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Thesis Abstract

The grand challenge of metabolic engineering lies in the complexity and redundancy of
cellular pathways and the evolutionary drive of a cell to maximize growth rather than a
forced bioengineering objective. Engineering microorganisms to thus produce value
added products from bulk chemicals as carbon source is now greatly accelerated by use of
Synthetic Biology. The fast forwarding evolution has thus uncapped the limits of
engineering biological systems. Rational strain design for production of value added
products requires channeling of basic substrate molecules towards a desirable metabolic
output to make products of interest. When complex pathways are introduced inside the
cell, limitations including intermediate toxicity, low enzyme activity, metabolic burden
(cofactor imbalance etc.) need to be overcome for high performance. Such bottlenecks
can be addressed using pathway engineering that exploits the synergies of synthetic
biology, metabolic engineering and systems biology. Successful metabolic engineering
for platform cell factories to produce a wide range of fuels and chemicals necessitates
identifying the sensitivity of product/process to nutrient precursors and cofactors by
coupling of cellular objectives of growth and energy to desired bioengineering objectives.
This thesis explores the application of these principles to develop scalable systems to
make a drug molecule violacein and a biopolymer Polyhydroxyalkanoates (PHAS).
Violacein is a bacterial bis-indole pigment of commercial interest having antibacterial,
antitumoral, antiviral, trypanocidal and antiprotozoan properties. PHAs form a class of
natural polyesters, commonly referred to as bioplastics, that many organisms accumulate
as intracellular granules to store carbon and reducing equivalents in response to specific
environmental conditions. This thesis discusses the rational strain design and
development in the context of systems metabolic engineering and synthetic biology for

violacein and polyhydroxybutyrate.
Chapter 1: Introduction

The strategy for strain design depends on chemical nature of the molecule of interest and
its pathway design(Chubukov et al., 2016). Unlike recombinant expression of proteins, in
metabolite production more than one enzyme; coenzyme, ATP and cofactors are
involved. Moreover the carbon from energy metabolism has to be diverted towards

product biosynthesis. The pathway involved may not be linear and may require
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augmenting the missing nodes in host metabolism. To understand the intricacies of strain
designing, Escherichia coli were engineered to produce two molecules Violacein and
Poly(R)-3-Hydroxybutyrate (PHB). Pathway for Violacein biosynthesis is a typical
example of linear pathway which requires two tryptophan molecules as precursor. The
pathway involves five genes VioA, vioB, vioC, vioD and vioE, where two of reaction
requires reducing capabilities of NADPH. PHB biosynthesis is an example of a non linear
pathway where the precursor, (R)-3-Hydroxybutyrate (3HB) is generated from many
different routes and an incomplete pathway for polymer biosynthesis. Therefore it
required a careful augmentation of two genes Propionyl-CoA Transferase (pcty,) from
Acetobacter pasteurianus that transfers CoA group to acetate generated due to carbtree
effect to give acetyl-CoA. Acetyl-CoA is the precursor for the incomplete PHB
biosysnthesis pathway and PHA polymerase (phaC,,) from Chromobacterium violaceium
that polymerizes 3HB into PHB. The gene sequences (coding for synthetic operons)
were optimized for stability and optimum expression in E. coli host. VVarious molecular
biology techniques such as gene knockouts, molecular cloning and transposon based
genome integration techniques were used. Production of violacein was confirmed by
appearance of violet colour in E. coli strains transformed with plasmid containing
violacein producing operon. Further quantitative and qualitative analysis was done using
absorption of ethanol extract from violacein producing cells at 550 nm. Qualitative
estimation of PHB from E. coli transformed with plasmid containing PHB producing
operon was confirmed with *H and **C NMR combined with fluorescent microscopy. A
scalable method was developed for the quantitative estimation of PHB using nile red
based spectrofluorometry. Further to eliminate the use of antibiotics and supplementing
growth media with auxotrophic requirements, the PHB producing synthetic operon was
genome integrated in E. coli K12 MG1655 strain using Tn7 transposon based genome

editing technique.
Chapter 2: Methodology: Design, Build, Test and Analyze

Design: Heterologous genes may not use synonymous codons with same frequency
which results into poor expression. Synthetic biology plays a crucial role of alleviating
the effect of codon bias, while designing the gene for heterologous expression; rare
codons are replaced with more frequent synonymous codons, without affecting the
structure of translated protein. Several gene optimization tools are available for gene

optimization according to the specific host all the approaches used mathematical
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algorithm to optimize genes. Apart from codon bias, GC content, tandem repeats and
inverted repeat, DNA-protein interaction motifs; cryptic splice sites, restriction sites,
which can negatively affect the transcription, stability of RNA and translation, can be
eliminated. Nucleotides sequence with specific function are called standard parts that are
categorized as Gene, Promoter, RBS, riboswitches and Terminator, standard parts put
together into devices; Protein or RNA, and devices are put together with a System;
Metabolic Pathway. This method of abstraction allows us to make replica of natural
circuit using synthetic parts, replacing or adding these synthetic circuit that has a tight
control over its functions, give us clues how genetic circuit works and allows to design
complex genetic circuits like Toggle Switch, oscillators, repressilators(Elowitz and
Leibler, 2000). The characteristic of the standard parts can also be predicted using
pathway design tools based on thermodynamics of promoter-transcription factor

interaction and coupling of genes within the operon(Salis et al., 2009).

Build: Methodology for gene synthesis has not changed since its invention, the
monomers used for gene synthesis is nucleoside phosphoramidite. It is
deoxyribonucleoside protected at exocyclic reactive group (amine, hydroxyl and
phosphate) to avoid any nonspecific reaction while gene synthesis. The gene synthesis is
carried out from 3’ to 5’ direction by adding each monomer at a time into oligonucleotide.
Final step in gene synthesis is assembly of oligonucleotides into full length gene.
Generally assembly is done by using cocktail of enzymes; ligase, DNA polymerase and
polynucleotide kinase, this is known as Polymerase Cycling Assembly (PCA). With the
discovery of Thermostable ligase, an alternative method involving Thermostable ligase
and Polynucleotide kinase without any polymerase in the assembly reaction was
developed, this method requires completely overlapping oligonucleotides, which can be
phosporylated using Polynucleotide kinase and assembled using Ligation Chain Reaction
(LCR). Many restriction enzymes-free cloning technique has been developed which
enables not only the assembly of standard parts into pathway but entire genome using
yeast as a host(Gibson et al., 2010).

Test: This is an ad-hoc part of any strain designing process, because it depends on the
phenotype of the engineered host. Estimation of product yield is not the only sufficient
criteria to test any strain. Strain engineering goes through many rounds of improvement
and also should support future scale up process. Apart from production, growth rate,

growth yield and substrate uptake rates are some of the important phenotypic
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characteristics of strain. Various methods are available for measurement of substrate
uptake for all common substrate and intermediary metabolites. Both quantitative and
qualitative characterization of molecules is necessary. Since Violacein is a coloured
compound and soluble in ethanol, it can be characterized using colorimetric assay. The
PHB characterization requires spectrofluorometric method to determine the product yield.
The method was developed based on the fact that Nile red, a fluorochrome, quantitatively
binds with intracellular PHB. The Nile red bound quantitatively to PHB can be extracted
with ethanol and fluorescence can be measured. A calibration with standard PHB was
established for absolute quantitation. For qualitative analysis NMR and mass

spectrometry was used for PHB and Violacein respectively.

Analyze: The genome-scale metabolic model of E. coli iIAF1260 was extended by adding
curated violacein biosynthesis reaction, including gene-protein associations, reaction
stoichiometry, and reversibility. Similarly CoA transferase and PHB polymerization
reaction was added to genome scale model of E. coliiJO1366. The resulting model
1IAF1260vio and iJO1366PHB was able to synthesize Violacein and PHB. The set of
constraints used in different simulations included (i) Substrate (Glucose) uptake rates
(GUR) (ii) Growth vyields (iii) product secretion associated with molar growth yields of
each strain. A basis of 1 g biomass was used to calculate specific growth rates.
Implementation of the genome scale metabolic model with experimental and legacy data
based constraints was done using Constraints Based Reconstruction and Analysis
(COBRA) Toolbox MOMA (Minimization of metabolic adjustment) Analysis was
performed in COBRA toolbox using the function MOMA() to study the effect of gene
deletions in silico, that allows for selecting more appropriate optimal solutions. Shadow
price and reduced costs analysis;two sensitivity parameters — shadow prices and reduced
costs were assessed at maximal yields and biomass in order to understand the effects of
changing biomass, metabolites and reactions in the network. Shadow price corresponds to
the sensitivity of the growth rate as an objective function in response to a change in the
availability of a metabolite, and indicates how much an increment in that metabolite will
increase or decrease the growth rate. Analogous to shadow price, reduced cost is the
sensitivity of the objective function in response to change in fluxes of a particular reaction
and its effect on the objective. In addition to the primal solution (optimal fluxes), the LP
solver provides the corresponding dual solution i.e., shadow price and reduced cost for
the FBA problem. Flux variability analysis (FVA) can be set up in COBRA toolbox using
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the function fluxVariability() to study the resulting space of feasible flux distributions
(Mahadevan and Schilling, 2003). Nine categories can be mapped onto the flux variability
distribution based on the magnitude and direction of the flux. Robustness analysis set up
in COBRA toolbox using the function robustnessAnalysis() is used to better understand
the phenotype of an organism under different environmental perturbations. Phenotypic
phase planes (PhPP) analysis was performed characterizing all optimal flux distributions
as a function of NADPH and Tryptophan demands at experimental biomass.
Simultaneous sensitivity/shadow price analysis allows one to delineate the changing

shadow prices in each phase of the plane.

