated with IspA in 

the presence of GPP as a starter unit and production of the corresponding farnesyl 

pyrophosphate (FPP) analogues was determined by LC-MS analysis of the product mixtures 

(Figure 4-6, Supplementary Table 4.5-1).  
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Figure 4-6: Extender unit specificity of wild-type IspA with GPP as the starter unit. 

Conversions were measured by comparing the extracted ion count the product compared to 

the amount of starter unit, GPP, remaining. No products were detected for 23, 28, and 31. 

The standard deviation of these measurements is 3.2% and was determined by measuring the 

WT reaction in triplicate. 

Most of the IPP analogues were efficiently utilized by IspA with GPP as the starter 

unit. For example, conversion of 26 and 29 were almost as good as that with IPP. Almost 
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quantitative conversion was detected with 18 and 20. The only analogues that were not 

detectable substrates were 23, 28, and 31. While the specificity of analogue use in place of 

IPP is not identical with DMAPP and GPP as starter units, the similarity is striking. This 

implies that the binding pocket in which the starter unit occupies is entirely separate of that in 

which the extender unit resides. 

In addition to the analogues discussed so far, utilization of 21, 23, 26, 28, 29, 31, and 

33 reveal that IspA displays unprecedented use of unnatural nucleophiles, including non-

homoallylic alkenic (23), alkynyl (21, 26, 28, 31, and 33), and aromatic π electrons (29). 

While the aromatic analogues 27, 30, 32, and 37 did not serve as an extender unit, 29 was 

accepted by IspA with both DMAPP and GPP as the starter unit. It is likely that the electron-

rich thiophene motif increases the nucleophilicity of the aromatic π-electrons. 

 

4.2.4 Unprecedented Use of Alkynes as Nucleophiles by IspA 

Of particular interest were the alkynic analogues utilized by IspA, 21, 26, 28, 31, 33. 

If the alkynic analogues were activated in the same manner as the natural substrate and 

assuming the same stepwise mechanism was utilized, the π electrons of the alkyne would 

behave as a nucleophile and would subsequently generate an alkenyl cation before 

desaturation (Scheme 4-2). In the case of a terminal alkyne as the extender unit, desaturation 

by abstraction of Ha or Hb would generate the corresponding internal alkyne or allene, 

respectively. For the internal alkyne as the extender unit (28 and 31), only desaturation by 

abstraction of Ha is possible, forming the allene as the only possible product. While 
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mechanistically indicative of an allene, 28 and 31 were very poor substrates (< 5% 

conversion) and as such were not considered for scale-up and isolation 

 The generation of an allene via prenyltransferase catalysis, regardless of substrate 

identity, is unprecedented and prompts multiple mechanistic considerations. First, if 

ionization of the starter unit precedes attack of the terminal alkyne on the carbocation, it is 

possible that the resulting leaving group, pyrophosphate, can act as a base and generate the 

zwitterionic intermediate DMAPP and 26a (Scheme 4-2)(Route A). While this is possible, 

the presence of a zwitterionic species in an active site is unlikely. Another possibility is the 

attack of the terminal alkyne to generate a vicinal carbocation (26b) as is seen in the addition 

of HCl across alkynes (Route B). A third possibility would be an E2’/SN2’ mechanism in 

which little carbocationic character of the extended species is achieved due to the concerted 

nature of addition and elimination analogous to the generation of hopene from squalene by 

hopanoids cyclases in triterpene biosynthesis (Route C). Several lines of experimental 

evidence support the generation of allenes via IspA catalysis. 

 



120 

 

Scheme 4-2: Potential mechanisms for use of alkynes as nucleophiles by IspA. Conversion 

of several terminal and internal alkynes into GPP analogues suggest that allenes could be 

generated by the reaction of alkynes and DMAPP catalyzed by IspA. 

First, the internal alkynes (28 and 31) were utilized by IspA, albeit very poorly with 

DMAPP as the starter unit, and the allene must be generated as only a single proton is 

available (31a) to regenerate a neutral species (Scheme 4-2).  

To fully elucidate this elusive structure, the enzymatic reaction using 26 and DMAPP 

was scaled-up for product isolation. Removal of the protein followed by chromatography 

provided a product with the expected mass for the allene GPP-26b. For comparison, the 

hypothetical alkyne GPP-26a was chemically synthesized.  
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Figure 4-7: Key NMR assignments and correlations for assignment of the enzymatically 

generated product GPP-26b. Arrows represent spin coupling observed by 
1
H-

1
H COSY. 

Carbon shifts in blue are predicted shifts while those in black were observed. 

The 
13

C NMR spectrum of the isolated product included a signal at 206 ppm 

characteristic of a carbon at the center of an allene. At the same time, signals characteristic of 

an internal alkyne (75-85 ppm) were not observed. Moreover, the 
1
H, 

13
C, and 

1
H-

1
H COSY 

NMR spectra were in full agreement with the assigned structure of GPP-26b (Figure 4-7). 

Finally, an optical rotation measurement provided evidence of enantiomeric excess. This 

observation is fully consistent with the expected stereospecific course of the enzyme 

catalyzed reaction versus the non-enzymatically generated allene from isomerization, which 

would be racemic. Thus, consistent with the accepted mechanism of IspA-catalyzed chain 

extension, enantiomeric excess is enabled by stereospecific deprotonation of the prochiral 

hydrogen vicinal to the carbocation generated from nucleophilic attack by π-electrons of the 

extender unit. While insight into the mechanism through Routes B or Route C (Scheme 4-2) 
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have not been deciphered, generation of a vicinal carbocation is highly unlikely which 

suggests that use of alkynyl nucleophiles proceeds through a concerted mechanism in 

opposition to that of the natural reaction.  

To summarize, all the available evidence is fully consistent with the IspA-catalyzed 

formation of an allene from alkynyl IPP substrate analogues. Allenes are usually 

biosynthesized through enzyme catalyzed isomerization of alkyltriynes or base catalyzed 

elimination of hydrogen peroxide from allyl peroxides
96

. This proposed manner of generating 

allenes from the addition of an electrophile is unprecedented in both biosynthesis and organic 

chemistry (Figure 4-8). 

 

 

Figure 4-8: Common methods of synthesizing allenes. In mechanism A, an SN2’ method is 

utilized for allene formation. In mechanism B, addition to a conjugated alkene can provide an 

allene.  

 While there are many methods for stereospecific generations of allenes
97

, the most 

common is probably through a SN2’ mechanism. For instance, in the chemical synthesis of 

Panacene, Feldman et al. used stereospecific anti-SN2’ addition on a propargylic mesylate 

with LiCuBr2
98

. This mechanism is often employed with the use of Gilman reagents and 

propargylic leaving groups. The mechanism utilized by IspA for generation of an allene 
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using an alkyne-containing extender unit is most like mechanism B. This mechanism is 

usually employed with an intramolecular nucleophile. When trying to synthesize the allene in 

Panacene, Feldman et al. attempted addition of a halogen using NBS, however this reaction 

did not occur stereospecifically
99

. While most similar to mechanism B, use of alkynes by 

IspA presumably occurs stereospecifically due to steric constraints provided by the active site 

of the enzyme. Mechanism B utilizes the addition of a nucleophile to a conjugated alkene to 

facilitate a second addition to an electrophile while the biosynthesis of GPP-26b most likely 

is Brønsted base catalyzed addition of an alkyne to an electrophile in a stereospecific manner. 

Optical rotation of the isolated allene GPP-26b suggests this is the case.  

 

4.2.5 Substrate Specificity of IspA “Chain Extension” Mutants  

Beyond understanding the substrate scope and mechanism of IspA, this enzyme and 

other prenyltransferases have been the subject of multiple engineering efforts to better 

understand and manipulate carbon-carbon bond formation using the natural substrates
100

. 

Perhaps most notably, enzyme engineering efforts in the Poulter lab afforded by chimeric 

shuffling have resulted in biocatalysts capable of all four reaction modes available to 

prenyltransferases: head-to-tail, head-to-head, and head-to-middle
101

.  

In addition to forming various types of structures, these enzymes are also capable of 

catalyzing multiple extension events. For instance, IspA catalyzes two extensions of DMAPP 

with IPP to first generate geranyl pyrophosphate (GPP) and then farnesyl pyrophosphate 

(FPP). Using random mutagenesis, the product specificity of IspA has been shifted by 

discovering mutants capable of a third extension to generate geranylgeranyl diphosphate 

(GGPP) or limit IspA to a single extension to generate GPP
100,102,103

. These mutations were 
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made using site-directed mutagenesis and their activities were confirmed in vitro (Figure 4-

9). 

 

Figure 4-9: Extension of DMAPP by IspA and mutants. (A) A method was developed to 

separate the different products of IspA. (B) Mutants of IspA found to allow for additional or 

limit extension events show different product distributions than that of the WT.  

