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Scope and outline of this thesis 

Terpenoids represent a large and diverse class of natural products that offer a trove of 
prospects to address numerous medical and societal issues. The vast assortment of 
chemical structures and functions that have been evolved in this class provide a massive 
pool of molecules for medicinal and industrial use. In spite of the fact that a lot of 
terpenoids possess therapeutic properties including anticancer, antiparasitic, 
antimicrobial, antihyperglycemic, anti-inflammatory, and immunomodulatory 
properties, large scale use of these compounds is limited by their low supply. Most 
terpenoids are naturally produced in low quantities and require harvesting on a 
massive scale to obtain amounts sufficient for medicinal use. In addition, their 
chemical synthesis is difficult and expensive due to the complexity of their structures. 
Metabolic engineering and synthetic biology offer alternative approaches to boost 
production in the native organism, and more importantly, transfer the biosynthetic 
pathways to other hosts. Different microbial hosts were studied and their metabolism 
was manipulated and optimized for the production of common terpenoid precursors.  

Hence, the aim of the work described in this thesis is to create a sustainable terpenoid 
cell factory. To fulfill that objective, the scope of our research focused on two main 
parts. First is the engineering of the microbial host Bacillus subtilis as a cell factory for 
terpenoid production. This involves optimizing the biosynthetic pathway of terpenoids 
in this host and studying the terpene synthase enzymes essential for terpenoid 
production. The second part explored one of these important terpene synthases, 
namely amorphadiene synthase which is famous for its role in the biosynthesis of the 
antimalarial artemisinin. The knowledge obtained from both parts can be considered as 
two stepping stones onto the road of obtaining a working B. subtilis terpenoid cell 
factory. 

In Chapter 1, we review the different classes of terpenoids and their biosynthetic 
pathways. We focus on the enzyme family of terpene synthases that represent a 
prerequisite for formation of terpenoids. An overview of the classes of terpene 
synthases along with their structures and mechanisms is provided. Finally, current 
information about metabolic engineering of different hosts for terpenoid production is 
discussed. 

Chapter 2 focuses specifically on reviewing the present knowledge about metabolic 
engineering of B. subtilis for terpenoid production. The inherent terpenoid biosynthetic 
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pathways of B. subtilis are explained in details showing all the enzymes and 
intermediates involved. In addition, an outline about the knowledge and challenges of 
engineering B. subtilis along with different detection and metabolomics methods was 
provided. 

In Chapter 3, we describe the systematic overexpression of the genes involved in the 
methylerythritol phosphate (MEP) pathway in B. subtilis. The MEP pathway is an 
inherent terpenoid biosynthesis pathway in B. subtilis. We use the level of production 
of C30 carotenoids as a readout to illustrate the effect of overexpression of the various 
enzymes on the flux of the MEP pathway. It was shown that the production of 
carotenoids in B. subtilis can be improved significantly by overexpressing the MEP 
pathway enzymes. 

In Chapter 4, we describe a system for engineering synthetic operons to express 
metabolic pathways in B. subtilis. We clone different genes of the MEP pathway in two 
different vectors, a rolling circle replication vector (pHB201) and a theta replicating 
vector (pHCMC04). The structural and segregational stability of the generated 
constructs was compared along with their level of produced C30 carotenoids. The 
construct expressing eight genes of the MEP pathway in pHCMC04 showed the highest 
amount of carotenoid produced coupled with good stability. In addition, qPCR was 
used to ensure that all genes in the operon are expressed at similar levels. 

In Chapter 5, we report the production of taxadiene, the first precursor for Taxol®, in 
B. subtilis. The enzyme taxadiene synthase which is a prerequisite for taxadiene 
biosynthesis was successfully expressed for the first time in B. subtilis by inserting the 
plant gene into the bacterial host genome. It was coupled with the overexpression of nine 
enzymes in two different vectors (geranylgeranyl pyrophosphate synthase in pBS0E and 
the eight MEP pathway enzymes in pHCMC04) leading to the formation of the 
taxadiene precursor (geranylgeranyl pyrophosphate). This strain showed 83 fold 
increase in taxadiene production compared to the control B. subtilis strain only 
expressing taxadiene synthase.

In Chapter 6, we concentrate on studying the famous sesquiterpene synthase, 
amorphadiene synthase, which is responsible for cyclizing farnesyl pyrophosphate to 
amorphadiene. This is the first and rate limiting step in the production of the 
antimalarial artemisinin. Since no crystal structure has been reported for this enzyme, a 
three-dimensional model was generated. Magnesium ions and the substrate were 
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docked into the model. Some active site residues were mutated to examine their 
function and validate the model. The generated model is the basis for understanding 
the structure-function relations of the active site residues and gaining insight into the 
mechanism. 

In Chapter 7, we use the amorphadiene synthase model generated from the work in 
chapter 6 to choose active site residues for mutation. Sixteen active site residues were 
mutated producing a library of 257 variants. The mutability landscape for catalytic 
activity showed several variants with improved activity compared to the wild type 
enzyme especially T399S/H448A double mutant which showed turnover rate 5 
times higher than wild type. In addition, the screening of the library allowed for 
understanding the role of these residues in the mechanism of amorphadiene synthase. 

In Chapter 8, we examine the impact of mutating a single active site residue on the 
promiscuity of amorphadiene synthase. This enzyme converts farnesyl pyrophosphate 
to the major product amorpha-4,11-diene along with several minor products such as β-
farnesene, γ-humulene, α-bisabolol, amorpha-4,7-diene and amorpha-4-en-11(7)-ol. 
We highlight mutants that increase the production of one or more of these minor 
products at the expense of the major amorpha-4,11-diene and examine the reason for 
the shift in the major route of the mechanism using the amorphadiene synthase model 
presented in chapter 6. 

Chapter 9 is an editorial comment on “Fang, X., Li, J.X., Huang, J.Q., Xiao, 
Y.L., Zhang, P., Chen, X.Y. (2017) Systematic identification of functional residues 
of Artemisia annua amorpha-4,11-diene synthase. Biochem J, 474, 2191-2202” 
shedding light on some of the structure-function relations of amorphadiene 
synthase and reported kinetic properties of the wild type enzyme. 

In Chapter 10 and 11, the work presented in this thesis is summarized, final 
conclusions are drawn, and suggestions for future perspectives are described. 
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Abstract 

Terpenoids represent the largest class of natural products with a diverse array of 
structures and functions. Many terpenoids have reported therapeutic properties such as 
antimicrobial, anti-inflammatory, immunomodulatory and chemotherapeutic 
properties making them of great interest in the medical field. Also, they are widely used 
in the flavors and fragrances industries, in addition to being a source of biofuels. 
Terpenoids suffer from low natural yields and complicated chemical synthesis, hence 
the need for a more sustainable production method. Metabolic engineering provide an 
excellent opportunity to construct microbial cell factories producing the desired 
terpenoids. The biosynthetic mevalonate and non-mevalonate pathways involved in the 
production of terpenoid precursors are fully characterized so exploring methods to 
improve their flux would be the first step in creating a successful cell factory. The 
complexity and diversity of terpenoid structures depends mainly on the action of the 
terpene synthases responsible for their synthesis. These enzymes are classified into 
different classes and gaining insight into their catalytic mechanism will be useful in 
designing approaches to improve terpenoid production. This review focuses on the 
biosynthesis and biodiversity of terpenoids, understanding the terpene synthase 
enzyme family involved in their synthesis and the engineering efforts to create 
microbial cell factories for terpenoid production. 
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Introduction 

Nature is a treasure chest of an infinite number of commercially and/or medicinally 
significant compounds. Historically, most of new medicines have been derived from 
natural products (secondary metabolites) where chemical compounds from animals, 
plants and microbes have been invaluable in treating different human diseases ever 
since the dawn of medicine. Natural products have the inherent properties of high 
structural diversity and biochemical specificity making them leading scaffolds for drug 
discovery in addition to their use in food and fragrance industries[1-4]. It has been 
reported that 34% out of new small-molecule medicines approved by the Food and 
Drug Administration (FDA) in the period of 1981 to 2010 were actually natural 
products or derivatives of natural products[5]. Additionally, more than 60% of 
chemotherapy drugs and 75% of drugs for infectious diseases are of natural origin[6]. 

Terpenoids, with around 64,000 known compounds, are considered the largest and 
most diverse class of natural products. Terpenoids are secondary metabolites mostly 
produced by plants and some by bacteria or yeast. They occur in various chemical 
structures in an usual assortment of linear hydrocarbons or chiral carbocyclic skeletons 
with different chemical modifications such as hydroxyl, ketone, aldehyde and peroxide 
groups. Different terpenoidal molecules have been reported to have antimicrobial, 
antifungal, antiviral, antiparasitic, antihyperglycemic, antiallergenic, anti-
inflammatory, antispasmodic, immunomodulatory and chemotherapeutic properties. 
They can also be used as natural insecticides and protective substances in storing 
agriculture products. This diverse array of terpenoid structures and functions has 
incited great interest in their medicinal use and commercial applications as flavors, 
fragrances and spices. Moreover, terpenoids recently emerge as strong players in the 
biofuel market. Among the terpenoids with established medical applications are the 
antimalarial artemisinin and the anticancer Taxol[6-9]. 

This review delves into the world of terpenoids. A brief overview of the importance of 
terpenoids, their different classes and biosynthesis shedding more light on the key 
enzymes involved in their synthesis, namely terpene synthases. Additionally, the trend 
of biosynthesis of terpenoids in engineered microorganisms is discussed. 
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Biosynthesis of terpenoids 

Despite the enormous structural differences between terpenoids, they are all derived 
from the same C5 skeleton of isoprene. The terpenoidal backbone is synthesized from 
the two precursors: isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate 
(DMAPP) through a different number of repeats, rearrangement and cyclization 
reactions. Two distinct biosynthetic pathways for the formation of these universal 
precursors have been reported, the classical mevalonate (MVA) pathway and the most 
recently characterized 2C-methyl-D-erythritol-4-phosphate (MEP) pathway, also 
known as the 1-deoxy-D-xylulose- 5-phosphate (DXP) pathway. The MVA pathway is 
present in eukaryotes (all mammals, the cytosol and mitochondria of plants, fungi), 
archaea, and some eubacteria while the non-mevalonate pathway occur in eubacteria, 
algae, cyanobacteria, and the chloroplasts of plants. The MVA pathway comprises 
seven enzymatic reactions to convert the precursor acetyl-CoA to IPP and DMAPP 
(Figure 1) while the MEP pathway converts the starting materials, pyruvate and 
glyceraldehyde-3-phosphate, to IPP and DMAPP through eight enzymatic reactions 
(Figure 1)[10-12]. The linear prenyl diphosphates such as geranyl pyrophosphate (GPP), 
farnesyl pyrophosphate (FPP), geranylgeranyl pyrophosphate (GGPP), and farnesyl 
geranyl pyrophosphate (FGPP) are synthesized  from the two basic building blocks, IPP 
and DMAPP where a group of enzymes called prenyltransferases repeatedly add the 
active isoprene unit (IPP) to DMAPP or a prenyl diphosphate in consecutive head-to-
tail condensations leading to the production of a range of molecules with fixed lengths 
and stereochemistry. Geranyl pyrophosphate synthase (GPPS) and farnesyl 
pyrophosphate synthase (FPPS) catalyze the condensation of IPP and DMAPP to 
produce GPP (C10) and FPP (C15). Geranylgeranyl pyrophosphate synthase (GGPPS) 
and farnesyl geranyl pyrophosphate synthase (FGPPS) are responsible for formation of 
GGPP (C20) and FGPP (C25).  The precursors GPP, FPP, GGPP and FGPP, are cyclized 
and/or rearranged by different terpene synthase enzymes to produce the different 
classes of terpenoids[6, 13]. 
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Figure 1. Biosynthetic pathways for terpenoid production 
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Classification of terpenoids 

Terpenoids are usually classified according to the number and structural organization 
of the five carbon isoprene units involved in their synthesis as C5 hemiterpenoids, C10 
monoterpenoids, C15 sesquiterpenoids, C20 diterpenoids, C25 sesterterpenoids, C30 
triterpenoids, C40 tetraterpenoids, and C>40 polyterpenoids. The properties, significance 
and examples of the different classes are briefly discussed. 

1. Hemiterpenoids (C5) 

Hemiterpenoids are the smallest known terpenoids where they are composed of a 
single five carbon atoms unit. The most famous of which is the volatile hydrocarbon 
isoprene (Figure 2). Isoprene is a potential biofuel and a valuable polymer building 
block in the synthetic chemistry industry. Currently, About 95% of isoprene 
production is used to produce cis-1,4-polyisoprene, a synthetic version of natural 
rubber. The enzyme isoprene synthase is responsible for the conversion of DMAPP to 
produce isoprene. Many plants possess isoprene synthase but harvesting the volatile 
isoprene from plants is difficult. Hence, isoprene-producing microorganisms grown in 
a closed bioreactor offer a more suitable production system for isoprene[14]. 

2. Monoterpenoids (C10) 

Monoterpenoids are acyclic, monocyclic, or bicyclic C10 compounds synthesized from 
the substrate GPP by monoterpene synthases. Monoterpenoids are components of the 
essential oils extracted from many plants contributing to the flavor and aroma of these 
plants. They have high diversity and are widely used in pharmaceutical, cosmetic, 
agricultural and food industries. A few examples of monoterpenoids (Figure 2) are the 
acyclic myrcene from hops and linalool from lavender, the monocyclic menthol from 
mint and thymol from thyme, and the bicyclic eucalyptol from eucalyptus and 
camphor from camphor trees[15, 16]. 

3. Sesquiterpenoids (C15) 

Sesquiterpenoids are widely distributed in nature and represent the most prevailing 
class of terpenoids. They are acyclic, monocyclic, bicyclic or tricyclic C15 compounds 
synthesized from the substrate FPP by sesquiterpene synthases. Interestingly, another 
class of compounds bearing characteristic features as an α-methylene γ-lactone 
system; α, β-unsaturated carbonyls, or epoxides and chemically distinct from 
the sesquiterpenoids are collectively named sesquiterpenoid lactones. Both 
sesquiterpenoids and sesquiterpenoid lactones demonstrate a wide range of biological 
functions as antimicrobial, anti-inflammatory and antitumor agents. Some known 
sesquiterpenoids (Figure 2) are β-farnesene, α-humulene, zingiberene, and 
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caryophyllene. Among the most famous sesquiterpenoid lactones (Figure 2) are 
parthenolide and the antimalarial artemisinin[17, 18]. 

4. Diterpenoids (C20) 

Diterpenoids are structurally diverse non-volatile C20 hydrocarbons derived from the 
substrate GGPP by the diterpene synthase enzyme family. It has been reported that 
they mostly originate from plant or fungal sources, but they are also formed by certain 
insects as well as marine organisms. Chemical synthesis of these compounds is difficult 
due to their complex structures, and natural extraction is laborious so production in 
microbial hosts is of great interest. Taxol (Figure 2) is a well-known diterpenoid that is 
used in the treatment and management of cancer[6, 19]. 

5. Sesterterpenoids (C25) 

Sesterterpenoids are rare in nature and are formed from the precursor FGPP. They are 
generally found in protective waxes of insects and fungi[19]. 

6. Triterpenoids (C30) 

Triterpenoids are C30 hydrocarbons biosynthesized from six isoprene units where they 
share the acyclic precursor squalene. Based on the numerous possible manners of ring 
closure in squalene, a large number of triterpenoids having a diversity of skeleton 
structures can be produced. Squalene itself is a natural antioxidant and is used 
commercially in cosmetics, nutrition and in vaccines. Triterpenoids may be categorized 
into two major groups, the steroidal (C27) type with 27 carbon atoms present in the 
skeleton and the pentacyclic (C30) type. Cholesterol is an example of steroidal 
triterpenoids and hopane is a pentacyclic triterpenoid (Figure 2)[19]. 

7. Tetraterpenoids (C40) 

Tetraterpenoids are C40 compounds derived from phytoene formed by two C20 GGPP 
in a head-to-head condensation reaction. The most famous group of tetraterpenoids is 
the carotenoid pigments. Carotenoids have important biological functions due to their 
antioxidant activity, in addition to their commercial use as food colorants. Lycopene 
and zeaxanthin (Figure 2) are considered tetraterpenoids[19]. 



Chapter 1 

20 

Figure 2. Examples of the different classes of terpenoids 

Significance of selected terpenoids 

1. Artemisinin 

Artemisinin (Figure 2), also known as qinghao su, is a sesquiterpenoid lactone naturally 
produced by the plant Artemisia annua. The Nobel Prize was awarded to Youyou Tu in 
2015 for her discovery of artemisinin, which she denotes as a gift from traditional 
Chinese medicine to the world. Artemisinin-based combination therapies (ACTs) are 
endorsed by The World Health Organization (WHO) as the first-line treatment 
for Plasmodium falciparum malaria. The suggested mechanism of artemisinin is that its 
endoperoxide moiety interacts with heme, which is ample in malaria parasites, 
resulting in the generation of carbon-based free radicals which in turn cause death of 
the P. falciparum parasite. Recently, it has been reported that artemisinin has 
anticancer effect where cancer cells, similar to the malaria parasites, possess high 
concentration of free iron. Cell death also results from the formation of free radicals by 
the artemisinin-iron reaction. The benefit of artemisinin as an anticancer agent is not 
only its potency, but also its selectivity against cancer cells and low toxicity to normal 
cells. Artemisinin commercial production still largely relies on extraction from its 
natural source making ACTs more expensive than other less effective malaria 
treatments. Hence, research into creating microbial cell factories for sustainable 
production of artemisinin is of great importance[20-24].  
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2. Taxol 

Taxol (Figure 2), also known as paclitaxel, is a diterpenoid first isolated from the Taxus 
brevifolia bark. In 1982, it was approved by the FDA as a medicine against different 
forms of cancer, including various carcinoma’s (ovary, breast, lung, head, neck, bladder 
and cervix), melanoma and AIDS related Kaposi’s sarcoma. The activity of Taxol is 
based on inhibition of mitosis where it targets tubulin causing difficulty with the 
spindle assembly, cell division and also chromosome segregation. Recently, Taxol has 
been reported to be useful in treating neurodegenerative diseases such as Alzheimer’s 
disease. The main shortcoming of Taxol seems to be its mass production, which can be 
resolved by exploring microbial synthesis of paclitaxel since total chemical synthesis 
proves problematic due to its complex structure[25-27]. 

Terpene synthases 

Terpene synthases are a family of enzymes responsible for catalyzing the rearrangement 
and/or cyclization of the precursors GPP, FPP, and GGPP to produce the different 
classes of terpenoids. The involvement of a terpene synthase is an indispensable 
requirement for the production of terpenoids. The fascinating structural diversity of 
terpenoids is based on the orientation of their substrate in the active site of their 
correlated terpene synthase which then undergo a series of cyclizations and/or 
rearrangements to produce a certain terpenoid. Terpene synthases are classified into 
class I and class II terpene synthases based on their substrate activation mechanisms. 
Class I terpene synthases are characterized by catalyzing the ionization of the allylic 
diphosphate ester bond in their isoprenyl substrates while class II terpene synthases 
catalyze protonation-induced cyclization reaction of the substrate, sometimes followed 
by rearrangement. In addition to the different substrate activation mechanisms, the two 
different classes of terpene synthases possess unrelated protein folds. A class I terpene 
synthase uses a tri-nuclear metal cluster liganded by conserved metal ion binding 
motifs DDXXD and (N,D)DXX(S,T)XXXE (bold indicates typical metal ligands) to 
trigger the ionization of the diphosphate group of their substrate, which initiate 
catalysis by producing a carbocation. On the other hand, a class II terpene synthase 
employs general acid catalysis to initiate carbocation generation, using the middle 
aspartic acid in a DXDD motif to protonate a substrate double bond or oxirane moiety. 
It is also important to mention that terpene synthases can be further classified into 
transoid and cisoid subclasses. The transoid synthases catalyze the ionization of the 
(trans,trans)-substrate to generate a transoid intermediate carbocation constituting the 
backbone of their products while the cisoid synthases perform an initial C-C double 
bond isomerization producing a (cis,trans)-intermediate carbocation. This 
stereochemical distinction accounts for the transoid and cisoid distinct product 



Chapter 1 

22 

families. Terpene synthases have a wide array of product profile and it is not frequently 
likely to predict their product profile based on their primary structure alone. Hence, 
three-dimensional (3D) structures of the enzymes is essential in elucidating structure-
function relationships of the amino acid residues in different positions to the catalytic 
process. Reported structural analyses show a relationship between the catalytic 
mechanism and the topology of the active site pocket found at the carboxy-terminal 
domain. In spite of the general structural similarity of terpene synthases, the 
identification of individual amino acids that are associated with specific mechanistic 
steps is a difficult task. Promiscuous activity in terpenoid biosynthesis is ingrained in 
the leniency of the enzyme template that chaperones the conformations of malleable 
substrate(s) and intermediate(s) through multistep reactions till product formation. 
Therefore, there is numerous efforts directed towards probing active site residues of 
different terpene synthases aiming at testing structure-function relationships of protein 
residues and engineering enzymes with improved catalytic efficiency, product 
specificity or thermostability[13, 28-33]. 

1. Class I terpene synthases 

The class I terpene synthases are characterized by being ionization-initiating enzymes. 
Microbial Class I terpene synthases are composed of structurally homologous α 
domains, even in absence of readily obvious sequence homology. Their active site is 
found within the α domain, which assumes a common α-bundle fold where an 
aspartate-rich DDXX(XX)D/E motif alongside a less conserved 
(N,D)DXX(S,T,G)XXXE motif bind essential magnesium co-factors triggering the 
departure of the substrate pyrophosphate group, and simultaneously initiating the 
cyclization and rearrangement reactions. Contrary to microbial class I terpene 
synthases, most plant monoterpene and sesquiterpene synthases assume an αβ 
assembly wherein the α fold performs its usual function, but the β fold is inactive. In all 
class I terpene synthases, the formation of a complex of the substrate, metal ions and 
metal-ion binding motifs prompts conformational changes that sequester the active site 
from bulk solvent. This points out that the active site pocket does not adopt its 
product-like contour until after the binding of the substrate. The terpene synthases 
trigger ionization of the substrate only in this closed enzyme-substrate complex. After 
ionization, the initially formed allylic carbocation usually undergo cyclization and/or 
rearrangement. However, sometimes immediate deprotonation is observed 
corresponding with the more general designation of this enzyme family as synthases 
rather than cyclases (though this later nomenclature would better fit the majority of the 
enzymes in the family). Additionally, after cyclization and/or rearrangement, these 
enzymes usually deprotonate the final carbocation. Despite that, capture of water by the 
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final carbocation has been detected, with either direct deprotonation to form a 
hydroxyl group, or even subsequent cyclization before deprotonation, forming a cyclic 
ether. Finally, class I terpene synthases display a wide array of catalytic promiscuity. 
Some are fairly specific while others yield a distinctive range of products from the same 
substrate[28, 30, 34]. 

1.1. Hemiterpene synthases 

Isoprene synthase (ISPS) is the only known hemiterpene synthase. ISPS is responsible 
for the global production of isoprene in nature and biotechnology. ISPS active site 
contains magnesium ions that interact with the substrate dimethylallyl diphosphate 
(DMAPP) catalyzing the elimination of inorganic pyrophosphate to yield isoprene. The 
structure of ISPS reveals a shallower active site cavity compared to other class I terpene 
synthases, even the monoterpene synthases. This corresponds with its specificity for the 
smaller substrate DMAPP[28, 35]. 

1.2. Monoterpene synthases 

All monoterpene synthases catalyze the metal-dependent ionization and cyclization of 
the 10-carbon precursor geranyl pyrophosphate (GPP) to produce different 
monoterpenes. Monoterpene synthases accomplish outstanding structural and 
chemical diversity in their product assortments, despite their catalysis of the simplest 
terpene cyclization cascades where they use the shortest linear isoprenoid substrate[28, 

30]. Limonene synthase from Mentha spicata is an example of monoterpene synthase 
that quenches the final cyclized carbocation intermediate by deprotonation to form an 
olefin (limonene)[36]. Cineole synthase from Salvia fruticosa offers an example of the 
integration of water to form a cyclic ether (cineole)[37]. Bornyl diphosphate synthase 
from Salvia officinalis was the first monoterpene synthase to be structurally described 
and it displays a distinctive example of re-addition of the pyrophosphate anion to the 
cyclized final carbocation producing bornyl diphosphate[38]. Microbial monoterpene 
synthases possess only an α-domain (Figure 3a) while the plant enzymes has both α and 
β-domains (Figure 3b). 

1.3. Sesquiterpene synthases 

Sesquiterpene synthases are responsible for catalyzing the conversion of farnesyl 
pyrophosphate (FPP) into more than 300 known monocyclic, bicyclic, and tricyclic 
products. In general, there is low amino acid sequence identity amid sesquiterpene 
synthases from bacteria, fungi, and plants. However, these enzymes assume the 
distinctive class I terpene synthases fold where there structural homology comprises 
not just the α-helical domain but also the signature metal ion binding motifs within, 
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linked to binding the metal co-factors essential for catalysis. Pentalenene synthase from 
Streptomyces UC5319, and epi-isozizaene from Streptomyces coelicolor A3(2), 
trichodiene synthase from Fusarium sporotrichioides, and aristolochene synthase from 
Penicillium roqueforti are examples of  bacterial and fungal sesquiterpene synthases, 
respectively. Their reported crystal structures depict the characteristic α-domain of this 
class (Figure 3a). On the other hand, plant sesquiterpene synthases such as epi-
aristolochene synthase from Nicotiana tabacum, δ-cadinene synthase from Gossypium 
arboretum, and Artemisia annua α-bisabolol synthase contain an N-terminal domain, 
in addition to the α-domain (Figure 3b). This extra domain (β-domain) resembles class 
II terpene synthase fold and is catalytically silent but plays a part in capping the active 
site of the C-terminal domain[28, 30, 39].  

1.4. Diterpene synthases 

Diterpene synthases catalyze the cyclization of the linear C20 geranylgeranyl 
pyrophosphate (GGPP) to produce a range of cyclic and polycyclic diterpenes. Among 
the very few characterized diterpene synthases are taxadiene synthase from Taxus 
brevifolia tree and abietadiene synthase from Abies grandis. These plant diterpene 
synthases contain three domains where in addition to the usual plant terpene synthase 
β and α domains, they possess a γ domain (figure 3c)[28-30]. 

2. Class II terpene synthases 

The class II terpene synthases are characterized by being protonation-initiating 
enzymes. This class is composed of Class II diterpene synthases and triterpene 
synthases which can be squalene-hopene or oxido-squalene synthases. Bacterial 
diterpene synthases and all triterpene synthases comprise β and γ domains (Figure 3d) 
while plant class II diterpene synthases consist of α, β and γ domains (Figure 3e). Their 
active site is located between β/γ domains, both of which display an α-barrel fold where 
a DXDD motif in the β domain offers the proton donor that activates initial 
carbocation formation. After the initial carbocation production, these enzymes often 
catalyze stereochemically complex cyclization reactions producing from one to five 
rings, followed with subsequent rearrangement. Similar to the class I terpene synthases, 
enzymes of this class do not essentially directly deprotonate the final carbocation but 
sometimes water is captured tailed by deprotonation to form a hydroxylated product. 
Also they exhibit a wide range of catalytic promiscuity[28, 30]. 
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Figure 3. Schematic representation of the general structure of different terpene synthases. 
(a) Microbial class I mono- and sesquiterpene synthases. (b) Plant class I mono- and
sesquiterpene synthases. (c) Plant class I diterpene synthases. (d) Class II triterpene and
bacterial diterpene synthases. (e) Plant Class II diterpene synthases.
Note that the α domain is in blue, β domain in green, γ domain in yellow and N-terminal in
purple. The metal ion binding motifs DDXX(XX)D/E and (N,D)DXX(S,T,G)XXXE are in
orange and pink, respectively. The DXDD motif is in brown. The three yellow balls represent
magnesium ions and the red side chain is the pyrophosphate group of the substrate.

3. Selected terpene synthases 

3.1. Amorpha-4,11-diene synthase 

Amorphadiene synthase (ADS) is a class I cisoid sesquiterpene synthase. It is a key 
enzyme in the biosynthesis of the antimalarial drug artemisinin in the plant Artemisia 
annua where it catalyzes the first rate limiting step of converting the substrate FPP to 
amorpha-4,11-diene which is the precursor of artemisinin. There is no crystal structure 
reported for ADS, however, a 3D homology model representing the conformation of 
this enzymes has been recently published (Figure 4a). The model was constructed using 
another sesquiterpene synthase from Artemisia annua as a template, namely, α-
bisabolol synthase (BOS). Both ADS and BOS share high sequence identity which made 
BOS the ideal template for homology modelling of ADS. The created model of ADS 
showed the characteristic metal-ion binding motifs of class I terpene synthases 
chelating three magnesium ions in the active site. In addition, the substrate FPP was 
docked in the active site and its correct orientation was confirmed. Since ADS belongs 
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to the cisoid family, its multistep mechanism begins with isomerization of the C2-C3 
double bond of FPP to produce nerolidyl diphosphate (NPP) which is ionized into a 
2,3-cis-farnesyl cation. This cation will initially undertake 1,6-cyclization to give 
bisabolyl cation followed by 1,10-ring closure to produce the major product amorpha-
4,11-diene. Probing of different amino-acid residues in the active site of ADS helped in 
providing more insight into its catalytic mechanism. Moreover, efforts of engineering 
ADS to improve catalytic efficiency and alter product profile have yielded interesting 
results[24, 40]. 

3.2. Taxadiene synthase 

Taxadiene synthase (TXS), a class I diterpene synthase, catalyzes the first step in 
biosynthesis of Taxol in the bark of Taxus brevifolia by metal-dependent cyclization of 
GGPP to produce taxa-4(5),11(12)-diene which is the precursor of Taxol. The full-
length of the enzyme is 862-residue (98 kD) but a terminal transit sequence of around 
80 amino acid residues is cleaved off after maturation in plastids. Hence, the reported 
crystal structure of TXS is that of a truncated variant, lacking the transit sequence, 
complexed with its substrate (GGPP) (Figure 4b). This enzyme have a tri-domain 
structure where it possesses not only the typical plant terpene synthase β and α 
domains, but also a γ domain, that is inserted between the first and second helices of 
the β domain so its final structure contains both class I and class II folds. The enzyme 
C-terminal contains conserved metal-binding motifs with three magnesium metal
clusters to bind and activate the substrate but the N-terminal and insertion domain lack
the characteristic DXDD motif indicating that the enzyme functions as a class I terpene
synthase[28, 29].

Figure 4. (a) Reported 3D model of amorpha-4,11-diene synthase. 
(b) Reported crystal structure of taxadiene synthase.
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Engineering microbial cell factories for terpenoid production 

The need for sustainable production of terpenoids, being a very famous class of natural 
products, is massive. The problem of low natural yield of terpenoids and expensive or 
difficult chemical synthesis can be overcome by engineering microbial cells to act as 
biofactories for the sustainable production of terpenoids. This approach would require 
transfer of biosynthetic pathways from the native source of terpenoids to these 
microbes with all its challenges. These microbial factories provide the benefits of the 
use of cheap carbon sources, ability to increase production yield by genetic 
manipulation, and environmentally friendly chemistry. Since all terpenoids originate 
from the same C5 precursors IPP and DMAPP produced by MVA or MEP pathway, 
engineering a platform strain producing large amounts of these precursors is beneficial 
for manufacturing different types of terpenoids where the terpene synthase responsible 
for production of a terpenoid of interest can be directly introduced into the platform 
strain. In the last few decades, biosynthesis of terpenoids in microorganisms has 
focused mostly on carotenoids along with precursors for important drugs such as 
artemisinin and Taxol[41, 42]. Escherichia coli is one of the most widely used platform 
organisms. Numerous reports exploiting its inherent MEP pathway by overexpression 
for production of terpenoids were successful. Also, efforts were made to introduce the 
heterologous MVA pathway in E. coli. Numerous terpenoids including amorphadiene 
and taxadiene were effectively produced in E. coli. One of the drawbacks of E.coli is the 
possibility of contamination of the final product by endotoxins which make it until 
now not designated as a Generally Regarded As Safe (GRAS) organism by the FDA[43, 

44]. Another organism that has been widely researched for terpenoid production is the 
yeast Saccharomyces cerevisiae. S. cerevisiae can tolerate low pH and increased osmotic 
pressure compared to bacteria making it highly favored in industry. This yeast 
possesses an endogenous MVA pathway, however most of the FPP produced by the 
pathway is consumed for production of sterols. Hence, researchers focused 
on increasing the pool of the GPP, FPP, and GGPP precursors for terpenoid 
production. This can be achieved by the suppression of competing pathways that drain 
these precursors along with upregulation of the MVA pathway and expression of the 
desired terpene synthases. The major disadvantage of S. cerevisiae is its slow growth 
rate so it would take more time to produce the same terpenoid compared to E. coli[9, 45]. 
In the recent years, interest in using Bacillus subtilis as a cell factory for terpenoid 
production has grown. B. subtilis is a Gram-positive bacteria that contains an inherent 
MEP pathway capable of isoprene production in amounts higher than most eubacteria 
counting E. coli. It has a high growth rate, extensive substrate range and is considered a 
GRAS organism by the FDA. Hence, B. subtilis emerges as a strong candidate for 
terpenoid production by enhancing the MEP pathway flux. Overexpression of the MEP 
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pathway genes, dxs and idi, increased the production of amorphadiene in B. subtilis. 
Also, Expression of heterologous CrtM and CrtN genes in B. subtilis successfully 
allowed the production of C30 carotenoids. The production of these carotenoids was 
further enhanced by overexpression of different MEP pathway genes, in addition to, 
allowing the systematic analysis of the functionality of the different MEP pathway 
enzymes[8, 46-48]. Furthermore, Photosynthetic microorganisms as cyanobacteria offer an 
additional advantage in production of terpenoids over both plants and other microbial 
systems. Similar to plants, they have the ability to directly use CO2 as their carbon 
source and light as their source of energy. They can even perform that more efficiently 
with faster growth rates and improved solar energy conversion than plants. 
Simultaneously, certain strains of cyanobacteria have the same upsides as other 
microbial systems where they can grow to high densities in photobioreactors, can be 
genetically modified, and provide simpler extraction and purification processes for the 
target terpenoid than plant systems. Also, they provide better likelihood of functional 
expression of plant enzymes and metabolic pathways compared to other microbial 
systems[14, 49]. 

Future perspectives 

In the medicinal and commercial market, terpenoids will always be valuable 
compounds of vast interest. The biosynthetic pathways involved in terpenoid 
production are fully described, however, more insight into the catalytic mechanism of 
the enzymes involved in these pathways, especially terpene synthase, is of grave 
importance. The characterization of different terpene synthases and exploring the 
structure-function relationships of their amino acid residues with regard to their 
interaction with the substrate will be the basis of manipulating these enzymes. Protein 
engineering of terpene synthases will provide the chance to improve the enzymes 
stability, catalytic efficiency and product specificity aiming at more sustainable 
production of their respective terpenoids. In spite of the progress made in 
understanding microbial metabolic regulation and creating suitable genetic tools, there 
are several challenges still facing the construction of microbial cell factories for the 
commercial production of terpenoids. These challenges can be summarized into the 
precursor supply problem, pathway optimization, microbial tolerance, and efficient 
product extraction. The future research should focus on further optimization of flux 
through MEP or MVA pathways to provide high supply of precursors and engineering 
terpene synthase enzymes to increase the production of desired terpenoids. Also, 
efforts should be made to improve microbial tolerance to high levels of terpenoid 
production and to develop suitable extraction methods of terpenoids, especially volatile 
ones, during production. 
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Abstract 

Terpenoids are the largest group of small-molecule natural products, with more than 
60,000 compounds made from isopentenyl diphosphate (IPP) and its isomer 
dimethylallyl diphosphate (DMAPP). As the most diverse group of small-molecule 
natural products, terpenoids play an important role in the pharmaceutical, food, and 
cosmetic industries. For decades, Escherichia coli (E. coli) and Saccharomyces cerevisiae 
(S. cerevisiae) were extensively studied to biosynthesize terpenoids, because they are 
both fully amenable to genetic modifications and have vast molecular resources. On the 
other hand, our literature survey (20 years) revealed that terpenoids are naturally more 
widespread in Bacillales. In the mid-1990s, an inherent methylerythritol phosphate 
(MEP) pathway was discovered in Bacillus subtilis (B. subtilis). Since B. subtilis is a 
generally recognized as safe (GRAS) organism and has long been used for the industrial 
production of proteins, attempts to biosynthesize terpenoids in this bacterium have 
aroused much interest in the scientific community. This review discusses metabolic 
engineering of B. subtilis for terpenoid production, and encountered challenges will be 
discussed. We will summarize some major advances and outline future directions for 
exploiting the potential of B. subtilis as a desired “cell factory” to produce terpenoids. 
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Introduction 

Nature provides an infinite treasure of complex molecules[1] which have served as leads 
and scaffolds for drug discovery in the past centuries[2-4]. Numerous reports have 
detailed their diverse structures and biological functions. The largest and most diverse 
class of small-molecule natural products is the terpenoids, also known as isoprenoids or 
terpenes[5]. The Dictionary of Natural Products describes approximately 359 types of 
terpenoids, which comprise 64,571 compounds (as of May 2015). Since these 
terpenoids accounted for ca. 24.11% (64,571 of 267,783) of all natural products 
(recorded in the dictionary, http://dnp.chemnetbase.com/) and are required for 
biological functions in all living creatures,  they indisputably play a dominant role in 
both the scientific community and the commercial world[6].  

Along with a growing attraction for sustainable production, great interest has been 
expressed in biotechnological production of chemical products in general and 
terpenoids in particular. Since the 1990s, the interest in biosynthesizing terpenoids has 
skyrocketed, especially for desperately needed efficacious drugs such as artemisinin[7-13] 
and Taxol[14, 15]. In the past 20 years, most research has focused on using Escherichia 
coli, the host with the most advanced genetic tools, for biosynthesis of terpenoids 
(Figure 1). Intensive experimentation in E. coli has led to high yield production of some 
isoprenoids. However, uncertainty still looms around some aspects such as genetic 
engineering, characterization, reliability, quantitative strategy and independence of 
biological modules[16]. More options are needed to validate and optimize cell factories 
for terpenoid production. According to PubMed data, in comparison to other 
microorganisms, Bacillales (47.32%) naturally possess more genes and proteins related 
to terpenoid biosynthesis pathways (Figure 1), but surprisingly little research effort has 
been devoted to the study of Bacillales as factories for natural products. 

In the mid-1990s, it was discovered that B. subtilis, a member of Bacillales that has a 
fast growth rate and is considered GRAS [17-19], has inherent MEP pathway genes[20, 21]. 
The interest rose in B. subtilis as it has been used extensively for the industrial 
production of proteins[22-24]. In addition, it was also reported that Bacillus is the highest 
isoprene producer among all tested microorganisms including E. coli, Pseudomonas 
aeruginosa, and Micrococcus luteus. The reported isoprene production rate (B. subtilis 
ATCC 6051) is 7 to 13 nmol per gram cells per hour[21]. This high yield makes it a 
promising microbial host for terpenoid biosynthesis[25, 26]. Furthermore, B. subtilis has a 
wide substrate range and is able to survive under harsh conditions. Owing to its innate 
cellulases, it can even digest lignocellulosic materials and use the pentose sugars as its 
carbon source, hence decreasing the cost of biomass pretreatment[27, 28]. Here, we review 
major progress in metabolic engineering of B. subtilis for synthesizing terpenoids. The 

http://dnp.chemnetbase.com/
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related pathway enzymes, genetic engineering reports, terpenoid detection methods, 
and their advantages and challenges will be summarized and discussed. We hope to 
provide a comprehensive review for exploiting the potential of B. subtilis as a cell 
factory for terpenoid production. 

Figure 1. Percent of terpenoid biosynthesis related articles and terpenoid related gene 
reports, by source. 

(A) Percent of terpenoid biosynthesis related articles, by source. (B) Publication amount of
terpenoid biosynthesis related articles, by year. (C) Percent of terpenoid related gene reports, by 

source. 

Inherent terpenoid biosynthetic pathways of B. subtilis 

Terpenoids are synthesized based on isoprene (C5) units. In terpenoid biosynthetic 
pathways, IPP and DMAPP (C5 unit, diphosphate isoprene forms) are the basic 
terpenoid building blocks, generated by the Mevalonate and MEP pathways (the 
terpenoid backbone biosynthesis upstream pathways). The terpenoid backbone 
downstream pathway is responsible for biosynthesis of geranyl diphosphate (GPP), 
farsenyl diphosphate (FPP), and geranylgeranyl diphosphate (GGPP), which are the 
precursors of monoterpenoids (C10), sesquiterpenoids (C15), and diterpenoids (C20), 
respectively. B. subtilis has 15 inherent enzymes, belonging to five terpenoid 
biosynthesis pathways: two terpenoid backbone biosynthesis upstream pathways (the 
mevalonate pathway and MEP pathway), the terpenoid backbone biosynthesis 
downstream pathway, carotenoid biosynthesis pathway, and ubiquinone and other 
terpenoid-quinone biosynthesis pathway (Table 1, Figure 2). For decades, isoprene 
yield has been considered the bottleneck for all terpenoid biosynthesis. Thus, to 
construct a cell platform which can produce and tolerate high amounts of isoprene and 
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downstream intermediates is crucial. Since B. subtilis possesses all of the eight MEP 
pathway enzymes and can naturally produce high amounts of isoprene, it appears to be 
an ideal choice to utilize overexpression mutants of these enzymes to increase isoprene 
production. 

Figure 2. B. subtilis inherent terpenoid biosynthesis pathways. 