Chapter 3: Synthetic and Systems Metabolic Engineering for Violacein

production

Violacein is a bacterial bis-indole pigment of commercial interest having antibacterial,
antitumoral, antiviral, trypanocidal and antiprotozoan properties(Duran and Menck,
2001). The violacein biosynthetic pathway is complex due to a coordinated five gene
operon structure in Chromobacterium violaceum. The rate limiting step involves the
condensation of two molecules of tryptophan to 2-imino-3-(Indole-3-yl) propionate
(vioA). Further steps include conversion to protodeoxyviolaceinate by vioB and vioE,
followed by conversion to violacein and deoxyviolacein by catalytic activity of vioD and
vioC. The dynamics of violacein biosynthesis are thus dependent on the coordinated
levels of transcripts, proteins, action of promoter and ribosome binding sites (RBS). This
necessitates minimization of transcriptional noise (relative stability of transcripts) caused
by synthesis and degradation of mRNA molecules and increasing the efficiency of
translation of MRNAs into proteins by modulating translation initiation rate (dictated in
part by mRNA secondary structures). Translational coupling (TC) significantly modulates
translation efficiency of individual genes in a multi-gene operon structure within E. coli.
In this study, an integrative computational and experimental strategy for strain design and
genome engineering of E. coli to produce violacein was developed. Predicted gene
deletions AtrpR, ApheA and Apgi that increase the yields of the precursor tryptophan were
constructed. Plasmid constructs pCVW and pSYN based on the wild type operon (WTO)
and synthetic operon (SYNO) designs of the vioABCDE operon were expressed in E. coli
K12 and its derivatives with varying genetic backgrounds. The impact of exploring the

genetic design space on violacein production at molar growth yields was delineated. The
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grand challenge of systems metabolic engineering lies in the complexity and redundancy
of cellular pathways and the evolutionarily drive to maximize growth/fitness rather than a
forced bioengineering objective. Constraints based flux balance analysis (FBA) of
metabolic models has been used to design strains in silico that simultaneously maximize
fitness and the desired product. These models predict intracellular reaction fluxes and

identify strategies for substrate uptake, energy and cofactor balance.

Chapter 4: Rational Strain Design for Poly(R)-3-Hydroxybutyrate

biosynthesis

Naturally PHB biosynthesis operon consists of three genes, PhaA, PhaB and PhaC. These
three enzymes catalyze the conversion of acetyl-CoA into PHB. Several attempts have
been made to clone PHB biosynthetic pathway in E. coli to produce PHB and its co-
polymers(Lee et al., 1994). There are several reports where an unnatural monomer is co-
polymerized along with PHB(Choi et al., 2016). There are two routes in E. coli
metabolism to generate (R)-3-hydroxybutyrate-CoA (3HB), which is the monomer for
PHB. One of the routes is from central metabolism Glycolysis -> Acetyl-CoA-> 3HB and
another route is to generate 3HB from fatty acid degradation. Since E. coli can produce
3HB, instead of introducing entire PHB producing operon, in this study, enzymes
augmenting the incomplete PHB producing pathway were introduced in E. coli . Here,
we have used the synthetic genetic circuit constructed using two enzymes, including
Propionate-CoA Transferase (pcta,) from Acetobacter pasteurianus which transfers CoA
group from acyl-CoA (mostly Butanoyl-CoA) to acetate and Polyhydroxyalkonate
polymerase (phaC) from Chromobacterium violaceium, which polymerizes the
monomer into PHB. The incorporation of acty, is to increase the pool of acetyl-CoA by
utilizing acetate produced during growth on E. coli culture on glucose and glycerol due to
overflow metabolism. This was in agreement with our experimental results were E. coli
transformed with wild-type and synthetic gene circuit produced PHB with glycerol
supplemented media and did not produce any PHB with glucose and LB media. The PHB
was not produced with glucose because acyl-CoA is not produced with glucose where as
growth of glycerol accumulates acyl-CoA which transfers it CoA to acetate to produce
acetyl-CoA. Both the genes are expressed through pBAD promoter which is induced by
L-arabinose. Unlike natural operon structure, synthetic biology approach was used to

create the genetic circuit. Both monocistronic design and polycistronic design were
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investigated using RBS calculator (https://salislab.net/software/) and monocistronic

design was adopted which showed 1:1 transcription coupling for both the gene and
controlled Translation initiation rate. Two gene pathways for biosynthesis of PHB in E.
coli i.e each gene is controlled by separate pBAD promoter and terminator and placed in
tandem. Glycerol substrate resulted in yields of 485.08 pg/mgDCW and 395.41
rg/mgDCW of PHB in the plasmid strains and the Genome integrated strains.

Chapter 5: Conclusions and Future scope

The premise of this thesis is to use the synthetic biology paradigm combined with systems
metabolic engineering for rational strain design and development. Two diverse examples
Violacein and Poly(R)-3-Hydroxybutyrate demonstrated various ways in which such
goals can be achieved. The common strategy involved here was designing operons via
gene sequence optimization that had the significant impact on the product vyields.
Synthetic designs were more robust. Violacein operon designs were more conservative
and retained the native promoter and gene order.Genetic circuit design targeting native
precursors made in the E. coli host that can be converted into the monomer for
polymerization to PHB was adopted. Herein two genes were expressed under independent
pBAD L-arabinose inducible promoter control and placed in tandem in a plasmid. Further
to address the issues with antibiotic resistance markers, plasmid stability, the designed
synthetic genetic circuit was integrated into the genome of E. coli K12 genome using Tn7
transposon. Constrained based analysis of an extended genome scale model with a
module for the desired product can predict genome engineering strategies for the host cell
for better redox and energy balance and media optimization to increase the product yields.
The standard parts established here are now well characterized. These kinds of operon

and genetic circuit designs are scalable and can be used in future strain design projects.
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Chapter 1 Introduction

Come gather Metabolic Engineers ‘cross the land
At ME IIT we’ll take command
Of cells that are too slow to produce or grow.
If'it’s higher fluxes you re needing’
Then we’ll shift the controls, and block bad outflows.
The Metabolic Engineer has the answers for you.
We’ll import new pathways, and shuffle them too.
For the times, they are a changing.

-Jay Bailey, 2000
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Figure 1.1 Synthesis of value added products using Systems and Synthetic Biology
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Nature produces a wide assortment of compounds that are highly diverse in structure and
function. Many of these compounds are therapeutic and play an important role in
maintaining human health. A large percentage of these are produced as secondary
metabolites by their native hosts in miniscule amounts as needed for their specific
function. Another big class of compounds is biopolymers. They are formed by repetitive
covalent bonding of monomers for various purposes such as storing and transferring
information (DNA), structural and functional units (proteins, lignocelluloses) and energy
storage (Polyhydroxyalkanoate, starch, glycogen). Limitation in fossil resources and an
increased awareness about environmental issues, has anticipated that renewable
biopolymers will replace a substantial fraction of the market for synthetic polymers that

exists today (Rehm, 2010).