These mutations have been mapped onto an IspA crystal structure and map to the 

bottom of a cavity in the active site where the prenyl acceptors, DMAPP and GPP, extend
104

. 

The mutation S81F appears to prematurely block the active site to only allow the binding of 

DMAPP, but not the extended product GPP, effectively limiting IspA to a single extension 

event. In contrast, Tyr80 is a residue that appears to limit the number of additional extensions 

to produce isoprenoids no longer than GPP. The mutation Y80D introduces a shorter amino 

acid sidechain that appears to point away from the active site, allowing for binding of FPP 

and the subsequent production of GGPP. These mutations therefore act as a molecular ruler 

(Figure 4-10). 
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Figure 4-10: Molecular ruler in the IspA active site (PDB 1RQI)
105

. A. This diagram shows 

where the extender unit nucleophile is in relationship to the starter unit DMAPP. Once 

extended, the newly formed allylic diphosphate can load back in to the starter unit site for 

additional extensions. B. In S81F, the phenylalanine mutation prematurely blocks the 

growing chain cavity limiting IspA to a single extension. C. In the WT, Y80 lies at the 

bottom of the active site, accommodating the loading of GPP for an extension. D. The Y80D 

mutation points the active site restricting residue away which enables the WT product, FPP, 

to load back into the active site for a third extension to generate GGPP.  

While this molecular ruler hypothesis has been confirmed in vitro with the natural 

substrates, we wanted to see if these mutations had any effect on the ability of IspA to use 

unnatural extender units. Accordingly, the mutations S81F and Y80D were each introduced 

into the wild-type IspA gene sequence by site-directed mutagenesis. The mutant proteins 

were expressed in E. coli and purified as hexa-histidine fusion proteins via immobilized 

A B 

D C 
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metal affinity chromatography. Next, the wild-type, S81F and Y80D IspA were each 

incubated with IPP and each of 18-37 and the resulting product mixtures analyzed by LC-MS 

analysis in order to quantify the total conversion of starter unit into C10 (GPP) products. As 

was observed before with the wild-type IspA, product could not be detected when any of the 

non-natural pyrophosphates were used in the place of DMAPP as the starter unit with the 

IspA mutants S81F and Y80D (data not shown). Thus, consistent with the hypothesized 

‘molecular ruler’ role of these two positions, these two mutations are not able to impact 

utilization of non-natural starter units in this context. 
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Figure 4-11: Chain length determining mutants and promiscuity towards unnatural extender 

units with DMAPP as the starter unit. Activities for each enzyme were normalized to the 

activity of that enzyme with natural substrate, IPP. Errors were within 3.2%. 

 Notably, when the mutants were tested with the unnatural extender units in place of 

IPP, the specificity of the mutants appeared quite similar to that of the wild-type enzyme 

(Figure 4-10). For example, pyrophosphates 18, 20, 26, and 29 were the most efficient 

analogues, as judged by percent conversion, by the mutant and wild-type enzymes. Similarly, 

28 was converted to product very poorly for all three enzymes. Conversion of 21, 22, 31, 33 
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to product could not be detected with IspA S81F and Y80D, likely because the mutants are 

less active than the wild-type with all substrates, and the level of activity with these 

analogues fall below the detection limit of the LC-MS assay.  

 It is well established that wild-type IspA produces a single GPP (C10) product with 

the natural substrates, DMAPP and IPP, highlighting the strict stereo- and regio-specificity of 

proton abstraction from the intermediate. Notably however, LC-MS analysis of the product 

profile generated by the wild-type, Y80D, and S81F IspA using some of novel non-natural 

extender units (18 and 22) revealed several product ions with unique retention times. For 

example, using 18 as the non-natural IPP analogue, two unique ions with masses consistent 

with the predicted C10 GPP analogue were detected (Figure 4-12). Each product ion could 

represent the corresponding cis/trans isomer or an isomer generated via carbocation 

rearrangement. While the enzyme catalyzed additions of the analogues to DMAPP 

sometimes produced multiple products, these product ratios seem to be consistent among the 

molecular ruler mutations (Supplementary 4.5-9). The hypothesis of these residues acting as 

molecular rulers and having no impact on catalysis beyond distinction of starter units holds 

with the use of analogues tested here.  
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Figure 4-12: Multiple products formed using alternative substrates. A. Using analogue 18 as 

an example, after addition of the homoallylic alkene onto C1 of DMAPP, multiple 

deprotonation events can occur resulting in the formation of various products. B. When using 

18 as a substrate, two different products are observed.  

 

 

 

 

 

 

 

A B 
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4.3 Conclusions and Future Work 

  

 

Scheme 4-3: Summary of substrate specificity of IspA. Wild-type IspA and the mutants 

tested here are unable to use analogs in place of DMAPP if those analogs do not contain 

allylic diphosphates that once activated are stabilized through a tertiary carbocation. IspA is 

only able to catalyze one extension using an unnatural extender unit. 

Without engineering IspA, the wild-type enzyme was able to catalyze chain extension 

using 10 of 20 unnatural extender units containing various functionalities. While some 

diversification of prenyl units has been achieved using unnatural prenyl diphosphates, this 

unprecedented use of non-natural extender units emphasizes not only the substrate 

promiscuity of FPPases, but the mechanistic plasticity. Use of aromatic- and alkynyl-π 

systems as nucleophiles suggests these enzymes are capable of far more than addition of an 

alkene to an allylic diphosphate.  
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As engineering of chain elongating prenyltransferases has been accomplished in vivo 

by screening using volatiles or colorimetric methods, it is expected that the same could be 

done with these analogues. Products generated by terpene cyclases could generate chiral 

quaternary carbons replacing the natural non-chiral gem-dimethyl moieties. If the terpene 

cyclases naturally generate alkenic methyls, proposed substitutions with the brominated 

substrate could afford unnatural terpenes with sp
2
 halogens enabling Heck coupling.  

 Diversification of prenyl units and by extension, generation of GPP and FPP 

analogues, may provide unprecedented diversity in cyclized terpenes. As terpene cyclases 

have been shown to be quite promiscuous towards unnatural analogues, these analogues may 

provide further diversity in the extensive collection of cyclized terpenes afforded by the 

elaborate and highly coordinated cyclization of linear precursors. As chemical alteration of 

this expansive natural product class is limited towards leveraging existing oxidation or 

providing oxidation through C-H activation, the diversity afforded by this approach could 

complement synthetic efforts towards alteration of such complex ring systems. By directly 

incorporating oxidation and diversity into the backbone of these structures, chemists may be 

afforded with built-in chemical handles or even new structures not provided by Nature due to 

the potential of novel ring structures generated from substrate directed cyclization patterns 

instead of strictly enzyme guided bond formation. 
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4.4 Methods  

General 

All plasmids were verified by DNA sequencing. Purifications of all DNA were performed 

with kits from BioBasic. Synthetic oligonucleotides were purchased from IDT (Coralville, 

IA, USA). All plate reader assays were performed using a BioTek Hybrid Synergy 4 plate 

reader (Winooski, VT, USA). Restriction enzymes were purchased from New England 

Biolabs (Ipswich, MA, USA). Polymerase chain reactions were conducted using Phire Hot 

Start II DNA Polymerase from ThermoFisher Scientific (Waltham, MA, USA). Chemicals 

were purchased from Sigma Aldrich (St. Louis, MO, USA) and Alfa Aesar (Haverhill, MA, 

USA).  

 

Gene cloning 

IspA (NP_414955.1) was PCR amplified from E. coli BL21 genomic DNA using the oligos 

IspA-BamHI-FWD and IspA-XhoI-REV, and cloned into pET28a using BamHI and XhoI 

restriction sites. PCR was performed using Phire Hot Start II polymerase (ThermoScientific) 

according to the manufacturer’s protocol. PCR product was purified prior to and after 

digestion by agarose gel electrophoresis. Digested PCR product and similarly treated pET28a 

were ligated at room temperature with T4 ligase (New England BioLabs) according to 

supplier’s protocol. Ligated plasmid was then transformed into DH5α and plated onto LB 

agar plates containing 50 μg/mL kanamycin. Individual colonies were picked, grown in the 
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presence of kanamycin, plasmids purified and the IspA gene sequence verified by DNA 

sequencing. 

 

Site-directed mutagenesis of IspA 

The mutations S81F and Y80D were introduced into the wild-type IspA template by 

QuickChange II site-directed mutagenesis. Primers used previously were employed
106

. 

Briefly, mutagenic primers for each mutation were used to amplify the IspA gene from the 

pET28a-IspA template using Pfu turbo polymerase, digested with DpnI to remove the parent 

template, and ligated using T4 DNA ligase. Ligation mixtures were then transformed into E. 

coli DH5α and plated onto LB agar plates containing 50 μg/mL kanamycin. Individual 

colonies were then used to prepare plasmids, and the desired mutations confirmed by 

sequencing. No spurious mutations were identified. Purified plasmid was transformed into E. 

coli BL21 DE3 for expression. 