However, there are few reports on the B. subtilis MEP pathway. Most of the MEP 
pathway studies are based on E. coli. Withers and Keasling have described the MEP 
pathway of E. coli briefly[29]. Kuzuyama and Seto[30] clearly illustrated the enzymes and 
reactions involved in the MEP pathway. Carlsen summarized MEP pathway reactions 
and cofactors in a table[31]. More details can be found in Zhao’s review[32]. As the 
kinetics of the MEP pathway enzymes are still unknown, it is unclear which step 
represents the largest barrier. Thus the lack of knowledge about the kinetic parameters 
of the key enzymes is the main obstacle facing metabolic engineering of the MEP 
pathway in B. subtilis to produce terpenoids. Besides that, the low number of reports 
about using the B. subtilis MEP pathway to produce terpenoids highlights the need for 
more research in this area. 
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Table 1. B. subtilis inherent terpenoid biosynthesis enzymes 

Inherent pathways EC number Strains 

Mevalonate pathway 2.3.1.9 Bacillus subtilis subsp. subtilis 168 
Bacillus subtilis subsp. subtilis RO-NN-1 
Bacillus subtilis subsp. subtilis BSP1 
Bacillus subtilis subsp. subtilis 6051-HGW 
Bacillus subtilis subsp. subtilis BAB-1 
Bacillus subtilis subsp. subtilis AG1839 
Bacillus subtilis subsp. subtilis JH642 
Bacillus subtilis subsp. subtilis OH 131.1 
Bacillus subtilis subsp. spizizeniiW23 
Bacillus subtilis subsp. spizizeniiTU-B-10 
Bacillus subtilis subsp. natto BEST195 
Bacillus subtilis BSn5 
Bacillus subtilis QB928 
Bacillus subtilis XF-1 
Bacillus subtilis PY79 

MEP/DOXP pathway 

2.2.1.7, 1.1.1.267, 
2.7.7.60, 2.7.1.148, 
4.6.1.12, 1.17.7.1, 
1.17.1.2, 5.3.3.2 

Terpenoid backbone 
biosynthesis (downstream) 

2.5.1.1, 2.5.1.10, 
2.5.1.29, 2.5.1.30, 
2.5.1.31 

Ubiquinone & other terpenoid- 
quinone biosynthesis 

2.5.1.74, 2.1.1.163, 
2.5.1.- 

Carotenoid biosynthesis 2.5.1.32 

Detailed information can be found at KEGG website, http://www.kegg.jp/. 
Underlined enzymes (B. subtilis): functional parameters can be found at the BRENDA website, 
http://brenda-enzymes.info/index.php.  
2.3.1.9, acetyl-CoA acetyltransferase, yhfS. 
2.2.1.7, 1-deoxy-D-xylulose-5-phosphate synthase, dxs. 
1.1.1.267, 1-deoxy-D-xylulose 5-phosphate reductoisomerase, dxr. 
2.7.7.60, 2-D-methyl-D-erythritol 4-phosphate cytidylyltransferase, ispD. 
2.7.1.148, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, ispE. 
4.6.1.12, 2-D-methyl-D-erythritol 2,4-cyclodiphosphate synthase, ispF. 
1.17.7.1, (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase, ispG. 
1.17.1.2, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase, ispH. 
5.3.3.2, isopentenyl-diphosphate delta-isomerase, idi. 
2.5.1.1, 2.5.1.10, 2.5.1.29, geranylgeranyl diphosphate synthase, type II, ispA. 
2.5.1.30, heptaprenyl diphosphate synthase component 2, hepT. 
2.5.1.31, undecaprenyl diphosphate synthase, uppS. 
2.5.1.74, 2.5.1.-, 1,4-dihydroxy-2-naphthoate octaprenyltransferase, menA. 
2.1.1.163, demethylmenaquinone methyltransferase, ubiE. 
2.5.1.32, phytoene synthase, crtB. 

Here, we summarize information about the MEP pathway: 
1. The initial enzyme in the MEP pathway is 1-deoxy-D-xylulose-5-phosphate synthase
(dxs), which forms 1-deoxy-D-xylulose 5-phosphate (DXP) by the condensation of D-
glyceraldehyde 3-phosphate (GAP) and pyruvate. This enzyme is not specific for the
MEP pathway, but also plays a role in thiamine metabolism[33], which shares the flux
with the MEP pathway. Gene knock-out results[26], suggest that overexpressing dxs may

http://www.kegg.jp/
http://brenda-enzymes.info/index.php
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result in a significant improvement in terpenoid production without notable toxicity to 
the host cell[34, 35]. Previous studies in other bacteria also supported the theory that dxs 
may be the first rate-limiting step of the MEP pathway, as overexpressing dxs can 
increase isoprenoid production[36-38]. Moreover, compared to the mevalonate pathway, 
the theoretical mass yield of terpenoids from glucose is 30% from DXP, 5% higher than 
the yield from MVA[39, 40], which emphasizes the importance of dxs in the MEP 
pathway. 

2. The enzymes 4-diphosphocytidyl-2-C-methyl-D-erythritol synthase (ispD), 4-
diphosphocytidyl-2-C-methyl-D-erythritol kinase (ispE), and 2-C-methyl-D-erythritol
2,4-cyclodiphosphate synthase (ispF) are required to convert MEP to 2-C-methyl-D-
erythritol 2,4-cyclodiphosphate (MECDP)[41-45]. In most organisms containing MEP
pathway homologs, the genes encoding ispD and ispF are neighbors on the
chromosome with the ispE at a distal location. They are also regarded as key enzymes in
the MEP pathway[14, 34, 46, 47]. IspD and ispF are essential for cell survival, due to their
significant impact on cell wall biosynthesis and depletion [48]. IspE has also been
identified as  crucial for survival of pathogenic bacteria and essential in Mycobacterium
smegmatis[49].
3. The most controversial enzymes in the MEP pathway are 1-deoxy-D-xylulose-5-
phosphate reductoisomerase (dxr) and isopentenyl-diphosphate delta-isomerase (idi).
Some researchers consider them as key enzymes in MEP pathway[50-53], while others
find that they are not essential, at least in some cases[35, 38, 54-56].As far as we know now,
there are two families of idi, B. subtilis possesses type 2 idi, which was considered as a
non-essential enzyme in the bacillus MEP pathway[26, 57].

4. Other important enzymes in the MEP pathway are (E)-4-hydroxy-3-methylbut-2-
enyl-diphosphate synthase (ispG) and 4-hydroxy-3-methylbut-2-enyl diphosphate
reductase (ispH), but their catalytic mechanisms are still unclear[32]. The enzyme ispH
catalyzes the 2H+∕2e− reduction of hydroxy-2-methyl-2-butenyl-4-diphosphate
(HMBDP) producing an approximately 5:1 mixture of IPP and DMAPP in return[58].
This enzyme and ispG are deemed essential enzymes for cell survival (Liu et al. 2012;
Rohmer 2008). It has been reported that ispG can effectively reduce the efflux of
methylerythritol cyclodiphosphate (MECDP), resulting in a significant increase in
downstream terpenoid production[59, 60].It was said that ispG can effectively reduce the
efflux of methylerythritol cyclodiphosphate (MECDP), resulting in a significant
increase in downstream terpenoid production[61]. Additional information on the bio-
organometallic chemistry of ispG and ispH can be found in Wang’s review[62].
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Genetic engineering of B. subtilis 

Most of the knowledge about the MEP pathway was obtained from research in E. coli 
and other bacteria. Therefore, research into the progress of genetic engineering of MEP 
pathway enzymes in B. subtilis can provide more direct support for utilizing B. subtilis 
as a microbial host for terpenoid biosynthesis.  

Wagner first described the phases of isoprene formation during growth and 
sporulation of B. subtilis[63]. They found that isoprene formation is linked to glucose 
catabolism, acetoin catabolism, and sporulation. One possible mechanism is that 
isoprene is a metabolic overflow metabolite released when flow of carbon to higher 
isoprenoids is restricted. This phenomenon can be illustrated as follows: (a) when cells 
are rapidly metabolizing the available carbon sources, isoprene is released, (b) when 
less carbon is available during transitions in carbon assimilation pathways, isoprene 
production declines, and (c) when cell growth ceases and spore formation is initiated, 
production of isoprene continues. In 2000, it was confirmed that isoprene is a product 
of the MEP pathway in B. subtilis[25]. It was also reported that isoprene release might be 
used as a barometer of central carbon flux changes during the growth of Bacillus 
strains[64]. Besides that, the activity of isoprene synthase (ISPS) was studied by using 
permeabilized cells. When grown in a bioreactor, B. subtilis cells released isoprene in 
parallel with the ISPS activity[65]. In order to gain more insight into the MEP pathway of 
B. subtilis, conditional knockouts of the MEP pathway genes of B. subtilis were
constructed, then the amount of emitted isoprene was analyzed. The results show that
the emission of isoprene is severely decreased without the genes encoding dxs, ispD,
ispF or ispH, indicating their importance in the MEP pathway. In addition, idi has been
proven not to be essential for the B. subtilis MEP pathway[26]. Xue and Ahring first tried
to enhance isoprene production by modifying the MEP pathway in B. subtilis. They
overexpressed the dxs and dxr genes. The strain that overexpressed dxs showed a 40%
increase in isoprene yield compared to the wild type strain, whereas in the dxr
overexpression strain, the isoprene level was unchanged. Furthermore, they studied the
effect of external factors, and suggested that 1% ethanol inhibits isoprene production,
but the stress factors heat (48°C), salt (0.3 M), and H2O2 (0.005%) can induce the
production of isoprene. In addition, they found that these effects are independent of
SigB, which is the general stress-responsive alternative sigma factor of B. subtilis[38].
Hess et al. co-regulated the terpenoid pathway genes in B. subtilis. Transcriptomics
results showed that the expression levels of dxs and ispD are positively correlated with
isoprene production, while on the other hand, the expression levels of ispH, ispF, ispE,
and dxr are inversely correlated with isoprene production. Moreover, their results
supported Xue’s conclusions about the effect of external factors[66].
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In 2009, Yoshida et al. first successfully transcribed and transfected crtM and crtN 
genes into B. subtilis to direct the carbon flux from the MEP pathway to C30 carotenoid 
biosynthesis, and successfully produced 4,4’-diapolycopene and 4,4’-
diaponeurosporene[67]. Thereafter, Maeda reported a method to produce glycosylated 
C30 carotenoic acid by introducing Staphylococcus aureus (S. aureus) crtP and crtQ 
genes into B. subtilis, together with crtM and crtN[68]. Later, Zhou overexpressed dxs, 
and idi genes along with introducing ads (ads encodes the synthase which cyclizes 
farnesyl diphosphate into amorphadiene) in B. subtilis and got the highest yield of 
amorphadiene (~20 mg/L) at shake-flask scale. They thought that the lack of genetic 
tools for fine-tuning the expression of multiple genes is the bottleneck in production of 
terpenoids in B. subtilis. So they modified B. subtilis genes by using a two-promoter 
system to independently control the expression levels of two gene cassettes[69].After 
that, Xue et al. systematically studied the B. subtilis MEP pathway enzymes[53]. A series 
of synthetic operons expressing MEP pathway genes were analyzed by using the level of 
C30 carotenoid production as a measure of the effect of those modulations. All of the 
overexpressed gene constructs showed higher production of carotenoids compared to 
wild type. Dxs and dxr (8-fold and 9.2-fold increase in carotenoid production) has been 
validated as the most productive part of the MEP pathway genes in this study.  

Other reports are related to C35 terpenoids and their enzymes, which were found in B. 
subtilis, like heterodimeric enzyme, heptaprenyl diphosphate synthase (HepS and 
HepT) and tetraprenyl-β-curcumene synthase (YtpB), which are responsible for 
forming long prenyl diphosphate chains (C35)[70]. As Heider noted in his review, B. 
subtilis has not yet been a major focus to produce carotenoids[71]. Furthermore, we 
cannot find other research about terpenoid biosynthesis in B. subtilis. Since B. subtilis 
possesses many advantages as mentioned above in the introduction section, 
biosynthesis of terpenoids via the B. subtilis MEP pathway could be both an 
opportunity and a challenge. 

Detection and metabolomics methods for engineering terpenoid pathway 

As is known, most metabolic engineering work improved by using a combination of 
random and targeted approaches. Mariët and Renger[1] pointed out that the selection of 
these targets has depended at best on expert knowledge, but to a great extent also on 
“educated guesses” and “gut feeling”. Consequently, time and money are wasted on 
irrelevant targets or only a minor improvement result. Along with the development of 
systems biology, metabolomics, a technology that includes non-targeted, holistic 
metabolite analysis of the cellular and/or environmental changes combined with 
multivariate data analysis tools is being increasingly used to replace empirical 
approaches for targeted natural product biosynthesis[7].Gregory’s group[14] has used 
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metabolomic analysis of their previous strains, leading them to identify a noticeable 
metabolite by-product that inversely correlated with taxadiene accretion. This hint 
helped them to achieve approximately 1 gram per liter taxadiene from E. coli. 

Because the research on the Bacillus MEP pathway is still at an early stage, it is urgent 
to develop guidelines for unbiased selection of the best rational design approach to 
engineering the terpenoid. The newest developments of metabolomics, meta-omics, 
computer and mathematic sciences offer more options for not only unbiased selection 
and ranking methods but also high-throughput and more precise prediction models 
that enable a mechanistic description of microbial metabolic pathways[6, 12]. Scheme 1 
summarizes the workflow, essential reports and resources for the study of terpenoid 
microbial metabolomics. 

To observe and optimize the terpenoid biosynthesis pathways, detection methods are 
also crucial. The techniques that are currently employed in the study of microbially 
produced terpenoids are usually gas chromatography-mass spectrometry (GC-MS) and 
liquid chromatography-MS (LC-MS). Other techniques such as nuclear magnetic 
resonance (NMR)[72] and raman spectroscopic analysis[73] are also used in terpenoid 
analysis, although compared with MS based coupling techniques, they are less sensitive 
and/or reliable. Most likely, the currently existing methods for the quantitative 
determination of terpenoids in bacteria are sufficient. There are numerous articles 
about quantifying and identifying terpenoids (esp. carotenoids, see Foppen’s tables[74]) 
in plants, microorganisms and other organisms. Most of these methods can be applied 
in B. subtilis.  

In 1995, Kuzma discovered that B. subtilis can produce isoprene efficiently[21]. This 
Colorado research group focused on the isoprene biosynthesis mechanism in B. subtilis. 
They used GC, GC-MS, HPLC, 13C and 2H labeling methods, non-radioactive methods, 
and on-line chemical-ionization mass spectrometry (CIMS) to measure isoprene and 
MEP pathway metabolites[21, 25, 63, 64, 75, 76]. Table 2 summarizes their methods, as well as 
more recent methods to detect and analyze B. subtilis terpenoid metabolites.  

As is the case for biosynthesis of different chemical compounds, genetic modification 
often leads to dead ends. The difficulties in metabolic engineering of bacteria for 
terpenoid production normally are not terpenoid detection but problems in the 
complex metabolic net[77].Although the latest reports[61, 69] describe a promising method 
that can simultaneously detect MEP pathway intermediates, the repeatability is not as 
good for CDP-MEP as for the other intermediates, especially when the amount of 
CDP-MEP in bacteria is very low (summarized MS information of MEP pathway 
metabolites can be found in Table 3). In addition, even if the reported methods are 
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sufficient to analyze all the MEP pathway intermediates, it is still difficult to predict and 
identify the unknown mechanisms for improving terpenoid production and other 
relevant compounds due to the fact that all of the MEP pathway enzymes are also 
involved in other metabolic activities (http://www.kegg.jp/). Cho’s untargeted 
metabolomic study[78] may have pointed out a direction that can help solve some of 
these problems, whereas few untargeted metabolomics research for B. subtilis metabolic 
pathway study can be found on-line. As mentioned above, integrated metabolomics 
studies and constraint-based models might orient future study for biosynthesis of 
terpenoids (see scheme 1). The current state of analysis methods, which can be 
integrated into metabolomics researches and be used in terpenoid biosynthesis studies, 
raises questions about the following issues: (1) detailed preparation work such as 
reproducible growth of B. subtilis, sampling and quenching methods, which can be 
used in metabolomics studies to elucidate the mechanisms of the MEP pathway; (2) 
extraction methods that maintain the original structure of intermediates, and 
subsequently allow the identification of those compounds and their accurate 
quantification; (3) extraction coupled quantification methods that can be used to 
quantify minor components from small scale bacterial cultures to reduce the workload; 
and (4) data pre-processing, biostatistics and bioinformatics methods for big data 
analysis, integration, and modeling that can reflect the cell bio-net, narrow the research 
scope, target the key products, genes and enzymes, and finally lead us to further 
improvements. 

http://www.kegg.jp/
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Scheme. 1 Flowchart and resources for terpenoid microbial metabolomics study. 
(A) Microbial metabolic engineering workflow. (B) Related information of each step for

microbial metabolic engineering. 
* Selected resources:

1. MS data of B. subtilis metabolites[79-81].
2. The metabolomics standards initiative[82].
3. Microbial metabolomics study examples for terpenoid biosynthesis[61, 83].
4. Databases, software packages, and protocols[84] and http://omictools.com/.
5. Genome-scale data of reconstructed B. subtilis metabolic net (impact of single-gene deletions
on growth in B. subtilis)[85].
6. Comparative microbial metabolomics study of E. coli, B. subtilis, and S. cerevisiae[86].
7. The complete genome sequence of B. subtilis[87].
8. Constraint-based modeling methods[88].
9. Software applications for flux balance analysis (including a software comparative list)[89].
10. Sample treatment methods[86, 90-93].

http://omictools.com/
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Table 2. Detection and analysis reports of B. subtilis terpenoid pathway metabolites 
Method Compound Characteristic Reference 
GC-MS Isoprene Rt=16.5 min, m/z: 39, 53, 67 [21]

GC  Isoprene [63]

GC-MS 
(13C, 2H 
labeling) 

Isoprene Common substrate m/z: 39, 53, 67; 
Substrate: U-[13C6] glucose m/z: 42, 57, 72; 1-[13C] 
pyruvate m/z:  40, 54, 68; 2-[13C]pyruvate m/z: 40, 55, 69; 
3-[13C]pyruvate m/z: 40, 54, 69. 

[25]

GC DMAPP [75]

GC Isoprene Rt=2.6 min [64]

HPLC Acetoin Rt=5.5 min, 354nm 
Kits Glucose 
Kits Lactic, pyruvic acids  

CIMS 

(M+H)+(H2O)n: [76]

Acetaldehyde m/z: 63 (n=1) 
Acetoin m/z: 89 (n=0) 
Acetone m/z: 77 (n=1) 
2,3-butanediol m/z: 91 (n=0) 
Butanol m/z: 111 (n=2) 
2-butanone m/z: 91 (n=1) 
Butyraldehyde m/z: 91 (n=1) 
Butyl acetate m/z: 135 (n=1) 
Diacetyl m/z: 123 (n=2) 
Dimethyl sulfide m/z: 63 (n=0) 
Ethanol m/z: 83 (n=2) 
Ethyl acetate m/z: 107 (n=1) 
Isoamyl alcohol m/z: 107 (n=1) 
Isoprene m/z: 69 (n=0) 

GC Isoprene [26]

HPLC 
4,4’-diapolycopene Rt=26.8 min, Absorption: 293, 443, 472, 501 nm [67]

4,4’-diaponeurosporene Rt=28.9 min, Absorption: 266, 415, 439, 469 nm 

MALDI-
TOF MS 

4,4’-diapolycopene m/z: 399.9  

4,4’-diaponeurosporene m/z: 401.9 

GC-MS Isoprene Rt=1.9 min [38]

HPLC 

Glycosyl 4,4’-
diaponeurosporenoate 

Rt=10.0 min, Absorption: 282, 469 nm [94]

4,4’-diapolycopene Absorption: 293, 443, 472, 501 nm 
4,4’-diaponeurosporene  Rt=14.4 min, Absorption: 265, 414, 441, 469 nm 

UPLC-MS 

DXP Rt=5.6 min, m/z: 213.0170 [13, 61, 69]

MEP Rt=5.2 min, m/z: 215.0330 
CDP-ME Rt=6.2 min, m/z: 520.0730 
CDP-MEP Rt=7.3 min, m/z: 600.0390 
MEC Rt=6.6 min, m/z: 276.9884 
HMBPP Rt=7.0 min, m/z: 260.9920 

GC-MS 
Trans-caryophyllene Rt=3.4 min, m/z: 189, 204 

Amorpha-4,11-diene Rt=3.5 min, m/z: 189, 204 
LC-Fourier transform MS            (Untargeted metabolomics study) [78]
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Table 3. MS information of B. subtilis inherent terpenoid pathway intermediates 

Compound Formula Mass 
ESI-Q-TOF 

mode CE(V) m/z 
G3P C3H7O6P 169.9980 + 40 80.9730, 62.9631, 98.9823, 45.0347 
DXP C5H11O7P 214.0242 - 0 213.0167, 96.9695,138.9795,78.952 
MEP C5H13O7P 216.0399 
CDP-ME C14H25N3O14P2 521.0812 
CDP-ME2P C14H26N3O17P3 601.0475 

MECDP C5H12O9P2 277.9957 + 40 
98.9830, 83.0480, 55.0538,65.0394, 80.9733, 
43.0536 

HMBDP C5H12O8P2 262.0007 
IPP C5H12O7P2 246.0058 - 0 244.9979, 78.9591 
DMAPP C5H12O7P2 246.0058 - 0 244.9979, 78.9592 
GPP C10H20O7P2 314.0684 - 0 313.0629, 78.9593 
FPP C15H28O7P2 382.1310 
GGPP C20H36O7P2 450.1936 
PPDP C40H68O7P2 722.4440 
Phytoene C40H64 544.5008 
HepPP C35H60O7P2 654.3814 
UDPP C55H92O7P2 926.6318 
PDP C20H42O7P2 456.2406 
OPP C40H68O7P2 722.4440 
2-Phytyl-1,4-
naphthoquinone 

C30H44O2 436.3341 

2-Demethyl 
Menaquinone 

C50H70O2 702.5376 

Phylloquinone C31H46O2 450.3498 + 40 
187.0749,57.0703,43.0550,71.0856, 
171.0799,199.0758,105.0326,157.0650 

Menaquinone C41H56O2 580.4280 
Data sources: http://www.hmdb.ca/, http://www.massbank.jp/index.html?lang=en, http://www.chemspider.com/, 
https://metlin.scripps.edu/index.php, http://pubchem.ncbi.nlm.nih.gov/. 
G3P, D-Glyceraldehyde 3-phosphate. 
DXP, Deoxy-D-xylulose 5-phosphate. 
MEP, 2-C-Methyl-D-erythritol 4-phosphate. 
CDP-ME, 4-(Cytidine 5’-diphospho)-2-C-methyl-D-erythritol. 
CDP-ME2P, Phospho-4(Cytidine 5’-diphospho)-2-C-methyl-D-erythritol. 
MECDP, 2-C-Methyl-D-erythritol 2,4-Cyclodiphosphate. 
HMBDP, Hydroxy-2-methyl-2-butenyl 4-diphosphate. 
IPP, Isopentenyl-PP. 
DMAPP, Dimethylallyl-PP. 
GPP, Geranyl-PP. 
FPP, (E,E)-Farnesyl-PP. 
GGPP, Geranylgeranyl-PP. 
PPDP, Prephytoene-PP. 
HepPP, Heptaprenyl-PP. 
UDPP, di-trans, poly-cis-Undecaprenyl-PP. 
PDP, Phytyl-PP. 
OPP, Octaprenyl-PP. 

http://www.hmdb.ca/
http://www.massbank.jp/index.html?lang=en
http://www.chemspider.com/
https://metlin.scripps.edu/index.php
http://pubchem.ncbi.nlm.nih.gov/
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Summary 

B. subtilis offers new opportunities and good prospects for terpenoid biosynthesis. This
review provides a brief account of metabolic engineering of B. subtilis for terpenoid
production, summarizing our understanding of B. subtilis, the MEP pathway, and
related techniques. While the mevalonate pathway and terpenoid biosynthesis in E. coli
have been studied for decades, research on the Bacillus MEP pathway is still at an early
stage. That is why, at this point, there is no sufficient data on Bacillus yield to make a
fair comparison with published yields of terpenoids in E. coli and other cell factories.
However, theoretically, B. subtilis has the potential to be optimized as a high yield
producing cell factory. The advantages of studying terpenoid biosynthesis in B. subtilis
include (1) its fast growth rate and ability to survive under harsh conditions, (2) its
GRAS status, (3) its wide substrate range and inherent MEP pathway genes, (4) the fact
that it is a naturally high isoprene producer, (5) its clear genetic background, abundant
genetic tools, and (6) its innate cellulases, which can digest lignocellulosic materials and
use the breakdown produces as its carbon source, which would decrease large-scale
production costs. Still, B. subtilis share some of the features of other gram-positive
bacteria like plasmid instability. Also, there are some B. subtilis specific engineering
challenges that need to be explored. The catalytic mechanisms of two MEP pathway
enzymes (IspG, IspH) in B. subtilis are unclear yet. The importance of DXR and IDI in
the MEP pathway are controversial. DXS has been generally regarded as the essential
rate-limiting enzyme, but even the functional parameters of DXS in B. subtilis have not
yet been reported. Many questions regarding the mechanism of the MEP pathway, the
interactions of related enzymes and metabolites, and the kinetic parameters of MEP
pathway enzymes in B. subtilis remain unanswered. Obviously, the organism is
promising and the questions are fascinating. There is thus significant reason for
detailed investigations of terpenoid biosynthesis via the B. subtilis MEP pathway,
particularly in metabolic engineering where there is not yet sufficient knowledge about
the precise mechanisms or the effects of co-regulation of the enzymes.
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Abstract 

Creating novel biosynthetic pathways and modulating the synthesis of important 
compounds is one of the hallmarks of synthetic biology. Understanding the key 
parameters controlling the flux of chemicals throughout a metabolic pathway is one of 
the challenges ahead. Isoprenoids are the most functionally and structurally diverse 
group of natural products from which numerous medicines and relevant fine chemicals 
are derived. The well characterized and broadly used production organism Bacillus 
subtilis forms an ideal background for creating and studying novel synthetic routes. In 
comparison to other bacteria B. subtilis emits the volatile compound isoprene, the 
smallest representative of isoprenoids, in high concentrations and thus represents an 
interesting starting point for an isoprenoid cell factory. In this study, the effect of 
systemic overexpression of the genes involved in the methylerythritol phosphate (MEP) 
pathway on isoprenoids production in B. subtilis was investigated. B. subtilis strains 
harboring a plasmid containing C30 carotenoids synthetic genes, crtM and crtN, were 
combined with pHCMC04G plasmids carrying various synthetic operons of the MEP 
pathway genes. The levels of produced carotenoids, diaponeurosporene and 
diapolycopene, were used as indication of the role of the various enzymes on the flux of 
the MEP pathway. It was shown that the production of carotenoids can be increased 
significantly by overexpressing the MEP pathway enzymes. More broadly, the strains 
developed in this study can be used as a starting point for various isoprenoid cell 
factories. 
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Introduction 

Isoprenoids, also known as terpenoids, represent the most functionally and structurally 
diverse group of natural products. They are found widespread among living organisms. 
Numerous isoprenoids have attracted commercial interest as pharmaceuticals or 
nutraceuticals. For example, isoprenoids extracted from plants are used as anticancer 
(paclitaxel) and antimalarial (artemisinin) drugs, whereas volatile monoterpenes are 
used as flavors and fragrances[1]. Most isoprenoids are naturally produced in small 
quantities and purification from biological material suffers from low yields, impurities 
and consumption of large amounts of natural resources. Moreover, chemical synthesis 
of the majority of isoprenoids is problematic and expensive due to the complexity of 
their molecules. Therefore, the need for alternative methods of production for 
important isoprenoids has been a pressing issue in the last few decades and to face this 
challenge, researchers extensively explored microbial production of isoprenoids[2]. 

Despite the great diversity of their structures, all isoprenoids are synthesized by 
consecutive condensation of two five-carbon precursors, isopentenyl diphosphate (IPP) 
and its isomer dimethylallyl diphosphate (DMAPP)[3]. For  decades, the mevalonate 
(MVA) pathway was assumed to be the only source for IPP/DMAPP in all living 
organisms. However, it has been established nowadays that the MVA pathway is 
present in eukaryotes (the cytosol and mitochondria of plants), in archaea and in some 
eubacteria[4-6]. An alternative pathway for IPP/DMAPP formation, the 2-C-methyl-D-
erythritol-4-phosphate (MEP) or 1-deoxy-D-xylulose-5-phosphate (DOXP) pathway 
(Figure 1) was discovered recently to occur in eubacteria, algae, cyanobacteria and the 
chloroplasts of plants[7-10].  

There are many differences between the MVA and MEP pathways regarding 
stoichiometry, energy consumption and the equilibrium between oxidation and 
reduction of glucose to IPP/DMAPP conversion[11]. The MVA pathway involves seven 
enzymes and starts by formation of acetoacetyl-CoA from two molecules of acetyl-CoA 
proceeding until the production of IPP/DMAPP. The MVA pathway has been 
extensively studied and introduced into heterologous hosts including Escherichia coli[2, 

12, 13]. On the other hand, the MEP pathway utilizes pyruvate and glyceraldehyde-3-
phosphate as starting materials. For E. coli, the complete MEP pathway has been 
elucidated,  all genes involved have been determined and their corresponding enzymes 
described[10]. The story is different for Bacillus subtilis where only a few studies have 
explored the MEP pathway leaving many questions yet to be answered[14-16]. 
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B. subtilis contains an endogenous MEP pathway producing levels of isoprene higher
than most other eubacteria including E. coli[17]. B. subtilis has a broad metabolic
potential, high growth rate and wide substrate range. In addition, B. subtilis is listed by
the Food and Drug Administration as GRAS (Generally Regarded As Safe). These
properties make B. subtilis an excellent candidate for the production of food grade or
pharmaceutical isoprenoids by enhancing the flux of isoprenoid precursors via the
MEP pathway. Some information regarding the improvement of the MEP pathway in
B. subtilis has been reported[15, 16]. The production of isoprenoids in B. subtilis has been
limitedly studied where Yoshida et al.[18] report the production of C30 carotenoids by
expression of CrtM and CrtN genes. Also, overexpression of dxs and idi was shown to
increase production of the C15-terpenoid amorphadiene in B. subtilis[19]. We chose to
explore the engineering of endogenous MEP pathway in B. subtilis rather than the
heterologous MVA pathway as using endogenous genes requires less genetic
adaptations and has a higher chance of producing correctly folded proteins and, hence,
success. In the current study, we aim at examining the effect of MEP pathway
modulation on the production of isoprenoids in B. subtilis. Until now, only the effect of
overexpression of dxs, ispC and idi genes (in B. subtilis MEP pathway) on the overall
production of isoprenoids has been reported, while the other enzymes in the pathway
have yet to be explored. We describe the systematic analysis of a series of synthetic
operons expressing most of the respective enzymes from the B. subtilis MEP pathway.
The level of production of C30 carotenoids was used as a read out to assess the effect of
such modulations.  This study can provide a basis for further fine tuning of the MEP
pathway in B. subtilis aiming at a more efficient production of isoprenoids.
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Figure 1. MEP pathway in B. subtilis.  Eight enzymes are involved in the conversion of D-
glyceraldehyde-3-phosphate and pyruvate to IPP and DMAPP. These two products are 
precursors for isoprenoid compounds such as carotenoids. Enzymes in the metabolic pathway: 
1-deoxy-D-xylulose-5-phosphate synthase (Dxs), 1-deoxy-D-xylulose-5-phosphate 
reductoisomerase or 2-C-methyl-D-erythritol 4-phosphate synthase (Dxr, IspC), 2-C-methyl-D-
erythritol 4-phosphate cytidylyltransferase (IspD), 4-(cytidine 5'-diphospho)-2-C-methyl-D-
erythritol kinase (IspE), 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (IspF), (E)-4-
hydroxy-3-methylbut-2-enyl-diphosphate synthase (IspG), 4-hydroxy-3-methylbut-2-enyl 
diphosphate reductase (IspH) and isopentenyl-diphosphate delta-isomerase (Idi). Intermediates 
in the metabolic pathway: 1-deoxy-D-xylulose 5-phosphate (DXP), 2-C-methyl-D-erythritol 4-
phosphate (MEP), 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol (CDP-ME), 2-phospho-4-
(cytidine 5'-diphospho)-2-C-methyl-D-erythritol (CDP-MEP), 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate (MEC), (E)-4-hydroxy-3-methylbut-2-en-1-yl diphosphate (HMBPP), 
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) 

Materials and methods 

Bacterial strains, plasmids and growth conditions 

Bacterial strains and plasmids used in this study are listed in Table 1. Experiments with 
E. coli DH5α strains were performed using Luria-Bertani broth (LB) while those with B. 
subtilis 168 strains were performed using Tryptic Soy Broth (TSB) (17 g/l Tryptone, 3 
g/l Soytone, 2.5 g/l Dextrose, 5.0 g/l NaCl, 2.5 g/l K2HPO4). Both E. coli and B. subtilis 
168 were grown at 37 ºC under shaking conditions. When necessary, growth media 
were supplemented with antibiotics in the following concentrations: 10 μg/ml 
chloramphenicol, 100 μg/ml ampicillin or 100 μg/ml erythromycin for E. coli DH5α 
and 5 μg/ml chloramphenicol or 20 μg/ml tetracycline for B. subtilis 168.
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Table 1. Bacterial strains and plasmids used in this study 
Bacterial strain Genotype Reference 

B. subtilis 168 trpC2 [20, 21]

E. coli DH5α F-endA1 hsdR17 (rk
-,mk

+) supE44 thi-1 λ-

recA1 gyrA96 relA1 φ80dlacZ∆M15
Bethesda Research 
Laboratories 1986 

  Plasmid Relevant properties Reference 

pHB201 B. subtilis and E. coli shuttle vector; ori-
pUC19; ori-pTA1060; P59 promoter;
cat86::lacZα; CmR; EmR

[22]

pHCMC04G B. subtilis and E. coli shuttle vector; ori-
pBR322; ori-pBS72; PxylA xylose-inducible
promoter; CmR; AmpR

This study 

pHYcrtMN B. subtilis and E. coli shuttle vector; ori-
pACYC177; ori-pAMα1; crtM and crtN
genes of S. aureus; AmpR; TcR

[18]

Construction of MEP pathway synthetic operons 

The synthetic operons were constructed partly based on the procedure as previously 
described[23]. Primers to amplify the genes are listed in Table S1.  

Eight synthetic operons, each containing from one to four genes of the MEP pathway, 
were constructed. The first gene (dxs) was amplified using a forward primer that 
contains a SpeI restriction site and the B. subtilis mntA ribosomal binding site (RBS) 
plus linker (AAGAGGAGGAGAAAT), and a reverse primer that contains a linker with 
SwaI and BglII restriction sites, a 6xHis-tag, a stop codon and a BamHI restriction site 
(FigureS1). The amplified product was cloned into the pHB201 plasmid via SpeI and 
BamHI sites. The consecutive genes were cloned as follows: The next gene to be 
introduced was amplified with a forward primer containing StuI restriction site, a stop 
codon for the previous gene, and the B. subtilis mntA RBS plus linker, and a reverse 
primer containing a linker with a SwaI and BglII restriction sites. The amplified gene 
was then cut at the StuI and BglII restriction sites and cloned into the pHB201-dxs 
constructed plasmid cut with SwaI and BglII restriction enzymes. This procedure was 
repeated until up to four genes were cloned into the pHB201 plasmid. Based on the 
gene sequences, a silent mutation was performed whenever necessary or a restriction 
site for SmaI was used instead of StuI. 
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The synthetic operons were cut from the pHB201 plasmid with restriction enzymes 
SpeI and BamHI (see Figure S1) and introduced into the SpeI/BamHI restricted 
pHCMC04G plasmid constructed in this study (see supplementary material and Figure 
S2). The pHCMC04G plasmid has a θ-replication system, making it more stable than 
the pHB201 plasmid, hence, it will be used for expression in B. subtilis 168. The 
resulting constructs are listed in Table 2 and the sequences of all the plasmids were 
confirmed by sequencing (Macrogen, Europe). The pHCMC04G constructs were 
chosen to transform competent B. subtilis 168 cells as described by Kunst et al.[24].  

Table 2. Plasmid constructs used for expression in B. subtilis 

Plasmid Vector MEP pathway genes 

p04S pHCMC04G dxs 

p04SD pHCMC04G dxs + ispD 

p04SDF pHCMC04G dxs + ispD + ispF 

p04SDFH pHCMC04G dxs + ispD + ispF + ispH 

p04C pHCMC04G ispC 

p04CE pHCMC04G ispC + ispE 

p04CEG pHCMC04G IspC + ispE + ispG 

p04CEGA pHCMC04G ispC + ispE + ispG + ispA 

Expression of MEP pathway genes 

To check for the production of MEP pathway enzymes, B. subtilis 168 strains with 
pHCMC04G constructs were grown in 50 ml TSB medium containing appropriate 
antibiotics. Overnight cultures were diluted to an OD600 of 0.05 in TSB medium. The 
cultures were grown for 3 hours at 37 °C under shaking conditions (250 rpm). Then 
xylose was added to a final concentration of 1% to start induction. The cultures were 
grown overnight before protein expression analysis was done. Cells were collected by 
centrifugation, 30 min at 2100 g, 4 °C and resuspended in 2 ml lysis buffer (25 mM 
Tris-HCl, pH 8.0, 25 mM NaCl, 20% glucose and 0.25 mg/ml lysozyme). Cells were 
lysed by incubation at 37 ºC for 30 min and the soluble protein fractions were collected 
by centrifugation, 20 min at 17,000 g. Proteins were then purified using HisSpinTrapTM 
columns (GE Healthcare) using 25 mM Tris-HCl, 500 mM NaCl, 20 mM imidazole, pH 
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7.4 as equilibration and wash buffer and 25 mM Tris-HCl, 500 mM NaCl, 500 mM 
imidazole, pH 7.4 as elution buffer and were analyzed by SDS-PAGE using precast 
NuPAGE® gels (Invitrogen) and western blotting. For western blotting, the presence of 
His-tagged proteins was monitored by immunodetection with specific antibodies 
against the His-tag. Primary bound antibodies were visualized using fluorescent IgG 
secondary antibodies (IRDye800 CW goat anti-rabbit LiCor Biosciences). Membranes 
were scanned for fluorescence at 800 nm using the Odyssey Infrared Imaging System 
(LiCor Biosciences).  

Introduction of pHYcrtMN in B. subtilis 168 cells overexpressing MEP pathway genes 

B. subtilis 168 cells containing the pHCMC04G plasmids with the synthetic operons 
were transformed with the pHYcrtMN plasmid[18] as described before by Kunst and 
Rapoport[24] and plated on LB agar plates containing chloramphenicol and tetracycline. 
Yellow colonies were picked for extraction and analysis of the produced carotenoids.

Extraction of carotenoids from B. subtilis 168 

Carotenoids were extracted from B. subtilis 168 cells as described before[18] with a few 
modifications. Overnight cultures of B. subtilis 168 strains containing pHYcrtMN and 
pHCMC04G with synthetic MEP operons were inoculated in 50 ml TSB at OD600 0.05. 
Then, 1% xylose was added for induction after 3 hours and the strains were cultured for 
a total of 24h at 37 ºC (250 rpm). Samples were then centrifuged at 2100 g for 30 min 
and pellets were washed with 1 ml TE (10 mM Tris, 1 mM EDTA). The cells were 
resuspended in 200 µl TE, and 20 µl squalene (0.97 mg/ml, dissolved in isopropanol) 
was added as an internal standard. To extract the carotenoids, cells were lysed by 
adding 50 µl of 20 mg/ml lysozyme and incubating for 15 min at 37 ºC. Cell lysates 
were then transferred into glass tubes, covered in aluminum foil to avoid light exposure 
and centrifuged for 20 min at 2100 g. After discarding the supernatant, 1 ml acetone 
was added to the pellets and they were vortexed for 2 min. The samples were incubated 
at 55 °C for 1 min then vortexed for 1 min, followed by centrifugation for 10 min at 
2100 g. The supernatants were transferred to new glass tubes. The acetone extraction 
was repeated four times. Then the acetone extracts were evaporated and the remaining 
carotenoids were dissolved in 100 µl acetone and collected in HPLC vials. The extracts 
were used for HPLC analysis. All strains were cultured in triplicates under the same 
conditions and the extraction of each sample was performed in parallel. Cell dry weight 
was determined by pelleting and drying a fraction of the culture. 
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Carotenoids isolation and identification 

Isolation of the carotenoids was carried out by preparative HPLC (Millipore) using a 
C18 column (Phenomenex luna 5 μm, 100 Å, 250 x 21.20 mm). Acetone extracts were 
loaded on the column and eluted by acetonitrile and H2O (92% : 8%) at a flow rate of 8 
ml/min. The carotenoids were eluted at 38 min and 41 min, then identified by UV 
spectrum and liquid chromatography/mass spectrometry (LC/MS) analysis. Purified 
carotenoids were used as standard compounds for quantitative analysis.  

HPLC analysis of carotenoids  from B. subtilis 168 

All samples were analyzed with Shimadzu HPLC system equipped with a Kinetex C18 

column (2.6 µm, 100 Å, 100 x 4.60 mm) at 25 °C with a diode array detector. 
Carotenoids were eluted with acetonitrile/water at 1 ml/min. Mobile phase A consists 
of 5% acetonitrile, 95% H2O and 0.1% trifluoroacetic acid (TFA). Mobile phase B 
consists of 100% acetonitrile and 0.1% TFA. The HPLC program was as follows: 0-15 
min, 92% mobile phase B; 16-30 min, 100% mobile phase B; 31-35 min, 92% mobile 
phase B to equilibrate the column for next run. Injection volume was 20 µl and 
detection was carried out at 450 nm for carotenoids and 200 nm for squalene. The 
results were calibrated by the internal standard squalene and the carotenoids produced 
by all strains were quantified using carotenoids standard curves. The B. subtilis strain 
that only contains the pHYcrtMN plasmid was used as a control strain. 

Nucleotide sequence accession number 

The nucleotide sequence of the complete genome of Bacillus subtilis 168 was awarded 
the following accession numbers: AL009126 and NC000964. All genes used in this 
study were amplified from the genomic DNA of this strain. 