Metabolic engineering, defined as the purposeful alteration of the genetic code of an
organism to redirect its metabolic flux, is important in production of these value added

products for many reasons:
(i) To simplify the process of synthesis
(i1) To optimize the yield of a natural compound or its intermediate and

(ii1) To address the problem of insufficient supply vs market demand
1.1 Motivation

Rational construction of desired metabolic traits in a heterologous host began several
decades ago and has now progressed to the assembly of very complex pathways.
Genetically well characterized hosts like E. coli and S. cerevisiae, with favorable growth
rates and simple nutrient requirements are generally attractive biosynthetic hosts. With
the increased insight into the design principles it is now possible to extend the spectrum
of products synthesized to drugs and biopolymers. However, the complexity of metabolic
pathways, along with regulation often results in unexpected outcomes for metabolic
engineering and the resulting strains may require extensive fine tuning to be economically
viable. In recent years, metabolic engineering has shifted its paradigm towards a systemic
approach that relies on large scale experimentation and computational analysis of
metabolic and regulatory networks. High throughput technologies have resulted in

databases that contain biochemical, molecular and genomic information that enable more
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systemic metabolic engineering approaches. The reconstruction of in silico genome scale
stoichiometric models of metabolic networks that compute the functional state of the cell
accurately facilitate a priori determination of effects of gene deletions and insertions on
metabolic state, growth and redox state for improved product synthesis. The design
principles and engineering tools to build and optimize cellular processes are state of the
art today and encompass the field of synthetic biology. This process allows access to 3-
tiers of optimization: the central dogma, intrinsic regulatory interactions and extrinsic
environmental interactions leading to their seamless integration. Based on this
background one can visualize the synergy between synthetic biology, systems biology

and metabolic engineering which leads to inevitable microbial cell factories.
1.2 Overall objective and specific aims

The main objective of this thesis is to investigate rational strain designs using synthetic
and systems biology approaches for metabolic engineering of a drug molecules and

biopolymers. To satisfy this objective, certain specific aims were put forth and included:
Design of a synthetic operon for the violacein pathway expression in E. coli

Design of a synthetic operon for PHB pathway expression in E. coli

Metabolic engineering of the designed operons/circuits in E. coli

Development of reactions modules for metabolic reconstruction and Constraints-based

flux balance analysis for product biosynthesis in E. coli

Genome engineering of E. coli

o to compensate for precursor/cofactor imbalance in violacein production
o toremove antibiotic selection markers in PHB production

The thesis aims to understand synergies between synthetic and metabolic systems biology
for metabolic engineering of violacein and PHB. The underlying hypothesis is that
development of rational strain designs through the Design-Build-Test-Analyze paradigm
of synthetic biology would fast forward evolution and create scalable workflows for

optimization of value added products.

1.3 Literature Review
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Since the advance of modern biology, humans have gained the comprehensive knowledge
by understanding basic molecules of life. These molecules are mainly built from six
elements: Carbon, Hydrogen, Oxygen, Nitrogen, Sulfur, Phosphorus, some macro-
molecules and few trace elements. Together these elements can result into a highly
complex system. Strain development for production of value added products requires
channeling these basic molecules towards the desirable metabolic output to make product
of interest. Engineering microorganism to produce value added products such as drugs,
biofuel, chemicals, and polymers, a field popularly known as Metabolic Engineering, is
now greatly accelerated by use of Synthetic Biology uncapping the limits to engineer
biological system. Due to the scale at which the synthetic biology operates, instead of
applying a reductionist approach a systems approach is preferred. Therefore the
comprehensive approach is, to apply synthetic biology in combination with systems
metabolic engineering. This thesis discusses the goals achieved by the systems metabolic

engineering and synthetic biology approach towards the strain development
1.3.1 Historical Overview

The first evidence explaining that the genome of an organism can be perturbed comes
from the Griffiths Experiment where in transformation principle was found in
Pneumonococcus (Griffith, 1928), since back then DNA was not established as a genetic
material, it was only after Avery, Macleod and McCarty work on Pneumococcus type 111
cell fractions , it was proved that transforming entity is DNA (Avery, 1944) Oswald
Avery’s discovery was under lot of controversy until Lederberg, Tantum and Beadle
published their findings on conjugation in 1946 (Tatum and Lederberg, 1947). This
ignited the minds of many researchers to find the structure of DNA and it happened very
soon, when Watson and Crick discovered the structures of DNA(H C Crick, 1953) .
Immediately after the discovery of Structure of DNA, the quest for deciphering genetic
code became the priority and competition. It was a collective effort of three different
Scientist who decoded the secret of life, H G Khorana(“The Nobel Prize in Physiology or
Medicine 1968,” n.d.), Marshall Nirenberg(“The Nobel Prize in Physiology or Medicine
1968,” n.d.), William Robert Holley(Holley et al., 1965) Following his work even further
H G Khorana was able to chemically synthesize Alanine-tRNA gene from yeast and
published 17 manuscripts in single edition of Journal of Molecular Biology, where he and

his team has established the basic principles for gene synthesis and polymerase chain
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reaction . This is about the journey from the discovery of DNA to its chemical synthesis.
Simultaneous with these landmark discoveries, Arthur Kornberg et al(Lehman et al.,
1958) discovered enzymatic synthesis and discovered DNA polymerase that was used in
gene synthesis methodology. Some other enzymes were being discovered at the same
time, which acts on the DNA such as Restriction Enzymes(Kelly Jr and Smith, 1970;
Meselson and Yuan, 1968; Smith and Welcox, 1970),T4 ligase(Weiss and Richardson,
1967), T4 Polynucleotide kinase (Novogrodsky et al., 1966), Alkaline Phosphatase
(Maxam and Gilbert, 1980). All these discoveries lead to a new technology called
Recombinant DNA Technology, which contributed to most of the breakthroughs in the
field of molecular biology and basic biological sciences. Development of DNA
sequencing by Frederick Sanger(Sanger et al.,, 1973) and Polymerase Chain Reaction
(PCR) by Kary Mullis. There is no change in the basic methodology of gene synthesis
other than the throughput and size of DNA fragments that can be synthesized. The
cloning methodology has advanced with a large extent which uses not only restriction

digestion based cloning but also the recombination based cloning(Gibson et al., 2010).
1.3.2 Gene synthesis

Methodology for gene synthesis has not changed since its invention 6] the monomers
used for gene synthesis is nucleoside phosphoramidite, it is deoxyribonucleosides
protected at exocyclic reactive group (amine, hydroxyl and phosphate) to avoid any
nonspecific reaction while gene synthesis. The gene synthesis is carried out from 3 to 5’
direction by adding each monomer at a time. The process is carried out in four steps 1)

Deprotection, ii) Coupling, iii) Capping iv) Oxidation

1) Deprotection: Removal of 5’ protecting group; Di-Methoxytrityl (DMT), by
adding a weak acid.

ii) Coupling: Addition of monomer along with coupling agent or activator
(tetrazol)

iii) Capping: Capping uncoupled growing chains in the previous reaction by
acylation,

iv) Oxidation: Unstable phosphite group is oxidised to more stable phosphate

triester.
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Figure 1.2 Chemical sysnthesis of oligonucleotide using phosphorhamadite method

TCA

Https://4gwirelessbroadbandtrial.co.uk/gene-synthesis.html. Gene Synthesis. 852,
(Humana Press, 2012).

Gene synthesis using protected Phosphorhamadite on Controlled Pore Glass (CPG) as a

solid support. The change in the protocol in last few decades had occurred to reduce the

number of steps involved, improving the throughput of synthesis and reducing the cost of

sequencing. To reduce the number of steps, deprotection can be coupled with Oxidation,

which can be achieved by deprotection by oxidation, if 5’-DMT is replaced by

aryloxycarbonyl, oxidation with peroxy anion will simultaneously remove carbonate

protecting group and oxidise phosphite linkage to phoshotriester bond. To improve the
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throughput of synthesis process various methods have been developed that are mostly
based microarray chip(Richmond, 2004; Tian et al., 2004). Such technology exploits
expertise from electronics and microchip industry. Photolithigraphy is one such technique
where nucleoside phosphoramidites are protected by photolabile protecting groups and
area where incoming monomer couples is exposed to light masking the rest of the surface.
Electrochemical array uses electricity to change the local pH on the slide; this requires
special slides itched with microscopic microelectrode using photolithography. Other
techniques like inkjet printing, microfluidics and LED-controlled capillary synthesis have
been adopted. These method differ mainly in protecting group, method of deprotection
and solvent systems(Tian et al., 2009). Currently polymerase-nucleotide conjugate based
de-novo methods is being developed which can bring the gene synthesis to bench
top(Sebastian Palluk et al, 2018).

Gene Assembly: Final step in gene synthesis is assembly of oligonucleotides into full
length gene; generally assembly is done by using cocktail of enzymes containing DNA
ligase, DNA polymerase and polynucleotide kinase, this is known as Polymerase Cycling
Assembly (PCA)(Willem P.C. Stemmer et al., 1995). With the discovery of Thermostable
ligase, an alternative method involving Thermostable ligase and Polynucleotide kinase
without any polymerase in the assembly reaction was developed (Au et al., 1998), for this
method completely overlapping oliogonucleiotides, which can be phosporylated using
Polynucleotide kinase and assembled using Ligation Chain Reaction (LCR) (Au et al.,
1998). Both the methods require a PCR reaction, after removal of incorrect sequence, by
end primers to amplify full gene. The PCA can generate more errors than LCR, whereas
LCR will require more no of oligonucleotides which makes it more expensive. By
combining the above two methods, the whole process can become one step by using
thermostable ligase.The oligonucleotide sequence is not error free because the efficiency
of coupling is not 100% in each reaction in such cases there can be deletions or insertions
in final sequence. Sequence with such errors can be rectified using HPLC or PAGE
purification.