 

Expression and purification of IspA 

Each pET28a-IspA, pET28a-IspA-S81F, and pET28a-IspA-Y80D plasmid was transformed 

into E. coli BL21 (DE3) for protein expression. A single colony was used to inoculate a 3 mL 

culture in LB media supplemented with 50 μg/mL kanamycin. A 1 L culture containing 50 

μg/mL kanamycin in LB media was then inoculated with 1 mL of the overnight culture and 

grown to an OD600 of ~0.6 at 37°C with shaking at 300 rpm at which point protein 

expression was induced by the addition of 1 mM IPTG. The temperature of the incubator-
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shaker was reduced to 18°C and the culture incubated for approximately 18 hours. The 

culture was pelleted at 4000 rpm for 10 mins, the supernatant was decanted, the cell pellet 

resuspended in 15 mL of lysis buffer (100 mM TRIS-HCl, 300 mM NaCl, 10% glycerol, pH 

8.0) and lysed by sonication. The lysate was then pelleted at 4500 rpm for 10 mins, decanted, 

and the soluble protein was spun down at 15,000 rpm for 1 hour. The resulting soluble 

fraction was then purified by fast protein liquid chromatography (FPLC) using nickel-bead 

column chromatography for the extraction of His6-tagged proteins. The column was first 

equilibrated with wash buffer (50 mM TRIS-HCl, 500 mM NaCl, 20 mM imidazole, pH 8.0) 

prior to loading of the soluble fraction. The soluble fraction was then eluted with elution 

buffer (50 mM TRIS-HCl, 500 mM NaCl, 200 mM imidazole, pH 8.0) using a gradient of 

0% elution buffer 0-7.5 min., 0-50% 7.5-18 min., 50-100% 18-22 min., 100% 22-27.5 min, 

and equilibrated for additional runs with 0% elution buffer 27.5-35 min. Fractions containing 

the desired protein were identified by SDS-PAGE and pooled. The pooled protein was then 

concentrated using a 10,000 molecular weight cut-off filter (Millipore Amicon-Ultra) and the 

buffer was exchanged with protein storage buffer (50 mM TRIS-HCl, 100 mM NaCl, and 

20% glycerol at pH 8.0). Protein aliquots were flash frozen with a dry ice ethanol bath before 

storage at -80°C. Protein purity was confirmed by SDS-PAGE while concentration was 

determined by absorbance using a Pierce Bradford Protein Assay kit. 
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In silico modeling of IspA mutants 

IspA mutants were modeled using PDB file 1RQI with PyMol. PyMol’s mutagenesis wizard 

tool was used for visualization of different chain length determinant mutants. Modeling of 

analogues with IspA was conducted using Glide (Schrödinger) with DMAPP docked.  

 

General procedure for the synthesis of isoprenoid diphosphates 

4000 μmol of the neat alcohol substrate was added to a 50 mL polypropylene tube. Alcohols 

were purchased from Sigma Aldrich. 7-Methyloct-6-en-3-yn-1-ol was synthesized as 

accomplished in Brunel, Y. and Rousseau, G. J. Org. Chem., 1996, 61 (17), pp 5793–

5800
107

. Trichloroacetonitrile (10 mL) was then added and the mixture was allowed to 

incubate at room temperature for 5 min. Bis-triethylammonium phosphate (TEAP) solution 

was prepared by slowly adding solution A (25 mL phosphoric acid, 94 mL acetonitrile) to 

solution B (110 mL triethylamine, 100 mL acetonitrile) to generate a solution that was 38% 

solution A and 62% solution B. To the mixture of alcohol and trichloroacetonitrile was added 

10 mL of TEAP solution. The mixture was then incubated in a 37°C water bath for 5 min 

before another addition of TEAP was added. A total of three additions of TEAP solution 

were added and incubated. The mixture was then separated by column chromatography using 

6:2.5:0.5 iPrOH: conc. NH4OH: H2O with silica as the stationary phase. Prior to loading the 

column, the reaction mixture was diluted 20% v/v with chromatography buffer and the 

resulting precipitate was pelleted by centrifugation prior to loading of the flash column. 

Fractions were analyzed by using a Shimadzu single quadrupole LCMS-2020 and those 
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containing the diphosphorylated compound, (M-H)-, free of tri- or mono- phosphorylated 

were pooled. The pooled fractions were then concentrated in vacuo to remove isopropanol 

and acetonitrile. The concentrated mixture was then filtered using 0.2 μm cellulose filter and 

frozen at -80˚C. After being frozen overnight, the sample was lyophilized yielding a salt. The 

triammonium salt was then characterized and stored frozen as 250 μL 25 mM aliquots. 

 

Mass spectrometry 

Samples were subjected to negative-mode mass analysis on a Thermo Fisher Scientific 

Exactive Plus operating with a heated ESI source in the negative mode connected to a UV 

detector with a Phenomenex Kinetex UPLC C18 column (2.1 X 50 mm, 2.6 µm particle, 100 

Å pores). 1 μL was injected onto a and separated using a series of linear gradients was 

developed from 20 mM NH4HCO3 in H2O (A) to 4:1 acetonitrile: H2O (B) at 0.2 mL/min 

using the following protocol: 0-2 min, 100-80% A; 2-6 min, 80-0% A; 6-7 min, 0% A; 7-7.1 

min, 0-100% A; 7.1-12 min, 100% A. Linear detection ranges for GPP and FPP were 

determined by serial dilution and were found to be from 5 M to 500 M. 

 

Prenyltransferase assays 

1 μL IspA WT, IspA S81F, or IspA Y80D (4.24, 3.13, and 5.78 μg/μL respectively) An 

aliquot (5 µL) of wild-type or mutant IspA was added to a total volume of 100 μL 50 mM 

Tris buffer containing 200 μM dimethylallyl diphosphate (starter unit), 600 μM isopentenyl 

diphosphate (extender unit), and 5 mM MgCl2 at pH 7.5 and incubated at 37˚C. Analogue 
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reactions were conducted in the same manner. Reactions were initiated by the addition of 

purified enzyme and were incubated overnight. Aliquots were quenched after 16 hours with 

twice the volume of methanol and stored at -20°C until analysis. Conversions were internally 

quantified by dividing the extracted ion counts (EIC) of the products by the EIC of DMAPP 

plus EIC of the product and multiplying the resulting fraction by 100. 

  

Isolation of prenyltransferase product 

The prenyltransferase reactions were scaled to 50 mL and were carried out in 50 mL 

polypropylene tubes with incubation at 37 ˚C in a shaker at 250 rpm. Importantly, agitation 

and introduction of ambient air resulted in a loss of product formation potentially attributable 

to oxidation of IspA. Reactions were run for 48 hours and monitored by LC-MS. Upon 

complete consumption of DMAPP, Chelex (200 mg) was added to the mixture and the 

reaction was incubated as before for 3 hours in order to remove Mg
2+

. The resin was then 

pelleted by centrifugation and the reaction was then passed through a 3K MWCO filter 

(Millipore) to remove protein. The mixture was then lyophilized to yield a white precipitate. 

The mixture was then suspended in 10 mL of 0.1 M ammonium bicarbonate. 

Semipreparative HPLC was carried out using a Phenomenex Kinetex HPLC C18 column (10 

X 150 mm, 2.6 µm particle, 100 Å pores) with a gradient consisting of an aqueous mobile 

phase of 25 mM ammonium bicarbonate (A) and an organic mobile phase of acetonitrile (B) 

at 4.5 mL/min using the following protocol: 0-5 min, 100% A; 5-30 min, 100-60% A; 30-35 

min, 0% A; 35-40 min, 100% A. Fractions were collected using a fraction collector with 60 
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second windows. Fractions containing the desired product were identified by LC-MS, 

pooled, and lyophilized.  

 

PiPer
TM

 Assay: 

The PiPer assay (Invitrogen) was carried out according to manufacturer’s instructions. 

Reactions were carried out as outlined in Prenyltransferase Assays.  