Results 

A synthetic operon for coordinated expression of MEP pathway genes can 
be stably maintained in B. subtilis 168 

To investigate the possible increase of the intracellular concentration of isoprenoids, we 
assembled the endogenous genes of B. subtilis 168 encoding the MEP pathway in a 
synthetic operon that is expressed from a plasmid. We divided the genes in two groups, 
referred to as “A” and “B” from here on (Figure 2). The division is based on the results 
obtained from previous research in our lab[15], where the effect of the MEP pathway 
genes on isoprene production was studied using B. subtilis 168 single conditional 
mutants. In that study the dxs, ispD, ispF and ispH mutants showed, at minimal 
required induction for survival, the largest decrease in isoprene production and might 
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therefore represent the catalysts with the largest control on the flux in the pathway 
leading to isoprenoid production. Similarly, Yuan and colleagues found in E. coli that 
when dxs, ispD and ispF were overexpressed by using a strong bacteriophage promoter, 
the production of β-carotene was increased in these strains[25]. Thus, the dxs, ispD, ispF 
and ispH genes represent group A. Group B contains the other three genes of the MEP 
pathway- ispC, ispE and ispG- and the downstream gene ispA(yqiD) that codes for a 
farnesyldiphosphate synthase. The latter enzyme catalyzes the formation of 
geranyldiphosphate (GPP) and farnesyl diphosphate (FPP) leading to 
geranylgeranyldiphosphate (GGPP) from the precursors IPP/DMAPP. The idi gene 
(the final gene in the MEP pathway encoding for an isopentenyl diphosphate 
isomerase) was not chosen in construction of the operons based on indications that it is 
non-essential in B. subtilis[26]. Previous research also showed that a knock-out B. subtilis 
strain of the ypgA gene encoding idi is viable and produces isoprene. The isoprene 
production implies that the synthesis of the isomer DMAPP does not rely on the 
isomerase[10, 15]. Synthetic operons were constructed by first cloning into pHB201 then 
transferring to pHCMC04G resulting in 8 different pHCMC04G constructs. The 
constructs were initially assembled in E. coli and subsequently transferred to B. subtilis 
168 where they were found to be stably maintained. 

Figure 2. Constructed operons. (a) Operons constructed with MEP pathway genes group A. 
(b) Operons constructed with MEP pathway genes group B.
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All MEP pathway enzymes can be overexpressed in B. subtilis 168 

In order to monitor expression of the consecutive MEP pathway genes, cell lysates were 
enriched for His-tagged proteins and analysed by western blotting. In our design, only 
the last protein carries a His-tag. As all genes on the plasmid are in one operon and 
were checked by sequencing, it can be concluded that the transcripts are intact 
whenever this last protein is visible. This strategy was preferred over one where all 
proteins contain a His-tag, as addition of any sequence, and thus also a His-tag, may 
have an influence on the folding and/or activity of a protein. All enzymes from the 
MEP pathway can be detected on the Western blot proving that they are overexpressed 
in B. subtilis 168. 

Carotenoids production is highly increased in MEP pathway engineered       
B. subtilis 168 strains 

A comparison of carotenoids production in the different strains of modified B. subtilis 
was performed where carotenoids were quantified by HPLC. The B. subtilis strain that 
only contains the pHYcrtMN plasmid was used as a control strain. The chromatograms 
show two major peaks at 450 nm (Figure S3). The first peak, with maximal absorbance 
at 443, 472, 501 nm, eluted at 8.5 minutes. The mass spectra of this peak showed 
[M+H] + at m/z 401, which is in agreement with the molecular formula C30H40 of 4,4’-
diapolycopene (Figure S3, S4a). The second peak eluting at 10.5 min was identical to 
that of 4,4’-diaponeurosporene as its absorption maxima were at 415, 439, 469 nm and 
the mass spectra showed [M+H] + at m/z 403 which is in accord with the formula 
C30H42 (Figure S3, S4b)[27, 28]. Squalene was detected at 200 nm, and eluted from the 
column at 24.5 minutes. The biosynthetic pathway involves conversion of 4,4’-
diaponeurosporene to 4,4’-diapolycopene in a reaction catalyzed by CrtN[29]. Literature 
shows that CrtN has far less activity than CrtM in S. aureus. Wild type S. aureus does 
not produce any 4,4’-diapolycopene and in mutants where the downstream pathway 
from 4,4’-diaponeurosporene to staphyloxanthin was blocked, only a small amount of 
4,4’-diapolycopene was produced[30, 31]. It is apparent that this is also the case in B. 
subtilis 168 since peaks for both 4,4’-diaponeurosporene and 4,4’-diapolycopene were 
present in the chromatograms of all samples. Thus, the two compounds were calculated 
individually and together as total carotenoids. The results are shown in Figure 3 and 
Table 3. The sum of the two carotenoids was quite constant between replicates as 
evidenced by the low standard deviations. 

B. subtilis strain p04S which carries dxs shows a total carotenoids level of 4.81 (±0.114) 
mg/g dry cell weight (dcw), which is an 8-fold increase in total carotenoids production 
compared to the control strain (Figure 3 and Table 3). In strain p04SD overexpressing
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dxs and ispD, production of carotenoids was increased by 8.7-fold compared to the 
control strain. The level of carotenoids production is slightly increased compared to 
strain p04S suggesting that ispD has a low contribution to the overall flux of the MEP 
pathway, thus not considered a bottleneck in production of isoprenoids. Additional 
overexpression of ispF together with dxs and ispD in strain p04SDF resulted in an 11.4 
times elevation in carotenoids production compared to the control strain. This implies 
that ispF is important for an increase in the pathway flux. Finally, in strain p04SDFH 
expressing all group A genes, the yield of carotenoids was increased by 14.9-fold 
relative to the control strain. 

Regarding the strains with group B operon, carotenoids production from strain p04C 
harboring ispC(dxr) was 9.2-fold higher compared to the control strain. This shows for 
the first time the importance of overexpressing ispC, which was not reported in 
previous studies. The level of isoprene production was previously reported to be not 
significantly changed in the B. subtilis strain overproducing ispC[16]. In strain p04CE 
and p04CEG, carotenoids production concurrently showed a 12.7-fold and 13.1-fold 
increase compared to the control strain. The highest total amount of carotenoids was 
obtained with the strain that overexpressed all group B genes: ispC, ispE, ispG and ispA 
(strain p04CEGA). Additional overexpression of ispA in strain p04CEGA improved the 
production of total carotenoids by 17.8-fold (10.65 mg/g dcw) compared to the control 
strain. 
Table 3. Amount of carotenoids produced by engineered B. subtilis strains and relative increase 

compared to control strain 

B. subtilis strains
Total carotenoids 

(mg/g dcw)a

Relative 
increaseb 

CrtMN 0.60(±0.010) 1.00 
p04S 4.81(±0.114) 8.02 
p04SD 5.27(±0.140) 8.78 
p04SDF 6.83(±0.096) 11.38 
p04SDFH 9.03(±0.158) 15.05 
p04C 5.54(±0.410) 9.23 
p04CE 7.62(±0.176) 12.70 
p04CEG 7.84(±0.315) 13.07 
p04GCEGA 10.65(±0.129) 17.75 

a The total amount of carotenoids was measured in triplicate (± Standard Deviation).  
b The relative increase is calculated as the amount of carotenoids produced in the engineered B. 
subtilis strain divided by the amount of carotenoids produced in the B. subtilis strain containing 
only the carotenoids producing plasmid pHYCrtMN. 
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Figure 3. Quantitative analyses of carotenoids produced in B. subtilis 168 strains over-
expressing MEP pathway enzymes. Carotenoids were extracted from B. subtilis 168 cells with 
acetone. Samples were analyzed by HPLC. Individual and total amount of carotenoids were 
calibrated by the internal standard squalene and determined using carotenoids standard curves. 
Shown are the amounts of produced carotenoids in strains overexpressing MEP pathway 
enzymes from the pHCMC04G plasmid per gram dry cell weight (± standard deviation). The 
amount of diaponeurosporene is indicated in black, and the amount of diapolycopene in grey. 
The experiments were performed in triplicate 

Discussion 

Research in recent years has been directed towards elucidating the pathways leading to 
IPP and DMAPP, the building blocks in the biosynthesis of numerous natural 
products. Most studies have focused on the mevalonate pathway and on improving the 
flux through it both in natural hosts as in heterologous hosts. Recently, the attention 
has been shifted towards the MEP pathway endogenous to many eubacteria.  

In this work, we have focused on the systematic analysis of the consecutive enzymes 
constituting the MEP pathway in B. subtilis. In a follow up to our previous systematic 
deletion study of genes encoding MEP pathway enzymes[15], we now have constructed 
synthetic operons encoding combinations of genes for overexpression of MEP pathway 
enzymes. As it had already been shown that the endogenous MEP pathway can be used 
for carotenoid production in B. subtilis 168[18], we decided to use a C30 carotenoids 
producing plasmid as a quantitative readout system for measuring the flux to 
isoprenoid production. From our studies, it is clear that an increase in the formation of 
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carotenoids occurs when the level of isoprenoid precursors in B. subtilis 168 cells is 
elevated by engineering the MEP pathway. In order to unravel the individual 
contribution of each of the enzymes, B. subtilis 168 strains where transformed with 
synthetic operons harbouring stepwise augmented combinations of the MEP pathway 
enzymes encoding genes on a plasmid. The vector used for gene expression was the 
pHCMC04G plasmid with a θ-replication system, in which expression is controlled by 
the xylose-inducible PxylA promoter. As can be seen from Figure 3, each insertion of an 
additional gene from group A or from group B leads to a higher production of 
carotenoids. This implies that almost each of the enzymes has to varying extents a 
control on the flux through the MEP pathway. 

Overexpression of dxs showed a high increase in carotenoids yield (8-fold). This is in 
agreement with previous findings that overexpression of dxs results in higher amounts 
of isoprenoids in B. subtilis 168[16, 19], although the extent of the increase in our study is 
much higher. Also, the strain overexpressing ispC(dxr) from plasmid p04C shows a 9.2-
fold increase in carotenoids production. Previous studies in B. subtilis suggested that 
the amount of DXR is not a limiting step for isoprenoid biosynthesis[16]. However, it 
has been reported in E. coli that the effect of ispC overexpression on MEP pathway flux 
can vary[32]. 

Each consecutive expression of an additional enzyme involved in the MEP pathway 
resulted in a higher amount of carotenoids detected. In group A synthetic operons, the 
limited increase in strain p04SD indicates that ispD is not a rate limiting step in the 
MEP pathway, at least not at the current production levels. For the same reason, as 
additional expression of ispF increased the level of produced carotenoids significantly, 
it is suggested that ispF has a larger contribution to the flux control in the MEP 
pathway than ispD.  Additional insertion of gene ispH (p04SDFH) yields 9.03 (±0.16) 
mg/g dcw carotenoids, which is 30% higher compared to strain p04SDF and a 15-fold 
increase over the control strain, demonstrating that the flux of isoprenoids can be 
further improved by enhancing ispH expression. The highest amount of produced 
carotenoids was observed in the strain overexpressing all group B enzymes (p04CEGA), 
which produces 10.65 (±0.13) mg/g dcw carotenoids representing ~ 18-fold increase 
over wild type B. subtilis. This large increase is mainly caused by the major influence of 
ispC on the carotenoid production, that was not anticipated based on previous reports. 
It is possible that the B. subtilis 168 strain used by Xue[16] exhibits a higher endogenous 
ispC expression level than the one used by us, hence their overexpression of ispC has 
limited impact on isoprene production. Within the framework of the Bacillus 
functional analysis project, it has been noted that even after limited passages the B. 
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subtilis 168 type strain does acquire multiple mutations that can alter the phenotype 
considerably[21]. 

Our findings concerning the level of increase in carotenoids production were compared 
with the level of decrease in isoprene production observed in the previous knock-out 
study in B. subtilis[15]. Interestingly, strains overexpressing ispC, ispE, ispF and ispH 
showed the expected effect on formation of the final products, to an extent that is in 
accord with the corresponding knock-out strains. Dxs has a significant influence on the 
end products of both dxs knock-out strain and overexpression strain (p04S) so this 
further confirms the key role of dxs in the MEP pathway. In the ispD knock-out strain, 
a large decrease in isoprene production was observed. However, the amount of 
carotenoids produced in the strain additionally overexpressing ispD (p04SD) was only 
1.1-fold higher than that in strain p04S. This may be indicative of the fact that ispD is 
essential for isoprenoids producion, but its contribution to the flux control is low. Also, 
the increase in carotenoids production with overexpression of the rest of the MEP 
pathway enzymes are in concert with the effect of the corresponding knock-out strains. 

In conclusion, the observed enhancement of carotenoids production in the engineered 
B. subtilis 168 indicates that MEP pathway modulation shows a great promise for the
production of isoprenoids.  The engineered B. subtilis 168 strains provided by this
study in combination with other terpene synthases represent an opportunity for a
GRAS cell factory for the production of numerous isoprenoids.
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Supplementary material 

Materials and methods  

Construction of plasmid pHCMC04G 

The pHB201 plasmid replicates via the rolling circle replication system[1]. It is known 
that vectors based on this replication system can be unstable when large fragments of 
DNA are inserted into these plasmids[2, 3]. To overcome the problem of instability, 
plasmids with a θ-replication system can be used. This is a more stable system than the 
rolling circle replication system. This θ-replication system is found in larger B. subtilis 
plasmids (>50 kb) such as pLS20[4] and pBS72[5]. Based on pBS72, several θ-replicating 
E. coli / B. subtilis shuttle vectors have been constructed[5, 6]. One of them is the low
copy number pHCMC04 plasmid, in which expression is controlled by the xylose-
inducible PxylA promoter.

All genes that are added in the synthetic operon contain the B. subtilis mntA RBS. 
However upstream of the SpeI restriction site, which is used to introduce the operon in 
the vector, the end of the PxylA promoter sequence in pHCMC04 serves as an additional 
RBS, followed by a start codon without a stop codon (Figure S2). To avoid an 
additional translation of the downstream gene, we constructed plasmid pHCMC04G. A 
stop codon was introduced between the start codon and the SpeI restriction site in 
plasmid pHCMC04 (obtained from Bacillus Genetic Stock Center, ECE189) by using 
MEGAWHOP PCR[7]. Primers pHCMC04G_F and pHCMC04_R for constructing the 
megaprimer are listed in Table S1. Plasmid pHCMC04G was confirmed by sequencing. 
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Table S1. Primers used to amplify the MEP pathway genes 

Primer Sequence(5’→3’) 

dxs-F3 GGGAGGCACTAGTAAGAGGAGGAGAAATATGGATCTTTTATC 

dxs-R3 CGCGGATCCTCAGTGATGATGATGATGATGCAGATCTGCATTTAAATGT
GATCCAATTCCTTTGTG 

ispD-F3 GGGACCGAAGGCCTGTAAGCCAAGAGGAGGAGAAATATGAGTTATGAT
GTGG 

ispD-R3 CCCAGGCGCAGATCTCGATTTAAATGAACATGTTTATTCCCAC 

ispF-F3 CGCACCCGGGCTAACGCAAGAGGAGGAGAAATATGTTTAGAATTGGAC 

ispF-R3 CCCAAGCGCAGATCTCGATTTAAATCGCCTTTTTGTATCAGTACTG 

ispH-F3 GCGAAGGCCTCTAACGCAAGAGGAGGAGAAATATGGACGTAATTAA 

ispH-R3 GGCAGCGCCGCAGATCTCGATTTAAATGGTTTTTTGCTTTTACTTTTGG 

ispC-F3 GGGAGGGGCACTAGTAAGAGGAGGAGAAATATGAAAAATATTTGTC 

ispC-R3 CGCGGATCCTCAGTGATGATGATGATGATGCAGATCTCGATTTAAATGT
GTGAGTATTGAATT 

ispE-F3 CCGAAGGCCTCTAACGCAAGAGGAGGAGAAATATGCGTATTTTAG 

ispE-R3 CGCAGATCTCGATTTAAATGATCAAGAGCGTTCTGTTCGCCG 

ispG-F3 GCGCCCGGGCTAACGCAAGAGGAGGAGAAATATGCAAGTGAGTG 

ispG-R3 CGCAGATCTCGATTTAAATCAGCTTTTTGTGTTTCTTC 

ispA-F3 GCGGAGGCCTCTAACGCAAGAGGAGGAGAAATATGACAAATAAAT 

ispA-R3 GCGCGCAGATCTCGATTTAAATCGTGATCTCTTGCCGC 

pHCMC
04G_F 

CAAAGGGGGAAATGACAAATGGTCTAAACTAGTGATATCTAAAAATCA
AAGGG 

pHCMC
04G_R 

TCTTTCCGAGCTTCGTCCAA 

Restriction sites are underlined; His-tag sequence is indicated in italics; stop codons are 
indicated in bold; in each forward primer there is the ribosomal binding sequence of B. subtilis 
mntA (AAGAGGAGGAGAAAT). 
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Figure S1. Strategy for constructing the synthetic operons. The first gene, dxs, was cloned in 
the pHB201 plasmid using SpeI and BamHI restriction sites. The inserted gene contains the B. 
subtilis mntA RBS, a linker containing SwaI and BglII restriction sites, a His-tag and a stop 
codon. The next gene, ispD, was cloned in the SwaI and BglII restriction sites, thereby destroying 
the SwaI restriction site. This was continued until all genes were in the synthetic operon. The last 
gene that is introduced contains the His-tag and expression can be checked by western blotting 
with antibodies against the His-tag. 

Figure S2. Schematic representation of the region of plasmid pHCMC04 that was modified 
to obtain plasmid pHCMC04G. PxylA is the xylose-inducible promoter; the additional RBS is 
highlighted; the mutation is depicted in bold; the SpeI restriction site in italics; and the start 
codon that cause the problem is underlined. 
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Figure S3. Chromatogram of carotenoids separated by HPLC. The B. subtilis 168 strains with 
pHCMC04G plasmids containing genes from the MEP pathway were transformed with the 
carotenoids-producing plasmid pHYcrtMN and the relative amount of carotenoid compounds 
was determined using HPLC with squalene as an internal standard. The two major peaks 
correspond to 4,4’-diapolycopene (1) and 4,4’-diaponeurosporene (2) (black line, 450 nm). 
Squalene was used as an internal standard (3) (grey line, 200 nm). (a) Chromatogram of the 
control strain (B. subtilis 168 with the pHYcrtMN plasmid). (b) Chromatogram of B. subtilis 168 
pHYcrtMN overexpressing dxs. (c) UV-Visible spectrum of carotenoid extract peak 1, 4,4’-
diapolycopene. (d) UV-Visible spectrum of carotenoid extract peak 2, 4,4’-diaponeurosporene. 
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Figure S4. LC/MS analysis of carotenoids extracts. (a) Spectrum of peak 1 with pos APPI using 
F-benzene as dopant Mol weight 400: M+•: m/z 400.2 and[M+H]+: m/z 401.2, identified as 4,4’-
diapolycopene. (b) Spectrum of peak 2 with pos APPI using F-benzene as dopant, Mol weight
402: M+•: m/z 402.2 and[M+H]+: m/z 403.2, identified as 4,4’-diaponeurospore
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Abstract

The creation of microbial cell factories for sustainable production of natural products is 
important for medical and industrial applications. To reach this goal, it requires stable 
expression of biosynthetic pathways in a host organism with favorable fermentation 
properties as Bacillus subtilis. The aim of this study is to construct B. subtilis strains that 
produce valuable isoprenoid compounds by overexpressing the innate methylerythritol 
phosphate (MEP) pathway. A plasmid based expression strategy was explored where 
two vectors, one with rolling circle replication and another with theta-replication, were 
examined. On these plasmids different subsets of MEP pathway genes were cloned and 
the genetic stability, level of gene expression and amount of C30 carotenoids produced 
by the corresponding strains were evaluated. Theta replication constructs were clearly 
superior in structural and segregational stability compared to rolling circle constructs. 
A strain overexpressing all eight genes of the MEP pathway on a plasmid clearly 
produced the highest level of carotenoids. The level of transcription for each gene in 
the operon was equal as RT-qPCR analysis indicated. Hence, that strain can be used as 
a stable cell factory for production of terpenoids. This is the first report of merging and 
stably expressing this large size operon (all the MEP pathway) from a plasmid-based 
system in B. subtilis. The cloning and expression strategy described are widely 
applicable for creating metabolic pathways in B. subtilis and form the basis of a cell 
factory for high value C15 and C30 terpenoid compounds such as parthenolide and 
artemisinin. 
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Introduction 

Metabolic engineering is an attractive strategy for producing pharmaceutically 
important high-value natural products. It is based on combining different metabolic 
pathways in one microorganism at the genetic level. This host microorganism will act 
as a cell factory using precursors from its own inherent primary and/or secondary 
metabolism to produce the sought-after product resulting from expressing foreign 
genes encoding more dedicated enzymes. This approach provides a sustainable and 
usually cheaper source of such natural products compared to extraction from their 
natural source or chemical synthesis[1]. Specific genetic tools and protocols are required 
to successfully express a number of foreign genes in a microorganism. Not only an 
efficient cloning strategy is required to introduce multiple genes into the expression 
host, but also a stable and controllable expression on a stably maintained vector, self-
replicating or in the chromosome, is essential.  

Bacillus subtilis is a Gram-positive bacterium that is considered a GRAS organism 
(Generally Regarded As Safe) by the Food and Drug Administration (FDA). B. subtilis 
has a fast growth rate and can survive under harsh conditions. It can digest 
lignocellulosic materials by its inherent cellulases and use the produced 
monosaccharide sugars as its carbon source so reduce the expenses of biomass 
pretreatment. B. subtilis also has a broad metabolic potential, no significant bias in 
codon usage and a wide substrate range. In addition, B. subtilis possesses an innate 2-C-
methyl-D-erythritol-4-phosphate (MEP) pathway that produces levels of isoprene 
higher than most eubacteria including E. coli. Isoprene is a precursor for several 
valuable compounds such as the antimalarial artemisinin, antitumor paclitaxel, 
numerous flavors and fragrances. The MEP pathway proceeds through eight enzymatic 
reactions to convert the starting materials, pyruvate and glyceraldehyde-3-phosphate, 
to IPP and DMAPP. The IPP and DMAPP building blocks are then condensed to the 
precursors of terpenoids[2-4]. These properties make B. subtilis an interesting candidate 
for metabolic engineering aiming at the production of food grade or pharmaceutical 
products. In spite of B. subtilis potential as a superior cell factory, its use has been 
confined to bulk industrial enzyme production with limited applications for 
production of pharmaceutical products such as production of riboflavin using a 
recombinant B. subtilis strain[5-7]. The major obstacles hampering the use of B. subtilis 
for metabolic engineering have been the lack of suitable genetic tools -such as inducible 
expression vectors and stable plasmids- leading to reduced or no gene expression and 
presence of proteases that degrade any heterologous proteins produced[8, 9]. The latter 
obstacle has been largely overcome by the construction of protease-deficient B. subtilis 
strains by disrupting numerous extracellular protease genes up to the construction of 
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an eight-protease deficient strain. These strains were useful hosts for production of 
many heterologous proteins[10-16]. At the same time, different expression vectors were 
designed to provide the genetic tools required to use B. subtilis as a cell factory. High 
copy number plasmids mostly originating from other species became very popular for 
research purposes. However, the stability of these rolling circle replication plasmids was 
usually poor prohibiting the scale up to fermentation status[9, 17, 18]. More stable 
plasmids using the theta replication mechanism were identified, however, these had 
mostly a low copy-number and were poorly developed for expressing multiple genes. 
Therefore, the need for a stable expression system in B. subtilis allowing the 
construction of recombinant plasmids with large inserts encompassing multiple genes 
is still a pressing issue. 

Establishing a plasmid based expression system in B. subtilis requires taking several 
criteria in consideration. These criteria include the stability of the plasmid and the level 
of gene expression. The expression signal can be affected by the choice of ribosome 
binding site (RBS). The ribosomes of B. subtilis need a strong RBS (ΔG > 50.4 kJ mol-1) 
and a spacing of 6-11 nucleotides to the starting codon in order to efficiently translate 
the mRNAs[19]. Another factor that affect gene expression is the choice of promotors. 
Several constitutive and inducible promotors can be used in B. subtilis. The use of an 
inducible promotor is advantageous to orchestrate the timing of expression and to 
prevent the build-up of toxic compounds such as isoprene in the bacterial cells. The 
xylose operon is a well-characterized B. subtilis regulatory system that can exert tight 
transcriptional regulation[20, 21]. Hence, xylose dependent promotor is a good choice to 
control expression in B. subtilis. 

In this paper, we aim at designing a cloning and expression system that allows easy 
insertion of multiple genes into a single operon within a stably inherited expression 
plasmid in B. subtilis.  The cloning system makes use of an operon with a B. subtilis 
ribosomal binding site (RBS) for each gene followed by a histag at the end of each 
newly inserted gene allowing the detection of expression before cloning the next gene 
and further on. This system was successful for cloning up to eight consecutive genes 
into the operon. In addition, expression vectors with different origins of replication and 
promotors were evaluated to choose the most stable expression system in B. subtilis. 
We report a stable recombinant plasmid allowing the expression of up to eight genes in 
B. subtilis, which proves to be a very useful genetic tool for the versatile construction of
novel metabolic pathways. This system can serve as a basis for using B. subtilis as a cell
factory for production of various commercially important products.
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Materials and Methods 

Bacterial strains, growth conditions and vectors 

Bacterial strains are listed in Table 1. E. coli DH5α strains were cultured in Luria-
Bertani broth (LB) while B. subtilis 168 strains were grown in Tryptic Soy Broth (TSB) 
(17 g/l Tryptone, 3 g/l Soytone, 2.5 g/l Dextrose, 5.0 g/l NaCl, 2.5 g/l K2HPO4). Both E. 
coli and B. subtilis 168 were grown at 37 ºC under shaking conditions (250 r.p.m.). 
When necessary, growth media were supplemented with antibiotics in the following 
concentrations: 10 μg/ml chloramphenicol, 100 μg/ml ampicillin or 100 μg/ml 
erythromycin for E. coli DH5α and 5 μg/ml chloramphenicol or 20 μg/ml tetracycline 
for B. subtilis 168. The expression vectors used in this research are shown in Table 1. 
Rolling circle replication plasmid pHB201 was tested and compared to theta-
replication based plasmid pHCMC04G. pHB201 was obtained from Bacillus Genetic 
Stock Center ECE59. pHCMC04G was available as a part of a previous study[2]. 

Table 1. Bacterial strains and vectors used in this research 

Bacterial strain Genotype Reference 

B. subtilis 168 trpC2 [22, 23]

E. coli DH5α F-endA1 hsdR17 (rk
-,mk

+) supE44 thi-1 λ-recA1
gyrA96 relA1 φ80dlacZ∆M15

Bethesda Research Lab 
1986 

Vector Significant properties Reference 

pHB201 B. subtilis and E. coli shuttle vector; ori-pUC19;
ori-pTA1060 (rolling circle replication); P59
constitutive promoter; cat86::lacZα; CmR; EmR 

[24]

pHCMC04G B. subtilis and E. coli shuttle vector; ori-pBR322;
ori-pBS72 (theta replication); PxylA xylose-
inducible promoter; CmR; AmpR

[2]

pHYcrtMN B. subtilis and E. coli shuttle vector; ori-
pACYC177; ori-pAMα1; crtM and crtN genes of
S. aureus; AmpR; TcR

[2, 25]

Cloning strategy 

Synthetic operons, containing from one up to four genes, were constructed following 
the strategy shown in Figure 1. The first gene was amplified by PCR using a forward 
primer containing SpeI restriction site and B. subtilis mntA ribosomal binding site 
(RBS) plus spacer (AAGAGGAGGAGAAAT), and a reverse primer containing a linker 
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with SwaI and BglII restriction sites, a 6× His-tag, a stop codon, and BamHI restriction 
site. This PCR product was cloned into the pHB201 plasmid through SpeI and BamHI 
sites. The next gene to be cloned was amplified with a forward primer containing StuI 
or SmaI restriction site, a stop codon for the previous gene and the B. subtilis mntA 
RBS plus spacer, and a reverse primer containing a linker with SwaI and BglII 
restriction sites. Then the amplified gene was digested at the StuI/SmaI and BglII 
restriction sites and cloned into the pHB201-gene1 constructed plasmid digested with 
SwaI and BglII restriction enzymes. This technique was repeated until up to four genes 
were cloned into the pHB201 plasmid. Single point mutations were introduced into the 
genes to eliminate the used restriction sites from their sequence whenever necessary. 
The synthetic operons were excised from the pHB201 plasmid with restriction enzymes 
SpeI and BamHI and cloned into the SpeI/BamHI-restricted pHCMC04G plasmid. All 
these cloning steps were performed in E. coli DH5α and the sequences of all the 
generated recombinant plasmids were confirmed by sequencing (Macrogen, Europe). 
The constructed plasmids were used to transform competent B. subtilis 168 cells 
following previously published protocol[26]. Genes of the 2-C-methyl-D-erythritol-4-
phosphate (MEP) pathway (Figure 2)  were used to create different constructs with up 
to four genes in each construct[2]. Circular polymerase extension cloning (CPEC) [27] 
was used to create pHCMC04G construct containing the seven genes of MEP pathway 
along with ispA gene which is responsible for production of different terpenoid 
precursors. The CEGA insert was amplified by PCR using forward and reverse primers 
that introduce overlapping flanks with the BglII-restricted p04SDFH construct. The 
ligation of this insert and vector produced p04SDFHCEGA construct. 

Figure 1. Strategy for constructing the synthetic operons. 
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Figure 2. 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway. 

Expression of the genes from the different constructs in B. subtilis 168 

The expression of each gene was checked before cloning the next gene in the operon. 
B. subtilis 168 strains with pHB201 and pHCMC04G constructs were cultured in 50 ml 
TSB medium containing suitable antibiotics. Overnight cultures were diluted to an 
OD600 of 0.05 in TSB medium. The cultures were incubated for 3 h at 37 °C and 250 
rpm. Then, xylose was added to a final concentration of 1 % to start induction of 
pHCMC04G constructs. The cultures were grown overnight at 37 °C and 250 rpm 
before checking the protein expression. Cells were pelleted by centrifugation for 30 min 
at 2100g, 4 °C then resuspended in 2 ml lysis buffer (25 mM Tris-HCl, pH 8.0, 
25mMNaCl, 20% glucose, and 0.25 mg/ml lysozyme) and incubated at 37 °C for 30 
min. The soluble protein fractions were obtained by centrifugation for 20 min at 
17,000g. The his-tagged proteins were then purified on HisSpinTrapTM columns (GE 
Healthcare) using 25 mM Tris-HCl, 500 mM NaCl, and 20 mM imidazole, pH 7.4, as 
binding and washing buffer while the elution buffer contained 500 mM imidazole. 
Purified proteins were loaded on SDS-PAGE using precast NuPAGE® gels (Invitrogen)
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and stained by Coomassie-based stain InstantBlueTM (Expedeon Ltd.) or analyzed by 
western blotting where specific antibodies against the his-tag were used. Primary 
bound antibodies were visualized using fluorescent IgG secondary antibodies 
(IRDye800 CW goat anti-rabbit LiCor Biosciences). Membranes were scanned for 
fluorescence at 800 nm using the Odyssey Infrared Imaging System (LiCor 
Biosciences). 

Analysis of segregational and structural stability of the constructs in B. subtilis 168 

Segregational stability was measured by evaluating the growth of B. subtilis 168 
cells harboring the p201SDFH, p201CEGA, p04SDFH, p04CEGA or 
p04SDFHCEGA constructs in TSB medium with appropriate antibiotic for 100 
generations involving several subcultures.  

The cells of B. subtilis 168 were first grown in 1 ml TSB broth containing 5 μg/ml 
chloramphenicol for 16 h at 37°C. The overnight cultures were inoculated into 10 ml 
fresh TSB broth without chloramphenicol and incubated at 37°C, 220 rpm for 24 h, 
attaining full growth. The cultures were diluted 1:1000 by fresh TSB broth without 
chloramphenicol and further incubated for 12 h (about 10 generations of cultivation). 
These cultures were diluted 106 fold and plated onto LB agar plates without 
chloramphenicol. After incubation at 37°C overnight, 160 colonies were picked up and 
transferred onto LB agar plate supplemented with 5 μg/ml chloramphenicol, and this 
was repeated for three times. This treatment, starting from 1:1000 culture dilution 
followed by plating, was successively repeated 10 times to obtain 100 generations of 
cultivation.  The presence of the plasmids was confirmed by the growth of the colonies 
on the plates, thus indicating that the plasmid hosted by the colonies is segregationally 
stable. The segregational stability of each construct was represented as % of colonies 
retaining the plasmid construct which is equal to [colonies on LB plate with antibiotic/ 
colonies on LB plate without antibiotic * 100%]. 

Structural stability of the constructs was determined as described above apart from 
the addition of chloramphenicol throughout the cultivation then colony PCR was 
used to detect large fragment deletions, in addition to random sequencing to detect 
mutations and small fragment deletions. 

Production of carotenoids in B. subtilis strains overexpressing MEP pathway genes 

The B. subtilis strains containing both pHB201 and pHCMC04G constructs of MEP 
pathway genes were transformed with the pHYcrtMN carotenoid producing plasmids. 
The genes were expressed, and carotenoids were extracted and quantified as described 
in a previous study[2]. 
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Real-time quantitative PCR (RT-qPCR) analysis 

B. subtilis 168 strain p04SDFHCEGA was incubated in LB medium overnight at 37 ºC. 
The overnight culture was diluted to OD600 of 0.05 in TSB medium and incubated at 37 
ºC under shaking condition (250rpm). Overexpression was induced by adding xylose to 
a final concentration of 1% when OD600 value reached 0.6 in the culture. The culture 
was incubated further for 5 h and harvested for total RNA isolation. The total RNA was 
extracted from the pellet using Maxwell® 16 LEV simplyRNA Purification Kit with an 
additional enzymatic digestion step. Briefly, the bacterial culture was diluted to an 
OD600 of 1.5 in 1 ml TSB medium, centrifuged at 3000× g for 10 min at 4 ºC and the 
supernatant was decanted. The pellet was re-suspended in 400 µl 1x TE buffer and 100 
µl Lysozyme (10µg/µl), and incubated at 37 ºC for 30 min. After incubation, the cell 
lysate was centrifuged at 3000× g for 10 min, and then the pellet was processed using 
Maxwell® 16 LEV simplyRNA Purification Kit (Promega) with Maxwell® 16 Instrument 
(Promega). The reverse transcription reaction was then performed immediately using 
Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT, Promega) 
together with random primer (Promega) to synthesize cDNA. The thermal program 
was: incubate for 10 min at 20 °C, 60 min at 37 °C, 12 min at 20 °C, 5 min at 99 °C, and 
then keep the program at 4 °C. cDNA was used in qPCR immediately, or stored at
−20 °C until use.

Transcriptional level of target genes was analyzed by RT-qPCR with SYBR Green 
(SensiMixTM SYBR Low-ROX kit, Bioline) in QuantStudio™ 7 Flex Real-Time PCR 
System (Thermo Fisher Scientific). Each sample was measured in triplicate. The 
thermal cycling program was: 95 °C for 10 min, 40 cycles of 95 ºC for 15 s, 60 ºC for 25 
s, and followed by melting curve analysis using the defaulted program. Data analysis 
was carried out using QuantStudio™ Real-Time PCR Software v1.3 (Thermo Fisher 
Scientific). The p04SDFHCEGA plasmid was used to construct standard curves for 
quantitative analysis. The logarithmic of absolute copy number of each target part was 
interpolated from the standard curves. Primers were designed using NCBI Primer-
BLAST online (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)[28]. The primers 
were designed to overlap between two genes at the beginning, middle and end of the 
operon and thus not to react with non-episomal genes. The primers used for the 
beginning of the operon overlap between genes dxs and ispD (SD), the forward primer 
is ACTGATGCCACCAAAGACAC and the reverse primer is 
GGTCTCCCTTCAGCTCAATG.  The primers used for the middle of the operon 
overlap between genes ispH and ispC (HC), the forward primer is 
TCACGAAGATCCATCAACTTGG and the reverse primer is GCCGATTGATCCT 
GTTGCTC. Finally, the primers used for the end of the operon overlap between genes 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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ispG and ispA (GA), the forward primer is TTGTCCGTAAGGTTCCAGAG and the 
reverse primer is ATGAGTCCGGCATATCAAGC. 

Nucleotide sequence accession number 

The nucleotide sequence of the complete genome of Bacillus subtilis 168 was given the 
following accession numbers: AL009126 and NC000964. The MEP pathway genes used 
in this study were amplified from the genomic DNA of B. subtilis 168. 

Results 

Construction of synthetic operons in different vectors 

To demonstrate the robustness of our expression system of multiple proteins, we 
assembled B. subtilis genes encoding the MEP pathway into synthetic operons within 
the different expression vectors. The synthetic operons that were used in this study are 
shown in Table 2. In the synthetic operon, each gene is preceded by the B. subtilis mntA 
RBS and the last gene in the operon contains a His6-tag to allow for purification and 
detection before inserting the next gene. Different sequences of RBS and spacers were 
examined. The mntA RBS was chosen because it is considered a strong Shine-Dalgarno 
sequence (ΔG > 50.4 kJ mol-1) and a spacing of six nucleotides to the starting codon 
was employed to ensure translational efficiency[19]. The sequence of each generated 
construct was assessed proving successful cloning.  

Table 2. Constructs used in this study 
Construct Vector Genes in the operon Reference 
p201S pHB201 dxs  This study 
p201SD pHB201 dxs + ispD  This study 
p201SDF pHB201 dxs + ispD + ispH  This study 
p201SDFH pHB201 dxs + ispD + ispH + ispF This study 
p201C pHB201 ispC  This study 
p201CE pHB201 ispC + ispE  This study 
p201CEG pHB201 ispC + ispE + ispG  This study 
p201CEGA pHB201 ispC + ispE + ispG + ispA This study 
p04S pHCMC04G dxs  [2]

p04SD pHCMC04G dxs + ispD  [2]

p04SDF pHCMC04G dxs + ispD + ispH  [2]

p04SDFH pHCMC04G dxs + ispD + ispH + ispF [2]

p04C pHCMC04G ispC  [2]

p04CE pHCMC04G ispC + ispE  [2]

p04CEG pHCMC04G ispC + ispE + ispG  [2]

p04CEGA pHCMC04G ispC + ispE + ispG + ispA [2]

p04SDFHCEGA pHCMC04G dxs + ispD + ispH + ispF + ispC + 
ispE + ispG + ispA 

This study 
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Expression of MEP pathway genes in B. subtilis 168 

To determine the best conditions for expression in B. subtilis, two different media (TSB 
and 2YT) were used along with different growth temperatures (20, 30 and 37 ºC). The 
growth of the bacteria in 2YT medium usually stopped around OD600 of 5 while the 
bacteria could grow to higher OD600 (approximately 9) in TSB medium which allowed 
for better expression. That is mainly due to the exhaustion of the components of the 
2YT medium during growth where it contains small amount of carbohydrates along 
with peptides from the tryptone and yeast extract. TSB medium contains higher 
nutritional elements such as glucose and soytone which is an enzymatic digest of 
soybean meal that is rich in amino acids and carbohydrates. In addition, monitoring 
the effect of different growth temperatures showed that growth and expression at 37 ºC 
was better than the other temperatures. Hence, the optimum conditions to compare the 
different strains was decided to be growth in TSB medium at 37 ºC. 

Expression of the consecutive MEP pathway genes was checked by enriching the cell 
lysates for his-tagged proteins followed by analysis using SDS gel and Western blotting. 
In our cloning strategy, only the last protein carries a His-tag, so the expression of each 
gene can be evaluated before cloning the next gene (Figure 3.). Also, since all genes are 
in one operon on the vector and were checked by sequencing, it can be assumed that 
the transcripts are intact whenever this last protein is visible. 

Figure 3. Western blot of pHCMC04G constructs of MEP pathway proteins expressed in B. 
subtilis 168. Proteins were isolated from B. subtilis 168 cell lysates and purified using His 
SpinTrapTM columns (GE Healthcare). After purification, protein samples were loaded on an 
SDS-gel and detected on western blot using specific antibody against the his-tag. 
M, Protein molecular weight marker; The positions of the purified proteins are indicated with a 
rectangle. 1, Dxs (70 kDa); 2, IspD (26 kDa); 3, IspF (17 kDa); 4,IspH (35 kDa); 5, IspC (43 kDa); 
6, IspE (32 kDa); 7, IspG (41 kDa); 8, IspA (32 kDa). The differences in intensities of the bands 
reflect the differences in availability of the his-tag for SpinTrapTM and antibody binding as the 
proteins are all translated from the same transcript using the same RBS. 
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Segregational and structural stability of the constructs in B. subtilis 168 

A comparison between the pHB201 and pHCMC04G constructs was carried out based 
on their segregational and structural stability in B. subtilis 168. The pHCMC04G 
constructs were proven to be more segregationally stable than the pHB201 constructs 
as shown in Figure 4. The pHCMC04G constructs show approximately 100 % ability to 
retain the plasmid construct until the 40th generation after which a slight loss of the 
plasmid occur remaining above 85 % stable until the 100th generation. However, the 
pHB201 constructs showed significant loss of the plasmid constructs starting from the 
20th generation ending with less than 30 % ability to retain the plasmid by the 100th 
generation. Structural stability was evaluated by colony PCR to determine the size of 
the operon fragment of each construct. In addition, sequencing of the operon of 
selected colonies was performed. The sequences of the constructed operons in pHB201 
usually showed deletions and mutations when the plasmid size became more than 10 
Kb while the sequences of the operons in pHCMC04G remained stable and aligned up 
to the insertion of the eighth gene with a total recombinant plasmid size of 16.4 Kb. 
Sequencing results after the 10th generation showed that only 57 % and 62 % of the 
colonies of p201SDFH and p201CEGA constructs, respectively, had the correct 
sequence while the rest of the colonies showed deletions and/or mutations in different 
parts of the operon. On the other hand, sequencing of the pHCMC04G constructs 
indicated that 100 %, 88 % and 90 % of the colonies of p04SDFH, p04CEGA and 
p04SDFHCEGA, respectively, possessed the correct sequence of the operon. The 
creation of a pHB201 eight gene construct was unsuccessful due to the segregational 
and structural instability of the four gene constructs making further cloning unfeasible. 

Figure 4. Segregational stability of pHB201 and pHCMC04G constructs in B. subtilis 168. 
The stability of strains was represented as the % of colonies retaining the plasmid formed on the 
chloramphenicol-containing plates after successive subculturing (100 generations). 
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Carotenoid production in B. subtilis strains overexpressing MEP pathway genes 

The total amount of carotenoids, 4,4′-diaponeurosporene and 4,4′-
diapolycopene, (mg/g dcw) produced in the different B. subtilis strains 
overexpressing MEP pathway genes with the help of pHB201 or pHCMC04G 
constructs were compared. A control B. subtilis strain that only contains the 
pHYcrtMN plasmid was also used. It is worth to mention that when the control 
strain was combined with the empty pHB201 or pHCMC04G vectors, it 
produced the same amount of carotenoids. The crtN gene responsible for 
conversion of 4,4′-diaponeurosporene to 4,4′-diapolycopene has low activity in B. 
subtilis, hence the low levels of 4,4′-diapolycopene produced [2]. The amount of 
total carotenoids produced in the B. subtilis strains containing pHB201 constructs 
overexpressing MEP pathway genes is less than that produced by the strains 
containing pHCMC04G constructs by approximately 50% (Figure 5.), this is in 
accordance with the difference in stability between the pHB201 and pHCMC04G 
constructs.  In addition, the pHCMC04G construct expressing all eight genes of the 
MEP pathway (p04SDFHCEGA) produced approximately 21 mg/g dcw of 
total carotenoids which is double the amount produced by the constructs 
expressing only four genes of the pathway (p04SDFH and p04CEGA). 