The real problem comes when error is an SNP, which can be rectified using mismatch
binding protein such as MutS to separate the desired synthetic construct from mutated
synthetic construct Second method is to treat the synthetic construct with mismatch

specific endonuclease for Example T4 endonuclease or MutHLS endonucleases, which
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Figure 1.3 Assembly methods for gene synthesis
(A) Polymerase Cycling Assembly (PCA) uses thermostable ligase polynucleotide kinase and Taq
polymerase to assemble oligonucleotide. (B) Ligation Chain Reaction uses only Thermostable ligase
and polynucleotide kinase but requires more oligonucleotides.

will cut the sequence at the site of mismatch, which can be separated using size exclusion

gel Electrophoresis(Carr et al., 2004).
1.3.3 Assembling Plasmids to Genomes

Traditional cloning techniques based on restriction enzymes are limited to 1 or 2 fragment

assembly, synthetic biology requires large no of standard parts with varying size to be
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assembled. Several recombination based assembly methods are developed, both in-
vitro(Gibson et al., 2009) and intracellular in yeast(Gibson, 2009). The first two genome
synthesis of Polio Virus(Cello et al., 2002) and $X174(H O Smith et al., 2003) genome
sequence did not involve any cell mediated assembly steps since their genome is small.
To go beyond the size limit of above mentioned in-vitro method, it is necessary to involve
living cells two usual choices would be E. coli and yeast. Even if larger sequence can be
assembled using oligos the assembly will have lot of errors and desired sequence will be
few in number in the heterogeneous mixture of erroneous fragments that are difficult to
isolate from rest of the sequences. To overcome this, PCA is used to make smaller
fragments called synthons (500—700bp)(Kodumal et al., 2004) these are cloned into E.
coli and several clones are screened by sequencing to find out the error free sequence.
Synthons can be further assembled using enzymatic assembly using cocktail of three
enzymes; TS5 exonuclease , DNA polymerase and Taq ligase (Gibson et al., 2009). At a
time 4 to 10 stynthons can be assembled, desired no. of synthons are mixed with
Assembly buffer, AINTP mix and Enzyme cocktail. The T5 exonuclease chews away 5’
fragment leaving 3’ single stranded overhang at 50°C, but at 50°C it is not stable and gets
deactivated preventing longer 3’ overhang. Synthons having end homology anneals and
polymerization is carried out at 50°C, this is followed by ligation with thermostable Taq
ligase at 50°C. Since all the reaction takes place at 50°C this method does not require any
specialized instrument like thermo cycler. One of the synthons can be a linearized
plasmid so that the entire construct can be transformed to get circular clones that can be

authenticated using sequencing.

The scale of synthesis is improved to an extent that, first bacterial genome has been
synthesized using above method. The choice of organism is Mycoplasma genitalium
which has smallest genome among bacteria (580kb)(Gibson et al., 2010), and the
assembly involving longer sequence were assembled using yeast as a host for cloning
purposes, since larger sequences are unstable in the E. coli in the form of plasmid.
Currently genome of Saccharomyces cerevisiae is being synthesized with a global
mission in action to make synthetic yeast Sc2.0, until 2017 five chromosomes are already

synthesized(Richardson et al., 2017)
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1.4 Synthetic biology

Synthetic biology is defined in several ways by pioneers in this field leading way to
modular biological systems that can be fabricated individually and used in a plug and play
mode (based on the desired hierarchy) for basic or applied research. Some of these

definitions are delineated below:

"Synthetic biology is a) the design and construction of new biological parts, devices and

systems and b) the re-design of existing natural biological systems for useful purposes.”

Source: Synthetic Biology.org

"Synthetic biology is an emerging area of research that can broadly be described as the
design and construction of novel artificial biological pathways, organisms or devices, or

the redesign of existing natural biological systems."

Source: UK Royal Society

"Synthetic biology is a maturing scientific discipline that combines science and
engineering in order to design and build novel biological functions and systems. This
includes the design and construction of new biological parts, devices, and systems , as
well as the re-design of existing, natural biological systems for useful purposes”

Source: SynBERC

"Synthetic biology is the engineering of biology: the synthesis of complex, biologically
based (or inspired) systems which display functions that do not exist in nature. This
engineering perspective may be applied at all levels of the hierarchy of biological
structures — from individual molecules to whole cells, tissues and organisms. In essence,
synthetic biology will enable the design of ‘biological systems’ in a rational and
systematic way."

Source: High-level Expert Group European Commission
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All the above definitions are established with the intentions of broad application for
synthetic biology. In the context of this study, Synthetic biology may be looked upon as
an interdisciplinary branch at the interface of biology and engineering that allows the
application of engineering principles, at every level of central dogma of molecular
biology to achieve desired metabolic output. This output is generally a value added
product and can range from small molecules like amino acids, organic acids, drug

molecules to polymers. The three Salient features of Synthetic Biology include:
(i) Gene Synthesis.
(i1) Abstraction.

(iii) Standardization
1.4.1 Synthetic Biology an Engineering Perspective

Engineering already existing natural standard parts by tweaking its base sequence is a
common approach to engineer standard parts for synthetic biology. Sequences for many
natural as well as engineered parts are available in open access online repository

http://parts.igem.org/Main_Page , and people across the world are adding new designs

every day to this repository which includes Promoters, RBS, Genes, Terminators,
antibiotics resistance cassettes, origin of replication and Polylinker. Every sequence is
with its description and references suggesting its potential use. It is not necessary to use
engineered standard part every time; sometimes a natural sequence can do, but
combination of standard part which makes a module or a device should support the
objective of using every part. Generally an artificial operon is constructed out of standard
parts, and one can take assistance of genome scale metabolic models to predict the global
impact of introducing synthetic operon into the host. Several iterative predictions can be

performed to fine tune the final synthetic sequence before its chemical synthesis.
1.4.2 Potential applications of Synthetic biology

One cannot imagine human life without chemicals, the major source of these chemicals is
crude oil which is depleting at a fast rate. Currently seven billion humans inhabit earth
and it is estimated that till 2025 we will be 12 billion, which is almost double and that to
with the improved life style. The demand is going to increase every day and impact on the

environment is another problem. Clearly we need to switch to the renewable resources as
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soon as possible. Energy is central to the world’s major demand and transport fuel is the
major target of synthetic Biology. There are two types of biofuels currently into
development BioEthanol and BioDiesel. BioEthanol is produced by fermentation of sugar
by Yeast (Saccharomyces cereviciae) the sugar can be derived from enzymatic
degradation of cellulose, the most abundant polysaccharide in nature. Many attempts in
cloning several cellulose degrading enzymes have failed to produce significant amount of
ethanol. Biodiesel is produced by etherification of fatty acids triglycerides to produce
methyl esters of saturated or monounsaturated fatty acids and glycerol as a by-product
several algae produces high amount of fatty acids but not enough to make BioDiesel
commercially. Not much has been done in synthetic biology to improve the strains of
yeast and algae to produce biofuel and much work needs to be done in this area with
respect to synthetic biology. Many monomers are produced by microorganisms which can
be polymerized to produced polymers PolyHydroxyButyrate (PHB) (Rehm et al., 2002)
and Poly Lactic Acid (PLA) are candidates for the production of Bio Degradable Plastic
out of which PHB is naturally synthesized by it monomer (Rehm et al., 2002), but PLA
was produced using evolved heterologous enzymes in E. coli (Yang et al., 2010).
Vaccines are attenuated virus which is generated by selecting non-virulent viral strain;
this process takes long time, from months to year and in case of epidemic several lives
can get affected in this time period. One of the ways to accelerate this process is to
synthesize a non-virulent viral strain based on the knowledge of its genome; this might be
a month job. In fact one of the first genome to be synthesizing using artificial genome
sequence is a virus ¢174. Synthetic biology has several applications for the future world
and biologists across the world are adapting synthetic biology to solve many real world

problems.