 

Compounds in this study: 

 

 

3-Methylbut-2-en-1-yl diphosphate (dimethylallyl diphosphate, DMAPP): 
1
H NMR (400 

MHz, D2O) δ 5.43 (t, J = 7.0 Hz, 1H), 4.43 (dd, JH,P = 7.0 Hz, JH,H = 7.0 Hz, 2H), 1.76 (s, 

3H), 1.71 (s, 3H); 
13

C NMR (101 MHz, D2O) δ 140.1, 119.7 (d, JC,P = 8.2 Hz), 62.7 (d, JC,P = 

5.4 Hz), 25.0, 17.3; 
31

P NMR (162 MHz, D2O) δ -6.04 (d, J = 21.7 Hz), -9.38 (d, J = 21.6 

Hz); HRMS m/z calculated for C5H12O7P2 [M-H
+
]

-
 244.9985, found: 244.9986.  
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3-Methylbut-3-en-1-yl diphosphate (isopentenyl diphosphate, IPP): 
1
H NMR (400 MHz, 

D2O) δ 4.02 – 3.92 (m, 2H), 2.30 (t, J = 6.7 Hz, 2H), 1.68 (s, 3H); 
13

C NMR (101 MHz, 

D2O) δ 143.8, 111.6, 64.1 (d, JC,P = 6.0 Hz), 37.9 (d, JC,P = 7.6 Hz), 21.7; 
31

P NMR (162 

MHz, D2O) δ -6.22 (d, J = 21.6 Hz), -9.54 (d, J = 21.5 Hz); HRMS m/z calculated for 

C5H12O7P2 [M-H
+
]

-
 244.9985, found: 244.9985. 

 

 

But-3-en-1-yl diphosphate (18): 
1
H NMR (400 MHz, D2O) δ 5.93 – 5.78 (m, 1H), 5.18 – 

5.10 (m, 1H), 5.06 (ddd, J = 10.4, 2.2, 1.1 Hz, 1H), 3.95 (dt, JH,P = 1.0 Hz, JH,H = 6.7, 2H), 

2.37 (dt, J = 6.7, 6.4 Hz, 2H); 
13

C NMR (101 MHz, D2O) δ 135.4, 116.9, 64.7, 34.5 (d, JC,P = 

7.2 Hz); 
31

P NMR (162 MHz, D2O) δ -7.03 (d, J = 21.7 Hz), -9.52 (d, J = 21.7 Hz); HRMS 

m/z calculated for C4H10O7P2 [M-H
+
]

-
 230.9829, found: 230.9831. 
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Pent-4-en-2-yl diphosphate (19): 
1
H NMR (400 MHz, D2O) δ 5.88 (ddt, J = 17.3, 10.3, 7.1 

Hz, 1H), 5.22 – 5.04 (m, 2H), 4.44 – 4.33 (m, 1H), 2.36 (dq, J = 25.1, 7.2 Hz, 2H), 1.25 (d, J 

= 6.3 Hz, 3H); 
13

C NMR (101 MHz, D2O) δ 134.9, 117.6, 73.2 (d, JC,P = 5.7 Hz), 41.4, 20.45; 

31
P NMR (162 MHz, D2O) δ -8.96 (d, J = 20.5 Hz), -11.51 (d, J = 20.6 Hz); HRMS m/z 

calculated for C5H12O7P2 [M-H
+
]

-
 244.9985, found: 244.9987. 

 

 

3-Bromobut-3-en-1-yl diphosphate (20): 
1
H NMR (400 MHz, D2O) δ 5.80 (s, 1H), 5.56 (s, 

1H), 4.10 (dd, JH,P = 6.8 Hz, JH,H = 6.2 Hz, 2H), 2.78 (t, J = 6.2 Hz, 2H); 
13

C NMR (101 

MHz, D2O) δ 129.9, 119.4, 63.6 (d, JC,P = 5.6 Hz), 41.70; 
31

P NMR (162 MHz, D2O) δ -8.05 

(d, J = 21.4 Hz), -10.72 (d, J = 21.1 Hz); HRMS m/z calculated for C4H9BrO7P2 [M-H
+
]
-
 

308.8935, found: 308.8940. 
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Pent-4-yn-1-yl diphosphate (21): 
1
H NMR (400 MHz, D2O) δ 5.85-5.98 (s, 1H), 5.24-4.98 

(m, 2H), 3.95-3.90 (m, 2H), 2.14 (q, J = 7.9 Hz, 2H), 1.72 (t, J = 4.0 Hz, 2H); 
13

C NMR (101 

MHz, D2O) δ 85.1, 69.5, 65.1, 28.8, 14.3; 
31

P NMR (162 MHz, D2O) δ -7.03 (d, J = 20.1 

Hz), -9.72 (d, J = 21.9 Hz); HRMS m/z calculated for C5H10O7P2 [M-H
+
]

-
 242.9828, found 

242.9830. 

 

 

2-Methylallyl diphosphate (22): 
1
H NMR (400 MHz, D2O) δ 5.06 (s, 1H), 4.93 (s, 1H), 

4.35 (d, J = 7.0 Hz, 2H), 1.75 (s, 3H); 
13

C NMR (101 MHz, D2O) δ 142.3, 111.4, 69.2, 18.4; 

31
P NMR (162 MHz, D2O) δ -7.13 (d, J = 20.8 Hz), -9.61 (d, J = 20.9 Hz); HRMS m/z 

calculated for C4H10O7P2 [M-H
+
]

-
 230.9829, found: 230.9824. 
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Pent-4-en-1-yl diphosphate (23): 
1
H NMR (400 MHz, D2O) δ 5.98 – 5.83 (m, 1H), 5.07 (d, 

J = 17.4 Hz, 1H), 4.98 (d, J = 10.5 Hz, 1H), 3.91 (dt, JH,P = 6.6 Hz, JH,H = 3.3 Hz, 2H), 2.12 

(dt, J = 7.5, 7.4 Hz, 2H), 1.78 – 1.62 (m, 2H); 
13

C NMR (101 MHz, D2O) δ 139.1, 114.8, 

65.8, 29.4, 29.2 (d, JC,P = 7.3 Hz); 
31

P NMR (162 MHz, D2O) δ -6.71 (d, J = 21.2 Hz), -9.38 

(d, J = 21.5 Hz); HRMS m/z calculated for C5H12O7P2 [M-H
+
]

-
 244.9985, found: 244.9988. 

 

 

 

(Z)-Hex-2-en-1-yl diphosphate (24): 
1
H NMR (400 MHz, D2O) δ 5.74 – 5.55 (m, 2H), 4.50 

(dd, JH,P = 6.8 Hz, JH,H = 2.1 Hz, 2H), 2.12 – 2.02 (m, 2H), 1.36 (dq, J = 13.3, 7.4, Hz, 2H), 

0.86 (t, J = 7.4 Hz, 3H); 
13

C NMR (101 MHz, D2O) δ 135.2, 125.3 (d, JC,P = 8.0 Hz), 61.9, 

29.0, 22.2, 13.1; 
31

P NMR (162 MHz, D2O) δ -7.08 (d, J = 21.4 Hz), -9.42 (d, J = 21.3 Hz); 

HRMS m/z calculated for C6H14O7P2 [M-H
+
]

-
 259.0142, found: 259.0145. 
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(E)-Hex-2-en-1-yl diphosphate (25): 
1
H NMR (400 MHz, D2O) δ 5.85 (dt, J = 14.0, 6.8 Hz, 

1H), 5.64 (dt, J = 14.0, 6.4 Hz, 1H), 4.36 (dd, JH,P = 6.8 Hz, JH,H = 6.8 Hz, 2H), 2.02 (dt, J = 

6.4, 7.4 Hz, 2H), 1.36 (dtd, J = 7.4, 7.3 Hz, 2H), 0.85 (td, J = 7.3 Hz, 3H); 
13

C NMR (101 

MHz, D2O) δ 136.2, 125.6, 66.9 (d, JC,P = 5.4 Hz), 33.8, 21.7, 13.1; 
31

P NMR (162 MHz, 

D2O) δ -6.92 (d, J = 21.4 Hz), -9.55 (d, J = 21.4 Hz); HRMS m/z calculated for C6H14O7P2 

[M-H
+
]

-
 259.0142, found: 259.0145. 

 

 

But-3-yn-1-yl diphosphate (26): 
1
H NMR (400 MHz, D2O) δ 3.85 (dt, JH,P = 6.8 Hz, JH,H = 

6.8 Hz, 2H), 2.44 (m, 2H), 2.13 (t, J = 2.7 Hz, 1H); 
13

C NMR (101 MHz, D2O) δ 82.1, 70.6, 

64.1 (d, JC,P = 96.6, 5.5 Hz), 20.2; 
31

P NMR (162 MHz, D2O) δ -7.82 (d, J = 20.4 Hz), -9.94 

(d, J = 20.9 Hz); HRMS m/z calculated for C4H8O7P2 [M-H
+
]

-
 228.9672, found: 228.9675. 
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Cinnamyl diphosphate (27): 
1
H NMR (400 MHz, D2O) δ 7.54 – 7.49 (m, 1H), 7.39 (td, J = 

7.5, 1.8 Hz, 1H), 7.34 – 7.30 (m, 1H), 6.60 (d, J = 15.2, Hz, 1H), 6.30 (dt, J = 15.2, 6.2, Hz, 

1H), 4.50 (dd, JH,P = 6.2 Hz, JH,H = 6.2 Hz, 2H); 
13

C NMR (101 MHz, D2O) δ 136.4, 132.2, 

128.9, 126.6, 125.6 (d, JC,P = 8.0 Hz), 66.5 (d, JC,P = 5.1 Hz); 
31

P NMR (162 MHz, D2O) δ -

6.98 (d, J = 21.0 Hz), -9.50 (d, J = 20.8 Hz); HRMS m/z calculated for C9H12O7P2 [M-H
+
]
-
 

292.9985, found: 292.9991. 