Figure 5. Total amount of carotenoids produced by B. subtilis 168 strains containing pHB201 
or pHCMC04G constructs overexpressing MEP pathway genes. 

The amount of carotenoids was represented as mg/g of dry cell weight. 
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Study of p04SDFHCEGA operon expression using RT-qPCR analysis 

The p04SDFHCEGA strain contain eight genes in the same operon regulated by a 
single promotor. RT-qPCR analysis was used to ensure equal expression level of all 
genes in the operon. Since B. subtilis genome contains a copy of the MEP pathway 
genes, designing primers specific for each gene won’t allow differentiation between the 
expression levels of the chromosomal and plasmid genes. Hence, primers overlapping 
between 2 genes at the beginning (SD), middle (HC) and end (GA) of the operon were 
designed to avoid amplifying the chromosomal genes. The expression level of each 
target fragment was represented as the logarithmic of absolute copy number per unit 
input total cDNA (10 ng). The level of expression of the genes at the beginning, middle 
and end of the p04SDFHCEGA operon was nearly similar (Figure 6.) indicating that 
the single promotor was effective in controlling the expression of the whole operon in 
pHCMC04G vector and the transcripts are intact. 

Figure 6. Expression level of genes in B. subtilis 168 containing p04SDFHCEGA construct. 
The expression level of each target fragment was represented as the logarithmic of absolute copy 
number per unit input total cDNA (10 ng), quantified by qPCR using serial dilutions of 
standards. SD represents beginning of the operon, fragment containing overlap of genes dxs and 
ispD; HC depicts middle of the operon, fragment containing overlap of genes ispH and ispC; GA 
illustrates end of the operon, fragment containing overlap of genes ispG and ispA. Mean values 
of three independent experiments with standard deviation are indicated by error bars. 
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Discussion 

Standardized and efficient genetic tools are a prerequisite for metabolic engineering of 
microorganisms. B. subtilis has been widely used as a cell factory for bulk production of 
commercial enzymes[8, 24]. In the last decades, B. subtilis has gained the attention as a 
model organism for metabolic engineering aiming at the production of 
pharmaceutically important compounds. The need for a straight forward competent 
cloning strategy in a stable expression system is essential so that B. subtilis can reach its 
full potential as a cell factory. 

The cloning strategy reported here allowed the insertion of multiple genes into a single 
operon controlled by the same promotor. Two vectors with different promotors and 
mode of replication were tested. pHB201 rolling circle replication vector with the P59 
constitutive promotor and pHCMC04G theta replication vector with xylose inducible 
promotor. The constructed operons contained genes of the MEP pathway starting from 
one gene up to eight genes. It also permitted the cloning of B. subtilis mntA ribosomal 
binding site before each gene. The presence of a his-tag at the end of the operon made 
it possible to purify each cloned gene and evaluate its expression on Western blot using 
anti-his antibodies. After confirming the expression of each gene, the next gene in the 
series can be inserted. This strategy allowed for consecutive insertion of genes in 
separate steps where the expression of each inserted gene is confirmed before the 
cloning of the following gene. Hence, expression problems can be avoided when the 
final operon with all the required genes is assembled. This cloning strategy can be 
customized for any microorganism and any vector by changing the RBS and restriction 
sites when necessary. 

After the success of the cloning, the next step would be finding the most stable 
expression vector in B. subtilis. Two different vectors, pHB201 and pHCMC04G, were 
evaluated. pHB201 is a rolling circle replication (RCR) plasmid which replicates by 
creating single-stranded DNA as an intermediate. RCR plasmids usually suffer from 
structural instability where recombination of short direct repeats present within this 
single-stranded DNA may lead to the deletion of one of the repeats along with the 
superseding DNA. In addition, pHB201 is a high-copy number plasmid and lacks 
active partitioning during replication which make its prone to segregational instability 
causing loss of the entire plasmid population from a cell[17, 29, 30]. In our study, 
constructs of pHB201 with size up to 10 Kb were structurally stable where they showed 
no deletions in their sequences and consistent expression of the cloned genes while 
constructs larger than 10 Kb showed deletions and mutations in their sequences. This 
conclusion is based on sequencing the isolated plasmid from different colonies after the 
10th growth generation. The percentage of colonies with correct sequence was higher 
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for constructs with one or two genes such as p201S, p201C, p201SD and p201CE, this 
percentage started to decrease by the insertion of the third gene. Finally, the constructs 
with four genes, p201SDFH and p201CEGA, showed that the percentage of the 
colonies with correct sequence dropped to 57 % and 62 %, respectively. Also, the four 
gene construct of pHB201 showed significant segregational instability. It is noteworthy 
to mention that the instability of pHB201 is mainly due to its rolling circle replication 
and not the use of strong constitutive promotor, where pHB201 showed the same 
pattern of instability when a xylose or IPTG inducible promotor was used instead. In 
the search for more stable expression vectors, the theta-replication based plasmids, 
pHCMC04G, was evaluated. Theta-replication based plasmids are mostly low-copy 
number plasmids that replicate in the host through a theta-type intermediate where 
two replication forks proceed independently around the DNA ring, hence, they are 
structurally and segregationally stable up to a size of 50 Kb compared to RCR plasmids 
in which nucleic acid replication is unidirectional leading to instability[20, 30-32]. The 
pHCMC04G constructs up to eight genes and 16.5 Kb in size mostly showed fully 
aligned sequences with no deletions and reproducible gene expression indicating their 
structural stability. Sequencing of the p04SDFHCEGA construct indicated that 90 % of 
the colonies retained the correct sequence of the operon. In addition, both four and 
eight gene pHCMC04G constructs showed consistent segregational stability up to 100 
generations.  

These findings were further confirmed by comparing the total amount of carotenoids 
produced in B. subtilis strains containing pHB201 or pHCMC04G constructs 
overexpressing MEP pathway genes. The pHB201 strain over expressing dxs, ispD, 
ispH, and ispF produced 6 mg/g dcw of total carotenoids which is almost half the 
amount formed by the pHCMC04G strain (10 mg/g dcw). Similar pattern can be seen 
in the strains overexpressing ispC, ispE, ispG, and ispA, where the pHB201 strain 
produced 5 mg/g dcw compared to the 11 mg/g dcw of the pHCMC04G strain. This 
decrease in carotenoid production is probably due to instability of the pHB201 
constructs overexpressing MEP pathway genes leading to less precursors available for 
production of carotenoids. The pHCMC04G strain over expressing the eight genes, dxs, 
ispD, ispH, ispF, ispC, ispE, ispG, and ispA showed the highest amount of carotenoids 
produced, approximately 21 mg/g dcw. This amount of C30 carotenoids produced has 
never been reported before. However, for the production of C40 carotenoids such as 
lycopene 7.55 mg/g dcw in Escherichia coli[33] and 24.41 mg/g dcw in Saccharomyces 
cerevisiae[34], β-carotene 20.79 mg/g dcw in S.s cerevisiae[35], zeaxanthin 11.95 mg/g dcw 
in E. coli[36] or astaxanthin 8.64 mg/g dcw in E. coli[37] and 8.10 mg/g dcw in S. 
cerevisiae[38] similar amounts have been reported. Hence, the generated B. subtilis strain 
can be used to produce C30 carotenoids such as squalene in addition to all different 
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types of isoprenoids. B. subtilis possesses an advantage over E. coli as it is considered a 
GRAS organism while E. coli is not, also B. subtilis has faster growth rate compared to 
S. cerevisiae making it a preferred choice as a cell factory.

Finally, RT-qPCR was used to analyze the level of expression of the different genes in 
the operon. The results showed that the transcripts are intact and all genes are 
expressed at the same level irrespective of their position in the operon. This can 
eliminate any doubt about the effect of the long length of the operon on the integrity of 
the mRNA transcripts and in turn, on protein expression. 

In conclusion, we introduced a cloning strategy that allows the efficient and easy 
insertion of numerous genes into a single operon while ensuring the proper expression 
of each gene before cloning the next gene in the series. The number of genes stably 
cloned depend largely on the expression vector chosen. For B. subtilis, expression 
vector pHCMC04G can be successfully used for multiple protein expression where it 
provides a stable controllable system. This strategy was used to construct a B. subtilis 
strain overexpressing the whole MEP pathway (p04SDFHCEGA) in a stable manner. In 
the future, p04SDFHCEGA strain can be used as a cell factory for isoprenoid products 
biosynthesized by the MEP pathway. This is the first report of the expression of the 
complete MEP pathway in a plasmid based system in B. subtilis where it was proved 
that such a large operon can be stably expressed. It is worthwhile to mention that the 
introduced plasmid based expression system is faster and more effective than 
integrating multiple copies of the MEP pathway in the B. subtilis chromosome. B. 
subtilis already has an inherent copy of the MEP pathway genes in its genome which 
makes integrating extra copies of the MEP pathway into the chromosome difficult. In 
addition, the plasmid system allows for production of multiple copies of each gene. 
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Abstract 

Terpenoids are natural products known for their medicinal and commercial 
applications. Metabolic engineering of microbial hosts for the production of such 
valuable compounds has gained vast interest in the last few decades. In the effort 
towards engineering Bacillus subtilis as a cell factory for the production of the 
chemotherapeutic Taxol, we expressed the plant-derived taxadiene synthase (TXS) 
enzyme. TXS is responsible for the conversion of the precursor geranylgeranyl 
pyrophosphate (GGPP) to taxa-4,11-diene, which is the first committed intermediate 
in Taxol biosynthesis. Furthermore, genes encoding biosynthetic enzymes from the 2-
C-methyl-D-erythritol-4-phosphate (MEP) pathway [dxs, ispD, ispF, ispH, ispC, ispE,
ispG] and early Taxol biosynthesis pathway [ispA encoding geranyl pyrophosphate
synthase (GPPS) and farnesyl pyrophosphate synthase (FPPS), crtE encoding
geranylgeranyl pyrophosphate synthase (GGPPS)] were cloned into B. subtilis and their
effect on taxadiene production was evaluated. The over expression of the MEP pathway
enzymes along with IspA and GGPPS caused 83-fold increase in the amount of
taxadiene produced compared to the B. subtilis strain only expressing TXS and relying
on the innate pathway of B. subtilis. The total amount of taxadiene produced by that
strain was 17.2 mg/L. This is the first account of the successful expression of taxadiene
synthase in B. subtilis. We determined that expression of GGPPS through the crtE gene
is essential for formation of the precursor GGPP in B. subtilis as its innate metabolism
is not efficient in producing it. Finally, the enhanced taxadiene production by
overexpressing the complete MEP pathway and IspA present the prospect for further
engineering aiming for semi-synthesis of Taxol.
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Introduction 

Terpenoids represent the largest, structurally and functionally most varied group of 
natural products. This structural complexity is the basis of the diversity in biological 
activity of terpenoids and can not be simply reproduced in synthetic compounds. 
Nowadays,  there are over 50,000 known terpenoids, alot of which are biosynthesized 
by plants. Numerous terpenoids have attracted commercial interest for their medicinal 
value or use as flavors and fragrances. Among the most famous medicinally important 
terpenoids are the antimalarial artemisinin from the plant Artemisia annua and 
the anticancer paclitaxel (Taxol®) from the yew trees (Taxus brevifolia or Taxus 
baccata). The majority of terpenoids are naturally produced in low amounts and their 
extraction is usually labour intensive and it entails considerable consumption of 
natural resources. For instance, the production of enough Taxol® to treat one 
cancer patient would approximately require six 100 year old Pacific yew trees and 
similarly there are reports of enormous shortfalls in artemisinin production due to 
seed shortage. In addition, chemical synthesis and modification of most 
terpenoids is tremendously difficult and problematic because of the complexity 
and chirality of their chemical structures. Hence, researchers in the last few 
decades focused on metabolic engineering of the terpenoid biosynthetic pathways 
in host microorganisms as an alternate method of production[1-5]. 

The backbone of all terpenoids originates from two five-carbon precursors, isopentenyl 
diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) which can be 
produced via mevalonate (MVA) pathway or the 2-C-methyl-D-erythritol-4-phosphate 
(MEP) pathway. The consecutive condensation of IPP and DMAPP using a group of 
prenyl pyrophosphate synthase enzymes produces the starting precursors of the 
different classes of terpenoids. These starting precursors are geranyl pyrophosphate 
(GPP; C10) produced by geranyl pyrophosphate synthase (GPPS) for synthesis of 
monoterpenoids, farnesyl pyrophosphate (FPP; C15) produced by farnesyl 
pyrophosphate synthase (FPPS) for construction of sesquiterpenoids and 
triterpenoids, and geranylgeranyl pyrophosphate (GGPP; C20) synthesized by 
geranylgeranyl pyrophosphate synthase (GGPPS) for production of diterpenoids and 
tetraterpenoids. Finally, these starting precursors are cyclized and/or rearranged by 
terpene synthase enzymes to the different terpenoids[6-8]. 

Paclitaxel (Taxol®) is a diterpenoid known for its chemotherapeutic effect and is found 
in the bark and needles of different Taxus trees. Similar to all terpenoids, the extraction 
from the natural source is problematic, thus various Taxus species are now endangered 
due to high demand. Total synthesis of paclitaxel has been established but the 
complexity of its chemical structure made the process commercially inapplicable[9]. 
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Hence, nowadays paclitaxel is synthesized semisynthetically from 10-deacetylbaccatin 
III that is more easily extracted. Also, docetaxel, which has been gaining more attention 
recently, can be synthesized from this precursor. However, this means that production 
still relies on the yew trees[10, 11] or on plant cell cultures[12]. The first step in the 
production of paclitaxel is the production of the compound taxa-4,11-diene (Figure 1). 
Taxadiene is produced from the cyclization of the diterpenoid precursor GGPP via the 
enzyme taxadiene synthase. The GGPP precursor is synthesized via the MVA or MEP 
pathway as previously explained. Taxadiene is converted to the final product paclitaxel 
through approximately 19 enzymatic steps involving hydroxylation and other 
oxygenation reactions of the taxadiene skeleton[4, 8, 13]. 
The first committed intermediate in biosynthesis of paclitaxel, taxadiene, has been 
produced via metabolic engineering in Escherichia coli[14, 15], Saccharomyces cerevisiae[16, 

17] and the transgenic plant Arabidopsis thaliana[18]. Based on the success of metabolic
engineering in these host, Bacillus subtilis offers an interesting microbial host for
production of taxadiene where it has higher growth rate compared to S. cerevisiae and
is considered as GRAS (Generally Regarded As Safe) by the Food and Drug
Administration unlike E. coli. Also, B. subtilis possesses an innate MEP pathway and
has a broad metabolic potential. The production of C30 carotenoids in B. subtilis has
been reported and optimized[19, 20]. Also, the sesquiterpenoid amorphadiene which is
the first precursor for the production of artemisinin has been successfully produced in
B. subtilis [21]. In the current study, we aim at the metabolic engineering of B. subtilis for
the biosynthesis of taxadiene as a first step in the semisynthetic production of
paclitaxel. For the first time, we describe the successful expression of the enzyme
taxadiene synthase essential for the synthesis of taxadiene in B. subtilis. Moreover, the
production levels of taxadiene are increased by overexpression of the MEP pathway,
IspA and GGPPS enzymes. The reported B. subtilis strain with the highest level of
production of taxadiene can compete with yeast and E. coli, besides the additional
advantages provided from the use of B. subtilis. This study can serve as a stepping stone
for further fine tuning of the biosynthetic pathway of paclitaxel in B. subtilis targeting a
more efficient production process.
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Figure 1. Biosynthesis of taxa-4,11-diene via the 2-C-methyl-D-erythritol-4-phosphate 
(MEP) pathway in Bacillus subtilis. 

Enzymes in the biosynthesis pathway: 1-deoxy-D-xylulose-5-phosphate synthase (Dxs), 1-
deoxy-D-xylulose-5-phosphate reductoisomerase or 2-C-methyl-D-erythritol 4-phosphate 
synthase (Dxr, IspC), 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (IspD), 4-
(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase (IspE), 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate synthase (IspF), (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase 
(IspG), 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (IspH),  isopentenyl-diphosphate 
delta-isomerase (Idi), geranylpyrophosphate synthase (GPPS), farnesylpyrophosphate synthase 
(FPPS) and geranylgeranylpyrophosphate synthase (GGPPS). Intermediates in the metabolic 
pathway: 1-deoxy-D-xylulose 5-phosphate (DXP), 2-C-methyl-D-erythritol 4-phosphate (MEP), 
4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol (CDP-ME), 2-phospho-4-(cytidine 5'-
diphospho)-2-C-methyl-D-erythritol (CDP-MEP), 2-C-methyl-D-erythritol 2,4-cyclo-
diphosphate (MEC), (E)-4-hydroxy-3-methylbut-2-en-1-yl diphosphate (HMBPP), isopentenyl 
diphosphate (IPP), dimethylallyl diphosphate (DMAPP) geranylpyrophosphate (GPP), 
farnesylpyrophosphate (FPP) and geranylgeranylpyrophosphate (GGPP). 

Materials and methods  

Bacterial strains, vectors and growth conditions 

Bacterial strains and expression vectors used in this research are listed in Table 1. E. coli 
DH5α strains were cultured in Luria-Bertani broth (LB) while B. subtilis 168 strains 
were grown in 2xYT medium. When necessary, growth media were supplemented with 
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antibiotics in the following concentrations: 100 μg/ml ampicillin or 100 μg/ml 
erythromycin for E. coli DH5α and 5 μg/ml chloramphenicol, 100 μg/ml erythromycin 
or 100 μg/ml spectinomycin for B. subtilis 168. 

Table 1. Bacterial strains and vectors used in this research 
Bacterial strain Genotype Reference 
B. subtilis 168 trpC2 [22, 23]

B. subtilis 168_txs 168 amyE::Phyperspank-txs; SpR This study 
E. coli DH5α F-endA1 hsdR17 (rk

-,mk
+) supE44 thi-1 λ-recA1

gyrA96 relA1 φ80dlacZ∆M15
Bethesda Research 
Lab 1986 

Vector Pertinent properties Reference 

pDR111 B. subtilis integration vector; ori-pBR322;
Phyperspank IPTG-inducible promoter; SpR; AmpR

[24]

pBS0E B. subtilis and E. coli shuttle vector; ori- 1030
(theta replication); PxylA xylose-inducible 
promoter; ErmR; AmpR 

[25]

pHCMC04G B. subtilis and E. coli shuttle vector; ori-
pBR322; ori-pBS72 (theta replication); PxylA

xylose-inducible promoter; CmR; AmpR 

[20]

Construction of different strains of B. subtilis 168 

Five different constructs were utilized to produce different B. subtilis strains expressing 
taxadiene synthase (TXS). The first construct consists of txs gene from the plant Taxus 
baccata in pDR111 plasmid. The txs gene was truncated by deleting the first 60 amino 
acids to remove the signal peptide targeting the plastid and improve expression and 
solubility of the protein[26]. Circular polymerase extension cloning (CPEC)[27] was used 
to create the pDR_txs construct where B. subtilis mntA ribosomal binding site (RBS) 
plus spacer (AAGAGGAGGAGAAAT) were introduced before the txs gene along with 
a N-terminal 6× His-tag. Ampicillin and spectinomycin resistance cassettes are 
available for selection in E. coli and B. subtilis, respectively. The second construct 
consists of crtE gene that express the enzyme geranylgeranyl pyrophosphate synthase 
(GGPPS) in the pBS0E plasmid. The crtE gene from Pantoea ananatis was cloned into 
pBS0E plasmid using CPEC method to introduce B. subtilis mntA RBS before the gene 
resulting in the construct pBS0E_crtE. Finally, three constructs expressing MEP 
pathway genes in pHCMC04G plasmid were used. Two of which express four genes of 
the MEP pathway as follows: p04_SDFH express the genes dxs, ispD, ispF and ispH 
while p04_CEGA express the genes ispC, ispE, ispG and ispA. The third construct 
p04_SDFHCEGA express all the eight genes of the MEP pathway. These constructs 
were obtained from a previous study[20]. All these cloning  steps  were  performed  in  
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E. coli DH5α and the sequences of all the generated recombinant plasmids were 
confirmed by sequencing (Macrogen, Europe). The constructed plasmids were used to 
transform competent B. subtilis 168 cells following previously published protocol[28]. 
Five different strains of B. subtilis 168 were produced by transforming different 
combinations of the constructs.  

Expression of taxadiene synthase in B. subtilis 168 

Overnight culture of the B. subtilis strain containing pDR_txs construct was grown in 
2xYT medium containing spectinomycin antibiotic. The next day, the overnight 
culture was diluted to an OD600 of 0.07-0.1 in 10 ml 2xYT medium with spectinomycin 
in 100 ml Erlenmeyer flask. The culture was incubated for 3 h at 37 °C and 220 rpm. 
Then, IPTG was added to a final concentration of 1 mM to start induction. The culture 
was divided to 1 ml cultures into 15 ml round bottom tubes and grown overnight at 
20 °C and 220 rpm. The following day the 1 ml cultures were pelleted by centrifugation 
for 10 min at 11000 rpm, 4 °C then resuspended in 5 ml/1 g pellet Birnboim lysis buffer 
(25 mM Tris-HCl, pH 8.0, 50 mM glucose, complete tablet, and 25 mg/ml lysozyme) 
and incubated at 37 °C for 30 min. The soluble protein fractions were obtained by 
centrifugation for 15 min at 11000 rpm. The soluble protein fractions were loaded on 
SDS-PAGE using precast NuPAGE® gels (Invitrogen) and analyzed by Western blotting 
where mouse peroxidase-conjugated anti-His antibody (catalog no. A7058; Sigma) was 
used then the protein was visualized using Amersham ECL Prime Western blotting 
detection reagent (catalog no. RPN2232; GE Healthcare). 

Production and extraction of taxadiene in B. subtilis 168 

Overnight cultures of the different strains were grown in 2xYT medium containing 
suitable antibiotics. The next day, the overnight cultures were diluted to an OD600 of 
0.07-0.1 in 10 ml 2xYT medium with suitable antibiotics in 100 ml Erlenmeyer flasks. 
The cultures were incubated for 3 h at 37 °C and 220 rpm. Then, IPTG was added to a 
final concentration of 1 mM to start induction of pDR111 constructs and xylose was 
added to a final concentration of 1 % to start induction of pBS0E and pHCMC04G 
constructs. The cultures were divided to 1 ml cultures into 15 ml round bottom tubes 
and overlaid with 100 μl dodecane containing 10 μl of 700 μM β-caryophyllene as 
internal standard. Then the cultures were grown overnight at 20 °C and 220 rpm. The 
following day OD600 of all 1 ml cultures was measured. A comparison between direct 
extraction of taxadiene from the culture and extraction of taxadiene from cell lysate was 
performed. First, extraction without lysis was performed by adding 200 μl hexane to the 
1 ml cultures overlaid with dodecane, then the cultures were centrifuged for 10 min at 
11000 rpm to separate the aqueous and organic phases. The dodecane-hexane layer was 
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extracted for GC-MS analysis. Secondly, lysis followed by extraction was performed by 
addition of 100 μl lysis buffer (50 mM Tris-HCl, pH 8.0, 70 mM NaCl, 10 mM MgCl2, 
25 mg/ml lysozyme and 0.1 mg/ml DNase) to the 1 ml cultures overlaid with dodecane 
and incubation at 37 °C for 30 min. then 200 μl 12% SDS was added. Finally, 200 μl 
hexane was mixed and the cultures were centrifuged for 10 min at 11000 rpm. The 
dodecane-hexane layer was extracted for GC-MS analysis and comparison to the 
extract without lysis. All cultures and extractions were performed in triplicates. 

Quantification of the extracted taxadiene 

The dodecane-hexane extracts were analyzed on an HP-5MS (5% Phenyl)-
methylpolysiloxane column (Agilent J&W 0.25 mm inner diameter, 0.25 μm thickness, 
30 m length) in a Shimadzu GCMS-QP2010SE system equipped with a GC-2010 Plus 
high performance gas chromatograph (GC) and AOC-20i autoinjector. The extracts (2 
μl) were injected splitless onto the GC column, and helium was used as the carrier gas. 
The injector temperature was 250 °C, and the oven initial temperature was 100°C with 
an increase of 15 °C per minute up to 130 °C then 5 °C per minute till 210 °C. After 
210 °C was reached the temperature was raised to 280 °C with an increase of 35 °C per 
minute and held for 2 min. The solvent cutoff was 8 min. The MS instrument was set to 
selected ion mode (SIM) for acquisition, monitoring m/z ion 122 for taxadiene and β-
caryophyllene. The chromatographic peak areas for taxadiene and β-caryophyllene 
were determined using the integration tools in GCMSsolution 1.20 software 
(Shimadzu, Den Bosch, The Netherlands). A calibration curve of standard β-
caryophyllene with concentration range of 0.5-28 ppm was created. For quantification 
of taxadiene, the peak area for each sample was corrected by using the peak 
corresponding to the internal standard β-caryophyllene (i.e. multiply the taxadiene 
peak area for the sample by the peak area of reference β-caryophyllene sample, divided 
by the β-caryophyllene peak area of the sample). The taxadiene concentration in the 
sample was calculated by applying the linear regression equation resulting from the 
calibration curve to each adjusted taxadiene peak area. Finally, the concentration of 
taxadiene was divided by 10 to determine the amount of taxadiene produced per liter of 
culture as the dodecane layer constitutes a second phase (10%) in the culture then the 
taxadiene concentration obtained for each sample was divided by the OD600 of the 
corresponding culture to calculate the specific taxadiene production value 
(mg/L/OD600) β-caryophyllene equivalent[29]. 

Nucleotide sequence accession number 

The nucleotide sequence of the taxadiene synthase gene from the plant Taxus baccata 
was given the accession number: AY424738. The nucleotide sequence of the complete 
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genome of Pantoea ananatis was given the accession number: FUXY01000004. The 
crtE gene that expresses the GGPPS enzyme was amplified from genomic DNA of P. 
ananatis and the protein was assigned the accession number: SKA77365. The 
nucleotide sequence of the complete genome of Bacillus subtilis 168 was given the 
following accession numbers: AL009126 and NC000964. The MEP pathway genes used 
in this study were amplified from the genomic DNA of B. subtilis 168. 

Results 

Construction of different strains of B. subtilis 168 expressing taxadiene synthase 

The first construct to be cloned was pDR_txs where the taxadiene synthase gene was 
cloned into pDR111 plasmid then transformed into B. subtilis. This construct is 
designed to integrate the plant txs gene from Taxus baccata into the genome of 
B. subtilis where it is inserted into the amyE gene between the amyE front flanking 
region and amyE back flanking region[24]. The txs gene encodes the enzyme 
taxadiene synthase which is responsible of converting GGPP into taxa-4,11-diene. 
The second construct produced was pBS0E_crtE which is resulting from cloning the 
crtE gene from Pantoea ananatis that encodes the GGPPS enzyme into pBS0E 
replicative plasmid. The GGPPS enzyme is responsible for production of GGPP 
which is the precursor of taxadiene. The pBS0E_crtE construct was transformed into 
B. subtilis strain containing pDR111_txs to produce the txs + crtE strain. Finally, 
constructs overexpressing the different genes of the MEP pathway were cloned into 
pHCMC04G replicative plasmid then transformed into the txs + crtE B. subtilis 
strain. The aim was to increase the production of the precursors leading to the 
formation of taxadiene. Three MEP pathway constructs were used p04_SDFH, 
p04_CEGA and p04_SDFHCEGA to produce the following three strains txs + 
crtE + SDFH, txs + crtE + CEGA and txs + crtE + SDFHCEGA B. subtilis strains, 
respectively. All produced strains are listed in Table 2. The successful 
transformation of the constructs into the different B. subtilis strains was confirmed 
by colony PCR. 
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Table 2. Bacillus subtilis 168 strains generated in this study 
Strain Constructs Vectors Genes in the operon 
txs pDR_txs pDR111 txs 
txs + crtE pDR_txs 

pBS0E_crtE 
pDR111 
pBS0E 

txs 
crtE 

txs + crtE + SDFH pDR_txs 
pBS0E_crtE 
p04_SDFH 

pDR111 
pBS0E 
pHCMC04G 

txs 
crtE 
dxs + ispD + ispH + ispF 

txs + crtE + CEGA pDR_txs 
pBS0E_crtE 
p04_CEGA 

pDR111 
pBS0E 
pHCMC04G 

txs 
crtE 
ispC + ispE + ispG + ispA 

txs + crtE + SDFHCEGA pDR_txs 
pBS0E_crtE 
p04_SDFHCEGA 

pDR111 
pBS0E 
pHCMC04G 

txs 
crtE 
dxs + ispD + ispH + ispF + ispC + 
ispE + ispG + ispA 

Expression of taxadiene synthase in B. subtilis 168 

The taxadiene gene used is from the plant Taxus baccata and was combined with the B. 
subtilis mntA RBS and N-terminal histag. pDR111 plasmid was chosen to integrate the 
txs gene into the genome of B. subtilis. Different growth temperatures (37, 30 and 20 
ºC) were tried to determine the best temperature for the expression of TXS using the 
pDR_txs following induction by IPTG. The temperature after induction that showed 
best TXS expression was 20 ºC. The cell culture was lysed then the soluble protein 
fraction was used where the expression of TXS (approximately 89 kDa) was detected on 
Western blot by using specific antibodies against the his-tag as shown in Figure 2. 

Figure 2. Western blot of the soluble protein fraction showing taxadiene synthase expressed 
in Bacillus subtilis 168 after integration into the chromosome using pDR111 plasmid. The 
enzyme was visualized by using specific antibodies against the his-tag. 
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Level of production of taxadiene in different strains of B. subtilis 168 

The OD600 of the B. subtilis strains ranged from 10 to 13. The produced taxadiene was 
detected using GC-MS. The GC-MS chromatograms of the different B. subtilis strains 
showed the internal standard β-caryophyllene peak at retention time 9.25 min. and the 
taxadiene peak at retention time 20.5 min. (Figure 3a). The SIM mode was used to 
monitor m/z ion 122 in the mass spectrum of both β-caryophyllene (Figure 3b) and 
taxadiene (Figure 3c). The peak areas were calculated and used to determine the 
concentration of produced taxadiene. The total amount of taxa-4,11-diene 
(mg/L/OD600) produced in the different B. subtilis strains was compared (Figure 4). In 
addition, the effect of extraction of taxadiene with and without cell lysis was also 
compared in the different strains. The txs strain which only contains the pDR_txs 
construct relies on the innate MEP pathway and synthases for the production of 
taxadiene in B. subtilis. It showed the lowest production of taxadiene (0.016 
mg/L/OD600) and was used as a control to detect the effect of overexpression of other 
genes on the production level. Introduction of crtE gene, which expresses GGPPS 
enzyme, in the txs + crtE strain significantly increased the amount of taxadiene 
produced (0.314 mg/L/OD600) compared to the control txs strain where the production 
level was around 20 times higher than the control strain. This is probably due to the 
increased production of the precursor GGPP. Finally, combining the txs + crtE strain 
with overexpression of the MEP pathway genes and the ispA gene showed higher 
amounts of taxadiene with the txs + crtE + SDFHCEGA strain expressing all the genes 
showing the highest production levels (1.32 mg/L/OD600) which is approximately 83 
times higher than the control strain. In addition, cell lysis before extraction did not 
show significant increase to the production levels compared to extraction without lysis. 
This indicates that taxadiene is released from the cells into the dodecane layer during 
growth. In fact, the omission of a cell lysis treatment resulted in a reduction of 
contaminants to the taxadiene due to the lysis buffer and SDS used. Actually, the non-
lysed fermentation broth showed a thick cell pellet that could be removed easily by 
centrifugation whereas the lysed broth showed a completely clear solution. However, 
the chromatogram of the lysed culture showed extra peaks especially due to SDS 
(Figure 5). The addition of SDS was necessary for  complete lysis which couldn’t be 
achieved with lysozyme alone. 
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Figure 3. (a) GC chromatograms of the different strains of Bacillus subtilis in selected ion mode 
(SIM) for acquisition, monitoring m/z ion 122 to show the internal standard β-caryophyllene 
and the produced taxadiene peaks. (b) Mass spectrum of β-caryophyllene. (c) Mass spectrum of 
taxa-4,11-diene. 
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Figure 4. Amount of taxa-4,11-diene (mg/L/OD600) produced by the different strains of 
Bacillus subtilis. A comparison of the amounts produced by extraction of taxadiene with and 
without lysis of the cultures is presented. The experiment was performed in triplicates. 

 
Figure 5. GC chromatograms in total ion scan (TIC) of non-lysed (black) and lysed (pink) 
cultures of B. subtilis txs + crtE + SDFHCEGA strain. Note the impurities in the lysed fraction. 

Discussion 

In the last few decades, researchers focused on the use of metabolic engineering and 
synthetic biology to manipulate a variety of hosts for biosynthesis of numerous 
terpenoids. Biosynthetic pathways of terpenoids have been studied and the majority of 
the genes involved have been identified[30-33]. Among these terpenoids is the 
chemotherapeutic paclitaxel. This study focused on the engineering of B. subtilis for the 
production of the first committed intermediate, taxa-4,11-diene, in the biosynthesis of 
paclitaxel. The biosynthesis of taxadiene in B. subtilis (Figure 1) proceeds via the MEP 
pathway to produce IPP and DMAPP that would eventually be converted to the 
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precursor GGPP. The enzyme taxadiene synthase cyclizes GGPP to produce taxa-4,11-
diene[34]. Hence, the expression of the enzyme taxadiene synthase in B. subtilis is a 
prerequisite for production of taxadiene. Moreover, tuning of the MEP pathway in B. 
subtilis has been previously explored[20, 35] and can serve as a basis for improved 
production of taxadiene. 

In order for B. subtilis to produce taxadiene, the enzyme taxadiene synthase needs to be 
expressed. The gene expressing taxadiene synthase was amplified from the genome of 
the plant Taxus baccata that produces a protein of 862 amino acids. It has been 
reported that a pseudomature form of TXS where 60 amino acids were removed from 
the preprotein was superior in terms of level of expression, solubility, stability, and 
catalytic activity with kinetics analogous to that of the native enzyme[26]. Hence, a 
truncated TXS protein eliminating the first 60 amino acids (plastid targeting sequence) 
was expressed in B. subtilis. For successful expression in B. subtilis, the txs gene along 
with the B. subtilis mntA RBS and N-terminal histag were integrated into the 
chromosome using the pDR111 plasmid. The areas of the amyE gene flanking the txs 
gene in pDR111 allowed integration at the amyE locus in the B. subtilis chromosome. 
Following induction by IPTG at 20 ºC, a soluble TXS protein (~ 89 kDa) was expressed 
in B. subtilis and detected by Western blotting (Figure 2). The amount of taxadiene 
produced in this txs strain was measured. The produced amount was very low around 
0.016 mg/L/OD600 indicating that further tuning of the pathway leading to the 
formation of taxadiene precursor GGPP is essential to boost the taxadiene production 
level. 

In pursuance of increasing the production of taxadiene, higher levels of the precursor 
GGPP is required. In the biosynthetic pathway (Figure 1), IPP and DMAPP are 
converted to GPP with enzyme GPPS then GPP is elongated to FPP using the enzyme 
FPPS. Finally, GGPPS enzyme produce GGPP by lengthening FPP. Studies on prenyl 
synthases of B. subtilis from the gene or protein perspective are still limited. By 
examining the genome of B. subtilis, the ispA gene can be identified as the gene 
responsible for expressing the geranyl transferase enzyme[22, 23, 36]. Geranyl transferase of 
B. subtilis is depicted in the KEGG database as the enzyme responsible for not only the
synthesis of GPP but also of FPP and GGPP, so IspA protein is expected to act as GPPS,
FPPS and GGPPS[37]. However, UNIPROT database only describes it as farnesyl
pyrophosphate synthase with the ability to add one molecule of IPP to one molecule of
GPP resulting in FPP[38]. Long before the genome sequence of B. subtilis was revealed,
Takahashi and Ogura reported their efforts in purification of FPPS and GGPPS of B.
subtilis and examined their activities. It was revealed that there are indeed two different
proteins where FPPS size is approximately 67 kDa which is around two times of IspA
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protein size according to its codon length.  This could be explained as FPPS might be 
active in its homodimeric form similar to FPPS from other species. Meanwhile GGPPS 
size is approximately 85 kDa which differs from IspA protein or its oligomer. This 
GGPPS from B. subtilis could catalyze the condensation of IPP and DMAPP to produce 
not only GGPP and but also FPP and GPP, which made it different from the higher 
plants counterpart[38-41]. Owing to the difference between the genomic sequence data 
and protein studies of GGPPS of B. subtilis, there is no conclusive data to firmly state 
the presence of GGPPS in B. subtilis as unique entity gene or that IspA behave as 
GGPPS. However, the fact that the txs control strain produced very low levels of 
taxadiene indicates that GGPPS is present in B. subtilis in small amounts or that IspA 
performs the function of GGPPS with low activity. Hence, overexpression of GGPPS is 
the first step required to improve the production of taxadiene in B. subtilis. The gene 
that expresses GGPPS could be found in microorganisms that can produce C40 
carotenoids such as lycopene where GGPP precursor is needed in their biosynthesis. 
Example of these microorganisms are the Pantoea genus with its crtE gene and 
Corynebacterium glutamicum with its crtE and idsA genes[42-44]. CrtE of Pantoea has 
been widely used in metabolic engineering to produce high level of carotenoids and 
also C20 terpenoids in E. coli[45]. Hence, the crtE gene from Pantoea ananatis was cloned 
in the pBS0E vector and transformed into the B. subtilis txs strain. The amount of 
taxadiene produced (Figure 4) by the txs + crtE strain (0.314 mg/L/OD600) is 
approximately 20 times higher than the control txs strain (0.016 mg/L/OD600). This 
indicates that overexpression of the GGPPS enzyme is essential to increase formation of 
GGPP precursor in B. subtilis and in turn improve the production level of taxadiene. 

Finally, overexpression of the MEP pathway leads to increased production of IPP and 
DMAPP. After which overexpression of the ispA gene ensures higher amount of the 
FPP substrate that will be converted to GGPP and finally taxadiene. Constructs of the 
MEP pathway genes and ispA gene in pHCMC04G vector were transformed into the B. 
subtilis txs + crtE strain and the amount of taxadiene produced was measured and 
compared to the control txs strain. Overexpression of four of the genes showed a 
certain degree of increase in taxadiene production where the txs + crtE + SDFH strain 
produced 0.94 mg/L/OD600 while the txs + crtE + CEGA strain produced 0.53 
mg/L/OD600. The B. subtilis strain expressing TXS, GGPPS, all the MEP pathway and 
IspA enzymes (txs + crtE + SDFHCEGA) showed the highest level of production of 
taxadiene (1.32 mg/L/OD600) which is approximately 83 times higher than the txs 
control strain. The OD600 of this strain was approximately 13, hence the total 
production of taxadiene is around 17.2 mg/L. This production level is higher than the 
amount reported in yeast 8.7 mg/L[16] and in E. coli 11.3 mg/L[46]. Also, the taxadiene 
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production in B. subtilis is comparable to amorphadiene production that was reported 
in B. subtilis[21]. 

It is worth mentioning that the amount of taxadiene extracted from the cell culture 
with and without lysis is nearly the same (Figure 4). This indicates that taxadiene is 
released from the cells during growth and captured by the dodecane layer. The fact that 
taxadiene is not trapped in the cells and that lysis is not necessary, makes large scale 
production much simpler where the B. subtilis cell culture in fermentors can be 
overlayed with dodecane to collect the released taxadiene. In addition, contaminants 
from the lysis solution can be avoided. 

In conclusion, the successful expression of the enzyme taxadiene synthase in B. subtilis 
is reported for the first time. The expression of GGPPS in B. subtilis is crucial for 
production of the essential precursor GGPP. Hence, the production level of taxadiene is 
tuned by overexpression of GGPPS enzyme along with MEP pathway and IspA 
enzymes. This can serve as the basis for engineering B. subtilis as a cell factory for 
paclitaxel production. The txs + crtE + SDFHCEGA strain can be further engineered 
with additional enzymes (acyl transferases, cytochrome P450) necessary to produce 10-
deacetylbaccatin III which can be extracted and chemically converted to docetaxel or 
even paclitaxel[47]. This is similar to the reported semisynthetic approach that use 10-
deacetylbaccatin III extracted from the yew trees[10, 11], however the B. subtilis cell 
factory will eliminate the need to rely on the natural resources of the yew trees so avoid 
endangering the species and shortfalls due to crop conditions. 
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Abstract 

Amorphadiene synthase (ADS) is known for its vital role as a key enzyme in the 
biosynthesis of the antimalarial drug artemisinin. Despite the vast research targeting 
this enzyme, an X-ray crystal structure of the enzyme has not yet been reported. In 
spite of the remarkable difference in product profile among various sesquiterpene 
synthases, they all share a common α-helical fold with many highly conserved regions 
especially the bivalent metal ion binding motifs. Hence, to better understand the 
structural basis of the mechanism of ADS, a reliable 3D homology model representing 
the conformation of the ADS enzyme and the position of its substrate, farnesyl 
diphosphate in the active site was constructed. The model was generated using the 
reported crystal structure of α-bisabolol synthase mutant, an enzyme with high 
sequence identity with ADS, as a template. Site-directed mutagenesis was used to probe 
the active site residues. Seven residues were probed showing their vital role in the ADS 
mechanism and/or their effect on product profile. The generated variants confirmed 
the validity of the ADS model. This model will serve as a basis for exploring structure-
function relationships of all residues in the active site to obtain further insight into the 
ADS mechanism. 
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Introduction 

Terpenoids represent a large class of natural products with complex structural 
diversity. They are important for numerous vital functions in all organisms and they 
are usually produced in small quantities in nature. They are being harvested from 
microbes and plants to be used in various applications ranging from food to cosmetics 
in addition to being an important source of valuable medicinal compounds. The 
chemical synthesis of terpenoids is difficult due to their complex structures often 
displaying chirality. Owing to the importance and demand for terpenoidal compounds, 
alternative methods for their production have been explored including, among others, 
synthetic biology[1, 2]. To be able to biologically synthesize a terpenoid, an 
understanding of the core enzymes, namely terpene synthases, involved in this process 
is crucial. 