The first two genome synthesis of Polio Virus and ¢$X174 genome sequence did not
involve any cell mediated assembly steps since their genome is small (H. O. Smith et al.,
2003), in the previous case people did use conventional cloning using restriction
enzymes. To go beyond the size limit of above mentioned in-vitro method, it is necessary
to involve living cells two usual choices would be E. coli and yeast. Even if larger
sequence can be assembled using oligos the assembly will have lot of errors and desired
sequence will be few in number that are difficult to isolate from rest of the sequences. To

overcome this, PCA is used to make smaller fragments called synthons (500—700bp)
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(Kodumal et al., 2004); these are cloned into E. coli. Several clones are subsequently
screened by sequencing to find the error free sequence. Synthons can be further
assembled using enzymatic assembly using cocktail of three enzymes; TS exonuclease ,
DNA polymerase and Taq ligase (Au et al., 1998). At a time 4 to 10 synthons can be
assembled, desired no. of synthons are mixed with Assembly buffer, INTP mix and
Enzyme cocktail. The T5 exonuclease chews away 5’ fragment leaving 3’ single stranded
overhang at 50°C, but at 50°C it is not stable and gets deactivated preventing longer 3’
overhang, synthons having end homology anneals and polymerization is carried out at
50°C, this is followed by ligation with Taq ligase also at 50°C. Since all the reaction takes
place at 50°C this method does not require any specialized instrument like thermo cycler.
One of the synthones can be a linearized plasmid for E. coli so that the entire construct
can be transformed to get circular clones which can be authenticated using sequencing.
The scale of synthesis is improved to an extent that, first bacterial genome has
synthesized using above method, the choice of organism is Mycoplasma genitalium which
has smallest genome among bacteria (580kb) (Gibson et al., 2008), and the assembly
involving longer sequence were assembled using yeast as a host for cloning purposes,
since larger sequences are unstable in the E. coli in the form of plasmid. Functionality of
the synthetic genome was authenticated by transplanting the genome into another species
of Mycoplasma (Gibson et al., 2010), only this time the genome of M. mycoides was

synthesized and transplanted into M. capricolum.
1.5 Bioinformatics and Abstraction

Clearly lot of information is generated across the world and this information is complex,
there is an urgent need of means to communicate this kind of information between
synthetic biologists across the world. Abstraction provides means to communicate such
information, it associates complex information to a single function and it works at every
level of complexity. In case of synthetic biology, it associates nucleotides sequence with
Standard parts; Gene, Promoter, RBS, or Terminator, it associates Standard parts put
together with Device; Protein or RNA, it associates Devices put together with a System;
Metabolic Pathway. In general abstraction is annotation at every level of complexity. The
abstraction allows us to make replica of natural circuit using synthetic parts, replacing or

adding these synthetic circuit that has a tight control over its functions. This will give us
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clues how genetic circuit works and allow us to design complex circuits like Toggle
Switch, oscillators, repressilators. The toggle switch is generated by placing two
constitutive promoters P1 and P2 with two repressors R1 and R2 respectively, where R1
represses P2 and R2 represses P, this kind of Toggle switch will give bistable toggle
network (Heinemann and Panke, 2006). Oscillators are combinations of three pairs of
promoters and repressors in loop these are also known as Repressilators (Appleton et al.,
2014). Another new method of constructing genetic logic gates using recombineering
techniques based A phage serine integrase have been successfully attempted. These
genetic logic gates were used to apply Boolean logic in genetic circuits (Bonnet et al.,

2013).
1.6 Systems Biology for Metabolic Engineering

The central dogma of molecular biology, i.e, information stored in DNA is transcribed to
mRNA and then translated into a protein that carries out catalytic, regulatory or structural
function in a cell, governs metabolism and gives it a hierarchical multi-scale structure.
This multi-scale nature is seen in the different layers of metabolism being integrated via
explicit dependencies. Thus, integrating transcript, protein and metabolite information is
essential to understand the phenotype under specific conditions. Delineating the basis of
the fundamental genotype-phenotype relationship in biology thus needs a systems
approach. This systems approach has flourished with the advent of several high
throughput genome-scale technologies and has been used to understand the molecular
composition (genes, transcripts, protein and metabolites) and their integrated functioning
in a cell. More recently, these techniques have been exploited for design purposes and
engineering a cell for a desired trait or function. Metabolic engineering has benefited
immensely by large scale screening and implementation, due to the global effects of local
changes in pathways to maximize a desired product. Further, building in silico models has
allowed us to analyze complex network structure to ensure stability, robustness to
perturbations and display emergent properties for manipulation experimentally. This
review summarizes some of the popular systems approaches in silico and high through
put biology that have been used to drive metabolic engineering outcomes. This is

followed by a section on the current status of alkaloid and vinblastine synthesis.

1.6.1 In silico methods for metabolic engineering
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There are several computational and mathematical approaches used to model metabolic
network behavior. These include kinetic methodologies such as enzyme kinetics (Varma
and Palsson, 1993) and metabolic control analysis (MCA) (Schuster et al., 2008),
stoichiometric approaches, such as metabolic flux analysis (MFA) (He et al., 2017) and
flux balance analysis (FBA) (Yadav et al., 2012), and power law formalisms such as
biochemical systems theory (BST) (Rehm and Steinbu, 1999).In kinetic methodologies,
mathematical models of metabolic networks are created with details of enzyme kinetic
equations. Success depends on a complete knowledge of system parameters — rate
constants a priori. This results in poor prediction accuracies of cellular response and
requires iterative experimental work. Thus, these methods are generally suited to small

systems and used to determine regulatory steps in specific metabolic pathways.

The philosophy in MCA focuses on discovering collective control of a series of
interconnected reactions. MCA proposes the idea that the regulation of the cell requires
coordinated changes of multiple enzyme activities. It analyzes how control of flux and
concentrations of intermediates in a pathway are distributed. Application of MCA in
metabolic engineering has achieved notable success and involves detailed flux

calculations with rationalized strain improvements (Stafford and Stephanopoulos, 2001).

Stoichiometric methodologies such as MFA and FBA are used when detailed kinetic
information of metabolic interactions are not available. These models rely on mass action
constraints to mathematically represent the direction of metabolic modulation. There are
several algorithms developed to explore the optimal use of proteins and pathways for a
given metabolic phenotype. There are several techniques like MOMA, OPTKNOCK,
OPTGENE that have been developed specifically with metabolic engineering in mind
(Kim et al., 2008). Robustness analysis and phase-plane analysis have allowed narrowing
down choices when alternate feasible solutions exist. Since these models do not depend
on detailed kinetic information (Thiele and Palsson, 2010), they are the only kind of
models that have been built on a genome scale till date (Feist et al., 2010, 2009;
Schellenberger et al., 2010). Their prediction of metabolic phenotype has been successful
to apply to many areas of research including metabolic engineering (Stephanopoulos,

2012; Thiele and Palsson, 2010).
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1.6.2 Genome Scale Models and Flux balance analysis in

metabolic engineering

One of the major challenges in efforts to engineer the over production of desired products
is identifying genes to be manipulated to generate the desired phenotype. Choosing the
best genome manipulation strategies requires understanding not only the main pathway
for alteration, but how the altered metabolic pathway will function in the context of the
whole cell/organism. Although, high throughput data-based techniques identify potential
bottlenecks post engineering, they are less useful when used in a prospective fashion to
select genes for manipulation. Genome-scale models of metabolic networks hold great
promise and have delivered results in this prospective design phase of metabolic
engineering. Constraint-based modeling techniques like flux balance analysis and other
novel methods can be applied to these models to understand the interplay of
internetworked pathways with respect to the desired product and allow rapid evaluation of
potential engineering strategies. Also, the ability to integrate heterogeneous data types
within this framework is a great asset that helps multi-scale analysis and prediction at the
gene, protein and metabolite level. There is a sudden increase in the application of such
models to engineering micro-organisms to overproduce commercially desirable metabolic
products (Jung et al., 2010; Lee et al., 2005; Willem P C Stemmer et al., 1995; Yang et
al., 2010). Lee et al. provide a typical example where optimal gene knock-out targets
improve production of succinic acid in a strain of E. coli that naturally produces only
miminal quantities. Using comparative genomics with M. succiniproducens in
combination with gene knock out predictions using FBA on a genome-scale model of E.

coli resulted in an optimal design that over produced succinic acid.

The OptKnock method (Burgard et al., 2003) is a computational tool that was developed
for genome-scale metabolic models, specifically with the metabolic engineering
application in mind. The underlying idea is to identify gene knockouts that couple the
production of desired metabolite with cellular growth. The optknock approach relies on a
bi-level mixed integer optimization that finds the optimal combination of gene deletions
that allow maximizing the bioproduct simultaneously with biomass formation rate. This
framework in conjunction with evolutionary engineering has been successfully applied

for growth coupled over production of succinate, lactate, 1,3 propane diol and amino
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acids like threonine and valine (Burgard et al., 2003; Kim et al., 2008; Pharkya et al.,
2004, 2003). In silico experiments would play a key role in metabolic engineering
applications beyond over production of metabolites native to the host. Introducing
heterologous pathways in silico would be a valuable to tool to investigate the optimal

strain design for overproduction of violacein and also PHA.

1.6.3 High through-put experimental methods for metabolic
engineering utilizing single high throughput technologies

High throughput and comparative genome sequencing methods have allowed creating
databases of gene and gene sequence repertoire for both prokaryotes and eukaryotes
(Burge and Karlin, 1997). Analyzing this digital information forms a basis for metabolic
engineering of various compounds of interest. The comparative genomics approach has
demonstrated the over production of lysine in Corynebacterium glutamicum (Ohnishi et
al., 2002). The insertion and deletion of genes for metabolic engineering of carotenoids in
E. coli and yeast has been successful and drove research towards overproducing the
precursur of artemisinin (Tsuruta et al., 2009), an antimalarial from plants, in yeast. E.
coli has been engineered with several genes for cellulose and hemicellulose degradation
to extend the substrate range to renewable lignocellulosic resources (Ingram et al., 2010).
These strains have been used for green production of fuels like ethanol and other building

blocks.