 

 

Hept-3-yn-1-yl diphosphate (28): 
1
H NMR (400 MHz, D2O) δ 4.00 – 3.85 (m, 2H), 2.47 (t, 

J = 6.5 Hz, 2H), 2.08 (d, J = 7.4 Hz, 2H), 1.42 (tq, J = 7.4, 7.3 Hz, 2H), 0.88 (t, J = 7.3 Hz, 

3H); 
13

C NMR (101 MHz, D2O) δ 83.3, 77.6, 64.4 (d, JC,P = 5.0 Hz), 23.3, 21.7, 20.4 (d, JC,P 

= Hz), 20., 12.9; 
31

P NMR (162 MHz, D2O) δ -6.91 (d, J = 21.1 Hz), -9.79 (d, J = 21.2 Hz); 

HRMS m/z calculated for C7H14O7P2 [M-H
+
]

-
 271.0142, found: 271.0146. 
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2-(Thiophen-3-yl)ethyl diphosphate (29): 
1
H NMR (400 MHz, D2O) δ 7.20 (dd, J = 4.9, 

3.0 Hz, 1H), 7.04 (dd, J = 3.0, 1.3 Hz, 1H), 6.92 (dd, J = 4.9, 1.3 Hz, 1H), 3.93 (dt, JH,P = 7.0 

Hz, JH,H = 6.6 Hz, 2H), 2.79 (t, J = 6.6 Hz, 2H); 
13

C NMR (101 MHz, D2O) δ 138.8, 128.6, 

125.9, 121.8, 65.7 (d, JC,P = 5.8 Hz), 30.6 (d, JC,P = 7.6 Hz); 
31

P NMR (162 MHz, D2O) δ -

7.19 (d, J = 20.9 Hz), -10.53 (d, J = 21.0 Hz); HRMS m/z calculated for C6H10O7P2S [M-H
+
]

-
 

286.9550, found: 286.9554. 

 

 

Furan-3-ylmethyl diphosphate (30): 
1
H NMR (400 MHz, D2O) δ 7.50 (d, J = 3.2 Hz, 1H), 

6.49 (dd, J = 3.7, 3.2 Hz, 1H), 6.41 (d, J = 3.7 Hz, 1H), 4.88 (d, JH,P = 6.8 Hz, 1H); 
13

C NMR 

(101 MHz, D2O) δ 150.7, 143.7, 110.8, 110.1, 59.7 (d, JC,P = 5.3 Hz); 
31

P NMR (162 MHz, 

D2O) δ -6.62 (d, J = 21.8 Hz), -9.91 (d, J = 21.3 Hz); HRMS m/z calculated for C5H8O8P2 

[M-H
+
]

-
 256.9622, found: 256.9626. 
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But-2-yn-1-yl diphosphate (31): 
1
H NMR (400 MHz, D2O) δ 3.17 (dd, JH,P = 7.4 Hz, JH,H = 

7.3 Hz, 2H), 1.25 (t, J = 7.3 Hz, 3H); 
13

C NMR (101 MHz, D2O) δ 79.8 (d, JC,P = 9.5 Hz), 

75.8, 54.2 (d, JC,P = 4.6 Hz), 1.7; 
31

P NMR (162 MHz, D2O) δ -6.13 (d, J = 21.5 Hz), -9.78 

(d, J = 21.6 Hz); HRMS m/z calculated for C4H8O7P2 [M-H
+
]

-
 228.9672; found: 228.9673. 

 

 

Pyridin-3-ylmethyl diphosphate (32): 
1
H NMR (400 MHz, D2O) δ 8.54 (s, 1H), 8.43 (d, J 

= 5.0 Hz, 1H), 7.97 (d, J = 8.1 Hz, 1H), 7.35 – 7.26 (m, 1H), 5.02 (d, JH,P = 7.4 Hz, 2H); 
13

C 

NMR (101 MHz, D2O) δ 147.0, 146.5, 138.1, 134.6, 124.6, 64.9 (d, JC,P = 5.0 Hz); 
31

P NMR 

(162 MHz, D2O) δ -6.79 (d, J = 21.5 Hz), -9.75 (d, J = 21.4 Hz); HRMS m/z calculated for 

C6H9NO7P2 [M-H
+
]

-
 267.9781, found: 267.9785. 
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Hex-5-yn-1-yl diphosphate (33): 
1
H NMR (400 MHz, D2O) δ 3.86 (dt, JH,P = 6.4 Hz, JH,H = 

6.4 Hz, 2H), 2.32 (d, J = 2.7 Hz, 1H), 2.28 – 2.17 (m, 2H), 1.76 – 1.65 (m, 2H), 1.62 – 1.52 

(m, 2H); 
13

C NMR (101 MHz, D2O) δ 85.8, 69.2, 65.2 (d, JC,P = 5.5 Hz), 28.8 (d, JC,P = 7.0 

Hz), 24.0, 17.1; 
31

P NMR (162 MHz, D2O) δ -6.58 (d, J = 22.1 Hz), -10.66 (d, J = 22.1 Hz); 

HRMS m/z calculated for C6H12O7P2 [M-H
+
]

-
 256.9985, found: 256.9989. 

 

 

2-(Allyloxy)ethyl diphosphate (34): 
1
H NMR (400 MHz, D2O) δ 5.93 (ddt, J = 13.6, 7.2, 

3.9 Hz, 1H), 5.32 (dt, J = 13.6, 2.1 Hz, 1H), 5.28 – 5.20 (m, 1H), 4.08-3.95 (m, J = 10.4, 7.9, 

2.6 Hz, 4H), 3.75 – 3.68 (m, 2H); 
13

C NMR (101 MHz, D2O) δ 133.6, 118.7, 90.3, 73.1, 69.4 

(d, JC,P = 7.3 Hz); 
31

P NMR (162 MHz, D2O) δ -9.46 (d, J = 25.1 Hz), -9.74 (d, J = 25.1 Hz); 

HRMS m/z calculated for C5H12O8P2 [M-H
+
]

-
 260.9935, found: 260.9937. 
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2-(1H-Indol-3-yl)ethyl diphosphate (35): 
1
H NMR (400 MHz, D2O) δ 7.65 (d, J = 8.1 Hz, 

1H), 7.41 (d, J = 8.1 Hz, 1H), 7.23 (s, 1H), 7.15 (t, J = 7.6 Hz, 1H), 7.07 (t, J = 7.6 Hz, 1H), 

4.12 (dd, JH,P = 7.3 Hz, JH,H = 7.0 Hz, 2H), 3.05 (t, J = 7.0 Hz, 2H); 
13

C NMR (101 MHz, 

D2O) δ 136.1, 127.0, 123.8, 121.9, 119.2, 118.8, 111.9, 111.22, 66.0 (d, JC,P = 2.6 Hz), 26.0; 

31
P NMR (162 MHz, D2O) δ -5.63 (d, J = 21.6 Hz), -9.34 (d, J = 21.6 Hz); HRMS m/z 

calculated for C10H13NO7P2 [M-H
+
]

-
 320.0094, found: 320.0098. 

 

 

Prop-2-yn-1-yl diphosphate (36): 
1
H NMR (400 MHz, D2O) δ 4.40 (d, JH,P = 7.8 Hz, 2H), 

2.57 (s, 1H); 
13

C NMR (101 MHz, D2O) δ 77.9, 75.9, 52.6 (d, JC,P = 7.8 Hz); 
31

P NMR (162 

MHz, D2O) δ -7.69 (d, J = 20.8 Hz), -10.11 (d, J = 20.8Hz); HRMS m/z calculated for 

C3H6O7P2 [M-H
+
]

-
 214.9516, found: 214.9519. 
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3,7-dimethyloct-6-en-1-yl diphosphate (37): 
1
H NMR (400 MHz, D2O) δ 5.21 (t, J = 7.4 

Hz, 1H), 3.99 – 3.88 (m, 2H), 2.07-1.91 (m, 2H), 1.66 (s, 3H), 1.59 (s, 3H), 1.49 – 1.37 (m, 

2H), 1.38 – 1.26 (m, 2H), 1.21-1.19 (m, J = 6.3, 1.5 Hz, 1H), 0.87 (d, J = 6.3 Hz, 3H); 
13

C 

NMR (101 MHz, D2O) δ 133.0, 125.2, 64.8 (d, JC,P = 5.8 Hz), 36.7 (d, JC,P = 7.3 Hz), 36.3, 

24.7, 24.7, 23.1, 18.5, 16.8; 
31

P NMR (162 MHz, D2O) δ -7.08 (d, J = 17.7 Hz), -9.39 (d, J = 

21.4 Hz); HRMS m/z calculated for C10H22O7P2 [M-H
+
]

-
 315.0768, found: 315.0770. 