All terpenoids originate from the same C5 isoprene building block, which produces the 
precursors for the different classes of terpenoids[3]. The presence of a terpene synthase 
is a prerequisite for the production of terpenoids. Terpene synthases catalyze the 
rearrangement and/or cyclization of the precursors geranyl diphosphate (GPP; C10), 
farnesyl diphosphate (FPP; C15), and geranylgeranyl diphosphate (GGPP; C20), to 
produce the numerous classes of terpenes[4]. Among these classes are the 
sesquiterpenoids that are C15 isoprenoid compounds derived from FPP through a series 
of enzymatic and non-enzymatic reactions. They are structurally diverse and widely 
distributed among plants, bacteria, and some species of fungi. Sesquiterpene synthases 
are responsible for the conversion of FPP into more than 300 cyclic sesquiterpenoids 
that were characterized thus far[5], some demonstrating remarkable therapeutic effects 
including anti-inflammatory, antimicrobial, antimalarial, or anticancer properties, 
permitting applications in pharmaceutical, chemical, food, and the fragrance 
industries[6]. Sesquiterpene synthases have been extensively researched, these efforts 
comprise the identification of the X-ray crystal structures of a number of enzymes of 
this class, such as, Streptomyces UC5319 pentalenene synthase, Nicotiana tabacum 5-
epi-aristolochene synthase, Penicillium roqueforti and Aspergillus terreus aristolochene 
synthase, Gossypium arboreum δ-cadinene synthase, Streptomyces coelicolor epi-
isozizaene synthase, Fusarium sporotrichioides trichodiene synthase, Abies grandis α-
bisabolene synthase, and Artemisia annua α-bisabolol synthase[7, 8]. 

Terpene synthases in general, and sesquiterpene synthases specifically, possess complex 
catalytic mechanisms. Each sesquiterpene synthase retains a large active site that offers 
a shaped cavity for the binding and folding of the malleable substrate. Throughout the 
cyclization process, the enzyme removes the diphosphate from FPP, then stabilizes the 
reactive high energy carbocation intermediates, leading to the formation of one major 
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product with remarkable stereo- and regio-chemical specificity. Despite a conserved 
carbocation initiation process among the sesquiterpene synthases, the structural basis 
for accurate control over the dynamics and folding of the substrate to guide it in favor 
of the production of a specific major product over another, is still poorly 
comprehended[9-12]. The ability of the enzyme to change its specificity with minimal 
amino acid substitutions is referred to as ‘plasticity’ and in the course of divergent 
evolution permitted the organisms to adjust to rapidly changing environmental 
conditions without compromising their central metabolism[13, 14]. The amino acid 
residues with the potential of altering product specificity might be located within or 
outside the active site and are called “plasticity residues”[8, 13]. Published data suggest 
that product specificity may be dependent on subtle differences in the active site and as 
minute as one amino acid residue mutation may result in an altered product profile[15]. 
Identifying and understanding the role of such plasticity residues in terpene synthases 
would facilitate the engineering of improved enzymes with regard to product 
specificity, thermostability, or catalytic efficiency[9, 13]. 

Among the most famous sesquiterpene synthases is amorphadiene synthase (ADS), a 
key enzyme in the biosynthesis of the antimalarial drug artemisinin in the plant 
Artemisia annua. Youyou Tu was awarded the Nobel prize in 2015 for her discovery of 
artemisinin, which she refers to as a gift from traditional Chinese medicine to the 
world. Malaria in humans remains an important cause of mortality in tropical 
countries. Although the disease is entirely preventable and treatable, the increasing 
resistance of Plasmodium spp. towards a majority of the available antimalarial drugs, 
mainly quinine and its analogues, contributes to devastating numbers of malaria 
deaths, mostly among African children under 5 years of age[16]. Artemisinin-based 
combination therapies (ACTs) are currently recommended by The World Health 
Organization (WHO) as the most effective first-line treatment of malaria, however, 
their price is substantially higher in comparison with quinine-derived but less effective 
alternatives[17]. Currently, the production of artemisinin relies on extraction from the 
plant or microbial production. ADS catalyzes the first step in the synthesis of 
artemisinin which is considered the rate limiting step in the production process[16, 18]. 
Hence, understanding the structural basis of the ADS mechanism is a crucial goal. 
Despite the thorough characterization of the ads gene[19] and the enzymatic properties 
of ADS[20, 21], several trials to obtain an X-ray crystal structure of the enzyme have not 
been successful. Hence, the structural basis of the catalytic mechanism remains 
unknown, as the molecular conformation of the enzyme has not been determined. In 
this study, a reliable 3D homology model representing the conformation of the ADS 
enzyme and the position of its substrate (FPP) in the active site is provided. The model 
was generated using the reported crystal structure of the α-bisabolol synthase (BOS) 
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mutant as a template. BOS is a sesquiterpene synthase that shares a high sequence 
identity with ADS and is also present in Artemisia annua. This model, in the absence of 
any success obtaining the natural crystal structure of ADS, serves as a basis for protein 
engineering of ADS. Site-directed mutagenesis was used to probe the active site amino 
acid residues to help confirm the reliability of the model, determine functionally 
important residues, and generate variants with altered product profile compared to 
wild type ADS. 

RESULTS AND DISCUSSION 

Homology Modeling of ADS  

Both Artemisia annua α-bisabolol synthase (BOS) and amorphadiene synthase (ADS) 
belong to the family of sesquiterpene synthases where they convert the acyclic substrate 
FPP into numerous, mostly cyclic, sesquiterpenes[22]. Despite the remarkable difference 
in product profile among the various sesquiterpene synthases, they all share a common 
α-helical fold with many highly conserved regions, especially the bivalent metal ion 
binding motifs[7, 23]. In an attempt to find an enzyme offering the best homology with 
ADS, the primary amino acid sequences of the reported BOS mutant crystal structure 
and ADS were aligned (Figure S1, Supporting Information), revealing 89.6% sequence 
similarity and 80% sequence identity. The penta-substituted BOS mutant is more 
identical to ADS than the wild type BOS. Based on this close similarity between the two 
enzymes, the reported crystal structure of the BOS mutant (PDB accession code 4GAX, 
E.C. number 4.2.3.24)[8] was used as a template to build a 3D model of ADS (Figure 1a) 
using Accelrys Discovery Studio 4.0 software. Twenty models were generated and loop 
refined. The models were subjected to an energy minimization protocol using the DS 
smart minimizer algorithm of 200 maximum steps and 0.1 RMS gradient value to 
minimize their energy through geometry optimization. The DS smart minimizer 
protocol performs minimization with steepest descent method for the first 100 steps 
followed by minimization with conjugate gradient. The protein models after loop 
refinement and energy minimization were sorted by Probability Density Function 
(PDF) Total Energy and Discrete Optimized Protein Energy (DOPE) score. The Model 
with the lowest PDF Total Energy and DOPE score showing least violation to 
homology restraints was chosen. The root mean square deviation value (RMSD) 
between the chosen model and reported BOS crystal structure was 0.235 nm indicating 
the good quality of the model. The presence of metal ion co-factors in the active site of 
terpene synthases is well documented[7, 24]. Since the reported BOS crystal structure lack 
these metal ions, the superimposition of the reported crystal structure of 5-epi-
aristolochene synthase (PDB accession code 3M01, E.C. number 4.2.3.61)[25] with the 
ADS model allowed the positioning of the three cofactor magnesium ions into the
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active site followed by energy minimization of the ADS model with the magnesium 
ions. 5-Epi-aristolochene synthase is a sesquiterpene synthase with similar structural 
features to ADS[26]. The position of the magnesium ions in the ADS model was further 
confirmed by their interaction with the two metal ion binding motifs in the active site. 

Figure 1. (a) ADS model showing three magnesium ions (green balls) and FPP substrate docked 
into the active site. (b) Main Ramachandran plot of the ADS model. 
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Role of Metal Ions in Enzyme-Substrate Conformation 

All sesquiterpene synthases possess two metal ion binding motifs on opposite sides of 
the active site, the first is the aspartate-rich motif closely conserved as a DDxx(D,E) 
motif and the second  diverged into an (N,D)-Dxx(S,T)xxxE sequence. These motifs 
chelate three magnesium ions in the active site of these enzymes[7, 24, 26, 27]. In ADS, three 
magnesium ions are chelated in the active site as follows; two are bound by the 
carboxylate groups of the DDxx(D,E) motif (residues 299-303)  and the third binds to 
the (N,D)-Dxx(S,T)xxxE  motif (residues 443-451) (Figure 2a). After confirming the 
position of the magnesium ions in the model with respect to the metal ion binding 
motifs, the substrate, (2E, 6E)-FPP was docked into the active site of the ADS model 
with the aid of the CHARMm force field based docking tool in Discovery Studio 4.0 
software followed by energy minimization. The docking process generated 10 different 
conformations of the substrate within the active site. Terpene synthases, in general, 
must orient their substrates placing relevant C-C bonds in the appropriate orientation 
for the creation of new C-C bonds detected in their products. Hence, the starting 
conformation of FPP is considered to be a crucial determinant of the structure of the 
final major product produced by terpene synthases[7, 28]. However, the docking process 
in terpene synthases represents a challenge due to their large active site that allows 
folding of the substrate in various conformations[4, 7, 8]. This requires eliminating all 
unlikely conformations generated from the docking of FPP in the ADS model, leaving 
one conformation as the most likely to be resembling that in nature. In order to do that, 
a few facts must be taken in consideration. First, FPP usually folds in a U-shaped 
conformation to facilitate ionization and ring closure[28]. Thus, six of the 10 poses were 
eliminated because they were docked in a straight conformation (Figure 2b). Secondly, 
two of the magnesium ions from opposite sides of the active site bind to the 
pyrophosphate group of FPP allowing the orientation of FPP into the correct 
conformation while concurrently activating the allylic diphosphate moiety to initiate 
the cascade of electrophilic cyclization reactions[24, 27]. The interactions of the remaining 
four FPP poses with the magnesium ions and the position of their pyrophosphate 
groups were examined. One conformation was inverted so the pyrophosphate could 
not interact with the magnesium ions (Figure 2c), while another pose was interacting 
with only one magnesium ion. Based on these assumptions, one conformation of FPP 
within the active site of ADS emerged as the best possible fit (Figure 2d) where it shows 
the formation of a complex between the metal ion binding motifs, magnesium ions, 
and the pyrophosphate group of FPP (Figure 2e). Using these different aspects to 
evaluate the docked FPP poses permitted the generation of a reliable ADS model with 
the substrate in the active site. 
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Figure 2. Close-up view of the active site of ADS. 
(a) Three magnesium ions (green balls) chelated to the metal ion binding motifs. (b) Binding 
pocket (mesh enclosure) of ADS showing FPP (pyrophosphate group in red) docked in straight 
conformation. (c) Binding pocket (mesh enclosure) of ADS showing FPP (pyrophosphate group 
in red) docked in inverted conformation. (d) Binding pocket (mesh enclosure) of ADS showing 
FPP (pyrophosphate group in red) docked in preferred conformation. (e) Metal ion binding 
motifs, magnesium and FPP complex at the entrance of the active site.

Validation of the ADS Model Quality  

The stereochemical quality of the predicted model was assessed by PROCHECK[29]. The 
main Ramachandran plot (Figure 1b) showed that 94.9% of the amino acids were in the 
most favored regions and only 0.4% were in the disallowed regions which supports the 
reliability of the chosen model. Data from the full PROCHECK analysis of the model is 
included in the Supporting Information. 

Cloning, Expression, and Purification of ADS Wild Type and Mutants  

Seven residues were probed in order to confirm the reliability of the ADS model and to 
gain insight into their role in the mechanism and product profile of this enzyme. In 
total, 12 variants were constructed (Table 1). Wild type ADS and mutant genes were 
successfully cloned into the pET15b vector, expressed, and purified from E.coli as 
described in the Supporting Information. For each protein, a prominent IPTG 
inducible band corresponding to the size of approximately 66 kDa was observed on 
western blot, which is in accordance with the theoretical molecular mass of the ADS 
enzyme containing a his-tag (Figure S2b, Supporting Information). 
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Table 1. ADS Variants and Their Product Profile Compared to the Wild Type ADS 
Variants Products 

β-farnesene Amorpha-
4,11-diene 

Amorpha-
4,7-diene 

γ-humulene Amorpha-4-
en-7(11)-ol 

α-bisabolol 

Wild 
type 

-/+ + -/+ -/+ + -/+

N443A - - - - - - 

N443D -/+ + -/+ -/+ + -/+

F525A - - - - - - 

F525Y -/+ + -/+ -/+ + -/+

T526A - - - - - - 

D523A - + -/+ -/+ ++ -/+ 

G439C ++ -/+ - - - ++ 

G439A -/+ + -/+ -/+ + -/+

G400T - - - - - - 

G400A - + ++ ++ -/+ ++ 

G401T - - - - - - 

G401A - + ++ ++ -/+ ++ 

- means no production. -/+ refers to minor production. + denotes production. ++ indicates 
production higher than wt ADS.

Evaluation of the ADS Model Using Site-directed Mutagenesis 

Enzyme engineering to test structure-function relationships of protein residues has 
been gaining considerable interest in the last few decades. Subsequently enzyme 
engineering has been explored to alter product specificity and catalytic efficiency of 
enzymes. In principle, prior knowledge of the enzyme function or structure is not a 
prerequisite to start protein engineering. However, having information on the putative 
3D structure of a protein allows informed targeted mutagenesis[9, 30]. Hence, based on 
the ADS model generated in this study, site-directed variants of certain putative active 
site residues were generated to confirm the reliability of the model and provide insight 
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into the structural build-up of this enzyme, which currently has no reported crystal 
structure. 

The role of magnesium ions in the mechanism of sesquiterpene synthases has been 
widely described. ADS is considered a class I terpene cyclase as the metal ion binding 
motifs on both sides of the active site of ADS chelates three magnesium ions, two of 
which  bind to the pyrophosphate group of FPP. This complex mediates active site 
closure preventing the entrance of the solvent and stabilizing the starting conformation 
of the substrate. In addition, it triggers the electrophilic cyclization reactions and 
formation of the intermediate carbocations[11, 31, 32]. In order to verify this mechanism in 
the ADS model, one residue (N443) belonging to the metal ion binding motifs was 
chosen to be probed. The asparagine residue at position 443 forms a complex with a 
magnesium ion and the pyrophosphate group of FPP (Figure 2e). By exchanging 
asparagine with alanine (N443A), this variant showed no interaction with the 
magnesium ion and FPP substrate in the active site. This was confirmed by loss of 
N443A enzyme activity as revealed by the absence of detectable amorphadiene or any 
other sesquiterpenes in its GC-MS chromatogram (Figure S3a, Supporting 
Information). On the other hand, substituting the asparagine residue with a closely 
related amino acid (aspartate) (N443D), conserved the ability of the motif to form a 
complex with a magnesium ion and the FPP substrate, retaining N443D activity and 
the ability to produce amorphadiene intact (Figure S3b, Supporting Information).  

Literature reveals evidence of the crucial role of aromatic amino acid residues in 
stabilizing the carbocation intermediates in the active site of sesquiterpene synthases 
through electrostatic quadrupole-charge interactions[5, 11, 27, 33, 34]. In ADS, the aromatic 
residue, phenylalanine at position 525 is similarly involved in positioning of the FPP 
substrate in the active pocket as is obvious from its interaction with the substrate 
(Figure 3a) and subsequent stabilization of the carbocation intermediates by the partial 
negative charge of the π electrons of its aromatic ring. The importance of F525 was 
confirmed by replacing it with alanine (F525A). Alanine lacked the stabilizing ability of 
phenylalanine and showed no interaction with FPP (Figure 3b), which is confirmed by 
the loss of F525A enzyme activity where the GC-MS chromatogram showed no product 
peaks (Figure S4a, Supporting Information). However, F525Y enzyme activity was 
maintained when F525 was replaced with an aromatic residue with similar properties 
(tyrosine) as shown by the interaction with FPP in Figure 3c and its GC-MS 
chromatogram that is comparable to wild type ADS (Figure S4b, Supporting 
Information). In addition, the polar threonine residue at position 526 does not interact 
directly with the substrate but it influences the proximate residues (Figure 3a) by 
forming hydrogen bonds with their side chains. It is important for the functioning of 
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F525 as proven by loss of T526A enzyme activity where threonine was swapped for the 
less polar alanine that no longer interact with the surrounding residues especially F525 
(Figure S4c, Supporting Information). 

Figure 3. Enlarged section of the active site of ADS with FPP docked in it. 
(a) Interactions of residues D523, F525 and T526 in WT-ADS. (b) F525A. (c) F525Y. (d) D523A.

ADS is considered a cisoid sesquiterpene synthase where its multistep pathway 
(Scheme 1) starts with an initial isomerization step at the Δ2,3 double bond of FPP to 
produce nerolidyl diphosphate (NPP). NPP is ionized to produce a 2,3-cis-farnesyl 
cation that will initially undergo1,6-ring closure to give a bisabolyl cation intermediate 
followed by 1,10-cyclization and production of amorpha-4,11-diene as the major 
product. ADS also produces other sesquiterpenes in minor amounts as a result of side 
reactions along the cyclization pathway[20, 21, 25, 34]. After probing some of the active site 
residues that are crucial for the enzyme activity, some residues that can alter the 
product specificity of ADS pushing its pathway (Scheme 1) into producing some of its 
minor sesquiterpene products as a major product instead of amorpha-4,11-diene were 
examined. The effect of single point variation of the residues D523, G439, G400, and 
G401 on the ADS product profile was hence investigated. GC-MS was used to 
determine the product profile of ADS wild type and variants (Table 1). The produced 
sesquiterpenes were identified by comparing their observed and reported mass 
spectrometric data[8, 34-36]. In addition, amorpha-4,11-diene GC-MS spectrum was 
compared to that of an authentic standard (Figure 6). 
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Scheme 1. Amorphadiene Synthase Pathway Showing Different Ionization and      
Cyclization Steps. 

First, amorpha-4-en-7(11)-ol is produced as a minor product of ADS[34]. The 
intermediate electrophilic carbocation captures the weak nucleophilic water molecules 
present in the ADS active pocket forming an intermediate oxonium ion which is 
rapidly deprotonated to produce amorpha-4-en-7(11)-ol. The aspartic acid residue in 
position 523 represents an interesting choice for mutagenesis due to its interactions 
with the FPP substrate, magnesium ion, vital F525 residue, T526, and also R527 (Figure 
3a). In addition, it has the ability to accept or donate a lone pair of electrons allowing it 
to form hydrogen bonds with the water molecules in the active pocket and other amino 
acid residues. The D523A variant caused a decrease in the production of amorpha-
4,11-diene by approximately 60% and an increase in that of amorpha-4-en-7(11)-ol by 
approximately 75% compared to wild type ADS. Hence, it is assumed that exchanging 
D523 with the hydrophobic less reactive alanine residue (D523A) eliminated all residue 
interactions (Figure 3d) and/or increased the space in the active site which permitted 
reaction of the carbocation intermediate with a water molecule. Formation of high 
levels of amorpha-4-en-7(11)-ol requires suitable conditions for the nucleophilic 
substitution reaction between the electrophilic carbocation intermediate and the 
nucleophilic water molecules (Scheme 1). D523A provided the environment for the 
water molecules to readily react with the carbocation in the active site, which facilitated 



Insights into the 3D structure of amorphadiene synthase  

143 

the shift of the reaction towards increased production of amorpha-4-en-7(11)-ol 
compared to wild type ADS. 

Secondly, the amino acid, glycine, is often found at the surface of proteins, usually 
within loops. Being the smallest amino acid,  it provides high flexibility to these 
regions[37]. The glycine residue at  position 439 (Figure 4a) in ADS might offer a 
suitable surrounding for the formation of the metal ion binding motifs, magnesium 
ions and FPP complex, which is responsible for closing the active site and excluding the 
solvent from it. This mechanism was illustrated in other terpene synthases where they 
experience a structural transition from open to closed active site conformation when 
the magnesium ions bind to the substrate pyrophosphate group. This conformational 
change protects the carbocation intermediates from premature quenching by 
sequestering them from the bulk solvent[4, 10, 24, 38-40]. The production of amorpha-4,11-
diene was severely reduced in the G439C variant and the acyclic β-farnesene became 
the major product along with α-bisabolol. The observed effect of this variant is due to 
substituting the flexible G439 with cysteine which interact with FPP and neighboring 
residues (Figure 4b). The increased production of β-farnesene may be due to enhanced 
deprotonation of the (2Z, 6E)-farnesyl cation and/or destabilization of the intermediate 
carbocations further along the reaction path. In addition, the higher amount of α-
bisabolol can also be the result of premature quenching of the reactive bisabolyl cation 
caused by the solvent[15]. The effect of this variant was corroborated by replacing G439 
with the similarly flexible alanine (G439A). The G439A variant revealed the same 
product profile as ADS wild type with amorpha-4,11-diene as the major product, as 
revealed in its GC-MS chromatogram (Figure S5, Supporting Information). 

Figure 4. Enlarged section of the active site of ADS with FPP docked in it. 
(a) Interactions of the residue G439 in WT-ADS. (b) G439C.

Finally, it has been reported that the threonine residue at position 399 in ADS is 
important for catalytic specificity and regioselective deprotonation[8]. A closer look into 
the active site showed that the residue G400 possesses interesting interaction with T399 
and other residues influencing them (Figure 5a). Hence, it was hypothesized that an 
increase in the catalytic efficiency of ADS was possible by preparing two variants, 
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G400T and G401T respectively, in which glycines were exchanged with threonines. 
However, instead of producing a more efficient enzyme, these two variants lost their 
activity and showed no peaks of any sesquiterpenes in their GC-MS chromatograms 
(Figure S6, Supporting Information). Apparently, the presence of two adjacent bulky 
threonine residues, T399 and T400 or T399 and T401, causes steric hindrance and 
unwanted interactions affecting the positioning of the substrate and the carbocation 
intermediates (Figure 5b). This probably disrupts the ionization and cyclization 
mechanisms leading to loss of enzyme activity. On the other hand, substituting G400 or 
G401 with alanine, maintained the production of amorpha-4,11-diene in lower 
amounts along with an increase in the amounts of the minor products, amorpha-4,7-
diene, γ-humulene, and α-bisabolol. It seems that this amino acid variation causes a 
shift in the enzyme pathway towards increased production of these minor products 
resulting from side reactions in the mechanism of ADS (Scheme 1). 

Figure 5. Enlarged section of the active site of ADS with FPP docked in it. 
(a) Interactions of residues T399, G400 and G401 in WT-ADS. (b) G400T.

In conclusion, ADS is a vital enzyme for the production of artemisinin, so obtaining 
information about its 3D structure and the structural basis of its mechanism is 
extremely valuable. Hitherto, there hasn’t been a successful attempt to generate the X-
ray crystal structure of ADS. The establishment of a 3D structural model of ADS 
resembling the natural enzyme is a major step. Probing the active site residues by site-
directed mutagenesis confirmed the reliability of the ADS model and proved that single 
point mutation can cause a change in enzyme activity, catalytic efficiency, and product 
profile. The interactions of the cofactor magnesium ions with the metal ion binding 
motifs and the FPP substrate in the active site of ADS were confirmed in the model. 
The importance of aromatic residues (F525) in positioning the substrate in the active 
site and stabilizing the intermediate carbocations was demonstrated. These variants 
confirmed the validity of the ADS model. Probing residues D523, G439, G400, and 
G401 altered the product profile of ADS by showing reduced production of amorpha-
4,11-diene in favor of other products. This model will serve as a basis for exploring the 
role of all active site residues in an attempt to produce an ADS enzyme with improved 
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catalytic efficiency and higher production of amorpha-4,11-diene. Also, designed 
evolution of ADS can be exploited to alter the enzyme affinity towards production of 
other single major products than amorpha-4,11-diene.  

Figure 6. Product identification by GC-MS. 
(a) GC chromatograms of: (i) ADS wild type; (ii) D523A; (iii) G439C; (iv) G400A.
(b) MS spectra corresponding to the sesquiterpene peaks.
Produced sesquiterpenes were identified as: 1) β-farnesene; 2) amorpha-4,11-diene;
3) amorpha-4,7-diene; 4) γ-humulene; 5) cis-γ-bisabolene; 6) zingiberene; 7) probably
zingiberol;  8) amorpha-4-en-7(11)-ol;   9) α-bisabolol
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EXPERIMENTAL SECTION 

Homology Modeling of ADS 

A structural model of ADS was built using the published crystal structure of α-bisabolol 
synthase mutant (PDB accession code 4GAX, E.C. number 4.2.3.24)[8] as a template 
with the aid of Discovery Studio 4.0 software (Accelrys, CA, USA). The model was 
subjected to loop refinement and energy minimization. Three magnesium ions were 
positioned into the active site of the ADS model based on their superimposed location 
in the 5-epi-aristolochene synthase crystal structure (PDB accession code 3M01, E.C. 
number 4.2.3.61)[25]. The FPP substrate molecule was docked and model refining was 
performed using Discovery Studio 4.0 software. The substrate FPP was docked in the 
active site of the model with the CHARMm force field based docking tool in Discovery 
Studio 4.0 software. To obtain a structural view of the active site of ADS and to allow 
for the identification of a strategy to predict useful mutations, the interactions between 
the active site residues, the essential magnesium ions, and the docked FPP were 
examined. The computational ADS model was verified by constructing and testing the 
chosen mutant enzymes for their activity. 

General Methods, Plasmids, Strains, and Culture Conditions 

In the course of this study, a full-length cDNA encoding ADS (GeneBank/NCBI 
accession number AY006482)[41] was cloned in the pET15b vector (Novagen) in frame-
with N-terminal histidine tag. The cloning was performed with the Escherichia coli 
DH5α strain. The cells were cultivated in Luria-Bertani (LB) broth (1% tryptone, 0.5% 
yeast extract, 1% NaCl) supplemented with 100 μg/mL ampicillin (LBAmp). When 
required, the medium was solidified with Difco agar (15 g/L). The liquid cultures were 
grown in shake-flasks at 37°C in a shaking incubator (250 rpm). Mutants were 
constructed using the QuikChange® protocol (Stratagene, USA) or by megaprimer PCR 
of whole pET15bADS plasmid according to Miyazaki and Takenouchi[42]. For 
recombinant protein production, the E. coli BL21(DE3) strain (Stratagene) was used. 

Enzyme Assay for Product Analysis 

The ability of the purified recombinant wild-type and mutated ADS enzymes to 
convert FPP was tested in 1 mL reaction volumes in 10 mL Teflon-capped screw-top 
glass tubes. Purified enzyme (200 μg) was assayed in 10 mM Tris-HCl buffer (pH 7.4), 
containing 10 mM MgCl2 , 2 mM DTT, and 46 μM FPP substrate. After incubation for 
2 hours at 30°C, the reactions were stopped by addition of an equal volume of 0.2 M 
KOH containing 0.1 M EDTA. Subsequently, 10 μl of tetradecane stock-dilution (0.075 
mg/ml in heptane) was added, serving as an internal standard to correct for any loss 
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during extraction and/or concentration. The reactions were extracted three times with 
n-hexane (0.5 mL) by vigorous vortexing for 10 seconds. The combined n-hexane 
layers were transferred to 2 mL glass vials and concentrated by evaporation under a 
stream of N2 to a final volume of approximately 50 μL. Controls containing empty 
pET15b vector and wild-type enzyme boiled for 10 minutes were handled and extracted 
in the same manner.  All assays were performed in duplicate. The obtained samples 
were analyzed by GC-MS.

Product Identification by GC-MS 

The n-hexane extracts were analyzed in total ion scan using an HP-5MS (5%-Phenyl)-
methylpolysiloxane column (Agilent J&W 0.25 mm inner diameter, 0.25 µm thickness, 
30 m length) in a Shimadzu GCMS-QP5000 system equipped with a 17A gas 
chromatograph (GC) and AOC-20i auto injector. The solution (2 µL) was injected 
splitless onto the GC column and He was used as the carrier gas. The injector 
temperature was 250 °C and the oven initial temperature was 50 °C with an increase of 
5 °C per minute up to 180 °C. After 180 °C was reached the temperature was raised to 
300 °C with an increase of 10 °C per minute. The solvent cut-off was 5 minutes. 
Product peaks were analyzed using GCMSsolution 1.20 software (Shimadzu, Den 
Bosch, the Netherlands). Products were identified by comparison of their mass spectra 
to those of real standards and/or spectra included in the NIST (National Institute of 
Standards and Technology, Maryland, USA) and other libraries. 
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Supplementary material 

Materials and General Methods  

All reagents and solvents were of analytical grade, unless stated otherwise. The 
components of media and buffers were purchased from Duchefa Biochemie B.V. 
(Haarlem, The Netherlands), Merck KgaA (Darmstadt, Germany) or VWR 
International (Radnor, PA, USA). Farnesyl pyrophosphate ammonium salt was 
obtained from Sigma-Aldrich Co. (St Louis, MO, USA). Chemicals and biochemicals 
for molecular biology procedures, including PCR reagents, restriction enzymes, DNA 
ladders, protein molecular weight standards, were purchased from Life Technologies 
Co. (Grand Island, NY, USA), Fermentas GmbH (Sankt Leon-Rot, Germany) or 
Finnzymes Oy (Vantaa, Finland). Commercially available kits for PCR purification, gel 
extraction and plasmid mini preparation were delivered by Qiagen GmbH (Hilden, 
Germany). The authentic amorpha-4,11-diene standard was kindly donated by 
Professor Toshiya Muranaka (Osaka University, Japan). Oligonucleotides for DNA 
amplification were synthesized by Eurofins MWG Operon (Germany) and are listed in 
Table S1.  

The standard protocols including restriction enzyme digestion, agarose gel 
electrophoresis,  bacterial transformation and other molecular biology techniques were 
performed according to protocols described by Sambrook and Russell[1] or following 
manufacturer’s instructions. The PCR was carried out in a G-Storm GS-1 thermal 
cycler purchased from Biolegio (Nijmegen, The Netherlands). DNA sequencing was 
performed by Macrogen (Seoul, Korea). Protein was analyzed by SDS-PAGE using 4–
12% and 12% NuPAGE® Bis-Tris precast gels (Life Technologies). The gels were stained 
with Coomassie brilliant blue. Protein concentrations were determined with Bradford 
method[2] using bovine serum albumin (BSA) as a standard. 

Construction of the ADS Expression Vector and Generation of Site-directed 
ADS Mutants 

A full-length cDNA encoding ADS[3] was cloned in the pET15b vector (Novagen) in 
frame with N-terminal histidine tag using NdeI and BamH1 restriction sites.  Since 
wild-type ads gene carries the NdeI restriction site (CATATG), the silent mutation 
(CCTATG) has been incorporated to facilitate further cloning and mutagenesis. This 
expression vector was named pET15bADS and was subsequently used as a template for 
the generation of all the mutants with PCR. For cloning purposes, the chemo-
competent E. coli DH5α cells were used. Four mutants, namely F525A, F525Y, D523A 
and T526A, were constructed using the QuikChange® protocol (Stratagene, USA) with 
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Phusion™ DNA polymerase (Finnzymes Oy, Finland). The primer pairs used for the 
respective PCRs are listed in Table S1. Mutations at positions G400, G401, G439 and 
N443 were introduced by megaprimer PCR of the whole pET15bADS plasmid 
according to Miyazaki and Takenouchi[4] using the respective forward primer carrying 
the desired mutation and ADS_BamH1 reverse primer corresponding to 3’-end of ads 
coding sequence (Table S1). Seven mutants were generated with this method, namely 
G400A, G400T, G401A, G401T, G439C, N443A, and N443D. All genes were fully 
sequenced to assure that only the desired mutations were incorporated. The plasmids 
with confirmed sequences were used to transform chemo-competent E. coli BL21(DE3) 
cells with negative (water instead of plasmid) and positive (isolated empty pET15b 
plasmid) controls included. The transformants were selected from LB agar plates 
containing ampicillin and followed by verification using colony PCR. Positive clones 
were used for the respective protein expression and purification. 

Table S1. Sequences of the Primers used to Generate the Respective Mutants. The Substituted 
Nucleotides are Underlined. The Site-directed Mutagenesis Method Applied is Indicated for 
Each Mutant (QC – QuikChange® method; MP – Mega Primer method) 

Primer’s name Primer’s sequence Method 

F525A-Fw 5’-GGAAAGGATAACGCCACACGATGGG-3’ 
QC 

F525A-Rev 5’-CCCATACGTGTGGCGTTATCCTTTCC-3’ 
F525Y-Fw 5’-GGAAAGGATAACTACACACGTATGGG-3’ 

QC 
F525Y-Rev 5’-CCCATACGTGTGTAGTTATCCTTTCC-3’ 
D523A-Fw 5’-CAATATGCAGGAAAGGCGAACTTCACACGTATG-3’ 

QC 
D523A-Rev 5’-CATACGTGTGAAGTTCGCCTTTCCTGCATATTG-3’ 
T526A-Fw 5’-GGATAACTTCGCGCGTATGGGAG-3’ 

QC 
T526A-Rev 5’-CTCCCATACGCGCGAAGTTATCC-3’ 
G400A-Fw 5’-GTAATCATTACTGCGGGTGCTAACC-3’ MP 
G400T-Fw 5’-GTAATCATTACTACCGGTGCTAACCTGC-3’ MP 
G401A-Fw 5’-CATTACTGGCGCGGCTAACCTGC-3’ MP 
G401T-Fw 5’-CATTACTGGCACCGCTAACCTGC-3’ MP 
G439C-Fw 5’-CTCAGGTATACTTTGCCGACGCCTAAATG-3’ MP 
G439A-Fw 5’-CTCAGGTATACTTGCGCGACGCCTAAATG-3’ MP 
N443A-Fw 5’-GGTCGACGCCTAGCGGATCTCATGACC-3’ MP 
N443D-Fw 5’-GGTCGACGCCTAGACGATCTCATGACC-3’ MP 
ADS_BamH1-Rev 5’-CTAGCCTAGGTCATATACTCATAGGATAAACG-3’ MP 



Insights into the 3D structure of amorphadiene synthase  

153 

Expression, Purification, and Detection of ADS Wild-type and Mutants. 

Both wild-type ADS and the mutants were produced with the use of the pET expression 
system. E.coli BL21(DE3) cells harboring the appropriate expression vectors were 
inoculated in 20 mL LBAmp and grown overnight at 37°C with vigorous shaking. The 
next morning the sufficient volume of the cultures was used to inoculate 1.5 liters of 
rich 2xTY medium (1.6% tryptone, 1% yeast extract, 0.5% NaCl) supplemented with 
100 μg/mL ampicillin (2xTYAmp) with the initial OD600nm of 0.05. The fresh cultures 
were grown at 37°C, 250 rpm until OD600nm of 0.7 - 0.9 was reached, after which they 
were cooled to 20°C and the transcription of the gene of interest from T7 promoter was 
induced by addition of 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) to the 
medium. Cultures were further grown overnight at 20°C, 190 rpm and subsequently 
harvested by centrifugation. The obtained cell pellets were resuspended (3 mL/g of wet 
cell pellet) in Lysis Buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 25 mM imidazole, 
DNaseI, 1x Roche complete protease inhibitor cocktail) and disrupted by sonication. 
The cell lysates were clarified by centrifugation (40000g, 45 min) and the supernatants 
containing the soluble recombinant enzyme were filtered through cellulose acetate 
filter (0.2 μm) and passed through a nickel-charged 5 mL His-Trap HP column (GE 
Healthcare) that had previously been equilibrated with Buffer A (20 mM Tris-HCl pH 
7.4, 150 mM NaCl). After washing the column with Buffer A, the retained protein was 
eluted with the increasing three-step-gradient of 50 mM, 75 mM and 90 mM imidazole 
using elution Buffer B (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 500 mM imidazole). 
All fractions were collected and analyzed by SDS-PAGE. The fractions eluted at 75 mM 
imidazole contained the purest active enzyme and therefore were pooled together and 
extensively dialyzed against Protein Storage Buffer (20 mM Tris-HCl pH 7.4, 150 mM 
NaCl, 2 mM DTT, 10% glycerol) to remove the imidazole using the Spectra/Por dialysis 
membrane with 6-8 kDa cut-off (Spectrum Laboratories, Inc., USA). The extracted 
protein concentrations were determined by Bradford method using bovine serum 
albumin (BSA) as a standard. When necessary, the purified enzymes were flash frozen 
in liquid nitrogen and stored at -80°C until further use.  

SDS-PAGE electrophoresis was carried out with 4–12% and 12% NuPAGE® Bis-Tris 
precast gels (Life Technologies) using Novex® electrophoresis cell, following the 
manufacturer’s instructions. After electrophoresis, the gels were either stained with 
Coomassie brilliant blue or the proteins were transferred to nitrocellulose membranes 
for further immunodetection. The PageRuler prestained protein ladder (Fermentas) 
was used as a marker. For detection of the  heterologously expressed ADS wild-type 
and mutants, the anti-ADS polyclonal rabbit antibodies (Eurogentec, Seraing, Belgium) 
were used in combination with secondary goat anti-rabbit alkaline phosphatase 
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conjugate antibodies (IBA GmbH, Germany). The blots were developed with nitro-blue 
tetrazolium (NBT) and 5-bromo-4-chloro-3'-indolyl phosphate (BCIP) reagents 
according to standard protocol (Life Technologies). In addition, comparative activity 
tests using the his-tagged enzymes and the enzymes from which the tag had been 
removed (digestion with thrombin and subsequent separation of the tagless enzymes) 
were performed, revealing no significant differences in terms of specific activity or 
product profiles. Consequently, the his-tagged enzymes were utilized in the further 
experiments because of the easier purification method.  

Figure S1. Schematic sequence alignment of BOS mutant and ADS (note that, the positions of 
the amino acid residues in the sequence are indicated above them). Residues that are identical, 
strongly similar, similar, weakly similar and non-matching are colored in dark blue, blue, cyan 
and white, respectively. 

 

Figure S2. (a) Example of protein purification. (b) SDS-PAGE of purified ADS proteins. Lane 1, 
wild-type ADS; lane 2, protein molecular weight marker; lanes 3-13, ADS mutants M1-M11, 
respectively. 

(a) (b) 
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Figure S3. GC chromatograms of two variants (a) N443A. (b) N443D. 

Figure S4. GC chromatograms of three variants (a) F525A. (b) F525Y. (c) T526A. 

2 

2 
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Figure S5. GC chromatogram of G439A. 

 
Figure S6. GC chromatograms of two variants (a) G400T. (b) G401T. 

  

2 
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Quality Validation of the ADS Model by PROCHECK Analysis 

Numbers of residues are shown in brackets.  
Those in unfavorable conformations (score < -3.00) are labelled. 
Shading shows favorable conformations as obtained from an analysis of 163 structures at 
resolution 2.0 Å or better. 
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Numbers of residues are shown in brackets.  
Those in unfavorable conformations (score < -3.00) are labelled. 
Shading shows favorable conformations as obtained from an analysis of 163 structures at 
resolution 2.0 Å or better. 
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Red bars > 2.0 st. devs. From mean. 
Solid and dashed lines represent the mean and standard deviation as per Engh & Huber small-
molecule data. 
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ADS secondary structure 
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Abstract 

Amorpha-4,11-diene synthase (ADS) cyclizes the substrate farnesyl pyrophosphate 
(FPP) to produce amorpha-4,11-diene as a major product. This is considered the first 
committed and rate limiting step in the biosynthesis of the antimalarial artemisinin. In 
spite of the fame of this enzyme, knowledge about the role of active site residues in the 
mechanism along with efforts to improve its activity by enzyme engineering are 
limited. Here, we utilize a reported and validated 3D model of ADS to perform 
mutability landscape guided enzyme engineering. A mutant library of 258 variants 
along sixteen active site residues was created and screened for catalytic activity and 
product profile. This allowed for the identification of the role of some of these residues 
in the reaction mechanism. Arg262 was proven responsible for constraining the release 
of the pyrophosphate group along with the magnesium ions. The aromatic residues 
(W271, Tyr519 and Phe525) stabilize the intermediate carbocations while T296, 
Gly400, Gly439 and L515 help with the 1,6- and 1,10-ring closures. Finally, Trp271 acts 
as the active site base along with Thr399, which ensures regioselective deprotonation to 
produce amorpha-4,11-diene. The mutability landscape also helped determine variants 
with improved catalytic activity. H448A showed ~4 fold increase in catalytic efficiency 
and the double mutation T399S/H448A improved kcat by 5 times compared to the wild 
type. This variant can be used to enhance amorphadiene production and in turn 
artemisinin biosynthesis. Our findings provide the basis for the first step in improving 
industrial production of artemisinin and they open up possibilities for further 
engineering and understanding of ADS.  
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Introduction 

Amorpha-4,11-diene synthase (ADS) is an enzyme attracting world-wide interest as it 
is a sesquiterpene synthase that catalyzes the conversion of farnesyl pyrophosphate 
(FPP) to amorpha-4,11-diene, which is the precursor for the important antimalarial 
artemisinin. Malaria is a disease with a high incidence of morbidity and mortality in 
third world countries with the highest death rates recorded among children under the 
age of five. Certain strains of the plasmodium parasite, the causative agent of malaria, 
started developing resistance to the traditional antimalarial drugs of choice, such as 
quinine and the sulfadoxine-pyrimethamine combination, with artemisinin as the 
exception. Artemisinin and its derivatives show little or no cross-resistance with 
existing antimalarials. Hence, the ideal treatment for malaria, as recommended by the 
World Health Organization (WHO), is Artemisinin-based Combination Therapy 
(ACT) where a combination of two or more antimalarial drugs, including an 
artemisinin derivative is used[1, 2]. Interestingly, this valuable antimalarial natural 
product in the past decade also gained massive attention for its anticancer properties[3-

5]. Cancer cells require a huge uptake of iron to proliferate. Artemisinin is cytotoxic to 
cancer cells because its endoperoxide bridge interacts with iron producing free radicals 
that damage proteins and kill the cells[6, 7]. Thus, there is an increasing demand for 
artemisinin especially for the use in ACTs, which is now adopted as the first line 
treatment of malaria. Improved and sustainable methods for the production of 
artemisinin including biosynthesis and semi-synthesis have been developed to 
overcome the problem of its low natural production and to reduce the cost of ACTs[6, 8]. 
Amorphadiene synthase catalyzes the first and rate-limiting step in artemisinin 
biosynthesis[7, 9]. Hence, it is important to study the structure of amorphadiene synthase 
to shed light on the involvement of the active site residues in the catalytic mechanism. 
This may lead to the creation of ADS variants with higher catalytic activity compared to 
the wild type that can contribute to improving the production of artemisinin. 