Transcriptomics, using high density DNA microarrays allows for parallel study of
mRNAs under different environmental and genetic conditions. These genome wide
profiles at different times, give insight into the metabolic and regulatory structure and can
explain dynamic physiological changes like growth rates and alcohol tolerance in the
organism (Gonzalez et al., 2003; Ingram et al., 2010). Transcriptomic profiles were
successful in improving the production of the human insulin-like growth factor I fusion

protein in E. coli (Choi et al., 2003).

Proteomics allows the identification and quantification of proteins present in an organism
in a given condition. Stable isotope coding, 2D electorphoresis or other technologies are
combined with mass spectroscopy for this method (Patterson and Aebersold, 2003).
Although proteome analysis has not been exploited in metabolic engineering like its

counterparts — genomics and transcriptomics, it can provided unparallel insight on the
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activity of metabolic pathways in engineered strains. An E. coli strain for producing the
human hormone leptin (Choi et al., 2003) was enhanced by identifying the bottle-neck in
the process -the serine biosynthetic pathway through proteomics and then over expressing

a key enzyme to improve production of leptin.

Metabolomics is devoted to identification and quantification of intracellular metabolites
in a system using MS, NMR and other analytical techniques (Dunn et al., 2005).
Although, this is by far the most important technique that can propel metabolic
engineering, it has not been used widely in metabolic engineering, because of

technological limitations in detection of small molecules.
1.6.4 Integrating heterogeneous data types

Due to the multi-scale nature of metabolism, it is not enough to have a single high-
throughput data to fully characterize the behavior of an organism. Successful integration
of multiple high-throughput data types has been achieved in the case of HCDC of E. coli
for bio product formation (Han et al., 2003). The specific production rate was inversely
related to cell density. The transcriptional and proteomic analysis revealed hampered
amino acid biosynthesis, which allowed development of new strategies for increasing
production. Having an in silico framework to integrate these data types will not only

allow ease of analysis, but will be helpful in prospective design.
1.7 Developing experimental hosts for metabolic engineering

E. coli has been a model organism for studying many cellular processes. It maintains a
strong position as a host for protein production, despite limitations due to its ease of
cultivation, rapid growth rate, simple nutritional requirements and ample availability of
genetic tools. It was the first bacterium to be engineered using molecular biology
techniques to produce human insulin. To enable targeted metabolic engineering, a
detailed knowledge of metabolic pathways and control elements for gene expression is
necessary. In order to obtain a desired product in E. coli, one may have to modify
substrate uptake, increase yield of precursor molecules, insert genes for synthesis of

desired compound or modify existing genes.

Whole genome sequencing has led to the explosion of annotated genome information and

advent of high-throughput technologies has enabled a systematic improvement of
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industrial microbes through genome engineering. Restructuring of microbial genomes has
been shown to have several advantages over conventional approaches for strain
improvement. Restructured genomes with the desired functionalities have served as
customized industrial strains that display (i) streamlined metabolic pathways for the
production of selected biomaterials, (ii) a reduced production of unwanted by-products,
and (iii) increased genome stability (Lee et al., 2009).Even a simple biocatalyst, such as
the laboratory work- horse E. coli, is a complex system of an estimated 4603 genes, 2077
reactions, and 1039 unique metabolites, and while the steps outlined above are relatively
straightforward, it is still difficult to quickly and reliably engineer a biocatalyst to perform

desired behaviors.
1.8 Experimental technologies for manipulation

There is plethora of techniques available for the perturbing genome and introducing
heterologous gene in host for metabolic engineering. Based on heuristic approach, very
good biochemists can easily find out, which gene should be knocked out and which gene
should be over expressed. Another approach would be to use mathematical tools for
decision making. Whatever may be the method, controlling the complexity of biological
system while engineering an organism requires rigorous decision making at every stage of
central dogma. Including any standard part would require proper justification, a notorious
standard part can collapse the project and any standard part falsely predicted may be a
burden. Before adding any heterologous expression system into the cell, one needs to
knock out any alternate pathway that consumes the precursor for the pathway if it does
not affect the growth significantly. If single gene has to be knocked down, a
recombineering approach can be used that uses bacteriophage A encoded Red
recombinase to flip the target gene with Antibiotic resistance gene (Murphy, 1998;
Muyrers et al., 1999; Zhang et al., 1998). In case more than one knock out is needed high
throughput methods like Multiplex Automated Genome Engineering (MAGE) can be
used, MAGE incorporates linear DNA into E. coli by electroporation, with the A-Red
protein integrating the oligonucleotides into the genome. Oligonucleotides can be
synthesized to introduce mutations at precise genomic loci. Iterated rounds of MAGE
introduce increasing amounts of diversity at these loci, although many cells are killed at

the electroporation step. The basic Knock out strain developed is now ready to
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incorporated, the incorporation can be in the form of plasmid of can be inserted into the
genome using above mentioned recombineering techniques. MAGE can also be used to
replace the RBS sequence of specific property to manipulate the expression of
housekeeping genes that cannot be knocked out easily without losing the viability or
growth of cells. The riboswitches (Mandal and Breaker, 2004) are another group of RNA
mediated control switches, which in the presence on some particular metabolite switches
on or off the gene, this leads to steady expression of desired gene, these riboswitches
should be included into the 3’ UTR region of heterologous gene and controlling can be
done by adding specific metabolite. Gene expression can be controlled at various levels
and sub levels and this makes possible the highly controlled metabolic engineering
assuring the success of complete task. Genome editing with engineered nucleases
(GEEN) encompasses new sets of tools to engineer genome, these include Zinc Finger
Nuclease (ZFN), Transcription Activator like Effector Nuclease (TALENS),
CRISPER/Cas system and Engineered Meganuclease

Thus synergy of Synthetic Biology with Metabolic engineering brings a paradigm shift in
rational strain design. With the reduction in the cost of gene synthesis technology it is
easier to make hundreds of standard parts in weeks’ time. It is obvious that such
variations do not exist in nature because microorganisms are programmed to make only
small amount of chemicals for their own use, to convert these microorganisms into bio-
factories, copying these parts from nature will not help to address the shortcoming in

metabolic engineering.
1.9 Violacaein — a pigment and a potential drug molecule

(text in this section partly adapted from Immanuel et al, 2018 (Immanuel et al., 2018))

Violacein is a bacterial bis-indole pigment of commercial interest having antibacterial,
antitumoral, antiviral, trypanocidal and antiprotozoan properties (Duran et al., 2007;
Duran and Menck, 2001; Ferreira et al., 2004; Queiroz et al., 2012). It is formed by the
condensation of two L-tryptophan molecules controlled by the enzymes of a complex
biosynthetic pathway (Fig. 1). The impact of the double bonds, conjugation and hydroxyl
groups potentially attribute chromophoric properties (Fig. 1B) to final violet colored
product violacein of the pathway (Hoshino, 2011). Violacein has been tested to show

anti-bacterial (gram positive), antineoplastic and antifungal properties (Duran et al.,
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2016). Other tryptophan based small molecule therapeutics like rebeccamycin and
staurosporine have been reported as important antitumor molecules (Howard-Jones and

Walsh, 2006).

The violacein biosynthetic pathway is complex due to a coordinated five gene operon
structure in Chromobacterium violaceum (Balibar and Walsh, 2006; Hoshino, 2011). The
rate limiting step involves the condensation of two molecules of tryptophan to 2-imino-3-
(Indole-3-yl) propionate (viod). Further steps include conversion to protodeoxy
violaceinate by vioB and vioE, followed by conversion to violacein and deoxyviolacein
by catalytic activity of vioD and vioC. The dynamics of violacein biosynthesis are thus
dependent on the coordinated levels of transcripts, proteins, action of promoter and
ribosome binding sites (RBS) (Lee et al., 2012; Salis et al., 2009). This necessitates
minimization of transcriptional noise (relative stability of transcripts) caused by synthesis
and degradation of mRNA molecules and increasing the efficiency of translation of
mRNAs into proteins by modulating translation initiation rate (dictated in part by mRNA
secondary structures). Translational coupling (TC) significantly modulates translation
efficiency of individual genes in a multi-gene operon structure within £. coli (Lim et al.,

2011; Tian and Salis, 2015).