 

 

(E)-3,7-Dimethylocta-2,6-dien-1-yl diphosphate (geranyl diphosphate, GPP): 
1
H NMR 

(400 MHz, D2O) δ 5.17 (t, J = 6.0 Hz, 1H), 5.00 – 4.82 (m, 1H), 4.20 (dt, JH,P = 7.2 Hz, JH,H 

= 6.0 Hz, 2H), 1.92 – 1.72 (m, 4H), 1.44 (s, 3H), 1.41 (s, 3H), 1.34 (s, 3H); 
13

C NMR (101 

MHz, D2O) δ 142.8, 133.2, 124.1, 119.7 (d, JC,P = 8.4 Hz), 62.8 (d, JC,P = 5.3 Hz), 39.0, 25.8, 

25.0, 17.1, 15.7; 
31

P NMR (162 MHz, D2O) δ -8.18 (d, J = 20.2 Hz), -9.59 (d, J = 20.7 Hz); 

HRMS m/z calculated for C10H20O7P2 [M-H
+
]

-
 313.0611, found: 313.0616. 
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7-methyloct-6-en-3-yn-1-yl diphosphate (GPP-26a): 
1
H NMR (400 MHz, D2O) δ 5.05 

(tdd, J = 5.5, 2.0, 1.5 Hz, 1H), 3.79 (dt, JH,P = 6.8 Hz, JH,H = 6.8 Hz J = 6.9, 2H), 2.77 – 2.66 

(m, 2H), 2.35 (td, J = 6.9, 3.6 Hz, 2H), 1.53 (s, 3H), 1.46 (s, 3H); 
13

C NMR (101 MHz, D2O) 

δ 135.7, 118.7, 81.5, 77.2, 64.3 (d, JC,P = 5.8 Hz), 24.8, 20.5, 17.1, 16.9; 
31

P NMR (162 MHz, 

D2O) δ -6.95 (d, J = 25.6 Hz), -9.85 (d, J = 21.5 Hz); HRMS m/z calculated for C9H16O7P2 

[M-H
+
]

-
 297.0298, found: 297.0299. 

 

 

7-methylocta-2,3,6-trien-1-yl diphosphate (GPP-26b): 
1
H NMR (700 MHz, D2O) δ 5.32 

(m, 2H), 5.26 – 5.21 (m, 1H), 4.31 (dd, JH,P = 8.2 Hz, JH,H = 6.8 Hz, 2H), 2.70 (d, J = 7.7 Hz, 

2H), 1.70 – 1.66 (m, 3H), 1.60 (s, 2H); 
13

C NMR (176 MHz, D2O) δ 203.1, 133.6, 119.9, 

90.6, 87.5, 62.7 (d, JC,P = 6.4 Hz), 25.1, 23.3, 15.5; 
31

P NMR (162 MHz, D2O) δ -6.79 (d, J = 

20.4 Hz), -9.83 (d, J = 21.8 Hz); [α]D
25

 = 2.9; HRMS m/z calculated for C9H16O7P2 [M-H
+
]

-
 

297.0298, found: 297.0291. 

 

 



151 

 

4.5 Supplementary 

 

Table 4-1: Masses of detected GPP analogues from extender unit analogue reactions with 

IspA and DMAPP. 

GPP analogues 

Extender 
Chemical 

Formula 
Calculated Mass [M-H]

-
 

Found 

[M-H]
-
 

Mass error 

(ppm) 

18 C9H18O7P2 299.0455 299.0459 1.5 

20 C9H17BrO7P2 376.9561 376.9568 2.2 

21 C10H18O7P2 311.0455 311.0463 2.6 

22 C9H18O7P2 299.0455 299.0460 1.6 

23 C10H20O7P2 313.0611 313.0620 2.7 

26 C9H16O7P2 297.0298 297.0307 2.7 

28 C12H22O7P2 339.0768 339.0779 3.4 

29 C11H18O7P2S 355.0176 355.0185 2.6 

31 C9H16O7P2 297.0298 297.0305 2.3 

33 C11H20O7P2 325.0611 325.0621 3.0 

 

 

Table 4-2: Masses of detected FPP analogues from extender unit analogue reactions with 

IspA and GPP. 

FPP analogues 

Extender 
Chemical 

Formula 
Calculated Mass [M-H]

-
 

Found 

[M-H]
-
 

Mass error 

(ppm) 

18 C14H26O7P2 367.1081 367.1083 0.5 

20 C14H25BrO7P2 445.0187 445.0185 0.3 

21 C15H26O7P2 379.1081 379.1083 0.5 

22 C14H26O7P2 367.1081 367.1084 0.8 

26 C14H22O7P2 365.0924 365.0925 0.2 

29 C16H26O7P2S 423.0802 423.0801 0.2 

33 C16H28O7P2 393.1237 393.1231 1.6 
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Supplementary Figure 4.5-1: 
1
H-NMR of product isolated from the reaction of 3-butyn-1-

diphosphate and dimethylallyl diphosphate. Figures above represent predicted shifts for the 

potential products (ChemDraw). The 
1
H-NMR is consistent with the allene containing 

product.  
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Supplementary Figure 4.5-2: 
13

C-NMR of product isolated from the reaction of 3-butyn-1-

diphosphate and dimethylallyl diphosphate. Figures above represent predicted shifts for the 

potential products (ChemDraw). The 
13

C-NMR is consistent with the allene containing 

product.  
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Supplementary Figure 4.5-3: 
1
H-

1
H COSY NMR of product isolated from the reaction of 3-

butyn-1-diphosphate and dimethylallyl diphosphate. The 
1
H-

1
H COSY NMR is consistent 

with the allene containing product.  
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Supplementary Figure 4.5-4: Comparison of synthesized GPP analogue and isolated GPP 

analogue from product isolated from the reaction of 3-butyn-1-diphosphate and dimethylallyl 

diphosphate.  

 

 

 

 

Supplementary Figure 4.5-5: PiPer Assay (Life Technologies). The PiPer Assay measures 

pyrophosphate by coupling it stoichiometrically (1:2) to resorufin fluorescence.  
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Supplementary Figure 4.5-6: PiPer Assay attempt for use in IspA kinetics. The assay was 

used to compare pyrophosphate release catalyzed by IspA under the conditions 1) DMAPP 

without an extender unit, 2) DMAPP + IPP, and 3) DMAPP + Substrate 24. As substrate 24 

was not used as an extender unit when examining products by mass spectrometry, it was 

determined that pyrophosphate release could not be correlated with product formation and 

therefore was a poor measure of kinetic parameters.  
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Supplementary Figure 4.5-7: Docking of substrates to predict conversion. A) Docking 

using Glide (Schrödinger, New York, NY, USA) provides a glimpse of substrate recognition. 

B) Docking energies calculated do not correlate with productive use of substrates.  

 

 

Supplementary Figure 4.5-8: Product distribution of IspA and mutants with substrate 1.  
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CHAPTER 5 

Future work: Applications of unnatural terpene precursors 

5.1 Introduction  

Unnatural terpenes have been used in a variety of reactions and applications. Initially, 

terpene analogues were applied as substrate mimics for the purpose of developing inhibitors. 

For instance, bisphosphonate drugs are substrate mimics that are used to target enzymes 

utilizing pyrophosphorylated substrates
108

.  

Terpene analogues have also been used in a variety of chemical biology studies. 

Researchers in the Distefano lab use farnesyl pyrophosphate analogues that contain Click 

handles for in vivo studies of protein farnesylation which is used to study ubiquitination 

pathways in cancer
47,48

. More recently, terpene analogues have been used to study 

mechanisms utilized by terpene cyclases
29,109,110

. Such fluorinated analogues of substrates for 

terpene cyclases halt reaction cascade processes by restricting hydride shifts and 

deprotonation events that may occur in the process of product maturation. .  

Generation of novel substrates for studying terpene cyclases and protein 

prenyltransferases has previously been accomplished through traditional organic synthesis in 

lieu of suitable biosynthetic approaches. While organic synthesis has generated a modest 

albeit limited pool of rationally designed potential substrates, biosynthesis of non-natural 

and/or non-native precursors has been the subject of only limited inquiry. 
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The platform presented prior in this document provides a means by which a plethora 

of opportunities to diversify terpenes using a synthetic biology approach can be 

accomplished. 