Enzyme engineering to alter product specificity, thermostability and catalytic efficiency 
has been reported for a variety of classes of enzymes including terpene synthases. A 
thermostable mutant of 5-epi-aristolochene synthase for catalyzing carbocation 
cyclization reactions at high temperatures has been reported[10]. Mutagenesis of the 
plasticity residues of γ-humulene synthase led to the generation of seven active 
synthases that produce different products through different reaction pathways[11]. As 
for amorphadiene synthase, the ads gene has been thoroughly characterized[12] and the 
enzymatic properties of ADS have been investigated[13, 14]. In addition, a three-
dimensional model of ADS based on the 80% identical α-bisabolol synthase was 
created. The position of the co-factor magnesium ions and FPP substrate in the active 
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site was established and verified[15]. The generation of mutability landscapes where a 
large number of protein variants are screened to discover the effect of each single 
amino acid substitution on enzyme activity, stability, and/or, selectivity is a valuable 
tool of protein engineering[16]. These landscapes produce detailed maps of favorable, 
neutral, and detrimental amino acids for each residue position in relation to different 
enzyme properties. This offers vital information on sequence–function relationships by 
highlighting regions in the enzyme with mutational robustness in addition to 
functionally important residues and hotspot positions important for catalysis[16-19]. In 
this paper, we make use of the ADS model to examine the position and interactions of 
the active site residues and compare their role with other terpene synthases so we were 
able to pick the best candidates for creating a mutability landscape of ADS. This 
mutability landscape library is screened for catalytic activity and product profile to 
determine the residues involved in the mechanism of ADS and to select variants with 
improved catalytic activity compared to wild type ADS.  

Results 

Selection of residues for site-saturation mutagenesis 

The ADS model previously reported and verified[15] was used to examine active site 
residues and determine the best candidates for mutation. Residues within 5 Å radius of 
the FPP substrate in the active site were considered followed by computational 
examination of their location in relation to surrounding active site residues and 
predicted protein–substrate interactions. Depending on further examination of reports 
on other enzymes of the terpene synthases family, residues corresponding to the metal 
ion binding motifs were disregarded, because their mutation usually results in loss of 
enzyme activity. In addition, the type of interactions between the residues and the 
substrate, the bond distances and literature reports about the significance of 
corresponding residues in other terpene synthases were taken in consideration. It has 
been reported that aromatic residues play an important role in stabilization of the 
carbocation intermediates. Also, histidines are candidates to be the catalytic base in the 
active site essential for deprotonation and reprotonation while arginines were reported 
to participate in constraining the released pyrophosphate. Based on all that 
information, sixteen residues (Figure 4a) were selected for mutation namely, R262, 
W271, T296, H392, V396, T399, G400, G439, R440, H448, K449, L515, Q518, Y519, 
D523, and F525. 
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Creation of ADS mutant library 

To create the mutability landscape of ADS, an assortment of genes encoding possible 
variants of the selected residues was constructed. The typical use of NNN or NNS(K) 
degenerate codons to encode the twenty amino acids during site saturation 
mutagenesis leads to codon redundancy, amino acid biases and generation of stop 
codons which decrease the quality of the library[20]. Hence, the strategy that makes use 
of a set of four degenerate codons; NDT (encoding 12 amino acids: N, S, I, H, R, L, Y, 
C, F, D, G, and V), VMA (encoding 6 amino acids: E, A, Q, P, K, and T), ATG (M), and 
TGG (W) excluding the rare codons of E. coli and avoiding amino acid biases, was 
applied. Compared to the usual NNN or NNS(K) that produce many unwanted 
mutants, sequencing of 50 colonies per mutated residue produced a library with no rare 
codons and stop codons and with all amino acids represented equally. 95 % of the 
sequenced mutants showed no deletions or undesired mutations. Approximately 85 % 
of the desired mutants were obtained and all chemical groups of amino acids where 
present in the library. The missing mutants do not have significant impact on the 
quality of the library. This method is easy and fast where it allowed the generation and 
sequencing of a high quality library within one to two weeks[21, 22]. A library in the total 
size of 258 variants was created. Finally, the library was purified and the concentrations 
of the variants were determined from the digital images of stained SDS gels (Figure S1) 
using quantitative densitometric assay[17].   
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Figure 1. Mutability landscape of ADS for expression level using quantitative densitometric 
assay. 

For the mutability landscape, the vertical axis portrays the 20 possible amino acid residues. The 
wild-type amino acid residue at each position is indicated by bold squares, white squares 
represent variants that are not present in the library and grey squares represent variants that are 
not expressed. The color represents the concentration of expressed protein where blue range 
squares indicate decrease in expression while red range squares indicate increase in expression 
compared to the wild type. 

Mutability landscape of ADS for catalytic activity 

A mutability landscape for the catalytic activity of ADS was generated by examining the 
effect of each mutation on the production of amorpha-4,11-diene using two different 
assays. ADS converts the substrate FPP to amorpha-4,11-diene releasing inorganic 
pyrophosphate (PPi) in the process. The first assay depends on the fact that the amount 
of pyrophosphate released is equivalent to the amount of amorpha-4,11-diene 
produced. A rapid bioluminescent assay was used to measure the amount of 
pyrophosphate released continuously during the ADS reaction with FPP. The Lonza 
PPiLight™ inorganic pyrophosphate kit was used where AMP is converted to ATP in 
the presence of PPi; then luciferase enzyme produces light from the newly formed ATP 
and luciferin (Figure S2), which is expressed as Relative Light Units (RLUs). The 
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amount of light produced is directly proportional to the amount of PPi released during 
the reaction[23]. The reactions of all ADS variants in the library along with wild type 
ADS were set using the same concentration of protein and FPP. A curve of RLUs versus 
time is produced for each sample (Figure S3). The slope of the linear part of this curve 
represents the catalytic rate of reaction (V) represented as RLUs/sec for each sample. 
Hence, a mutability landscape comparing the catalytic activity of the wild type ADS to 
the variants based on this assay was generated (Figure 2a). Variants with the darkest 
blue color in the landscape showed complete loss of enzyme activity whereas variants 
showing shades of red color indicated increase of activity compared to the wild type. 
The second assay to measure catalytic activity was performed using GC-MS where the 
peak area of amorphadiene produced by the variants in time was plotted versus that 
produced by the wild type. Similar to the bioluminescent assay, a curve of 
amorphadiene peak area versus time is produced for each sample. The slope of the 
linear part of this curve represents the catalytic rate of reaction (V) represented as 
amorphadiene peak area/sec for each sample. Consequently, a mutability landscape 
comparing the catalytic activity of the wild type ADS to the variants based on the GC-
MS assay was generated and compared to that produced from the bioluminescent assay 
(Figure 2b). 

The mutability landscapes showed that most variants of residues R262, W271, T296, 
G400, G439, R440, Y519, D523 and F525 completely lost their catalytic activity which 
indicated that these residues play an essential role in the mechanism of ADS, which will 
be further explored in the 3D model to designate their function. In addition, some 
variants of residues H392, V396, T399, H448, K449 and Q518 demonstrated catalytic 
activity higher than the wild type. The position with the highest impact on catalytic 
activity is H448 where 15 of the variants improved the catalytic activity with H448A 
showing the highest increase in activity based on both assays. The next step in 
screening the library would be examining the product profile compared to the wild type 
and linking it to the catalytic activity. 
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Figure 2. (a) Mutability landscape of ADS for catalytic activity using bioluminescent assay. 
(b) Mutability landscape of ADS for catalytic activity using GC-MS assay. For the mutability
landscapes, the vertical axis portrays the 20 possible amino acid residues. The wild-type amino
acid residue at each position is indicated by bold squares, white squares represent variants that
are not present in the library and grey squares represent variants that are not expressed. The
color represents the catalytic rate of reaction (V) where blue range squares indicate decrease in
catalytic activity while red range squares indicate increase in catalytic activity compared to the
wild type. The illustrated data are an average of two separate experiments (n=2). (c) Multiple 
sequence alignment of the mutability landscape of ADS with ten sesquiterpene synthases and
three monoterpene synthases. Residues that are identical, strongly similar, weakly similar and
non-matching compared to ADS are colored dark blue, blue, cyan and white, respectively.
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Evaluation of the product profile of the ADS library using GC-MS 

Following the screening of the library for catalytic activity, the GC-MS product profile 
of the library was compared with that of wild type ADS. Wild type ADS produces 
amorpha-4,11-diene as major product (96 %) along with other sesquiterpenes as minor 
products as shown in its GC-MS chromatogram (Figure 3). The GC-MS 
chromatograms of the variants in the library were compared to that of the wild type. 
Inactive variants showed no products at all in their GC-MS chromatograms (Figure S6) 
confirming their inactivity in the mutability landscape of ADS for catalytic activity. 
Testing the mutability landscape library revealed that residue L515 is essential for 
product specificity of ADS as its mutation changed the product profile by decreasing 
the amount of amorphadiene produced and increasing the amount of γ-humulene or 
α-bisabolol. In addition, T296L and T296Y were found to produce the acyclic β-
farnesene suggesting that they are unable to perform the cyclization step in the ADS 
mechanism Similar as reported before for T296I and T296V, they cannot produce 
amorpha-4,11-diene as the major product[24]. 

Figure 3. GC chromatogram of wild type ADS 

Role of selected active site residues in the mechanism of ADS 

ADS is a cisoid sesquiterpene synthase where its mechanism (Figure 4) begins with an 
isomerization step at the Δ2,3 double bond of (2E,6E)-FPP followed by ionization to 
produce (2Z,6E)-farnesyl cation. The farnesyl cation undergoes 1,6-ring closure to give 
a bisabolyl cation intermediate. The next step is hydride shift in the bisabolyl cation 
and 1,10-cyclization to create the amorphenyl cation. Deprotonation at C-12 or 13 of 
the amorphenyl cation leads to the production of amorpha-4,11-diene as the major 
product. ADS can also produce minor amounts of other sesquiterpenes from side 
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reactions along the pathway. Based on the mutability landscape of ADS for catalytic 
activity and the screening of product profile of the library, the involvement of certain 
residues can be deduced. Hence, residues that are essential for the mechanism were 
determined and their role explained as follows. 

The sequence of ADS was aligned with several monoterpene and sesquiterpene 
synthases (Figure 2c and S5) to spot the similarities and differences between them to 
provide a picture about the involvement of the different residues in the mechanism. 
Among these sesquiterpene synthases are α-bisabolol synthase, 5-epi-aristolochene 
synthase, germacrene A synthase, β-caryophyllene synthase, α-humulene synthase, γ-
humulene synthase, epi-cedrol synthase, aristolochene synthase, δ-cadinene synthase 
and β-farnesene synthase along with the monoterpene synthases: limonene synthase, 
1,8-cineole synthase and bornyl diphosphate synthase. β-farnesene synthase lacks 
cyclization and produces the acyclic sesquiterpene β-farnesene. α-bisabolol synthase 
performs only 1,6-cyclization to create the monocyclic α-bisabolol while germacrene A 
synthase just does 1,10-ring closure to generate the monocyclic germacrene A. Epi-
cedrol synthase is another sesquiterpene synthase from Artemisia annua like ADS. The 
enzymes α-humulene and γ-humulene synthase execute 1,11-cyclization to produce 
their major product. δ-cadinene synthase is a cisoid sesquiterpenes synthase as ADS but 
with slightly different ring cyclizations. Aristolochene synthase is also a cisoid 
sesquiterpene synthase that performs an initial 1,10-ring cyclization followed by 1-6, 
ring closure. 5-epi-aristolochene synthase is a transoid sesquiterpene synthase that does 
not carry out the initial isomerization step and produces 5-epi-aristolochene as its 
major product[25-29]. Figure 2c shows, among the sixteen residues in the mutability 
landscape, those that are identical, strongly similar, weakly similar and non-matching 
compared to ADS. 
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Figure 4. Proposed mechanism of ADS. 
(a) The substrate (2E, 6E)-FPP in the active site surrounded by the sixteen residues selected for
mutation. (b) Following isomerization, the intermediate (2Z, 6E)-Farnesyl cation (green) and
the released pyrophosphate (red) are in the active site. (c) 1,6-ring closure leads to the formation
of the bisabolyl cation. (d) 1,10-ring closure produces the amorphenyl cation. (e) Deprotonation
at C-12 or 13 creates the final product amorpha-4,11-diene.

Residues involved in constraining the released pyrophosphate in the active site of ADS 

The arginine and lysine residues (R262, R440 and K449) located in the active site of 
ADS within 4 Å of the substrate are present in the protonated form carrying a positive 
charge so they cannot act as the active site base. However, they can play a role in 
constraining the pyrophosphate moiety released from the substrate (Figure 4b), where 
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these residues along with the magnesium ions may bind the negatively charged 
pyrophosphate group to prevent it from recapturing the formed reactive carbocations[9, 

30, 31]. ADS variants of R262 including R262K showed loss of catalytic activity indicating 
its important role in restricting the pyrophosphate group. It is noteworthy to mention 
that due to the guanidinium group of arginine, it can perform a larger number of 
interactions compared to lysine[32]. Hence, the R262K variant was inactive. It was 
hypothesized that R264 and R441 of 5-epi-aristolochene synthase (5-EAS) along with 
the three magnesium ions constrain the pyrophosphate group[30]. Hence, it was 
suggested that R262 and R440 in ADS corresponding to those in 5-EAS would perform 
the same function[9]. However, R440A, R440S and R440T show very low activity, in 
addition, the side chain of R440 is pointed away from the active site in the ADS model 
with more than 10 Å bond distance separating it from the pyrophosphate. The situation 
is similar with the R440 in the crystal structure of α-bisabolol synthase (BOS). By 
examining the crystal structure of 5-EAS, it is clear that the side chain of R441 is 
directed towards the active site unlike ADS and BOS but the bond distance was still too 
big to allow for interaction with the pyrophosphate. Finally, K449 variants retained 
their activity so it does not seem to be involved with this function. Thus, it can be 
concluded that only R262, along with the magnesium ions, are responsible for binding 
the pyrophosphate group and directing it away from the carbocations in the active 
pocket. Furthermore, R262 is conserved in several monoterpene and sesquiterpene 
synthases (Figure 2c). Also, R440 is conserved which might indicate that it has another 
role in the mechanism but not this one. 

Aromatic residues play an essential role in the active site of ADS 

The vital role of aromatic residues in stabilizing the carbocation intermediates in the 
active site of sesquiterpene synthases is discussed in literature[15, 31, 33, 34]. Amid the 
aromatic residues lining the active site of ADS, three residues (W271, Y519 and F525) 
are within 3 Å radius of the substrate with their phenyl rings angled towards the active 
site showing π-alkyl interactions with the substrate (Figure 4c). By examining the 
mutability landscape of ADS, all variants of these residues showed no catalytic activity 
in the bioluminescent assay and no products in their GC-MS chromatograms 
indicating loss of enzyme activity except for F525Y which retained low activity 
compared to the wild type. This proves the essential role of these aromatic residues in 
the mechanism of ADS where they can stabilize the intermediate carbocations until 
production of amorpha-4,11-diene. In addition, sequence alignment of ADS along with 
several sesquiterpene and monoterpene synthases (Figure 2c) showed that these 
aromatic residues are conserved indicating that they play the same role in all these 
terpene synthases.  
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Residues involved in 1,6- and/or 1,10 ring closure 

ADS mechanism involves two ring closures, first is 1,6-closure to produce bisabolyl 
cation followed by 1,10-closure to produce amorphenyl cation. It has been reported 
that T296V lost its cyclization ability producing the acyclic β-farnesene instead of 
amorpha-4,11-diene[24, 35]. T296L and T296Y showed the same pattern of behavior. It is 
deduced that T296 is involved in cis, trans-isomerization to form the nerolidyl cation 
followed by the 1,6-closure (Figure 4b). The variant T296S retains the cyclization ability 
suggesting that the hydroxyl group is involved. In addition, this residue is conserved as 
threonine or serine in several terpene synthases except for β-farnesene synthase which 
produces an acyclic product and germacrene A synthase which lacks 1,6-ring closure. 
However, T296A also retains the cyclization ability which indicates that the hydroxyl 
group is not necessary. As for 1,10-ring closure, variants G400A, G439A, L515A, 
L515G, L515C, L515S and L515T accumulated more α-bisabolol compared to the wild 
type indicating impaired 1,10-cyclization. This suggests that residues G400, G439 and 
L515 play a role in the success of the 1,10-ring closure. 

Determination of the active site base of ADS 

The active sites of terpene synthases must possess a base that mediates the series of 
deprotonations and reprotonations including the final deprotonation to yield the major 
product. In the model of ADS, H392 and H448 are two apparent basic residues in the 
active site (Figure 4d). The imidazole side chain of these histidines can act as the 
functional active site base. However, the positioning of these residues with respect to 
the substrate in the ADS 3D model proves difficult to perform the deprotonations. In 
addition, most variants of H392 and H448 retained their catalytic activity as proven by 
the mutability landscape of ADS (Figure 2a and 2b). Hence, H392 and H448 can be 
excluded as the active site base. Researching through literature, a less orthodox 
possibility arises where a tryptophan residue (W273) has been previously reported as 
the active site base of 5-epi-aristolochene synthase[30, 31]. Within the active site of ADS, 
W271 corresponds to W273 of 5-EAS. Thus, we suggest that W271 can perform the 
same role in ADS and act as the active site base. As shown in Figure 4d of the active site 
of the ADS model, the final carbocation possesses a positive charge at C11 which 
increases the acidity of the proton at C12 that is directed towards W271. This proton 
can now be removed by W271 producing a positive arenium ion (WH+) and the final 
major product amorpha-4,11-diene. The fact that W271 can act as the active site base is 
strongly corroborated by the observed loss of activity of all variants, aromatic or non-
aromatic, of this residue. The tryptophan-271 residue is conserved in several 
monoterpene and sesquiterpene synthases as shown in figure 2c suggesting that it 
indeed may act as the active site base for ADS and these synthases as well. 
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Residues responsible for regioselective deprotonation to produce amorpha-4,11-diene 

Residue T399 was reported to be responsible for regioselective deprotonation to 
produce amorpha-4,11-diene as the major product instead of amorpha-4,7-diene[35, 36]. 
This was confirmed by loss of activity of T399P, T399M, T399F, T399R, T399K, T399E 
and T399Q variants or the increase in the level of amorpha-4,7-diene by T399A, T399I, 
T399G, T399V and T399N variants indicating loss of regioselective deprotonation. The 
only variant that retained the production of amorpha-4,11-diene as the major product 
is T399S indicating the involvement of the hydroxyl group in this process, which is 
further substantiated by the conservation of this residue as threonine or serine in 
several terpene synthases (Figure 2c).  

Effect of single residue mutation on the size of the active site of ADS 

The positioning of the substrate in the active site of terpene synthases is crucial for the 
production of the correct product. Hence, any residues that affect the volume of the 
active site or interferes with the substrate can have significant impact on the activity of 
the enzyme. Glycine is the smallest amino acid usually found at turns within the 
protein loops to bestow high flexibility on these regions. In ADS, G400 is present at a 
turn with its side chain protruding into the active site. Hence, all variants were G400 is 
substituted with larger amino acids showed complete loss of activity where the side 
chains of the mutated residues decrease the active site space and cause steric hindrance 
preventing the formation of the product. G400A is the only variant that retains some of 
its catalytic activity but this causes a change in the product profile of ADS producing α-
bisabolol as the major product along with small amounts of amorpha-4,11-diene, 
amorpha-4,7-diene and γ-humulene. 

Enhanced catalytic activity of ADS 

The mutability landscapes of ADS helped to reveal variants with a catalytic activity 
higher than the wild type. Comparison of V (RLUs/sec or amorphadiene peak area/sec) 
of each variant with the wild type showed hot spots with improved catalytic activity 
(Figure 2a and 2b). In addition, the product profile of such variants was evaluated to 
ensure it is similar to that of the wild type (Figure S7). Some variants of residues Q518, 
H392, H448, K449, V396, T399 and G439 showed up to five fold increase in catalytic 
activity compared to wild type. Position H448 had the most impact on catalytic activity 
where 15 of the produced variants showed different degrees of improved activity 
compared to the wild type. H448A displayed the highest increase in catalytic activity 
where it showed, in both bioluminescent and GC-MS assays, around 5-fold increase in 
catalytic rate of reaction. Variants H448F and H448C displayed 4-fold increase in 
activity, H448N, H448S and H448Q exhibited approximately 3-fold increase while 
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H448G, H448V, H448M, H448R and H448T showed around 2-fold increase. Also, 
variants H392A, H392I, H392N, V396A, V396I, G439A, K449M, Q518A and Q518L 
displayed between 3 to 4-fold rise in catalytic activity compared to wild type. In 
addition, T399S was previously reported to show approximately two fold increase in kcat 
and catalytic efficiency compared to wild type[35, 36], which corresponds with the 2 to 3-
fold increase in catalytic rate of reaction revealed in this mutability landscape of ADS. 
To further improve the catalytic efficiency of ADS, double mutants of the variants with 
improved activity compared to wild type were created. Four double mutants namely; 
T399S/H448A, T399S/H448F, T399S/V396A and T399S/V396I were constructed based 
on their higher V compared to the wild type and unique position in the active site of 
the ADS model. These double mutants were screened by the bioluminescent assay to 
determine their catalytic activity along with the wild type and corresponding single 
mutants. However, the double mutants showed catalytic rate of reaction (V) close to 
the single mutants H448A, H448F, V396A and V396I, respectively with the variant 
T399S/H448A slightly better than the single mutants. Furthermore, kinetic 
measurements of Km and kcat of the wild type, H448A, T399S and T399S/H448A double 
mutant were performed using GC-MS to determine the catalytic efficiency (Table 1). 
The variant H448A showed a kcat 3.5 times higher than the wild type with their Km 
nearly the same. The catalytic efficiency (kcat / Km) of H448A was improved by ~ 4 folds 
compared to the wild type. The previously reported variant T399S showed similar 
results of nearly 2 fold increase in kcat

[35, 36]. Finally, the double mutant T399S/H448A 
improved the kcat by 5 folds compared to wild type, but at the expense of a raised Km 
making its catalytic efficiency ~ 3 times higher.  

Table 1. Steady state kinetic parameters of wild type ADS and selected variants with FPP as substrate 
Enzyme kcat (s-1) Km (μM) kcat / Km (s-1.M-1) 

ADS 0.20 ± 0.007 5.47 ± 0.558 3.6 x 104 

ADSH448A 0.68 ± 0.03 5.04 ± 0.753 13.5 x 104 
ADST399S 0.39 ± 0.06 5.89 ± 1.278 6.6 x 104 
ADST399S/H448A 1.00 ± 0.14 8.50 ± 1.605 11.8 x 104 

Discussion 

With the aid of a reliable 3D-model of ADS[15] and the knowledge of the structure of its 
active site, a rational design of a mutability landscape of ADS has been performed. 
Residues that are positioned close to the substrate and/or showed unique interactions 
along with corresponding influential residues reported in other terpene synthases were 
chosen. A mutant library of the sixteen active site residues was generated showing high 
diversity of amino acids and their locations in the active site. The aim of creating this 
library was to identify the residues involved in the catalytic mechanism along with their 
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possible role in catalysis. In addition, we explored the possibility to recognize mutants 
that showed improved activity compared to the wild type. Hence, there was a need for a 
fast, reliable assay for screening the catalytic activity of the mutant library. GC–MS has 
been the most widely used assay for the detection of volatile terpenoids produced by 
the terpene synthases family and sometimes used for evaluating the kinetic efficiency of 
the enzymes[36, 37]. Recently, catalytic efficiency of sesquiterpene synthases has been 
evaluated by measuring the amount of released pyrophosphate (PPi) using a rapid 
colorimetric malachite green assay, which was confirmed to be comparable to the GC-
MS and radioactive assays[38]. Applying the same theory, the PPi bioluminescent assay 
was developed to measure the amount of light produced in correlation to the amount 
of released pyrophosphate. The bioluminescent assay can be used in a 96-well format 
allowing for rapid screening of the catalytic activity of the mutant library. The challenge 
is to determine a good ratio between protein and FPP concentration to produce a 
luminescence signal that can be accurately detected by the plate reader. So, different 
concentration of the wild type ADS along with different concentration of FPP were 
tested. ADS concentration of 0.15 μM in combination with 50 μM FPP was found to be 
optimal. The high amount of FPP served to ensure that its concentration is above the 
Km of the enzyme so the assay would give an approximate indication about the kcat of 
the different variants. These conditions provided curves with good linearity during the 
first 30 min. of the assay allowing for accurate measurement of the slope representing 
the catalytic rate of reaction (V). This assay was complementary to the GC-MS assay 
that allowed screening the whole library for product profile and selected variants for 
catalytic activity using a time point assay. 

In summary, the screening of the mutability landscape proved that R262 creates a 
region of high positive charge along with the magnesium ions in the active site to bind 
and neutralize the negative charge of the released pyrophosphate preventing it from 
interfering with the reactive carbocations. Evidence showed that R440 and K449 were 
not involved in constraining the released pyrophosphate in ADS which is different 
from some other terpene synthases. The importance of aromatic residues (W271, Y519 
and F525) for stabilization of the reactive carbocations in the active site during the 
catalytic mechanism of ADS was confirmed. Residues involved in 1,6- or 1,10-ring 
closure were suggested. H392 and H448 were excluded as the active site catalytic base 
while W271 proved to be the best possible candidate for this role. It was proposed that 
an enzyme-bound water(s) could act as an active site base(s) of ADS to extract 
protons[35]. However, the fact that the tryptophan residue is conserved in several 
terpene synthases along with its position in the active site at very close distance to C12 
and C13 proves its ability in removing the proton and acting as the active site base. 
Also, W271 in the active site of ADS is located near T399 which is responsible for 
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regioselective deprotonation. Flexibility in the turns of the protein loops is crucial 
especially in the active site area. Mutation of G400 to amino acids with larger side 
chains decreased the active site space and led to loss of enzyme activity. Several variants 
having the same product profile as wild type ADS showed improved catalytic rate of 
reaction compared to the wild type. Mutation of residue H448 showed the most 
improvement to catalytic activity where 15 variants had different degrees of improved 
activity. Mutation of H448 may have improved the release of the product from the 
active site or contributed to the stabilization of the carbocations due to its location near 
the active site opening and its interactions with the magnesiums, pyrophosphate and 
surrounding residues. This provided excellent candidates for mutants with higher 
catalytic efficiency than the wild type especially H448A which showed ~4 fold increase 
in catalytic efficiency compared to the wild type. Furthermore, the double mutant 
T399S/H448A increased kcat by 5 times compared to wild type, but also raised the Km. 
These variants are better than the reported T399S and T447S that only show 2-fold 
higher turnover rate (kcat) compared to wild type. T399S/H448A variant is also better 
than the double mutant T399S/T447S that only tripled the kcat but at the expense of 
higher Km compared to wild type[35, 36]. Hence, the double mutant T399S/H448A can be 
very instrumental in improving the production of amorpha-4,11-diene and in turn that 
of artemisinin in large scale industrial fermenters where a slightly raised Km is not a 
hindrance as opposed to the advantage of the 5 fold increase in the turnover rate. In 
conclusion, the mutability landscape of ADS provided insight into the structure-
function relations of the active site residues and it has revealed variants with improved 
activity. 

Commercial production of artemisinin suffers from fluctuation in price and availability 
of plants crops. This led to the semi-synthetic artemisinin project funded by a grant 
from the Bill and Melinda Gates Foundation in 2004 to sustain the supply and price of 
artemisinin. This project successfully produced semi-synthetic artemisinin by 
producing artemisinic acid in the yeast Saccharomyces cerevisiae followed by its 
chemical conversion to artemisinin. The semi-synthetic artemisinin was approved by 
the WHO and produced by Sanofi[5, 6]. Since ADS catalyzes the first committed and 
rate-limiting step in artemisinin biosynthesis[7, 9], the up-regulation of ADS is 
considered a good strategy for improving the production of artemisinin.  In the future, 
ADS variant T399S/H448A, with improved turnover rate (kcat), can be incorporated 
into the yeast cells instead of the wild type ADS to enhance the production of the 
amorphadiene with the goal of boosting the manufacturing of artemisinin. Also, the 
possibility of using these mutants in transgenic Artemisia annua can be explored. The 
increased availability of artemisinin will provide a chance to lower the price and 
increase the supply to third world countries. In addition, it will open the door to 
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explore applications of artemisinin beyond antimalarial, especially research in 
combining iron and artemisinin to target cancer cells.       

Methods 

Creation of ADS mutant library 

The selection of residues for mutation was performed by examining the active site of 
the reported three-dimensional model of ADS using Discovery Studio 4.5 software 
(Accelrys, CA, USA). A full-length cDNA encoding ADS (GeneBank/NCBI accession 
number AY006482) in the pET15b vector (Novagen) in frame with the N-terminal 
histidine tag was used as the template to create the library[15]. The small-intelligent 
method[20] was implemented for full randomization of each residue using a mixture of 
four pairs of complementary primers supplied by Eurofins with the degenerate codons 
NDT, VMA, ATG, and TGG at a ratio of 12:6:1:1, respectively. QuikChange method 
was applied to create the library where 50 μl PCR reactions with the primer mixture 
was performed using Phusion high fidelity DNA polymerase followed by DpnI 
digestion and transformation into E. coli XL1-blue. The produced colonies per residue 
were sequenced by GATC Biotech. Each XL1 colony of the desired library was 
separately grown in Luria−Bertani (LB) broth supplemented with 100 μg/mL 
ampicillin. All plasmids, each containing a single mutant ADS gene, were isolated from 
their corresponding cultures using the NucleoSpin 96 Plasmid Core Kit (Bioke´, 
Leiden, NL). Then these isolated plasmids were transformed individually into 
chemically competent E. coli BL21 (DE3). Each E. coli BL21 (DE3) transformant 
retaining a pET15b vector with a unique ADS gene constituting the library was stored 
at -80 ºC until further use. 

ADS library expression, purification and quantitation 

The E. coli BL21 (DE3) ADS library was inoculated into 1 ml LB medium containing 
100 μg/mL ampicillin and grown overnight at 37 °C. Overnight cultures were diluted to 
an optical density at 600 nm (OD600) of 0.05 in 15 ml auto-induction medium 
[phosphate buffer (pH 7.2), 2% tryptone, 0.5% yeast extract, 1% NaCl, 0.6% glycerol, 
0.05% glucose and 0.2% lactose] supplemented with 100 μg/mL ampicillin. The cultures 
were grown at 37 °C under shaking conditions (250 rpm) until OD600 of 0.7. Then, 
incubated overnight at 20 °C under shaking conditions (190 rpm).  Cells were collected 
by centrifugation, 10 min at 4000 rpm, 4 °C, followed by three cycles of freezing and 
thawing  then resuspended in 1.5 ml lysis buffer (50 mM Tris-HCl, pH 7.5-8.0, 100 mM 
NaCl, 10 mM β-mercaptoethanol, cOmplete™ EDTA-free protease inhibitor cocktail 
tablet and 1 mg/ml lysozyme). Cells were lysed by incubation at 20 °C, 250 rpm for 30 
min, and the soluble protein fractions were collected by centrifugation, 10 min at 4000 
rpm. Proteins were then purified using His MultiTrap™ Fast Flow GE Healthcare 96-
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well plates using (20 mM Tris-HCl, 10 mM MgCl2, 150 mM NaCl, 1 mM DTT and 20 
mM imidazole, pH 7.4-8) as binding and wash buffer, and (20 mM Tris-HCl, 10 mM 
MgCl2, 150 mM NaCl, 1 mM DTT, 10% glycerol and 250 mM imidazole, pH 7.4-8) as 
elution buffer. To quantify the ADS concentration of each variant in the library, 24 μl 
of each purified protein was boiled for 5 min. with 6 μl of protein sample buffer 
(containing 9% (w/v) SDS, 40% (v/v) glycerol, 20% (v/v) β-mercaptoethanol, 0.1% 
(w/v) bromophenol blue and 250mM Tris pH 6.8). The boiled samples (15 μl) were 
loaded on a 17-well pre-cast 4-12% polyacrylamide gel (NuPAGE Novex 4-12 % Bis-
Tris) with MOPS buffer. Five wild type ADS samples (15 μl)  with standard 
concentrations of 100, 250, 500, 750 and 1000 ng/μl  were loaded on the gel along with 
the purified variants and served as calibration samples for the quantification of the 
ADS in the mutant library. The concentration of the standard purified wild-type ADS 
was determined by the coomassie (Bradford) protein assay[39]. The gels were stained 
using the Coomassie-based stain InstantBlue (Expedeon Ltd) after electrophoresis (at 
150V for 1 h). A digital image of the gel was snapped with the aid of Chemi Genius2 
Bio Imaging System (Syngene, Cambridge, UK). The pictures of the SDS gels were used 
for the densitometric concentration assessment of ADS, an example of such picture is 
shown in Supplementary Figure. The concentrations of the ADS variants in the library 
were calculated based on the size and intensity of the ADS bands on the digital image of 
the gel, compared to the standard ADS bands used for calibration by using the software 
GeneTools (version 4.02, Syngene). The standard calibration samples were loaded on 
each gel to quantify only the samples on that gel. The average R2 value of the calibration 
curves, used to quantify the whole library, was 0.98 which verifies the accuracy of the 
method. The purified protein library was stored at -80 ºC until further use. 

Bioluminescent PPiLight™ inorganic pyrophosphate assay for ADS catalytic 
activity 

Perkin Elmer JANUS 8-tip Varispan Automated Liquid Handling Workstation was 
used for high throughput screening of the library for bioluminescent catalytic activity. 
This bioluminescent assay measures the amount of pyrophosphate released from the 
conversion of the FPP substrate to amorpha-4,11-diene by ADS. The released 
pyrophosphate converts AMP to ATP which in turn produces light through the 
enzymatic reaction of luciferase enzyme[23]. Reactions containing 0.15 μM ADS protein 
and 50 μM FPP in 10 mM MgCl2, 2 mM DTT, 10 mM Tris-HCl buffer (pH 7.4) were 
mixed with 20 μl Lonza PPiLight™ converting and detection reagent mixture to a final 
volume of 60 μl in opaque white wall flat bottom 96-well microtiter plates (Greiner 
LUMITRAC™ 600 microplates). The plates were place immediately in a preheated to 
30ºC chamber of FLUOstar Omega Plate reader with moderate shaking and the 
luminescence signal was recorded continuously for 2 hrs with 0.2 sec integration time 
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and reported as Relative Light Units (RLUs). The light produced is directly 
proportional to the amount of PPi released which in turn is equivalent to the amount of 
amorpha-4,11-diene produced by the ADS enzymatic reaction. The catalytic rate of 
reaction (V) of each variant in the ADS library was presented as RLUs/sec and 
indicated the catalytic activity of each variant relative to the wild type ADS. 

GC-MS assay for ADS catalytic activity 

Perkin Elmer JANUS 8-tip Varispan Automated Liquid Handling Workstation was 
used for high throughput screening of the library for GC-MS catalytic activity. Four 0.5 
ml reactions of each variant containing purified enzymes (0.038 µM) in 10 mM Tris-
HCl buffer (pH 7.4), containing 10 mM MgCl2, 2 mM DTT, and 10 μM FPP substrate 
were overlaid with 200 µl hexane containing tetradecane internal standard. The 
reactions were incubated at 30 ºC then stopped by addition of an equal volume of 0.2 M 
KOH containing 0.1 M EDTA at 3, 6, 9 and 12 min, respectively.  Two microliters of 
the n-hexane extracts were analyzed in total ion scan using a HP-5MS (5%-Phenyl)-
methylpolysiloxane column (Agilent J&W 0.25 mm inner diameter, 0.25 µm thickness, 
30 m length) on a Shimadzu GCMS-QP2010SE system equipped with a GC-2010 Plus 
high performance gas chromatograph (GC). It was injected splitless onto the GC 
column using helium as the carrier gas. The injector temperature was 250°C; the oven 
initial temperature was 50°C with an increment of 5 °C/min up to 180 °C and then up 
to 300 °C with an increase of 10 °C/ min. The solvent cut-off was 5 minutes. The peak 
area of amorphadiene was determined in each sample. A curve of amorphadiene peak 
area versus time was generated for the wild type and the variants (Figure S4). The 
catalytic rate of reaction (V) of each variant presented as amorphadiene peak area/sec 
was calculated and indicated the catalytic activity of each variant relative to the wild 
type ADS. 

GC-MS assay for ADS product profile 

Perkin Elmer JANUS 8-tip Varispan Automated Liquid Handling Workstation was 
used for high throughput screening of the library for product profile. An in-vitro GC-
MS assay was conducted to determine the product profiles of the variants in the ADS 
library. Purified enzymes (50 μg) was assayed in 0.5 mL reactions in 10 mM Tris-HCl 
buffer (pH 7.4), containing 10 mM MgCl2, 2 mM DTT, and 46 μM FPP substrate then 
overlaid with 200 µl hexane containing tetradecane internal standard. The reactions 
were incubated at 30 ºC for 1 hour then stopped by addition of an equal volume of 0.2 
M KOH containing 0.1 M EDTA. Two microliters of the n-hexane extracts were 
analyzed in total ion scan using a HP-5MS (5%-Phenyl)-methylpolysiloxane column 
(Agilent J&W 0.25 mm inner diameter, 0.25 µm thickness, 30 m length) on a Shimadzu 
GCMS-QP2010SE system equipped with a GC-2010 Plus high performance gas 
chromatograph (GC). It was injected splitless onto the GC column using helium as the 
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carrier gas. The injector temperature was 250°C; the oven initial temperature was 50°C 
with an increment of 5 °C/min up to 180 °C and then up to 300 °C with an increase of 
10 °C/ min. The solvent cut-off was 5 minutes. The product profile of all samples was 
compared to that of reference wild type ADS GC-MS chromatogram. The products in 
the chromatograms were identified by comparing their mass spectra to spectra 
included in the NIST (National Institute of Standards and Technology, Maryland, 
USA) and other libraries. 