There have been legacy efforts for violacein production using native producers including
Chromobacterium, Duganella spp. and recombinant Corynebacterium, Citrobacter and E.
coli hosts (Table S10). The highest level of violacein attained in native producer
Duganella spp. B2 is 1.62 g/l. Current efforts on producing violacein in non-native hosts
include the extensive testing of the potential of E. coli (up to 1.92 g/l with genetic
variations) as a platform for production of tryptophan-based therapeutics. The strain
designs with vioABCE operon from Chromobacterium produced violacein up to 70 mg/1
in batch processes using arabinose as substrate (Rodrigues et al., 2013). A fed-batch
process increased violacein by 10 fold. Corynebacterium glutamicum spp. (Sun et al.,
2016) and Citrobacter freundii (Jiang et al., 2010), classical amino acid producing strains

have also been engineered to produced violacein.
1.10 The Polyhydroxyalkanoates and Bioplastics

Polyhydroxyalkanoates (PHAs) form a class of natural polyesters, commonly refered to

as bioplastics, that many organisms accumulate as intracellular granules to store carbon
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and reducing equivalents in response to specific environmental conditions. Traditionally
there are over 140 possible constituent monomers of PHAs, classified as short chain
length (C4 and CS5) and medium chain length (C6) hydroxyalkanoates (Berlanga et al.,
2006). Different monomer units result in varying polymer composition providing PHAs
with diverse material properties. The most common is a polymer of 3--hydroxybutyrate,
polyhydroxybutyrate (PHB). Recombinant E. coli for PHA and PHB production (Chen,
2009) has been commercialized also producing a tailored PHA composed of (R)--3-
-hydroxybutyrate and (R)--3--hydroxyvalerate and/or (R)--3--hydroxyhexanoate for
increased elasticity and decreased brittleness (Appleton et al., 2014). Although, the
biopolymer synthesis process is complex, the dependency of monomeric composition on
the host cell PHA synthase and global metabolic phenotype of the host cell facilitates
production of designer PHA polymers. The use of lactate (C3) as a monomer though
difficult, can be overcome by increasing substrate specificity of the existing PHA
synthases, to even synthesize a PHA with a C3 monomer (polylactic acid). Cellular
biosynthetic routes to PHA monomers compete with and/or rely on important pathways
such as the tricarboxylic acid (TCA) cycle, fatty acid degradation or B--oxidation and
fatty acid biosynthesis for precursors, involving important central metabolites like
AcCoA and cofactors like NADH/NADPH. This highlights the need and makes PHA
production a model system for metabolic engineering, allowing control over polymer
properties like monomeric composition, chain length, copolymer microstructure, as well
as optimizing yield. There are only a few reports on metabolic engineering to produce

poly lactic acid (Jung et al., 2010; Yang et al., 2010).

1.11 Examples of Synthetic Biology and Metabolic
Engineering

There is much evidence where synthetic biology is applied in order to understand the
scope of synthetic biology for rational strain design. Synthetic biology approach is used to
engineer E. coli to produce n-Butanol. n-Butanol is biosynthetically synthesized by
condensing two acetyl-CoA monomer followed by two reductions and dehydration to
produce butyryl-CoA. To do this job, PhaAB genes were derived from
Polyhydroxyalkanoate biosysnthesis pathway of Ralstonia eutropha, Crotonase (Crt)

from C.acetobutylicum, crotonyl-CoA reductase (Ccr) from Streptomycis Collinus and
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bifunctional butyraldehyde and butanol dehydrogenase (AdhE2) from C. Acetobutylicum.
All the genes were optimized for codon usage and synthesized using the methods
meentioned previously. By further optimizing the promoters and hosts 30 fold increase in
the titers of n-butanol was achieved. One of the most important achievement in the field
of synthetic biology is Production of Amorpha-4, 11-diene in yeast, and its conversion to
dihydroartemisinic acid, precursor to the antimalarial agent artemisinin (Tsuruta et al.,
2009), the technology is in the bioprocess development stage Amyris Inc. In this effort of
synthetic biology, a modified mevalonate pathway was used, and the yeast cells were
engineered to express the enzyme amorphadiene synthase and a cytochrome P450
monooxygenase (CYP71AV1), both from 4. annua. A three-step oxidation of amorpha-
4,11-diene gives the resulting artemisinic acid. The other two products 1,4-Butanediol
and 1,3 Propane Diol have been taken to commercial realization by Genomatica Inc., and

Dupont, Inc.

1.12 Challenges for Synthetic Biology and Metabolic
Engineering

To begin with the first challenge is to make an ideal strain that can be starting point of
every process. Many researchers predict that the cells with minimal genome and faster
growth rate is the key to the success of any strategy, so the key is to find the minimum set
of genes required to grow a healthy cell(Hutchison et al., 2016). The assembly of standard
parts is another area that needs a constant improvement more recombination compatible
systems are necessary to make strategies to clone genes. Another difficulty is plasmid
instability in the cell because of metabolic burden to maintain and replicate plasmids,
solution for this problem is the genome integration of desired construct that has high
stability. There are thousands of standard parts in the labs across the world, to avoid any
redundancy in the synthesis of standard parts there should be a common portal to acquire
from any part of the world with minimum possible compensation this will accelerate the

development of field altogether.

When complex pathways are introduced inside the cell, limitations including intermediate
toxicity, low enzyme activity, metabolic burden (cofactor imbalance etc.) need to be
overcome for high performance. Such bottlenecks can be addressed using pathway

engineering that exploits the synergies of synthetic biology, metabolic engineering and
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systems biology (Nielsen and Keasling, 2016, 2011; Stephanopoulos, 2012; Wu et al.,
2016; Yadav et al., 2012). Successful metabolic engineering for platform cell factories to
produce a wide range of fuels and chemicals necessitates identifying the sensitivity of
product/process to nutrient precursors and cofactors a priori. Such complementation
supports coupling of cellular objectives of growth and energy to desired bioengineering
objectives. Comprehensive computational strain designs for stoichiometric growth-
coupling of desired products of central metabolism have been identified through pathway

analysis (Klamt and Mahadevan, 2015; Von Kamp and Klamt, 2017).

1.13 Security and Risk

Clearly such a technology in the wrong hands can be a disaster. The deadly pathogen can
be created in matter of few days and can lead to bioterrorism. Understanding the risk
involved in this field, it is under the tight regulation by security agencies across the world,
it is important to share the details of every gene that is synthesized in any corner of the
world to stakeholders of world security(IGSG, 2013). It is necessary to practice synthetic
biology by the scientists across the world while understanding its potential hazards. Most
of the synthetic biology projects use laboratory strains that cannot survive in the wild
which prevent the potential environmental hazards from engineered strains. The artificial
gene circuit can escape the lab, therefore it is highly recommendable not to practice
synthetic biology on pathogenic organism and with medical procedure unless the
approved as safe. It should be taken care that synthetic genes should not escape the
boundaries of laboratory; it is a responsibility of every synthetic biology labs to practice

proper waste disposal methods.
1.14 Overview of the Thesis

The transition from traditional processes that use petroleum feedstock to bioprocesses and
microbial cell factories is imminent. The main challenges include (i) development of new
biological strain designs to produce commercial products, and (ii) the optimization of
processes to make them commercially viable. The work described in this thesis focuses
on the first challenge by developing rational strain designs for metabolic engineering of
value added products using synthetic and systems biology approaches. The strategy for

strain design depends on chemical nature of the molecule of interest and its pathway
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design The value added products discussed in this thesis are (i) a violet pigmented drug

molecule violacein and (ii) a bioplastic, Poly Hydroxy Butyrate (PHB).

The main highlights of the work executed on developing strategies using synthetic

biology and systems biology for metabolic engineering include:

. Design and development of a synthetic construct producing violacein

. AtrpR, ApheA and Apgi gene deletions in E. coli increased tryptophan levels as
predicted in silico

. Constraints based modeling identified precursor tryptophan and cofactor NADPH
as limiting

. A synthetic construct designed by

vioABCDE operon sequence optimization BUILD

was engineered in E. coli

. Genome engineering of deletions f

- V
.

&
: |

AtrpR, ApheA and Apgi in E. coli for

increased tryptophan levels

. Constraints based modeling

identified precursor tryptophan and cofactor

NADPH as limiting

. Development of a novel scalable absolute quantitation method for estimation of
PHB

. Design and development of a synthetic construct producing PHB

. Development of a genome integrated PHB circuit in host strain of E.coli

. Integrative design strategy and systems analysis increasing violacein and PHB
yields

. A Violacein pathway module and PHB module was reconstructed in genome scale

model of E. coli
1.15 Thesis Organization

The thesis is organized into 5 Chapters.

Chapter 1 is the Introduction that discusses the motivation and specific aims and

objectives of the thesis along with a brief literature review. The literature review will
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cover basic aspects of synthetic biology that will make a case for its use in metabolic
engineering with the help of metabolic systems biology. In addition, the work till date on

violacein and PHA production using biological processes will be discussed.

Chapter 2 on Methodology discusses the methods used in this thesis. The work discussed
in the thesis is based on the Design-Test-Build-Analyze paradigm. All methods pertaining
to each step in this paradigm are elaborated in this chapter. A novel scalable method for

quantitation of PHB developed in this thesis is also described here.