 

5.2 Unnatural diphosphate cyclization 

5.2.1 Preliminary invesigation of terpene cyclase activity 

Terpene cyclases afford incredible molecular diversity from relatively simply starting 

materials. Using carbocationic chemistry, these enzymes elegantly direct complex cascade 

reactions by navigating high energy intermediates to complex ring structures (Figure 5-

1)
8,111

. Prior to investigating the ability of these enzymes to use previously generated FPP 

analogues, confirmation of activity in vivo is required. 
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Figure 5-1: Terpene diversity stemming from the bisaboyl cation. Figure taken from Hong, 

YJ and Tantillo, DJ. J. Am. Chem. Soc., 2014, 136 (6), pp 2450–2463. 
112

.  
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Before embarking on measuring activity in vitro, an analytical method had to be 

developed in order to minimize detection limits to assure that if unnatural terpenes were 

generated, even the smallest amount could be detected. GC-FID was qualitatively compared 

to GC-MS for detection limits and signal to noise (Figure 5-2). Using standards, GC-FID, a 

minimum detection limit of 390 ng/uL was detected using trans-caryophyllene and γ-

humulene. The precursor diphosphates themselves cannot be detected by GC as the boiling 

points and stability are not suitable for GC. 

  

Figure 5-2: Measuring terpenes. A. Comparison of traces from the TIC using EI-MS 

compared to that of GC-FID shows a cleaner trace when measuring by FID with 10 ng/μL 

trans-caryophyllene. B. Terpenes that are the same size have very similar linear detection 

properties when using FID as is observed for trans-caryophyllene and γ-humulene.  

Together, the best manner for detecting unnatural terpene cyclization would be to first 

screen for activity using a higher sensitivity method using FID followed by EI-MS for 

potential structure identification. 
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Following this result, it was then tested to see if terpenes could be detected from in 

vitro reactions. Aristolochene synthase was expressed from ATAS (gift from Prof. David W. 

Christianson)
113

. Aristolochene synthase was then tested with synthesized FPP to observe the 

natural reaction in vitro and products were confirmed by EI-MS using the NIST database. 

Following the confirmation of activity in vitro, production overtime was then 

measured using FID (Figure 5-3).  

 

Figure 5-3: Aristolochene production over time. Aristolochene is measured using an internal 

standard of 10 ng/L trans-caryophyllene. 
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These results cumulatively suggest a work flow for screening terpene cyclases. 1) 

Semi-purify terpene cyclases to increase the concentration of catalyst. 2) Screen for product 

cyclization using a high sensitivity method (FID). 3) Confirm product identity by GC-MS. 4) 

Elucidate structure by isolation and NMR. 

  

5.2.2 Unnatural diphosphates as substrates for terpene cyclases 

 In vitro studies in prior chapters have shown the production of unnatural farnesyl and 

geranyl diphosphates. To generate unnatural terpenes, the analogues afforded through 

incorporation of unnatural substrates into GPP and FPP analogues using IspA must be 

coupled with terpene cyclases.  

These analogues may be incorporated into cyclic structures by terpene cyclases, but 

also may require enzyme engineering for few possible reasons. 1) The substrates did not 

contain the seemingly requisite allylic diphosphate moiety. This would require the 

engineering of a terpene cyclase capable of directing an intramolecular SN2 reaction for the 

release of diphosphate. 2) Terpene cyclases have a strict substrate specificity at the head of 

the diphosphates (Figure 5-4). If not limited by energetics, rational engineering may 

sterically permit analogues in place of the natural substrates.  
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Figure 5-4: Analogues as substrates for terpene cyclases. Previous literature examples of 

terpene cyclases show promiscuity towards the opposite end of the diphosphate (tail). No 

examples beyond fluorinated analogues have shown promiscuity at the diphosphate (head) 

portion of the molecule.  

 Attempts to cyclize substrates diversified at the head portion of the molecule have 

been limited. In one example from the Boland Lab, the authors attempted to cyclize a 

halogenated derivative of FPP, but could not detect any ionization
114

. While the authors 

found that the halogenated analogue directly inhibited the terpene cyclase, the authors 

hypothesized that ionization of the halogenated analogue wasn’t energetically feasible as the 

resulting allylic carbocation was too high in energy. In direct opposition to this assertion, the 

Poulter lab has managed to use halogenated DMAPP analogues for prenyltransferase 

reactions
95

. As these reactions would proceed through similar intermediates, engineering of 

terpene cyclases to accept halogenated derivatives should be feasible (Figure 5-5). 
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Figure 5-5: Halogenated allylic diphosphates. Minimal studies with halogenated terpene 

analogues for terpene cyclases have shown an absence of ionization presumably due to the 

high energy of the resulting carbocation. The use of halogenated DMAPP analogues for 

prenyltransferase extension suggests that these intermediates are not energetically infeasible. 

Another project that would address these issues of substrate specificity would be 

screening for a terpene cyclase capable of cyclization of non-allylic diphosphates. An 

enzyme capable of cyclizing such a substrate would proceed through a concerted reaction 

mechanism which would surpass the requirement of an allylic carbocation (Figure 5-6).  

 

 

 

 

 



166 

 

 

Figure 5-6: Beyond allylic diphosphate substrates. Terpene cyclases proceed through 

stepwise reaction mechanisms in which allylic diphosphates are ionized to form allylic 

carbocations. This strict requirement limits diversification of units near the head of the 

substrate. Engineering of a terpene cyclase capable of cyclizing a non-allylic diphosphate 

substrate would generate an enzyme that would proceed through an SN2 type reaction that 

mechanistically would allow for wider substrate tolerance at the head of the diphosphate 

substrates.  

 Regardless of the aim for engineering these terpene cyclases, efforts will require a 

relatively high-throughput screening platform. While screening for release of diphosphate 

would provide a general way in which to screen for activity, results in Chapter 4 show that 

release of diphosphate does not necessarily correlate with product formation. It is for this 

reason that the product of the terpene cyclase must be directly measured in screens and not 

the byproduct, diphosphate.  

 While GC-FID provides a sensitive method for detecting cyclized products, 

chromatography times take upwards of 30 minutes per measurement. To address this, 

researchers have modified the Agilent RapidFire screening platform to use ACPI-MS in 

place of ESI-MS. While this method allows for screening times of 15 seconds per 

measurement, the minimum detection limit of such strategies is still in the millimolar 
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quantities. It is for this reason that alternative screening platforms are being investigated. One 

such platform being validated is the use of a MALDESI based screening platform being 

investigated in the Muddiman lab (Nazari, Lund, Williams, and Muddiman. Manuscript in 

prep.) which may allow for measurement times <1 second with sub-millimolar sensitivity.  

 

5.3 Transfer of non-natural prenyl donors to aromatic acceptors 

5.3.1 In vitro studies of aromatic prenyltransferases 

 Beyond use of hemiterpenes for elongation and subsequent cyclization by terpene 

cyclases, hemiterpenes can be appended to a variety of other natural products. 

Meroterpenoids are natural products such as polyketides or non-ribosomal peptides that have 

been prenylated. The prenyl groups often are critical for bioactivity as the prenyl side chains 

alter ClogP values to increase bioavailability
115

.  

 ABBA aromatic prenyltransferases are a class of soluble magnesium-independent 

enzymes that append prenyl groups to various aromatic prenyl acceptors
116

. These enzymes 

have been noted for their broad promiscuity in terms of prenyl acceptors, but less so in terms 

of prenyl donors.  

 Collaboration with Rachael Hall in the Williams Lab has been aimed at describing the 

promiscuity of ABBA prenyltransferases in terms of unnatural prenyl donors synthesized in 

Chapter 3 and 4. From the enzymes studied to date in our lab, the prenyltransferases have 

shown remarkable promiscuity in terms of prenyl identity suggesting some catalytic 

flexibility never before noted (Figure 5-7 and Figure 5-8). 
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Figure 5-7: Promiscuity of NovQ. Work done in collaboration with Rachael Hall shows a 

broad tolerance of NovQ towards various unnatural prenyl donors. 
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Figure 5-8: Promiscuity of FgaPT2. Work done in collaboration with Rachael Hall shows a 

broad tolerance of FgaPT2 towards various unnatural prenyl donors. 