GC-MS assay for measuring enzyme kinetics 

Perkin Elmer JANUS 8-tip Varispan Automated Liquid Handling Workstation was 
used for automated kinetic measurements. A fixed concentration of purified enzyme is 
used along with a range of FPP concentration from 0 to 50 µM. Six 0.5 ml reactions of 
each FPP concentration, consisting of purified enzyme (0.03 μM wild type ADS, 0.01 
μM H448A, 0.02 μM T399S and 0.01 μM T399S/H448A) in 10 mM Tris-HCl buffer 
(pH 7.4), containing 10 mM MgCl2, 2 mM DTT, and respective FPP concentration 
were overlaid with 200 µl hexane containing tetradecane internal standard. The 
reactions were incubated at 30 ºC then stopped by addition of an equal volume of 0.2 M 
KOH containing 0.1 M EDTA at 3, 5, 7, 10, 15 and 20 min, respectively. Using 
Shimadzu OPTIC multimode inlet, 100 µl of the n-hexane extracts were injected at 60 
ºC with gradient increase up to 300 ºC and 25 sec. vent time onto a chromosorb liner 
then to a HP-5MS (5%-Phenyl)-methylpolysiloxane column (Agilent J&W 0.25 mm 
inner diameter, 0.25 µm thickness, 30 m length) on a Shimadzu GCMS-QP2010SE 
system equipped with a GC-2010 Plus high performance gas chromatograph (GC). The 
oven initial temperature was 50°C with an increment of 20 °C/min up to 300 °C. The 
solvent cut-off was 5 minutes. β-caryophyllene was used as standard to determine the 
concentration of amorphadiene. The MS instrument was set to selected ion mode 
(SIM) for acquisition, monitoring m/z ion 189 for amorphadiene and β-caryophyllene. 
The chromatographic peak areas for amorphadiene and β-caryophyllene were 
determined using the integration tools in GCMSsolution 1.20 software (Shimadzu, Den 
Bosch, The Netherlands). A calibration curve of standard β-caryophyllene with 
concentration range of 0.09-10 μM was created. For quantification of amorphadiene, 
the peak area for each sample was corrected by using the peak corresponding to the 
internal standard tetradecane (i.e. multiply the amorphadiene peak area for the sample 
by the peak area of reference tetradecane sample, divided by the tetradecane peak area 
of the sample). The amorphadiene concentration in each sample was calculated by 
applying the linear regression equation resulting from the β-caryophyllene calibration 
curve to each adjusted amorphadiene peak area. The concentration of amorphadiene 
was represent as μM β-caryophyllene equivalent[40]. 
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Supplementary material 

Table S1: List of primers used to create the mutant library of ADS 
Residue Primers 

His 392 

F1 CCAACCACTGAAGAGNDTGATCCAGTTGTAATC 
R1 GATTACAACTGGATCAHNCTCTTCAGTGGTTGG 
F2 CCAACCACTGAAGAGVMAGATCCAGTTGTAATC 
R2 GATTACAACTGGATCTKBCTCTTCAGTGGTTGG 
F3 CCAACCACTGAAGAGATGGATCCAGTTGTAATC 
R3 GATTACAACTGGATCCATCTCTTCAGTGGTTGG 

F4 CCAACCACTGAAGAGTGGGATCCAGTTGTAATC 
R4 GATTACAACTGGATCCCACTCTTCAGTGGTTGG 

Val 396 

F1 GAGCATGATCCAGTTNDTATCATTACTGGCGGTGCTA 
R1 TAGCACCGCCAGTAATGATAHNAACTGGATCATGCTC 
F2 GAGCATGATCCAGTTVMAATCATTACTGGCGGTGCTA 
R2 TAGCACCGCCAGTAATGATTKBAACTGGATCATGCTC 
F3 GAGCATGATCCAGTTATGATCATTACTGGCGGTGCTA 
R3 TAGCACCGCCAGTAATGATCATAACTGGATCATGCTC 
F4 GAGCATGATCCAGTTTGGATCATTACTGGCGGTGCTA 
R4 TAGCACCGCCAGTAATGATCCAAACTGGATCATGCTC 

His 448 

F1 TGATCTCATGACCNDTAAGGCCGAGCAAGAAAG 
R1 CTTTCTTGCTCGGCCTTAHNGGTCATGAGATCA 
F2 TGATCTCATGACCVMAAAGGCCGAGCAAGAAAG 
R2 CTTTCTTGCTCGGCCTTTKBGGTCATGAGATCA 
F3 TGATCTCATGACCATGAAGGCCGAGCAAGAAAG 
R3 CTTTCTTGCTCGGCCTTCATGGTCATGAGATCA 
F4 TGATCTCATGACCTGGAAGGCCGAGCAAGAAAG 
R4 CTTTCTTGCTCGGCCTTCCAGGTCATGAGATCA 

Arg 440 

F1 CTCAGGTATACTTGGTNDTCGCCTAAATGATCTC 
R1 GAGATCATTTAGGCGAHNACCAAGTATACCTGAG 
F2 CTCAGGTATACTTGGTVMACGCCTAAATGATCTC 
R2 GAGATCATTTAGGCGTKBACCAAGTATACCTGAG 
F3 CTCAGGTATACTTGGTATGCGCCTAAATGATCTC 
R3 GAGATCATTTAGGCGCATACCAAGTATACCTGAG 
F4 CTCAGGTATACTTGGTTGGCGCCTAAATGATCTC 
R4 GAGATCATTTAGGCGCCAACCAAGTATACCTGAG 
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Leu 515 
F1 GATCTATTTGTGCCAGTTTNDTGAAGTTCAATATGC 
R1 GCATATTGAACTTCAHNAAACTGGCACAAATAGATC 
F2 GATCTATTTGTGCCAGTTTVMAGAAGTTCAATATGC 
R2 GCATATTGAACTTCTKBAAACTGGCACAAATAGATC 
F3 GATCTATTTGTGCCAGTTTATGGAAGTTCAATATGC 
R3 GCATATTGAACTTCCATAAACTGGCACAAATAGATC 
F4 GATCTATTTGTGCCAGTTTTGGGAAGTTCAATATGC 
R4 GCATATTGAACTTCCCAAAACTGGCACAAATAGATC 

Trp 271 
F1 GTTGAATGCTACTTTNDTGGACTAGGTTCAGGCTATG 
R1 CATAGCCTGAACCTAGTCCAHNAAAGTAGCATTCAAC 
F2 GTTGAATGCTACTTTVMAGGACTAGGTTCAGGCTATG 
R2 CATAGCCTGAACCTAGTCCTKBAAAGTAGCATTCAAC 
F3 GTTGAATGCTACTTTATGGGACTAGGTTCAGGCTATG 
R3 CATAGCCTGAACCTAGTCCCATAAAGTAGCATTCAAC 

Arg 262 

F1 GAACGCACCTTGTTTANDTGATAGAATTGTTGAATG 
R1 CATTCAACAATTCTATCAHNTAAACAAGGTGCGTTC 
F2 GAACGCACCTTGTTTAVMAGATAGAATTGTTGAATG 
R2 CATTCAACAATTCTATCTKBTAAACAAGGTGCGTTC 
F3 GAACGCACCTTGTTTAATGGATAGAATTGTTGAATG 
R3 CATTCAACAATTCTATCCATTAAACAAGGTGCGTTC 
F4 GAACGCACCTTGTTTATGGGATAGAATTGTTGAATG 
R4 CATTCAACAATTCTATCCCATAAACAAGGTGCGTTC 

Phe 525 

F1 GCAGGAAAGGATAACNDTACACGTATGGGAGAC 
R1 GTCTCCCATACGTGTAHNGTTATCCTTTCCTGC 
F2 GCAGGAAAGGATAACVMAACACGTATGGGAGAC 
R2 GTCTCCCATACGTGTTKBGTTATCCTTTCCTGC 
F3 GCAGGAAAGGATAACATGACACGTATGGGAGAC 
R3 GTCTCCCATACGTGTCATGTTATCCTTTCCTGC 
F4 GCAGGAAAGGATAACTGGACACGTATGGGAGAC 
R4 GTCTCCCATACGTGTCCAGTTATCCTTTCCTGC 

Gln 518 

F1 GCCAGTTTCTTGAAGTTNDTTATGCAGGAAAGG 
R1 CCTTTCCTGCATAAHNAACTTCAAGAAACTGGC 
F2 GCCAGTTTCTTGAAGTTVMATATGCAGGAAAGG 
R2 CCTTTCCTGCATATKBAACTTCAAGAAACTGGC 
F3 GCCAGTTTCTTGAAGTTATGTATGCAGGAAAGG 
R3 CCTTTCCTGCATACATAACTTCAAGAAACTGGC 
F4 GCCAGTTTCTTGAAGTTTGGTATGCAGGAAAGG 
R4 CCTTTCCTGCATACCAAACTTCAAGAAACTGGC 
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Lys 449 

F1 GATCTCATGACCCACNDTGCCGAGCAAGAAAG 
R1 CTTTCTTGCTCGGCAHNGTGGGTCATGAGATC 
F2 GATCTCATGACCCACVMAGCCGAGCAAGAAAG 
R2 CTTTCTTGCTCGGCTKBGTGGGTCATGAGATC 
F3 GATCTCATGACCCACATGGCCGAGCAAGAAAG 
R3 CTTTCTTGCTCGGCCATGTGGGTCATGAGATC 
F4 GATCTCATGACCCACTGGGCCGAGCAAGAAAG 
R4 CTTTCTTGCTCGGCCCAGTGGGTCATGAGATC 

Thr 296 

F1 GCTGTTGCTGTTATANDTCTTATAGATGACACTTATG 
R1 CATAAGTGTCATCTATAAGAHNTATAACAGCAACAGC 
F2 GCTGTTGCTGTTATAVMACTTATAGATGACACTTATG 
R2 CATAAGTGTCATCTATAAGTKBTATAACAGCAACAGC 
F3 GCTGTTGCTGTTATAATGCTTATAGATGACACTTATG 
R3 CATAAGTGTCATCTATAAGCATTATAACAGCAACAGC 
F4 GCTGTTGCTGTTATATGGCTTATAGATGACACTTATG 
R4 CATAAGTGTCATCTATAAGCCATATAACAGCAACAGC 

Tyr 519 
F1 GCCAGTTTCTTGAAGTTCAANDTGCAGGAAAGG 
R1 CCTTTCCTGCAHNTTGAACTTCAAGAAACTGGC 
F2 GCCAGTTTCTTGAAGTTCAAVMAGCAGGAAAGG 
R2 CCTTTCCTGCTKBTTGAACTTCAAGAAACTGGC 
F3 GCCAGTTTCTTGAAGTTCAAATGGCAGGAAAGG 
R3 CCTTTCCTGCCATTTGAACTTCAAGAAACTGGC 
F4 GCCAGTTTCTTGAAGTTCAATGGGCAGGAAAGG 
R4 CCTTTCCTGCCCATTGAACTTCAAGAAACTGGC 

Gly 400 

F1 CCAGTTGTAATCATTACTNDTGGTGCTAACCTGC 
R1 GCAGGTTAGCACCAHNAGTAATGATTACAACTGG 
F2 CCAGTTGTAATCATTACTVMAGGTGCTAACCTGC 
R2 GCAGGTTAGCACCTKBAGTAATGATTACAACTGG 
F3 CCAGTTGTAATCATTACTATGGGTGCTAACCTGC 
R3 GCAGGTTAGCACCCATAGTAATGATTACAACTGG 
F4 CCAGTTGTAATCATTACTTGGGGTGCTAACCTGC 
R4 GCAGGTTAGCACCCCAAGTAATGATTACAACTGG 

Gly 439 

F1 GATACTCAGGTATACTTNDTCGACGCCTAAATGATCTC 
R1 GAGATCATTTAGGCGTCGAHNAAGTATACCTGAGTATC 
F2 GATACTCAGGTATACTTVMACGACGCCTAAATGATCTC 
R2 GAGATCATTTAGGCGTCGTKBAAGTATACCTGAGTATC 
F3 GATACTCAGGTATACTTATGCGACGCCTAAATGATCTC 
R3 GAGATCATTTAGGCGTCGCATAAGTATACCTGAGTATC 
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F4 GATACTCAGGTATACTTTGGCGACGCCTAAATGATCTC 
R4 GAGATCATTTAGGCGTCGCCAAAGTATACCTGAGTATC 

Asp 523 

F1 CAATATGCAGGAAAGNDTAACTTCACACGTATGG 
R1 CCATACGTGTGAAGTTAHNCTTTCCTGCATATTG 
F2 CAATATGCAGGAAAGVMAAACTTCACACGTATGG 
R2 CCATACGTGTGAAGTTTKBCTTTCCTGCATATTG 
F3 CAATATGCAGGAAAGATGAACTTCACACGTATGG 
R3 CCATACGTGTGAAGTTCATCTTTCCTGCATATTG 
F4 CAATATGCAGGAAAGTGGAACTTCACACGTATGG 
R4 CCATACGTGTGAAGTTCCACTTTCCTGCATATTG 

Thr 399 

F1 CCAGTTGTAATCATTNDTGGCGGTGCTAACCTGC 
R1 GCAGGTTAGCACCGCCAHNAATGATTACAACTGG 
F2 CCAGTTGTAATCATTVMAGGCGGTGCTAACCTGC 
R2 GCAGGTTAGCACCGCCTKBAATGATTACAACTGG 
F3 CCAGTTGTAATCATTATGGGCGGTGCTAACCTGC 
R3 GCAGGTTAGCACCGCCCATAATGATTACAACTGG 
F4 CCAGTTGTAATCATTTGGGGCGGTGCTAACCTGC 
R4 GCAGGTTAGCACCGCCCCAAATGATTACAACTGG 

Figure S1. Digital image of a typical SDS-page gel used in the densitometric quantitation of 
ADS concentration. 

Lanes 1, 2, 3, 4 and 5 contain calibration samples of known concentrations of standard purified 
wild type ADS (resp. 100, 250, 500, 750 and 1000 ng/μl). The PageRuler™ prestained protein 
ladder (Thermo Scientific) was placed at the edge of the gel. Lanes 6-16 contain purified ADS, 
each representing a different variant. The blue boxes represent lanes and dashed orange lines 
indicate an area in which a protein band is detected by the program ‘GeneTools’. 
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Figure S2. Theory of the bioluminescent assay for catalytic activity of ADS. 

Figure S3. An example of the RLUs versus time curves produced by the bioluminescent assay. 
The curve of wild type ADS is presented in yellow. The variants with higher rate of reaction 
compared to wild type are shown in shades of red while inactive variants are depicted in blue. 
The slope of the linear part of these curves represents catalytic rate of reaction (V). 

Figure S4. An example of the amorphadiene peak area versus time curves produced by the 
GC-MS assay. The slope of the linear part of these curves represents catalytic rate of reaction(V). 
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Figure S5. Sequence alignment of amorpha-4,11-diene synthase with ten sesquiterpene 
synthases and three monoterpene synthases 
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Figure S6. Example of GC chromatogram of inactive variants 

Figure S7. Example of GC chromatogram of variants showing the same product profile as 
that of the wild type ADS 
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Abstract 

Sesquiterpene synthases are famous for their catalytic promiscuity where they can 
utilize geranyl pyrophosphate (GPP) or farnesyl pyrophosphate (FPP) to produce 
multiple products, usually with one as the major product. Amorphadiene synthase 
(ADS) is a sesquiterpene synthase with the main function of converting FPP into the 
major product amorpha-4,11-diene. This is considered the first step in biosynthesis of 
the antimalarial artemisinin. In this study, we examine the impact of mutating some 
plasticity residues on ADS product specificity. A mutability landscape of six residues 
(V396, T399, G400, H448, L515 and D523) was screened using GC-MS to compare the 
product profile to that of the wild type. Acidic residues replacing V396 impaired the 
regioselective deprotonation of ADS causing increased formation of amorpha-4,7-
diene. Variants T399A, T399I, T399G, T399V and T399N had a similar effect, in 
addition to production of the bisabolyl derived products, zingiberene and β-
sesquiphellandrene. The glycine at position 400 is shown to be essential to maintain 
ADS activity and product specificity. Residue L515 might not have a significant role in 
the mechanism of ADS, but its mutation decreases the product specificity towards 
amorpha-4,11-diene. Variants L515A, L515G, L515C, L515S and L515T now produce 
α-bisabolol as the major product while L515F, L515Y and L515H significantly 
increased synthesis of γ-humulene. Finally, two variants (H448P and D523A) produced 
the alcohol amorpha-4-en-7(11)-ol as the major product. These findings can serve as 
stepping stone for identifying more plasticity residues of ADS and understanding the 
evolution of its product specificity. 
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Introduction 

Terpene synthases are a family of enzymes that are essential for the biosynthesis of 
terpenoids. Terpenoids are the biggest and most diverse family of natural compounds 
where over 60,000 terpenoids have been characterized so far, nonetheless each is 
initially derived from one of a limited number of linear isoprenoid substrates 
originating from the C5 isoprene building blocks, isopentyl pyrophosphate (IPP) and 
dimethylallyl pyrophosphate (DMAPP). Hence, terpene synthases are responsible for 
catalysing the most intricate chemical reactions happening in nature. Approximately, 
70 % of the linear polyisoprenoid substrates undergo changes in configuration, 
rearrangement and cyclization during the complex mechanism cascade initiated by the 
creation of highly reactive carbocation intermediates. During such mechanism, the 
terpene synthases exert outstanding control of multiple stereochemical 
transformations, hydride shifts, ring closures, deprotonations and reprotonations along 
the complicated pathways. Terpene synthases can convert the substrates; geranyl 
pyrophosphate (C10, GPP), farnesyl pyrophosphate (C15, FPP), geranylgeranyl 
pyrophosphate (C20, GGPP) or geranylfarnesyl pyrophosphate (C25, GFPP) to produce 
the different classes of terpenoids[1-8]. 

Sesquiterpene synthases belong to class I terpene synthases where they catalyse the 
conversion of the linear FPP substrate to all the different C15 terpenoids present in 
nature. This class of enzymes trigger a metal-dependent ionization of FPP releasing the 
pyrophosphate anion and creating a reactive allylic farnesyl carbocation, which is 
stabilized within the active site. The farnesyl cation can then lose a proton to produce 
the linear farnesene or perform one or two ring cyclizations (1,6-, 1,10-, or 1,11-) to 
produce different cyclic sesquiterpenoids[2, 3, 9]. Each sesquiterpene synthase can usually 
produce multiple products with one of them being the major product. The number and 
proportion of products that are generated vary extremely between the enzymes. The 
majority of sesquiterpene synthases produce around 5-10 % of other products 
additional to the major sesquiterpenoid. This formation of multiple products from the 
single FPP substrate is possible due to the unusual electrophilic cascade of these 
enzymes[5, 6, 10]. Hence, sesquiterpene synthases are considered promiscuous based on 
this ability. Amorphadiene synthase (ADS) is a sesquiterpene synthase that produces 
approximately 90 % amorpha-4,11-diene as the major product and another 10 % of 
different minor sesquiterpenoids[11]. 

In general, enzyme promiscuity refers to the ability of the enzyme to catalyse reactions 
different from or even barely related to their main mechanism. The natural history of 
enzymes suggests that ancestral proteins were promiscuously catalyzing a range of 
activities before they diverged to highly specific enzymes due to natural mutations. This 
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natural evolution is usually caused by swapping a small number of amino acids referred 
to as plasticity residues where they mainly control the specificity of the enzymes[12-15]. 
Terpene synthases, specifically sesquiterpene synthases are known for their catalytic 
promiscuity[5, 6, 16]. There have been several reports about the promiscuity of terpene 
synthases as well as mutagenesis efforts to identify the plasticity residues and 
engineering these enzymes towards a specific product. One of the highly promiscuous 
sesquiterpene synthases is γ-humulene synthase from Abies grandis where it produces 
52 different sesquiterpenes from the single substrate FPP[17]. Different plasticity 
residues were probed in the active site of γ-humulene synthase leading to creation of 
seven different terpene synthases utilizing an altered mechanism to produce other 
major products[18]. Germacrene A synthase was reconstructed to form α-humulene 
synthase by Gonzalez et al.[19].  Also, monoterpene 1,8-cineole synthase from Salvia 
fruticose was engineered into sabinene synthase by using information on plasticity 
residues[20]. The sesquiterpene epi-isozizaene synthase was converted to six different 
sesquiterpene synthases by Li et al[21]. The aim of this study is to investigate the 
promiscuity of amorphadiene synthase by examining the effect of single substitution of 
selected amino acid residues on the product profile of ADS. A mutant library of six 
active site residues was screened by GC-MS. The produced sesquiterpenes were 
identified and their amounts were compared to the wild type ADS. The effects of these 
substitutions were evaluated in a 3D ADS model and correlated to the detected changes 
in product profile. This will allow a better understanding of the specificity of 
amorphadiene synthase. 

Material and Methods 

ADS variants expression, purification and quantitation 

The variants were available from a mutant library of ADS. The E. coli BL21 (DE3) -80 
°C stocks containing the variants were cultured at 37 °C in 1 ml LB medium with 100 
μg/mL ampicillin overnight. The following day, 15 ml auto-induction medium 
[phosphate buffer (pH 7.2), 2% tryptone, 0.5% yeast extract, 1% NaCl, 0.6% glycerol, 
0.05% glucose and 0.2% lactose] supplemented with 100 μg/mL ampicillin was 
inoculated with the overnight cultures to an optical density at 600 nm (OD600) of 0.05. 
The cultures were incubated at 37 °C, 250 rpm till OD600 of 0.7, then grown overnight at 
20 °C under shaking conditions (190 rpm). Cell pellets were collected by centrifugation 
at 4000 rpm for 10 min. followed by three cycles of freezing and thawing then 
resuspended in 1.5 ml lysis buffer (50 mM Tris-HCl, pH 7.5-8.0, 100 mM NaCl, 10 mM 
β-mercaptoethanol, cOmplete™ EDTA-free protease inhibitor cocktail tablet and 1 
mg/ml lysozyme). The lysis was completed by incubation at 20 °C, 250 rpm for 30 min. 
The soluble protein fractions were extracted by centrifugation, 10 min at 4000 rpm. 
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The expressed variants were then purified using His MultiTrap™ Fast Flow GE 
Healthcare 96-well plates using (20 mM Tris-HCl, 10 mM MgCl2, 150 mM NaCl, 1 mM 
DTT and 20 mM imidazole, pH 7.4-8) as binding and wash buffer, and (20 mM Tris-
HCl, 10 mM MgCl2, 150 mM NaCl, 1 mM DTT, 10% glycerol and 250 mM imidazole, 
pH 7.4-8) as elution buffer. Each purified protein (24 μl) was boiled for 5 min. with 6 μl 
of protein sample buffer then 15 μl were loaded on a 4-12% polyacrylamide gel 
(NuPAGE Novex 4-12 % Bis-Tris) with MOPS buffer. Five wild type ADS samples (15 
μl) with standard concentrations of 100, 250, 500, 750 and 1000 ng/μl were loaded on 
the gel along with the purified variants to act as calibration samples for the 
quantification of the purified variants. The gels were stained using the Coomassie-
based stain InstantBlue (Expedeon Ltd) and a digital image of the gel was taken using 
Chemi Genius2 Bio Imaging System (Syngene, Cambridge, UK). These pictures were 
used for the densitometric concentration assessment of ADS based on the size and 
intensity of the bands in the digital image of the gel, compared to the standard ADS 
bands by using the software GeneTools (version 4.02, Syngene)[22]. 

Enzyme assay for determining the product profile of the wild type and variants 

An in-vitro GC-MS assay was performed to compare the product profiles of the 
variants to the wild type. Purified enzymes (50 μg) were added to 0.5 mL reactions in 10 
mM Tris-HCl buffer (pH 7.4), containing 10 mM MgCl2, 2 mM DTT, and 50 μM FPP 
substrate then overlaid with 200 µl hexane containing tetradecane internal standard. 
The reactions were incubated at 30 ºC for 1 hour then stopped by addition of an equal 
volume of 0.2 M KOH containing 0.1 M EDTA. The hexane layers were decanted for 
analysis by GC-MS. All assays were performed in duplicate. 

Product identification and relative quantitation to the wild type 

Two microliters of the collected n-hexane extracts were analyzed using a HP-5MS (5%-
Phenyl)-methylpolysiloxane column (Agilent J&W 0.25 mm inner diameter, 0.25 µm 
thickness, 30 m length) on a on a Shimadzu GCMS-QP2010SE system equipped with a 
GC-2010 Plus high performance gas chromatograph (GC). It was injected splitless onto 
the GC column using helium as the carrier gas. The injector temperature was 250°C; 
the oven initial temperature was 50°C with an increment of 5 °C/min up to 180 °C and 
then up to 300 °C with an increase of 10 °C/ min. The solvent cut-off was 5 minutes. 
The product profile of all samples was compared to that of reference wild type ADS 
GC-MS chromatogram. The products were identified through comparison of their 
mass spectra to those of real standards and/or spectra included in the NIST (National 
Institute of Standards and Technology, Maryland, USA) and other libraries. The MS 
instrument was set to total ion scan for acquisition and the peak areas of all products 



Chapter 8 

208 

were corrected by multiplying each product peak area in the sample by the peak area of 
reference tetradecane sample, divided by the tetradecane peak area of the sample). The 
peak area of each product in the chromatograms of the different variants was compared 
to the corresponding peak area in the wild type chromatogram to detect increase or 
decrease in the production level which are then represented in heat maps for each 
product per mutated residue. 

Computational examination of the active site of the ADS variants 

The previously published structural model of ADS was used[23]. Discovery Studio 4.5 
software was employed to obtain a structural view of the active site of ADS and perform 
single amino acid mutations to the residues V396, T399, G400, H448, L515 and D523 
followed by loop refinement and energy minimization. The change in the interactions 
between the substrate FPP or the intermediate carbocation and the mutated residues as 
compared to the original ADS residue was examined to help understand the effect of 
these mutations on the mechanism of ADS. 

Results and discussion 

An understanding of the catalytic mechanism of ADS is essential to study the effect of 
the single mutations on the pathway. The main route of the ADS mechanism leading to 
the formation of amorpha-4,11-diene as the major product in addition to the side 
reactions that produce a variety of other sesquiterpenes in minor amounts are depicted 
in Figure 1. The main pathway of ADS starts with an isomerization of the substrate (2E, 
6E)-FPP to produce nerolidyl diphosphate followed by ionization creating (2Z, 6E)-
farnesyl cation. After that, two ring closures take place. First, 1,6-ring closure to form 
the bisabolyl cation. Second is 1,10-cyclization producing the amorphenyl cation. The 
last step is regioselective deprotonation at C12 or C13 to produce amorpha-4,11-diene 
as the major product. Deviations from this mechanism can occur along the main 
pathway leading to the synthesis of different side products in minor amounts. For 
example, the farnesyl cation can be immediately converted to the acyclic β-farnesene or 
it can undergo 1,11-cyclization to produce γ-humulene. Also, 1,10-ring closure can be 
compromised leading to the conversion of the bisabolyl cation into the monocyclic α-
bisabolol or other bisabolyl derivatives such as zingiberene and β-sesquiphellandrene. 
The final regioselective deprotonation can be impaired leading to the removal of a 
proton at C10 and production of amorpha-4,7-diene. Finally, instead of the 
deprotonation of the amorphenyl cation, it can capture a water molecule and create the 
alcohol amorpha-4-en-7(11)-ol[11, 23-25]. Using this knowledge about the ADS 
mechanism, we can now examine the effect of the single mutations on the side 
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reactions and detect the variants that increase the production of the side products at 
expense of the major amorpha-4,11-diene. 

 
Figure 1. Amorphadiene synthase mechanism pathway showing the main route leading to the 
formation of the major product amorpha-4,11-diene in black along with the side reactions that 

create other minor sesquiterpenoids in grey.  
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Residue L515 mutation affects ADS product specificity 

Leucine is a hydrophobic amino acid that is usually found buried in protein 
hydrophobic cores with a preference towards being within alpha helices rather than in 
beta strands. Indeed, in the ADS model, L515 is found in an alpha helix within the 
hydrophobic pocket of the active site. The flexible and non-reactive side chain of 
leucine is hardly directly involved in protein function, but usually more suitable for 
packing the protein interior[26]. By observing the product profile of the mutability 
landscape of L515 (Figure 2A), it was obvious that substitution of leucine with the 
similar hydrophobic amino acids isoleucine, valine and proline had no impact on the 
product profile showing GC chromatograms identical to the wild type. Also, L515N 
and L515Q showed the same product profile as the wild type while L515W and L515R 
were completely inactive showing no products in their GC chromatograms. However, 
substitution of leucine with the smaller amino acids alanine, glycine, cysteine, serine 
and threonine altered the product profile showing significant increase of α-bisabolol 
and moderate increase of amorpha-4,7-diene with L515A showing the highest impact 
where α-bisabolol level was ~ 20 times higher than the wild type and amorpha-4,7-
diene production was increased by ~ 10 folds (Figure 2A and 2B). Figure 2C depicts 
L515 and A515 in the active site of ADS along with the bisabolyl cation where L515A 
impaired the second ring cyclization to some degree leading to increased production of 
α-bisabolol. Moreover, replacing leucine with amino acids possessing an aromatic ring 
such as phenylalanine, tyrosine and histidine caused significant elevation of the 
synthesis of γ-humulene (Figure 2A and 2B) where L515F increased γ-humulene 
production by ~ 35 times relative to wild type. The presence of the bulky ring in the 
vicinity of the farnesyl cation, in contrast to the leucine side chain (Figure 2C), 
moderately shifted the pathway towards direct 1,11-cyclization of the farnesyl cation to 
produce γ-humulene. Hence, despite the fact that L515 itself might not directly take 
part in the catalysis towards amorpha-4,11-diene, its mutation can decrease in the 
product specificity of the enzyme and reduce the production of the major amorpha-
4,11-diene. 
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Figure 2. (A) Mutability landscape of ADS L515 showing the levels of the products amorpha-
4,11-diene, amorpha-4,7-diene, γ-humulene and α-bisabolol. The vertical axis portrays the 20 
possible amino acid residues. The wild-type amino acid residue is indicated by bold squares and 
white squares represent variants that are not present. The color represents the amount of 
product based on the peak area in GC-MS chromatogram where blue range squares indicate 
decrease in the amount while red range squares indicate increase in the quantity compared to 
the wild type. The illustrated data are an average of two separate experiments (n=2).  
(B) GC chromatograms of wild type, L515A and L515F. (C) 3D model of the active site of
ADS showing bisabolyl cation along with L515 or A515 and farnesyl cation along with L515
or F515.
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Mutation of G400 to alanine produces α-bisabolol as major product 

Glycine is a unique amino acid where it has a hydrogen as its side chain unlike all other 
amino acids that possess a carbon side chain. This provides flexibility to glycine in 
addition to its small size allowing it to reside in tight turns in protein structures that are 
not easily accessible to other larger amino acids[26, 27]. The residue G400 is present in a 
tight loop within the active site of ADS. Hence, its substitution with any larger amino 
acid caused loss of enzyme activity except when substituted with alanine (Figure 3A). 
In spite of the fact that the alanine residue is just slightly bigger than glycine, G400A 
had a significant impact on the product profile as shown in its GC chromatogram 
compared to that of wild type (Figure 3B). G400A shifted the mechanism toward 
producing α-bisabolol as the major product with around 80-fold increase relative to the 
wild type. Also, the amounts of amorpha-4,7-diene and γ-humulene were significantly 
elevated along with decrease in the amount of amorpha-4,11-diene compared to wild 
type. Finally, it is clear that G400 is in a very tight position in the active site and 
mutation to alanine increase the bulkiness implying that any larger amino acid will 
cause significant steric hindrance and loss of enzyme activity (Figure 3C). Hence, 
conserving the residue G400 is essential to maintain ADS activity and product 
specificity.  

Acidic residues at position 396 impair regioselective deprotonation 

Valine, being hydrophobic, is buried in the core of the protein within the active site. It 
is Cβ branched where it contains two non-hydrogen substituents attached to its Cβ 
carbon unlike most amino acids. Thus, its main chain is restricted in the conformation 
it can adopt[26]. V396 does not have a significant role in the mechanism of ADS where it 
only makes some interactions with the surrounding residues in the backbone. 
Substitution of valine with all different amino acids doesn’t impact the mechanism and 
shows identical product profile to the wild type except for substitution with acidic 
amino acids (Figure 4A). Swapping V396 with aspartic or glutamic acid disrupts the 
regioselective deprotonation leading to increased production of amorpha-4,7-diene in 
the corresponding GC chromatograms (Figure 4B). Aspartic and glutamic acid are 
usually present in the deprotonated form, thus introducing a negative charge in the 
active site of ADS. Based on their position in relation to the amorphenyl cation in the 
active site (Figure 4C), they can have an impact on the deprotonation process by 
disrupting the equilibrium of the pathway towards deprotonation at C12 or 13 and 
instead increase the chances of deprotonation at C10 producing elevated amounts of 
amorpha-4,7-diene. 
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Figure 3. (A) Mutability landscape of ADS G400 showing the levels of the products amorpha-
4,11-diene, amorpha-4,7-diene, γ-humulene and α-bisabolol. The vertical axis portrays the 20 
possible amino acid residues. The wild-type amino acid residue is indicated by bold squares and 
white squares represent variants that are not present. The color represents the amount of 
product based on the peak area in GC-MS chromatogram where blue range squares indicate 
decrease in the amount while red range squares indicate increase in the quantity compared to 
the wild type. The illustrated data are an average of two separate experiments (n=2). 
(B) GC chromatograms of wild type and G400A. (C) 3D model of the active site of ADS
showing bisabolyl cation along with G400 or A400.
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Figure 4. (A) Mutability landscape of ADS V396 showing the levels of the products amorpha-
4,11-diene and amorpha-4,7-diene. The vertical axis portrays the 20 possible amino acid 
residues. The wild-type amino acid residue is indicated by bold squares and white squares 
represent variants that are not present. The color represents the amount of product based on the 
peak area in GC-MS chromatogram where blue range squares indicate decrease in the amount 
while red range squares indicate increase in the quantity compared to the wild type. The 
illustrated data are an average of two separate experiments (n=2). 
(B) GC chromatograms of wild type, V396D and V396E. (C) 3D model of the active site of 
ADS showing amorphenyl cation along with V396 or D396 or E396. 
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Residue T399 impacts 1,10-cyclization and regioselective deprotonation 

It has been previously reported that T399 is essential for regioselective deprotonation to 
produce amorpha-4,11-diene. Since the hydroxyl group is involved, only mutation to 
the similar serine ensures maintaining the same function and product profile[28, 29]. It 
can be observed in the mutability landscape of T399 (Figure 5A) that mutation to other 
amino acids can cause either loss of activity or change in the product profile. The 
variants T399P, T399M, T399F, T399R, T399K, T399E and T399Q completely lost their 
activity and produced no products. However, variants T399A, T399I, T399G, T399V 
and T399N altered the product profile by causing loss of regioselective deprotonation 
leading to significant decrease in amorpha-4,11-diene while producing amorpha-4,7-
diene in nearly equal amount to it (Figure 5B). In addition to that effect, these 
substitutions increased the production of the bisabolyl derived products, zingiberene 
and β-sesquiphellandrene, probably by impairing the 1,10-cyclization of the bisabolyl 
cation. An idea about the position of this residue in the active site is shown in Figure 
5C. 

Two variants produce the alcohol amorpha-4-en-7(11)-ol as the major product 

The wild type ADS produces around 2 % of the minor product amorpha-4-en-7(11)-ol 
along with its major product as evident from its GC chromatogram (Figure 6C). 
Mutation of residues in the active site rarely have an impact on the level of this product 
as seen in the mutations mentioned above along with other published mutations. 
However, two variants, H448P and D523A, showed significant increase in the amount 
of amorpha-4-en-7(11)-ol produced compared to the wild type to the point of it 
becoming the major product instead of amorpha-4,11-diene. It has been previously 
reported that replacing D523 with the small alanine eliminated all interactions and 
provided favorable conditions for the water molecules to interact with the amorphenyl 
carbocation in the active site and shift the reaction toward increased production of 
amorpha-4-en-7(11)-ol[23]. It is clear from the mutability landscape of D523 (Figure 
6B), that only the D523A variant showed this effect on product profile while all the 
other variants were either not expressed or inactive. The mutability landscape of H448 
(Figure 6A) showed that all mutation have the same product profile as the wild type 
except for H448P which produced amorpha-4-en-7(11)-ol as the major product along 
with amorpha-4,11-diene, amorpha-4,7-diene and γ-humulene similar to the variant 
D523A (Figure 6C). Proline at H448 has its side chain angled away from the active site 
unlike H448 (Figure 6D), it also limits the rotation around the peptide bond locking the 
backbone and fixing the conformation of the surrounding residues so they cannot 
rotate freely[30]. This may provide favourable conditions for the water molecules to 
attack the amorphenyl cation. 
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Figure 5. (A) Mutability landscape of ADS T399 showing the levels of the products amorpha-
4,11-diene, amorpha-4,7-diene, zingiberene and β-sesquiphellandrene. The vertical axis 
portrays the 20 possible amino acid residues. The wild-type amino acid residue is indicated by 
bold squares and white squares represent variants that are not present. The color represents the 
amount of product based on the peak area in GC-MS chromatogram where blue range squares 
indicate decrease in the amount while red range squares indicate increase in the quantity 
compared to wild type. The illustrated data are an average of two separate experiments (n=2). 
(B) GC chromatograms of wild type, T399I and T399G. (C) 3D model of the active site of 
ADS showing amorphenyl cation along with T399 or I399 or G399. 
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Figure 6. (A) Mutability landscape of ADS H448 showing the levels of the products amorpha-
4,11-diene and amorpha-4-en-7(11)-ol. (B) Mutability landscape of ADS D523 showing the 
levels of the products amorpha-4,11-diene and amorpha-4-en-7(11)-ol. The vertical axis 
portrays the 20 possible amino acid residues. The wild-type amino acid residue is indicated by 
bold squares, white squares represent variants that are not present and grey squares signify 
variants that are not expressed. The color represents the amount of product based on the peak 
area in GC-MS chromatogram where blue range squares indicate decrease in the amount while 
red range squares indicate increase in the quantity compared to the wild type. The illustrated 
data are an average of two separate experiments (n=2). 
(C) GC chromatograms of wild type, H448P and D523A. (D) 3D model of the active site of
ADS showing amorphenyl cation along with H448 or P448 or D523 or A523.
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Concluding remarks 

It is essential for ADS to produce amorpha-4,11-diene as the major product with the 
highest possible specificity so it can perform its role as the first committed step in the 
biosynthesis of the antimalarial artemisinin[31, 32]. Product specificity of ADS can be 
greatly impacted by single amino acid substitution reducing it efficiency as amorpha-
4,11-diene producer. Such plasticity residues need to be carefully conserved to ensure 
the product specificity of ADS. Among these residues are the ones discussed in this 
paper. Mutations of residue L515 reduce product specificity unless conserved as 
isoleucine, valine or proline. Residue G400 must remain as glycine where mutation to 
alanine start producing α-bisabolol as the major product while all other mutations are 
inactive. Replacing V396 with acidic residues impair the regioselective deprotonation 
as well as substituting T399 with amino acids other than serine. Also, the two variants, 
H448P and D523A, greatly diminish the product specificity of ADS by producing 
amorpha-4-en-7(11)-ol as the major product. Hence, handling these six residues 
(V396, T399, G400, H448, L515 and D523A) must be done with care to ensure that 
ADS maintain its high product specificity. While when aiming at constructing a 
different terpene synthase from the ADS template, some of these mutations can be 
combined. For example, combining H448P with D523A can show even higher 
production of the amorpha-4-en-7(11)-ol alcohol and become specific toward this 
major product. Further examination of ADS may lead to identifying other plasticity 
residues. Our discoveries along with other published research can help understand the 
evolution of sesquiterpene synthases and their product specificity. 
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Terpenoids are considered the biggest and most varied class of natural products. They 
are involved with a wide range of applications from food to cosmetics to medicine. All 
terpenoids originate from the same C5 isoprene building blocks, isopentenyl 
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), but have a diverse 
range of complex chemical structures with multiple chiral centers and/or chemical 
modifications. This variation in terpenoidal chemical structures can be accredited to 
the enzymes responsible for their production. Terpene synthases are an enzyme family 
in control of catalyzing the rearrangement and/or cyclization of the isoprene precursors 
to produce different terpenoids. Terpene synthases perform complex chemical 
rearrangements leading to the production of terpenoids. The structural diversity of 
terpenoids is centered on the positioning of their substrate in the active site of the 
terpene synthase so it can undergo the required cyclizations and/or modifications to 
give the desired structure of the final product[1, 2]. Terpene synthases generally, and 
sesquiterpene synthases precisely, perform intricate catalytic mechanisms to produce 
their final product. Sesquiterpene synthases bind the substrate in a large active site 
where a tri-nuclear metal cluster liganded by DDXXD and (N,D)DXX(S,T)XXXE, the 
conserved metal ion binding motifs, prompts the removal of the diphosphate group 
from the substrate producing a highly reactive carbocation. Then, cyclization and/or 
rearrangement of the carbocation leads to the formation of one specific sesquiterpene 
(15 carbons) major product[3]. 

Tailoring enzymes to meet the specific demands of the research and industrial 
communities gained massive attention in the last few decades. The ideal goal of enzyme 
engineering is to optimize the target enzyme by either enhancing the catalytic activity 
or maintaining the activity of the wild type enzyme while altering certain properties 
that make the enzyme more useful. A level of knowledge about the three-dimensional 
structure of the enzyme and its catalytic mechanism is the corner stone in rational 
engineering of any enzyme[4, 5]. In line with such research, engineering terpenes 
synthases with increased catalytic activity garnered attention as an important factor for 
upscaling production of terpenoids using synthetic biology. 

Amid the most famed sesquiterpene synthases is amorphadiene synthase (ADS) which 
catalyzes the first rate limiting step in the biosynthesis of the important antimalarial 
drug artemisinin in the plant Artemisia annua. Currently, artemisinin combination 
therapy is the most effective treatment against malaria especially multi-drug resistant 
strains resulting in the very high demand for artemisinin[6, 7]. Hence, there is an urgency 
to understand the steps involved in the biosynthesis of artemisinin in order to improve 
its production and increase its availability at cheap price. Since ADS controls the first 
committed step in the biosynthesis of artemisinin, in-depth research of its structure-
function relationships is necessary to improve its role. There has been no report of the 
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X-ray crystal structure of ADS. However, several reports attempted to examine the
mechanism and structure-function relations of ADS by sequence alignment with other
sesquiterpene synthases in addition to computational modeling[8-10]. Researchers
generally agree that ADS mechanism begins with an isomerization step at the C2-C3
double bond of the substrate farnesyl pyrophosphate (FPP) to produce nerolidyl
diphosphate (NPP). Then, NPP is ionized to yield a 2,3-cis-farnesyl cation that will
primarily undergo 1,6-cyclization to produce bisabolyl cation trailed by 1,10-ring
closure and deprotonation to create amorpha-4,11-diene as the major product[11, 12].

In a recent article, Fang et al. attempted to identify the functional residues involved in 
the catalytic mechanism of ADS[13]. They generated a homology model of ADS using 5-
epi-aristolochene synthase (TEAS) as a template. Then the substrate FPP was modeled 
into the active site based on its position in the crystal structure of TEAS and the 
different carbocation intermediates were docked in the active site. However, it is worth 
to mention that TEAS is a transoid sesquiterpene synthase while ADS is cisoid and they 
only have around 38% sequence similarity. In contrast, bisabolol synthase (BOS) is 
another cisoid sesquiterpene synthase with 89% sequence similarity with ADS and it 
has a reported crystal structure. Hence, using BOS as a template to generate a model of 
ADS should be more reliable[8, 14]. Fang and colleagues used sequence alignment of six 
sesquiterpene synthases from A. annua along with site-directed mutagenesis to identify 
the functional residues. They first attempted to pinpoint the ADS residues involved 
with ring closures. They designed a mutagenesis strategy based on switching active site 
residues of ADS with the different residues in BOS and germacrene A synthase (GAS). 
BOS and GAS were chosen because they catalyze a single ring closure, 1,6- or 1,10-, 
respectively, while ADS perform both 1,6- and 1,10-ring closures. Swapping ADS 
residues with GAS which cannot perform 1,6-ring closure identified a T296V mutant 
that lost cyclization activity. The same results were also observed in BOS in which 1,6-
ring closure is necessary similar to ADS. This suggests that residue T296 is essential for 
1,6-cyclization. They proposed that the role of T296 is dependent on the proximity of 
the hydroxyl group to the first isoprene unit. However, the involvement of the hydroxyl 
group should be ruled out since it has been reported that the T296A mutant retained 
1,6-cyclization activity producing amorphadiene[15]. It would be a better assumption 
that the size of the side chain of the residue at 296 has a direct effect on its role in 1,6-
ring closure. In a similar manner, ADS residues were swapped for the different residues 
in the BOS active site to determine the residues involved in 1,10-ring closure in ADS. 
None the less, this procedure was not sufficient to identify the functional residues 
involved in the 1,10-cyclization. Thus, the authors researched further by comparing the 
identical residues of ADS and BOS to GAS, twelve of these residues were different in 
GAS. Replacing the respective twelve ADS residues with those of GAS resulted in 
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mutants F370L, L374Y, G400S, G401A, and G439S with disrupted 1,10-cylcization 
leading to accumulation of bisabolyl derived products. Also, the authors docked the 
bisabolyl cation in the active site of the ADS model and discovered that residues L374, 
L404, L405 and G439 are in close proximity to the bisabolyl cation. In addition, the 
tetra-substitution mutant of these residues produced 80% bisabolyl derived product 
and only 10% amorpha-4,11-diene, confirming the involvement of these four residues 
in 1,10-ring closure. 

After that, Fang and co-workers aimed at determining the residues responsible for 
deprotonation of the formed bicyclic ring skeleton to produce the major product 
amorpha-4,11-diene. It has been previously reported that T399 is responsible for 
regioselective deprotonation where T399L (corresponding to leucine at the same 
position in BOS) produced less of the main product amorpha-4,11-diene and more of 
amorpha-4,7-diene compared to the wild type[14]. Similarly, T447G (corresponding to 
glycine at the same position in BOS) showed the same pattern of products indicating 
that both T399 and T447 are involved in the deprotonation process. In addition, 
substituting T399 and T447 with different amino acids showed that only the serine 
mutants acted like the wild type which confirms the importance of the hydroxyl group 
in the regioselective deprotonation. Since the hydroxyl group cannot directly remove a 
proton from the carbocation intermediate and the side chains of basic residues in the 
model are pointing away from the active site, they suggested that enzyme-bound water 
can perform the deprotonation and act as the active site base. However, further 
investigation of all residues in the active site for their possible role in the deprotonation 
should be performed before deciding on the active site base. The generated ADS model 
was used to look for the positioning of all these residues in relation to the conserved 
metal ion binding motifs in the active site. They found that T296 is located on the same 
helix as the DDXXD motif while G439 along with the DSE/NTE motif that contains 
T447 are on the opposite side of the active site. Also, T374 and T399 are neighboring 
the DDXXD motif. Hence, they concluded that the side chains of these residues can 
affect the positioning of the substrate and/or intermediates in the active site in addition 
to their subsequent cyclization. This was confirmed by mutating these residues to 
different size amino acids. 

