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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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