As many of the substrate utilized do not contain an allylic diphosphate, this work 

cumulatively suggests that ABBA prenyltransferases can utilize a concerted mechanism for 

prenylation. This mechanistic tolerance of analogues suggests that these catalysts can be used 

for general C-C bond formation between various alkyl diphosphates and aromatic structures.  
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5.3.2 In vivo studies of aromatic prenyltransferases 

 As several aromatic prenyltransferases were shown to be promiscuous in vitro. It was 

next attempted to see if these activities could be coupled with the putative hemiterpene 

analogue production platform in vivo. The system consisted of BL21 DE3 harboring 

pETDuet-PhoN+IPK and pET28a-FgaPT2. Analogues found to be substrates in vitro for all 

three enzymes were the candidates for analoging in vivo. Briefly, cells containing the vectors 

and single enzyme omission controls were grown to a density of OD600 = 0.6 before protein 

expression was induced by the addition of IPTG. At this same point, substrate was provided 

to the cultures and the fermentation was allowed to proceed for 48 hours. Aliquots were 

taken and the cell lysate was examined by high resolution LC-MS (Figure 5-9 and Figure 5-

10). 
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Figure 5-9: In vivo unnatural tryptophan prenylation with cinnamyl alcohol carried out by 

Rachael Hall. A. Coupling of the investigated enzymes from previous chapters in vivo for the 

generation of unnatural hemiterpenes and subsequent prenylation of tryptophan. B. The 

extracted ion chromatogram (EIC) showed a product peak consistent with the in vitro 

produced analogue. 

 

A B 
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Figure 5-10: In vivo unnatural tryptophan prenylation with 5-hexyn-1-ol carried out by 

Rachael Hall. A. Coupling of the investigated enzymes from previous chapters in vivo for the 

generation of unnatural hemiterpenes and subsequent prenylation of tryptophan. B. The 

extracted ion chromatogram (EIC) showed a product peak consistent with the in vitro 

produced analogue. 

A B 
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 Once assembled in vivo, the parts functioned as found in vitro. The hemiterpene 

production pathway was successfully coupled with FgaPT2 to generate two tryptophan 

derivatives in vivo. Controls omitting any of the enzymes or substrate did not provide any 

product consistent with the tryptophan derivatives generated in vitro. When the hemiterpene 

production pathway was used with dimethylallyl alcohol, as was done with the carotenoid 

assay, prenylated tryptophan was observed at twice the concentration of that observed 

without the artificial pathway. While these vectors were not optimized for in vivo production, 

analogues were detected nonetheless. Future studies will use compatible vectors to increase 

analogue production for scale-up, isolation, and structural characterization. 

 

5.3.3 ABBA prenyltransferases with IspA generated terpene analogues 

 Isolation of the prenyltransferase generated GPP and FPP analogues is very difficult 

due to the ease of product decomposition, challenging separation, and the preparation of 

starting material. Stemming from the promiscuity observed with the ABBA 

prenyltransferases, it is envisioned that the mechanistic plasticity of these prenyltransferases 

can be used for the prenylation of aromatic systems using these unnatural prenyl donors 

generated by IspA (Figure 5-11).  
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Figure 5-11: Hypothetical prenylation of aromatic systems with unnatural prenyl 

diphosphates from IspA. As ABBA prenyltransferases have shown the ability to use 

substrates that do not contain allylic diphosphates, these enzymes can presumably 

accommodate substrates for concerted prenylation events using SN2 mechanisms if sterics 

allow. 

 Using a sufficiently promiscuous prenyltransferase for the addition of unnatural 

prenyl groups to aromatic systems should ease difficulties with isolation as the prenylated 

aromatic rings are much more stable and easier to separate by chromatography. Ideally such 

a system could be coupled in vivo for scale up. 

  

5.4 Conclusions 

 The work outlined here sets the foundation for the biosynthesis of hemiterpene 

analogues from chemical precursors. These precursors show broad application for potential 

use in terpene and prenylated natural product derivatives. We hope to implement this to 

provide non-natural chemical handles for synthetic diversification not available to the native 

products themselves (Figure 5-12). 
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Figure 5-12: Precursor directed diversification of terpenes. Chemical precursors can be 

transformed into natural product derivatives with non-natural chemical functionality which 

would enable synthetic diversification. 

 By validating this platform part by part in vitro, the promiscuity and limits of each 

catalyst is more fully realized. Enzymes such as the kinases as PhoN from S. flexneri and IPK 

from T. acidophilum carry out simple phosphorylations and appear to have a broad range in 

substrate specificity as expected based on the simplicity of the chemical transformation and 

mechanism. While IspA catalyzes several distinct steps to elongate prenyl groups, 

promiscuity towards non-natural nucleophiles is observed. While no success was had in 

generating cyclic terpene analogues, we are certain these enzymes can be engineered by 

methodically screening for use of target substrates. Perhaps another application of terpene 

analogues is their appendage to aromatic rings as is observed with the aromatic 

prenyltransferases NovQ and FgaPT2. 
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 While not entirely completed and commercial, this work lays the foundation and 

validates use of this platform as a path for precursor directed terpene diversification that has 

not yet been investigated and attempted for this class of natural products (Figure 5-13).  

 

  

Figure 5-13: Synthetic biology approach to terpene natural product diversification. Using a 

synthetic biology approach, a completely unnatural pathway has been assembled that allows 

for the transformation of chemical precursors into various natural product derivatives. By 

adding and altering heterologous gene expression, various natural product analogues can be 

biosynthesized using this platform.  
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5.4 Methods 

General methods and material 

The plasmid ATAS was kindly gifted from David Christianson. All plasmids were verified 

by DNA sequencing. Purifications of all DNA were performed with kits from BioBasic. 

Synthetic oligonucleotides were purchased from IDT (Coralville, IA, USA). Restriction 

enzymes were purchased from New England Biolabs (Ipswich, MA, USA). Polymerase chain 

reactions were conducted using Phire Hot Start II DNA Polymerase from ThermoFisher 

Scientific (Waltham, MA, USA). Standards of trans-caryophyllene and α-humulene as well 

as farnesyl pyrophosphate lithium salt were purchased from Sigma Aldrich (St. Louis, MO, 

USA). 

 

Expression and purification of IspA 

ATAS plasmid was transformed into E. coli BL21 (DE3) for protein expression. A single 

colony was used to inoculate a 3 mL culture in LB media supplemented with 

chloramphenicol (35 µg/mL). A 1 L culture containing chloramphenicol (35 µg/mL) in LB 

media was then inoculated with 1 mL of the overnight culture and grown to an OD600 of 

~0.6 at 37°C with shaking at 300 rpm at which point protein expression was induced by the 

addition of 1 mM IPTG. The temperature of the incubator-shaker was reduced to 18°C and 

the culture incubated for approximately 18 hours. The culture was pelleted at 4000 rpm for 

10 mins, the supernatant was decanted, the cell pellet resuspended in 15 mL of lysis buffer 

(100 mM TRIS-HCl, 300 mM NaCl, 10% glycerol, pH 8.0) and lysed by sonication. The 
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lysate was then pelleted at 4500 rpm for 10 mins, decanted, and the soluble protein was spun 

down at 15,000 rpm for 1 hour. The resulting soluble fraction was then purified by fast 

protein liquid chromatography (FPLC) using nickel-bead column chromatography for the 

extraction of His6-tagged proteins. The column was first equilibrated with wash buffer (50 

mM TRIS-HCl, 500 mM NaCl, 20 mM imidazole, pH 8.0) prior to loading of the soluble 

fraction. The soluble fraction was then eluted with elution buffer (50 mM TRIS-HCl, 500 

mM NaCl, 200 mM imidazole, pH 8.0) using a gradient of 0% elution buffer 0-7.5 min., 0-

50% 7.5-18 min., 50-100% 18-22 min., 100% 22-27.5 min, and equilibrated for additional 

runs with 0% elution buffer 27.5-35 min. Fractions containing the desired protein were 

identified by SDS-PAGE and pooled. The pooled protein was then concentrated using a 

10,000 molecular weight cut-off filter (Millipore Amicon-Ultra) and the buffer was 

exchanged with protein storage buffer (50 mM TRIS-HCl, 100 mM NaCl, and 20% glycerol 

at pH 8.0). Protein aliquots were flash frozen with a dry ice ethanol bath before storage at -

80°C. Protein purity was confirmed by SDS-PAGE while concentration was determined by 

absorbance using a Pierce Bradford Protein Assay kit. 

 

GC analysis of terpenes 

Standards were diluted serially in ethyl acetate. GC-MS and GC-FID were performed on an 

Agilent Technologies 5975 GC/MS equipped with an HP-5MS capillary column (0.25mm 

i.d., 30 m) (Agilent Technologies). The GC was operated using splitless injections at a 

volume of 1 L with an injector termperature of 250C. The initial oven temperature was set 
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to 50C for 5 minutes before being ramped at 15C/min to 230C and then held at 240C for 

1 minute. Product peaks were integrated using Agilent ChemStation software. 

 

Reactions of aristolochene synthase 

Reactions were performed in 1.5 mL polypropylene tubes. Reactions were run in volumes of 

200 L overlaid with 200 L of ethyl acetate. Reactions contained 2.5 mM farnesyl 

pyrophosphate, 2.5 mM MgCl2, 25 mM Tris-HCl at pH 7.5, and 7.8 g of enzyme. Time 

points were taken by halting the reaction by vortexing the mixture and removing the ethyl 

acetate layer for subsequent analysis.  
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