Fang and co-authors aimed at improving ADS activity. It was previously published that 
T399S mutant had higher catalytic efficiency compared to the wild type[14]. In a similar 
fashion, T447S (kcat = 0.334 s-1) showed two fold increase in kcat compared to the wild 
type (kcat = 0.186 s-1). Since it was suggested that T399 and T447 act independently in 
the active site, the T399S/T447S double mutant should have further increased efficiency 
compared to the single mutants. Indeed, the double mutant had a kcat of 0.518 s-1 which 
is three times higher than the wild type (kcat = 0.186 s-1) but at the expense of four times 
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elevation of the Km. It is worthwhile to note that kinetic parameters of ADS reported in 
literature vary based on the method used and also show differences within articles 
using the same method[13-16] (Table 1). 

Table 1. Steady-state kinetic parameters of ADS reported in literature 
Enzyme kcat (s-1) Km (μM) kcat / Km (s-1.M-1) Method Reference 

ADS 0.186 2.03 0.92 x 105 GC-MS [13]

ADS 1.370 3.56 3.85 x 105 GC-MS [14]

ADS 0.016 15.30 0.01 x 105 Malachite Green [15]

ADS 0.030 8.90 0.03 x 105 Malachite Green [16]

ADS 0.006 2.00 0.03 x 105 Radioactive [16]

In summary, Fang et al. effort to identify functional residues of ADS led to the 
discovery of the role of some residues in the mechanism of ADS. T296 is involved in 
the first 1,6-ring cyclization, four residues (L374, L404, L405 and G439) contribute to 
the second 1,10-ring closure and finally two residues (T399 and T447) are responsible 
for regioselective deprotonation to produce the major product amorpha-4,11-diene. 
Figure 1 highlights these identified residues in the active site of ADS. In addition, they 
suggested that mutation of residues around the metal ion binding motifs can be the key 
for the evolution of their enzymes. Further investigation and mutations are required to 
examine the role of other residues in the active site of ADS since in-silico studies along 
with sequence alignments with different terpene synthases suggest the possibility of 
involvement of more residues in the function of ADS[9, 10]. In the future, accumulation 
of these studies will give a clear picture of the structure-function relations in ADS and 
help create a strategy to improve the catalytic activity of ADS. 

Figure 1. Enlarged section of the active site of ADS model showing FPP substrate in grey 
(pyrophosphate in red), magnesium ions in green and the functional residues identified by Fang 
et al. T296 involved in the first 1,6-ring cyclization in pink. L374, L404, L405 and G439 
contributing to the second 1,10-ring closure in blue. T399 and T447 responsible for 
regioselective deprotonation in yellow. 
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Abstract 

Terpenoids constitute the largest, most diverse group of natural products with 
numerous ones garnering commercial and medicinal interest. Most terpenoids are 
naturally produced in low amounts so their purification suffers from low yields and 
consumption of large amounts of natural resources. Hence, the extinction of the 
natural source becomes a real threat and the amount of isolated compound usually 
cannot cover market demand especially for medicinally important compounds like 
anticancer paclitaxel and antimalarial artemisinin. Also, synthesis of most terpenoids is 
problematic and expensive due to the complexity of their structures. Thus, the need for 
alternate methods of terpenoid production is a pressing issue. Among these methods is 
the microbial production of terpenoids, which has been researched in the last few 
decades. The objectives of the thesis by Ingy Abdallah are establishing the Gram-
positive bacterium Bacillus subtilis as a platform organism for terpenoid production by 
understanding and improving the biosynthetic routes of terpenoids including the core 
enzymes involved in the process such as terpene synthases. A B. subtilis strain 
overexpressing the terpenoid biosynthetic pathway was successfully engineered then 
used for the production of C30 carotenoids and the diterpene precursor of paclitaxel, 
taxadiene. This strain can serve as a cell factory for production of various terpenoids. In 
addition, the research in this thesis delved into the enzyme family of terpene synthases, 
which are essential for the formation of terpenoids. The focus was on understanding 
the structure-function relations of amorphadiene synthase, a key enzyme in artemisinin 
production, and improving its catalytic activity. 
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Nature provides a wealth of compounds with commercial and/or medicinal 
significance. Among these natural products, terpenoids are very famous. Terpenoids 
are considered one of the largest classes of natural products with vast structural and 
functional diversity. They are widespread amid various organisms where they are 
important for several vital functions. Numerous terpenoids are harvested from 
microbes and plants for countless applications ranging from food to cosmetics to 
pharmaceuticals or nutraceuticals. For example, carotenoids possessing antioxidant 
properties, volatile monoterpenes used as flavors and fragrances, anticancer paclitaxel 
and antimalarial artemisinin. 

In spite of the huge diversity in the chemical structures of terpenoids, they are all 
synthesized by consecutive condensation of two five-carbon precursors, isopentenyl 
pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate (DMAPP). These 
precursors are synthesized via two distinct pathways, the mevalonate (MVA) or the 2-
C-methyl-D-erythritol-4-phosphate (MEP) pathways. These building blocks are then
fused through different number of repeats to produce the backbones of all terpenoids.
The backbones are then cyclized and/or rearranged by terpene synthase enzymes to
produce the corresponding terpenoids. Terpene synthases are a class of enzymes that
are essential for the production of the desired terpenoids.

Most terpenoids are naturally produced in low concentrations so purification from 
their natural biological material suffers from low yields and consumption of large 
amounts of natural resources. This can lead to extinction of the original species and 
usually the amount of isolated compound cannot cover market demand especially for 
medicinally important compounds like paclitaxel and artemisinin. Also, organic 
synthesis of most terpenoids is problematic and costly due to the complexity of their 
structures. Hence, alternate methods for production of terpenoids have been 
researched in the last few decades. Among these methods is the microbial production 
of terpenoids. Microbial hosts such as Escherichia coli, Saccharomyces cerevisiae and 
Bacillus subtilis were studied for their ability to act as platform organisms for 
production of terpenoids. An understanding of the biosynthetic routes for production 
of terpenoids including the core enzymes involved in this process such as terpene 
synthases is crucial for engineering a host for terpenoid production, in addition, to the 
knowledge of the inherent metabolic pathways of the selected host. This allows for the 
transfer of all or parts of the terpenoid biosynthetic pathways to heterologous hosts in 
order to create a cell factory for production of important terpenoids.  

Chapter 1 is an overview of the biosynthesis of terpenoids, their different classes, the 
terpene synthases enzyme family and some examples of engineering microbial cell 
factories for terpenoid production. 
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The research in this thesis aims at metabolic engineering of a microbial host as a cell 
factory for terpenoid production. B. subtilis was chosen as the platform organism due 
to its successful use for industrial production of proteins, in addition to the fact that it 
is the highest isoprene (C5 terpenoid) producer among the well-known microorganism 
hosts. Moreover, the second part of this thesis focuses on studying the famous 
sesquiterpene synthase, amorphadiene synthase, which is responsible for production of 
the precursor of the antimalarial drug artemisinin. 

Engineering Bacillus subtilis as a cell factory for terpenoid production 

B. subtilis has been extensively used as a host for bulk industrial enzyme production. It
has high potential to act as a high-grade cell factory. B. subtilis possesses an inherent
MEP pathway producing high levels of isoprene. It has a wide metabolic potential, and
varied substrate range. It has higher growth rate compared to yeast. Moreover, B.
subtilis is listed by the Food and Drug Administration as generally regarded as safe
(GRAS) which is an advantage over E. coli. Recently, researchers started focusing on
engineering B. subtilis to produce valuable terpenoids in a manner similar to the
research performed on the yeast S. cerevisiae and E. coli but taking into account the
advantages of B. subtilis as a potentially better cell factory. In Chapter 2, we review the
inherent terpenoid biosynthetic pathways of B. subtilis along with the challenges facing
the engineering of B. subtilis for production of valuable terpenoids, major advances and
future directions for using B. subtilis as a cell factory.

Our efforts to engineer B. subtilis for terpenoid production start in Chapter 3 where we 
overexpress different enzymes involved in the MEP pathway to boost the production of 
the precursors IPP and DMAPP required for biosynthesis of terpenoids. We describe 
the systematic overexpression of the enzymes from the B. subtilis MEP pathway and we 
use the level of production of orange colored C30 carotenoids, which were previously 
successfully produced in B. subtilis, as a read out to evaluate the effect of such 
modulations on terpenoid production. We assembled the endogenous genes of B. 
subtilis encoding the MEP pathway enzymes one by one in a synthetic operon that is 
expressed from a plasmid. The operon was constructed to contain up to four genes 
based on their significance in previous literature reports. The successful expression of 
the enzymes from a plasmid based system was demonstrated. After that, the B. subtilis 
strains overexpressing different sets of enzymes of the MEP pathway were combined 
with a C30 carotenoid producing plasmid. The orange colored carotenoids, 4,4’-
diaponeurosporene and 4,4’-diapolycopene, were extracted from the different strains 
and quantified by HPLC. It was shown that each consecutive expression of an 
additional enzyme involved in the MEP pathway resulted in a higher amount of 
carotenoids detected. The two strains overexpressing four of the MEP pathway 
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enzymes showed the highest amount of carotenoid production compared to the other 
strains. The strain overexpressing ispC, ispE, ispG, and ispA showed slightly higher 
amount (10.65 mg/g dcw) compared to the strain overexpressing dxs, ispD, ispF, and 
ispH (9.03 mg/g dcw). Figure 1 shows the upper MEP pathway producing IPP and 
DMAPP and the lower pathway for conversion of these precursors to the terpenoid 
backbones, which in turn are transformed by the terpene synthases to the desired 
terpenoids. 

Figure 1. Biosynthesis of terpenoids in B. subtilis via the MEP pathway. 
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As a continuation of the research into the modulation of the MEP pathway of B. 
subtilis, in Chapter 4, we compare expression vectors with different origins of 
replication and promoters to choose the most stable expression system in B. subtilis. In 
addition, all the eight genes of the MEP pathway were combined in a single operon in a 
plasmid based expression system. The theta-replicating plasmid (pHCMC04G) was 
proven to be more structurally and segregationally stable compared to the rolling circle 
replication plasmid (pHB201) especially for large size operons containing three or 
more genes. Hence, the pHCMC04G vector with its xylose inducible promoter was 
used as the host of the operon containing the eight genes. RT-qPCR was used to prove 
that the transcripts are intact and all genes are expressed at the same level irrespective 
of their position in the operon. Finally, the amount of C30 carotenoids produced 
confirmed that the pHCMC04G plasmid is superior compared to pHB201. The B. 
subtilis strain overexpressing all eight genes of the MEP pathway (p04_SDFHCEGA) 
showed the highest carotenoid production (21 mg/g dcw) which is nearly twice the 
amount produced by the strains overexpressing only four genes. 

In Chapter 5, we make use of the best B. subtilis strain generated from the previous two 
chapters (p04_SDFHCEGA) to aim at the production of taxa-4,11-diene which is the 
precursor of the anticancer paclitaxel. In the effort towards engineering B. subtilis as a 
host for the production of paclitaxel, we expressed the plant-derived taxadiene synthase 
(TXS) enzyme, which is responsible for the conversion of the precursor geranylgeranyl 
pyrophosphate (GGPP) to taxa-4,11-diene. This is the first committed intermediate in 
paclitaxel biosynthesis. The txs gene was integrated into the genome of B. subtilis and 
the TXS enzyme was successfully expressed for the first time in B. subtilis. Additionally, 
genes encoding biosynthetic enzymes from the MEP pathway [dxs, ispD, ispF, ispH, 
ispC, ispE, ispG] and early terpenoid biosynthesis [ispA encoding IspA that performs 
the function of geranyl pyrophosphate synthase (GPPS) and farnesyl pyrophosphate 
synthase (FPPS), crtE encoding geranylgeranyl pyrophosphate synthase (GGPPS)] were 
cloned into B. subtilis and their effect on taxadiene production was evaluated. The over 
expression of the MEP pathway enzymes along with IspA and GGPPS caused 83-fold 
increase in the amount of taxadiene produced compared to the B. subtilis strain only 
expressing TXS and relying on the innate pathway of B. subtilis. The total amount of 
taxadiene produced by that strain was 17.2 mg/L which is higher than the amounts 
reported for E. coli and S. cerevisiae on shake flask fermentation level. 
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Study of terpene synthases with emphasis on amorphadiene synthase 

The participation of a terpene synthase is an indispensable prerequisite for the 
synthesis of terpenoids. Terpene synthases constitute a family of enzymes tasked with 
catalyzing the cyclization and/or rearrangement of the precursors geranyl 
pyrophosphate (GPP), farnesyl pyrophosphate (FPP), and geranylgeranyl 
pyrophosphate (GGPP) to create the different classes of terpenoids. The mechanism of 
terpene synthases is complex where the diverse array of terpenoid structures depend on 
the orientation of the flexible substrate in their large active site. Terpene synthases are 
divided into different classes to produce the numerous terpenoids. We focus on the 
class of sesquiterpene synthases, which are responsible for converting the substrate FPP 
to more than 300 sesquiterpenes (C15). They are classified into transoid sesquiterpene 
synthases that catalyze the ionization of the (trans, trans)-substrate and cisoid ones 
which execute an initial double bond isomerization to create a (cis, trans)-intermediate 
carbocation. All sesquiterpene synthases possess a tri-nuclear metal cluster liganded by 
conserved metal ion binding motifs DDXXD and (N,D)DXX(S,T)XXXE that prompt 
the ionization of the pyrophosphate group of the substrate to initiate the catalytic 
mechanism. 

Among the most prominent sesquiterpene synthases is amorphadiene synthase (ADS). 
ADS catalyzes the cyclization of FPP to amorpha-4,11-diene, which is considered the 
first and rate limiting step in the synthesis of the antimalarial drug artemisinin. 
Artemisinin-based combination therapies (ACTs) are recommended as the first-line 
treatment of malaria by The World Health Organization (WHO). Also, artemisinin has 
recently been gaining attention for its possible chemotherapeutic effect in fighting 
cancers. Understanding the biosynthesis of artemisinin will help optimize its 
production and increase its availability at lower price. Hence, we focused on studying 
the enzyme amorphadiene synthase to gain better insight into the structure-function 
relations within the catalytic mechanism and to aim at improving its activity. 

Amorphadiene synthase is a cisoid sesquiterpene synthase. In spite of the numerous 
research into this enzyme, obtaining an X-ray crystal structure has not been successful. 
Thus, the structural basis of its catalytic mechanism is still unknown, as the molecular 
conformation of the enzyme has not been characterized. In Chapter 6, we created a 
reliable three-dimensional (3D) homology model representing the conformation of the 
ADS enzyme using Discovery Studio software. The model was produced using the 
crystal structure of α-bisabolol synthase, an enzyme with high sequence identity with 
ADS, as a template. Three magnesium ions representing the tri-nuclear metal cluster 
were positioned in the active site and confirmed by their chelation with the metal ion 
binding motifs. Subsequently, the substrate FPP was docked into the active site and the 
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different conformations produced were evaluated for their folding and interactions 
leading to the selection of one conformation as the best fit for the substrate in the active 
site . The 3D model was validated by assessing its stereochemical quality in addition to 
probing some of the active site residues through site-directed mutagenesis. The 
generated variants confirmed the validity of the ADS model. 

The generated ADS model was used in Chapter 7 to select active site residues for 
creating a mutability landscape of ADS. A mutant library of 257 variants encompassing 
the sixteen residues: R262, R440, Q518, H392, H448, L515, K449, V396, F525, Y519, 
W271, T296, T399, G400, G439 and D523 was produced. This mutant library was 
screened for catalytic activity and product profile to determine the residues involved in 
the mechanism of ADS and their respective roles. This screening proved that aromatic 
residues (W271, Y519 and F525) are essential for stabilization of the reactive 
carbocations in the active site. The basic histidines, 392 and 448, were excluded as the 
active site catalytic base while W271 proved to be a possible candidate for this function. 
The role of T399 in regioselective deprotonation was corroborated. Moreover, R262 
creates a region of high positive charge along with the magnesium ions in the active site 
to neutralize the negative charge of the released pyrophosphate preventing it from 
interfering with the reactive carbocations. R440 and K449 were excluded from this 
function. Also, the landscape helped select variants with improved catalytic activity 
compared to wild type ADS. Several variants having the same product profile as wild 
type ADS showed improved catalytic activity. The H448A variant displayed high 
improvement with almost four times increase in catalytic efficiency compared to wild 
type ADS. The double mutant T399S/H448A showed turnover rate (kcat) five folds 
higher than the wild type. Figure 2 summarizes the research in chapters 6 and 7 starting 
with creating the ADS model then generating the mutant library followed by screening 
the mutability landscape for product profile and catalytic activity. 

Finally, Chapter 8 focused on evaluating the impact of mutating a single active site 
residue on the promiscuity of amorphadiene synthase. The major product of ADS is 
amorpha-4,11-diene along with several minor products such as β-farnesene, γ-
humulene, α-bisabolol, amorpha-4,7-diene and amorpha-4-en-11(7)-ol. Using the ADS 
mutability landscape for product profile generated in Chapter 7, we identified variants 
that increase the production of one or more of these minor products at expense of the 
major amorpha-4,11-diene. Six plasticity residues were probed, namely V396, T399, 
G400, H448, L515 and D523. Mutation of residue L515 reduced product specificity 
unless conserved as isoleucine, valine or proline. Residue G400 must be conserved to 
maintain activity and product specificity. Replacing V396 with acidic residues impaired 
the regioselective deprotonation as well as substituting T399 with amino acids other 
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than serine. Also, the two variants, H448P and D523A, greatly diminished the product 
specificity of ADS by producing amorpha-4-en-7(11)-ol as the major product. 

Figure 2. Summary of the research in chapters 6 and 7. 
(A) The generated ADS 3D model. (B) The ADS mutant library consisting of 257 variants.
(C) GC chromatogram showing the product profile of wild type ADS. (D) Mutability landscape
of ADS for catalytic activity.
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Conclusions and future perspectives 

The overall aim of this thesis is to create a sustainable terpenoid cell factory. To achieve 
this goal, we focused on two main areas. The first part of the thesis researched the 
engineering of B. subtilis as a platform organism for terpenoid production. We started 
by modulating the inherent biosynthetic MEP pathway in B. subtilis required for 
production of the terpenoid precursors and we evaluated its effect on production of C30 
carotenoids. We successfully generated a strain stably overexpressing all eight genes of 
the MEP pathway from a plasmid based system in B. subtilis. That strain produced a 
high amount of C30 carotenoids. Moreover, the gene for the enzyme taxadiene synthase 
was incorporated in the genome of the B. subtilis strain overexpressing the full MEP 
pathway leading to the production of high levels of taxa-4,11-diene, the precursor of 
paclitaxel, superior to E. coli and S. cerevisiae. The second part of our work delved into 
the terpene synthase enzymes essential for synthesis of terpenoids. We focused on 
studying the enzyme amorphadiene synthase which is important due to its role in the 
synthesis of artemisinin. We successfully created a 3D model of the enzyme and used it 
to build a mutability landscape that helped understand the role of some active site 
residues in the mechanism of ADS and identify variants with improved activity 
compared to the wild type. 

In the future, the superior B. subtilis created in this research can be used as a cell factory 
for production of any number of terpenoids where the terpene synthase of the desired 
terpenoid can be introduced into its genome similar to our work with taxadiene 
synthase. In addition, further improvement to the production levels can be achieved by 
optimizing the growth medium and/or incorporating the mevalonate biosynthetic 
pathway to further boost the production of terpenoid precursors. Scaling up to large 
scale industrial fermenters along with further tuning of growth conditions should be 
performed to optimize the B. subtilis strain producing taxadiene. This cell factory can 
be used for industrial production of paclitaxel by combining it with the remaining 
enzymes in their biosynthetic pathway and optional chemical conversions. Based on 
the advantages of B. subtilis compared to other cell factories, this can provide a path for 
a more efficient approach for production of semisynthetic paclitaxel or artemisinin. 
Moreover, the ADS variant with improved catalytic activity can be cloned into any 
microbial host to achieve better production of amorpha-4,11-diene to what is known 
now using wild type ADS. This is the stepping stone for improving production of 
artemisinin. 
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Korte samenvatting 

Terpenen vormen de grootste, meest gevarieerde groep van natuurproducten met 
talrijke toepassingen als voedingssupplement of geneesmiddel. In de natuur worden 
de meeste terpenen in lage concentraties aangemaakt, hetgeen betekent dat hun 
zuivering gepaard gaat met dure extracties en met de consumptie van grote 
hoeveelheden natuurlijke hulpbronnen. Het uitsterven van de natuurlijke bron is 
soms een reële bedreiging als de hoeveelheid te isoleren verbindingen de marktvraag 
kan niet dekken, zoals voor het antikankermiddel paclitaxel en het antimalariamiddel 
artemisinine. Chemische synthese van de meeste terpenen is problematisch en duur 
als gevolg van de complexiteit van hun structuren. Er is dus een dringende behoefte 
aan alternatieve methoden voor terpeen productie. Een van de veelbelovende nieuwe 
methoden is de engineering van micro-organismen ten behoeve van de productie 
van terpenen. De tweeledige doelstelling van het proefschrift van Ingy Abdallah is 
het onderzoeken van de grampositieve bacterie Bacillus subtilis als platform voor de 
productie van terpeen én de verbetering van de biosynthetische routes van terpenen 
inclusief kern enzymen zoals terpeen synthases. Als resultaat van dit onderzoek is nu 
een nieuwe B. subtilis stam beschikbaar gekomen, waarin de terpeen biosynthese 
route succesvol hoog tot expressie is gebracht. Deze “Cell Factory” is gebruikt voor 
de productie van C30 carotenoïden en de diterpeen voorloper van paclitaxel, 
taxadiene. Deze nieuwe gastheer kan dienen als een universele cel-fabriek voor de 
productie van waardevolle terpenen. Het onderzoek in dit proefschrift is verder 
verdiept met een analyse van de enzym-familie van terpeen synthases. Dit heeft 
geleid tot een veel beter begrip van de structuur-functie relaties van amorphadiene 
synthase, een sleutelenzym in de productie van artemisinine, en, niet onbelangrijk, 
tot de  verbetering van de katalytische activiteit. 
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De natuur biedt een schat aan waardevolle verbindingen met commerciële en/of 
medicinale betekenis. Onder deze stoffen vormen terpenen de grootste klasse van 
natuurproducten en zij hebben een enorme structurele en functionele diversiteit. Ze 
worden aangetroffen in zeer verschillende organismen, waar ze vrijwel zonder 
uitzondering vitale functies vervullen. Terpenen worden door de mens geoogst uit 
microben en planten voor talloze toepassingen variërend van voeding, cosmetica, 
farmaceutische producten of nutraceuticals. Zo bezitten vele carotenoïden 
antioxiderende eigenschappen, zo worden vluchtige monoterpenen gebruikt als smaak- 
en geurstoffen en zo zijn het anti-kanker medicijn paclitaxel en het antimalaria 
medicijn artemisinine essentiële geneesmiddelen. 

Ondanks de enorme diversiteit in de chemische structuur van terpenen, zijn ze allemaal 
gesynthetiseerd door opeenvolgende condensatie van twee vijf-koolstof (C-5) 
bouwstenen: isopentenyl pyrofosfaat (IPP) en zijn isomeer dimethylallyl pyrofosfaat 
(DMAPP). Deze bouwstenen kunnen worden aangemaakt via twee verschillende 
routes, de mevalonate (MVA) of de 2-C-methyl-D-erythritol-4-phosphate (MEP) 
route. Deze C-5 eenheden worden vervolgens gekoppeld tot lineaire of circulaire 
multimeren door terpeen synthase enzymen. De specificiteit van deze terpeen synthases 
bepaald welke klasse van terpenen wordt geproduceerd. 

De meeste terpenen worden aangemaakt in lage concentraties, hetgeen betekent dat de 
zuivering uit hun natuurlijke biologisch materiaal slechts met een lage opbrengst en ten 
koste van grote hoeveelheden natuurlijke hulpbronnen kan plaatsvinden. Dit kan 
leiden tot het overmatig verzamelen van plantensoorten en soms kan de marktvraag, 
vooral voor medisch belangrijke verbindingen zoals paclitaxel en artemisinine, niet 
worden gedekt. Organische synthese is vaak problematisch en duur als gevolg van de 
complexiteit van hun structuren. Derhalve zijn alternatieve methoden voor productie 
van terpenen onderzocht in de afgelopen decennia. Een van deze methoden is de 
microbiële productie met gastheren zoals Escherichia coli, Saccharomyces cerevisiae en 
Bacillus subtilis. Een goed begrip van de biosynthese routes voor de productie, met 
inbegrip van de cruciale enzymen, die betrokken zijn bij dit proces, is van cruciaal 
belang naast de kennis van de primaire metabole routes van de geselecteerde gastheer. 
Dit maakt het mogelijk om onderdelen van de biosynthese route in een heterologe 
gastheer te brengen, waardoor deze als cel-fabriek voor de productie van belangrijke 
terpenen kan fungeren.  

Hoofdstuk 1 geeft een overzicht van de biosynthese van terpenen, hun verschillende 
klassen, de terpeen synthase enzym-familie en enkele voorbeelden van engineering van 
microbiële cel-fabrieken voor de productie van terpenen. 
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Het onderzoek in dit proefschrift richt zich op metabole engineering van een 
microbiële gastheer tot een cel-fabriek voor de productie van terpenen. B. subtilis werd 
gekozen als het model organisme vanwege het succesvolle en veilige gebruik van deze 
bacterie bij de industriële productie van eiwitten. Daarnaast vertoont het de hoogste 
isopreen productie onder de bekende micro-organismen. Het tweede deel van dit 
proefschrift richt zich op het bestuderen van het beroemde sesquiterpeen synthase, 
amorphadiene synthase, dat verantwoordelijk is voor de productie van de voorloper 
van artemisinine, het anti-malaria geneesmiddel. 

Engineering van Bacillus subtilis als een cel-fabriek voor de productie van 
terpenen 

B. subtilis is uitgebreid gebruikt als gastheer voor bulk industriële enzymproductie. Het
heeft een groot potentieel om te fungeren als een hoogwaardige cel-fabriek. B. subtilis
bezit een inherente MEP-route, die isopreen produceert. Het heeft een brede metabole
potentie en een gevarieerd substraat gebruik. Daarnaast heeft Bacillus een hogere
groeisnelheid in vergelijking met gist. Bovendien heeft B. subtilis bij de USA Food and
Drug Administration (FDA) de status van veilig (Generally Regarded as Safe), hetgeen
een voordeel oplevert ten opzichte van E. coli. Onlangs zijn onderzoekers begonnen
zich te concentreren op engineering van B. subtilis om waardevolle terpenen te
produceren op een manier die vergelijkbaar is met het onderzoek uitgevoerd op de gist
S. cerevisiae en E. coli maar rekening houdend met de voordelen van B. subtilis als
potentieel betere cel-fabriek. In hoofdstuk 2 bekijken we de inherente isopreen
biosynthese route van B. subtilis samen met de uitdagingen en de grote voordelen
samenhangend met het gebruik van B. subtilis als een cel-fabriek.

Onze inspanningen om B. subtilis te engineeren voor terpeen productie, beginnen in 
hoofdstuk 3 waar we verschillende enzymen uit de MEP-route stimuleren voor de 
overproductie van de bouwstenen IPP en DMAPP. We beschrijven de systematische 
overproductie van enzymen van de MEP-route van B. subtilis en we gebruiken het 
niveau van de geproduceerde oranje gekleurde C30-carotenoïden, om het effect van 
dergelijke modulaties op de terpeen productie te evalueren. We hebben de endogene 
genen van B. subtilis coderend voor de MEP-route enzymen, één voor één in een 
synthetisch operon op een plasmide geplaatst. Dit operon werd gebouwd om maximaal 
vier genen in een plasmide te plaatsen. De succesvolle overproductie van deze enzymen 
werd aangetoond. Nadien werden B. subtilis stammen met verschillende sets van 
enzymen van de MEP-route, over-geproduceerd en gecombineerd met een C30-
carotenoïde producerend plasmide. De oranje gekleurde carotenoïden, 4, 4'-
diaponeurosporene en 4, 4'-diapolycopene, werden geëxtraheerd uit de verschillende 
stammen en gekwantificeerd middels HPLC. Het bleek dat elke toevoeging van een 
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extra enzym uit de MEP-route, aanleiding gaf tot een grotere hoeveelheid carotenoïden. 
De twee stammen met elk vier van de MEP-route enzymen toonden de hoogste 
hoeveelheid carotenoïde productie in vergelijking tot de andere stammen. De stam, die 
de genen ispC, ispE, ispG ispA bevatte, bleek een iets hogere productie te hebben (10.65 
mg/g drooggewicht) in vergelijking met de stam die dxs, ispD, ispF en ispH 
produceerde (9.03 mg/g drooggewicht). Figuur 1 toont in het bovenste deel de MEP-
route, die IPP en DMAPP produceert en in het onderste deel de omzetting van deze 
precursoren tot de terpeen bouwstenen, die op hun beurt worden omgezet door de 
terpeen synthases naar terpenen. 

Figuur 1. Biosynthese van terpenen via de MEP-route. 
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Als een voortzetting van het onderzoek naar de modulatie van de MEP-route in B. 
subtilis, vergelijken we in hoofdstuk 4 de expressievectoren met verschillende 
replicatiesystemen en promotoren om het meest stabiele systeem voor expressie te 
kiezen. Daarnaast werden alle acht genen van de MEP-route gecombineerd in een enkel 
operon gebaseerd expressie systeem. Voor grote operons, die drie of meer genen 
bevatten, bleek het theta-replicerend plasmide (pHCMC04G) stabieler in vergelijking 
met het rollend cirkel replicerend plasmide (pHB201). Vandaar dat vector pHCMC04G 
met haar xylose induceerbare promotor werd gebruikt voor het operon dat acht genen 
bevat. RT-qPCR werd gebruikt om te bewijzen dat de transcripties intact zijn en alle 
genen op hetzelfde niveau tot expressie komen, ongeacht hun positie in het operon. Tot 
slot, de geproduceerde hoeveelheid C30-carotenoïden bevestigt dat het plasmide 
pHCMC04G superieur is ten opzichte van pHB201. De B. subtilis stam met alle acht 
genen van de MEP-route (p04_SDFHCEGA) toonde de hoogste carotenoïde productie 
(21 mg/g drooggewicht), hetgeen bijna tweemaal de hoeveelheid is, geproduceerd door 
het gebruiken van slechts vier genen. 

In hoofdstuk 5, maken we gebruik van de beste B. subtilis stam op basis van de 
voorgaande twee hoofdstukken (p04_SDFHCEGA) om te streven naar de productie 
van taxa-4,11-dieen, dat de voorloper is van het antikanker medicijn paclitaxel. In het 
streven naar het engineeren van B. subtilis als gastheer voor de productie van paclitaxel, 
hebben wij het uit planten afkomstige taxadiene synthase (TXS) enzym gebruikt, dat 
verantwoordelijk is voor de conversie van de voorloper geranylgeranyl pyrofosfaat 
(GGPP) naar taxa-4,11-dieen. Dit is het eerste intermediair in de paclitaxel biosynthese. 
Het gen txs werd geïntegreerd in het genoom van B. subtilis en het enzym TXS, werd 
met succes voor de eerste keer in B. subtilis geproduceerd. Bovendien werden alle 
genen coderend voor enzymen van de MEP-route, ispA coderend voor geranyl 
pyrofosfaat synthase (GPPS), farnesyl pyrofosfaat synthase (FPPS) en crtE coderend 
voor geranylgeranyl pyrofosfaat synthase (GGPPS) overgeproduceerd. De 
overproductie van de MEP-route enzymen samen met IspA en GGPPS veroorzaakte 
een 83-voudige toename van de hoeveelheid taxadiene geproduceerd, in vergelijking 
met de stam van B. subtilis, die alleen TXS produceerde naast de intrinsieke MEP-route 
van B. subtilis. De totale hoeveelheid taxadiene geproduceerd door die stam was 17,2 
mg/L, hetgeen hoger is dan de hoeveelheden die werden gerapporteerd voor E. coli en 
S. cerevisiae.
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Studie van terpeen synthases met nadruk op amorphadiene synthase 

De synthese van een terpeen wordt gedaan door een enzym terpeen synthase. Terpeen 
synthases vormen een familie van enzymen die de ringsluiting en/of de omlegging van 
de precursoren geranyl pyrofosfaat (GPP), farnesyl pyrofosfaat (FPP) en geranylgeranyl 
pyrofosfaat (GGPP) katalyseren. Het mechanisme van terpeen synthases is complex en 
afhankelijk van de oriëntatie van het flexibele substraat in hun grote actieve site, 
worden verschillende terpenen geproduceerd. Terpeen synthases zijn onderverdeeld in 
verschillende klassen. Wij focussen op de klasse van sesquiterpeen synthases, die 
verantwoordelijk is voor de omzetting van het substraat FPP naar meer dan 300 
verschillende sesquiterpenen (C15). Zij worden ingedeeld in transoïde synthases die het 
trans,trans -substraat ioniseren en cisoïde synthases, die eerste een dubbele binding 
isomeriseren tot een (cis,trans) -intermediaire carbocation. Alle sesquiterpeen 
synthases bezitten een tri-nucleaire metaal cluster, die de ionisatie van de pyrofosfaat 
groep katalyseren, middels geconserveerde metaalion bindende motieven DDXXD en 
(N,D)DXX(S,T)XXXE. 

Een van de meest prominente sesquiterpeen synthases is amorphadiene synthase 
(ADS). ADS katalyseert de ringsluiting van FPP naar amorpa-4,11-dieen, dat wordt 
beschouwd als de eerste en ook de snelheid beperkende stap in de synthese van 
artemisinine. Artemisinine gebaseerde combinatie therapieën (ACTs) worden 
aanbevolen als de eerstelijnsbehandeling van malaria door de World Health 
Organization (WHO). Artemisinine krijgt recentelijk ook aandacht voor haar mogelijk 
chemotherapeutische effect in de strijd tegen kanker. Inzicht in de biosynthese van 
artemisinine zal helpen de productie te verhogen en tegen een lagere prijs beschikbaar 
te maken. We bestuderen het enzym amorphadiene synthase om beter inzicht te 
krijgen in de structuur-functie relaties binnen het katalytische mechanisme en te 
werken aan verhoging van de activiteit. 

Amorphadiene synthase is een sesquiterpeen synthase uit de cisoïde klasse. Ondanks 
talrijke pogingen,  is het niet gelukt om een X-ray kristalstructuur te krijgen. De 
structurele basis van het katalytische mechanisme is dus nog niet bekend, net zomin als 
de moleculaire conformatie van het enzym. In hoofdstuk 6, hebben we met behulp van 
het softwarepakket Discovery Studio, een betrouwbaar driedimensionaal (3D) 
homologie model gemaakt, dat de conformatie van het enzym toont. Het model werd 
geproduceerd op basis van de kristalstructuur van α- bisabolol synthase, een enzym 
met hoge sequentie identiteit met ADS. Drie magnesium ionen werden geplaatst in de 
actieve site en bevestigd door hun chelatie met metaalion bindende motieven. 
Vervolgens werd het substraat FPP gedocked in de actieve site en de verschillende 
geproduceerde conformaties werden geëvalueerd voor hun vouwing en interacties wat 
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leidde tot de keuze voor de meest waarschijnlijke positie voor het substraat in de actieve 
site. Het 3D-model werd gevalideerd door de beoordeling van de stereo-chemische 
kwaliteit en door de constructie van mutanten cruciale residuen via plaats-gerichte 
mutagenese. De gegenereerde varianten bevestigen de geldigheid van de ADS-model. 

Het gegenereerde ADS-model werd in hoofdstuk 7 gebruikt om residuen in de 
nabijheid van actieve site te selecteren voor het maken van een mutabiliteitslandschap 
van ADS. Een mutanten collectie van 257 varianten werd gemaakt, die de volgende 
zestien residuen omvatte: R262, R440, Q518, H392, H448, L515, K449, V396, F525, 
Y519, W271, T296, T399, G400, G439 en D523. Van deze mutanten collectie werd de 
katalytische activiteit en het product profiel gemeten om te bepalen welke van de 
residuen betrokken zijn bij het mechanisme van ADS. Bewezen werd dat drie residuen 
(W271, Y519 en F525) essentieel zijn voor de stabilisatie van het reactieve carbocation 
in de actieve site. De histidines 392 en 448, werden uitgesloten als de katalytische base 
terwijl W271 de beste kandidaat bleek te zijn voor deze functie. De rol van T399 in de 
regioselectieve deprotonering was bevestigd. R262 creëert, samen met de magnesium-
ionen, een gebied van hoge positieve lading in de actieve site om de negatieve lading 
van het vrijgegeven pyrofosfaat te neutraliseren ter voorkoming van een ongewenste 
reactie met het reactieve carbocation. R440 en K449 werden uitgesloten van deze 
functie. Verschillende varianten met hetzelfde product profiel als wild-type ADS 
vertoonden verbeterde katalytische activiteit ten opzichte van het wild-type. De H448A 
variant vertoonde een toename in katalytische efficiëntie van bijna vier keer ten 
opzichte van het wild-type ADS. De dubbele mutant T399S/H448A toonde een 
omzettingssnelheid (kcat) vijf keer hoger dan het wild-type. Figuur 2 geeft een overzicht 
van het onderzoek in de hoofdstukken 6 en 7 beginnend met het maken van het ADS-
model, dan het genereren van de mutant collectie, vervolgens de productie en zuivering 
van de varianten, gevolgd door screening van de collectie, resulterend in het 
veranderlijkheid landschap van het product en de katalytische activiteit. 

Ten slotte hoofdstuk 8, waar het effect van een enkele mutatie op het product profiel 
van amorphadiene synthase werd bekeken. Het hoofdproduct van ADS is amorpha-
4,11-dieen, dat wordt gevormd samen met verschillende bijproducten zoals β- 
farneseen, γ- humulene, α- bisabolol, amorpha-4,7-dieen en amorpha-4-nl-11(7)-ol. 
Met behulp van screening van de mutant collectie uit hoofdstuk 7, hebben we varianten 
geïdentificeerd die verhoging van de productie van één of meer van deze bijproducten 
vertonen, ten koste van amorpha-4,11-dieen. Zes residuen werden bestudeerd, 
namelijk V396, T399, G400, H448, L515 en D523. Mutatie van residu L515 
verminderde product specificiteit tenzij gemuteerd in isoleucine, valine of proline. 
Residu G400 blijkt essentieel om de specificiteit van amorpha-4,11-dieen te behouden. 
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V396 vervangen door zure residuen verhindert regioselectieve deprotonering evenals 
vervanging van T399 met aminozuren anders dan serine. Ook de twee varianten, 
H448P en D523A, verminderen sterk de productie van amorpha-4,11-dieen door het 
produceren van amorpha-4-nl-7(11)-ol als hoofdproduct. 

Figuur 2. Samenvatting van het onderzoek in de hoofdstukken 6 en 7. 
(A) het gegenereerde ADS 3D-model. (B) de ADS mutanten collectie bestaande uit 257
varianten. (C) GC chromatografisch product-profiel van wild type ADS. (D)
mutabiliteitslandschap van ADS voor katalytische activiteit.
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Conclusies en toekomstperspectieven 

Het hoofddoel van dit proefschrift is het maken van een duurzame cel-fabriek voor 
terpenen. Om dit te bereiken, hebben we gefocust op twee belangrijke onderdelen voor 
de productie van terpenen. Het eerste deel van het proefschrift onderzocht de 
engineering van Bacillus subtilis als een platform voor de productie van terpenen. We 
begonnen met het moduleren van de inherente biosynthese MEP-route in B. subtilis, 
benodigd voor productie van de terpeen precursoren en hebben we de invloed ervan op 
de productie van C30-carotenoïden geëvalueerd. We hebben met succes een stabiel, 
plasmide gebaseerd, overproductie systeem van alle acht genen van de MEP-route in 
een B. subtilis-stam gecreëerd. Deze stam produceerde een hoog gehalte aan C30-
carotenoïden. Tevens werd het gen voor het enzym taxadiene synthase in het genoom 
van de B. subtilis-stam gezet, die de volledige MEP-route overproduceerde. Dit leidde 
tot de productie van hoge niveaus taxa-4,11-dieen, de voorloper van paclitaxel, die 
superieur is aan de overproductie in E. coli en S. cerevisiae.  

Het tweede deel van ons werk dook in een belangrijke terpeen synthase enzym, 
amorphadiene synthase (ADS), dat belangrijk is vanwege zijn rol in de synthese van 
artemisinine. Wij hebben met succes een 3D-model van het enzym gemaakt en 
gebruikten het om residuen in de actieve site te kiezen voor mutagenese. De resultaten 
werden in een mutabiliteitslandschap gepresenteerd, dat inzicht gaf in de rol van 
bepaalde residuen in de actieve site en het mechanisme van ADS. Varianten met een 
betere activiteit ten opzichte van het wild-type, werden geïdentificeerd. 

In de toekomst kan de superieure B. subtilis gemaakt in dit onderzoek, worden gebruikt 
als een cel-fabriek voor de productie van een willekeurig aantal terpenen, waarbij de 
terpeen synthase van het gewenste terpeen in het genoom kan worden gezet, 
vergelijkbaar met onze werkzaamheden met taxadiene synthase. Daarnaast kan verdere 
verbetering van de productieniveaus worden bereikt door het optimaliseren van het 
groeimedium en/of integratie van de mevalonate-route om de productie van terpeen 
precursoren te optimaliseren. Deze cel-fabriek kan worden gebruikt voor industriële 
productie van belangrijke terpenen zoals paclitaxel en artemisinine door het te 
combineren met overige enzymen in hun biosynthese route. Bovendien, kan de ADS-
variant met verbeterde katalytische activiteit, worden gekloond in de B. subtilis stam 
om te komen tot een betere productie van amorphadiene. Gebaseerd op de voordelen 
van B.subtilis ten opzichte van andere cel-fabrieken, biedt dit grote mogelijkheden voor 
de productie van semisynthetisch artemisinine. 
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