Chapter 3 is based on the application of the methods discussed to rational strain designs
and engineering of a violacein pathway in Escherichia Coli. This chapter highights the
synergistic use of algorithms for operon sequence optimization and mechanistic modeling
in metabolic engineering of violacein. It underscores the importance of metabolic

modeling in identifying rate limiting precursors and cofactors.

Chapter 4 is based on circuit development to augment’s E. coli native metabolism and
make PHB. The chapter discusses not only how glycerol is an optimal substrate for PHB
synthesis but also the integration of the operon into the genome of E. coli. This eliminates

the need for antibiotic selection markers and make these strains GRAS for industry.

Chapter 5 recapitulates the work done and discusses some of the future prospects of

microbial cell factories.
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Chapter 2
Methodology: Design, Build, Test, and
Analyze

The technology of synthetic biology is currently accelerating at four times the rate of Moore’s law.
Steward Brand
There nearly always is a method in madness, its what drives men mad, being methodical.

G.K. Chesterton

Transcription rate
& RNA Stability

Pathway
Design
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High Throughput assay

Figure 2.1 Synthetic Biology Paradigms
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This chapter discusses the methodology developed and used in this thesis for rational
strain design using a synthetic biology approach. The synthetic biology paradigm
discussed in Chapter 1 relates to the Design-Build-Test-Analyze iterative sequence
(Figure 2.1). Methods corresponding to each of these steps as used in metabolic

engineering of violacein and PHB are discussed here.
2.1 Design: Operon, Genetic Circuit and Pathway Design

The first step of the synthetic biology paradigm is “Design”. Design in here describes the
re-design of gene sequences that are part of circuits and pathways that are desired.
Heterologous expression of genes for metabolite production is an extensive engineering
process. Engineering already existing natural standard parts by optimizing its DNA
sequence is a common approach to engineer standard parts for synthetic biology.
Sequences for many natural as well as engineered parts are available in online

repositories  like  http:/parts.igem.org/Main_Page and https://www.addgene.org.

Laboratories across the world are adding new designs every day to such repositories
which includes promoters, ribosomal binding site (RBS), genes, terminators, antibiotics
resistance cassettes, selection markers and origin of replication (Ori). Every sequence is
with its description and references suggesting its potential use. It is not necessary to use
engineered standard part every time, sometimes a natural sequence can serve the purpose,
but combination of standard parts which makes a module should support the objective of

using every part.

A synthetic operon or genetic circuit is constructed out of standard parts, and the global
impact of synthetic and wild type genes on cell metabolism can be predicted using
genome scale metabolic models (GSM) (Chubukov et al., 2016; Immanuel et al., 2018;
Jung et al., 2010). For Example, the production of value added product requires reducing
power that can be generated in excess and used exclusively for product biosynthesis
(Charusanti et al., 2010; Lee et al., 1996b; Spaans et al., 2015). Thus GSM is used to
perform the systems level predictions for the optimal balance between growth and
production of metabolite. Several iterative predictions can be performed to fine tune the
final synthetic sequence and design before its chemical synthesis and pathway design.
Adding an appropriate promoter can only provide high mRNA copy number but the

codon usage has a profound effect on the transcription and translation independently
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(Zhou et al., 2016) . Heterologous genes inside its host may not use synonymous codons
with same frequency (Grantham et al., 1980) which results into poor expression; in fact
there is direct correlation between a codon preference and levels of its cognate t-RNA in
cells (Ikemura, 1981; Nakamura et al., 1999). At this point synthetic biology plays a
crucial role of alleviating the effect of codon bias, since while designing the gene for
heterologous expression, rare codons can be replaced with the more frequent codons. The
degeneracy of codons allows almost one third of the codons replace with the synonymous
codons without affecting the primary structure of translated protein. The minimum
number of codons that can be used to express a protein containing all 20 amino acid is 20
and maximum is 61, this is known as effective number of codons (Nc¢) (Wright, 1990).
Several software and online tools are available to optimize sequence according to the
specific host (Grote et al., 2005; Jung and Mcdonald, 2011; Raab et al., 2010; Villalobos
et al., 2006) all the approaches used various algorithms and software platform to optimize
genes, but the basic biological objective remains the same. Apart from codon bias, GC
content, tandem repeats and inverted repeat, DNA-protein interaction motifs, cryptic
splice sites, restriction sites, promoters and ribosome binding sites (RBS) which can
negatively affect the transcription, stability of RNA and translation, should be removed.
Although not all the parameter can be scored to 1.0 (100%) in a given sequence but

priority can be provided to the parameter which is most important.
2.1.1 Sequence Optimization

The main parameters that need to be optimized include codon bias, GC content and free
energy of folding. The other issues are related to restriction site and ribonuclease site
minimization and elimination as desired. The following sections discuss these parameters

in detail.

Codon Bias: To decide the most appropriate codon(s) for each amino acid, codon
frequency in the highly expressed gene such as genes for ribosomal protein and
housekeeping genes can utilized .The most popular parameter in scoring the alternative
triplet codon throughout the sequence is Codon Adaptive Index (CAI), it is geometric
mean of relative adaptiveness of codons. Relative adaptiveness is the ratio of frequency of
a codon for an amino acid to frequency of most frequent codon for an amino acid in

highly expressed genes(Raab et al., 2010). CAI for a gene sequence approaching 1.0
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suggests the similarity with highly expressed genes with respect to relative codon

frequency.
Table 2.1 Codons preferred in E. coli for high expression of genes
UulU F 057, UCU S 011 VAU Y 053] uGU C 0.42
UUC F 043, UCC S 011 UAC Y 047 UGC C 0.58
UUA L 015 UCA S 0.15| UAA * 064 UGA * 0.36
UuG L 012 UCG S 0.16| UAG * 0.0 | UGG W 1.00
CUU L 012/ CCU P 017 CAU H 055 CCU R 0.36
CuC L 010/ CCC P 013] CAC H 045 CCC R 044
CUA L 005/ CCA P 014 CAA Q 030 CCA R 0.07
CUG L 046 CCG P 055 CAG Q 070 cCG R 0.07
AUU I 058 ACU T 016 AAU N 047 ACU S 0.14
AUC T 035 ACC T 047 AAC N 053] ACC S 033
AUA 1 007 ACA T 013| AAA K 0.73]| ACA R 0.02
AUG 1 10| ACG T 024| AAG K 027 ACG R 0.03
GUU V 025/ GCU A 011 GAU D 065 GCU G 0.29
GUC V 018 GCC A 031 GAC D 035 GCC G 0.46
GUA V 017 GCA A 021 GAA E 070 GCA G 0.13
GUG V 040 GCG A 038 GAG E 030 GCG G 0.12

In a different approach Individual Codon Usage (ICU) and Codon Context (CC) is used
(Chung and Lee, 2012) , ICU distribution is calculated for each amino acid in highly
expressed genes using Pearson Chi-Square test, using a p-value cut off of 0.05 to
determine the amino acid with biased ICU. For optimizing a gene for the expression, its
ICU distribution has to be adjusted to the host ICU distribution. Similar Approach is used
for optimization using Codon Context CC distribution but in this case codon pair is
considered in place of single codon, codon context is an effect of adjacent codon on the
rate of translation due to tRNA-tRNA stearic interaction within the ribosome, in many

cases it helps in the translation of rare codon when placed with a particular partner codon.

GC Content: GC content is the frequency of Guanine and Cytosine (GC) nucleotide in
gene or a genome, optimal GC content (40-60%) is necessary for number of reasons in
gene synthesis. Firstly the gene synthesis method requires short oligos (200 Nt to 300 Nt)
to be assembled and it is necessary that oligos should have similar melting temperature

for assembly reaction, for this reason optimized gene should not have spikes of high GC
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and AT rich region for error free assembly reaction. Secondly high GC content can lead
to very stable RNA secondary structure affecting translation rate. Deviation from equal
GC to AT content often leads to genetic instability. Unlike codon optimization GC
optimization is done for longer stretch of sequence considering window of 40 nucleotides.
Every time the codon is added while optimizing codons a score can be calculated for the
GC content of 40 nucleotides keeping the added codon at the centre, this way by
maintaining consistent GC content throughout the codon optimization will always keep

GC content in check.

Tandem repeats and Inverted repeats: Tandem repeats are long been known to be
associated with recombination events leading to the genetic instability of genes whereas,
inverted repeats leads to stable mRNA secondary structure (hairpin loops and loop stem
secondary structure). To avoid any tandem repeats each window with 40 nucleotides can
be aligned and to itself and its subsequent windows and one with the higher alignment
score can be altered to minimize the alignment score. Similarly inverter repeats can be
scored but every window should be converted into reverse complementary before

performing alignment.

DNA-Protein interaction motifs: Some motifs can be recognized by certain protein,
normally it has a specific purpose for example restriction sites helps in eliminating any
viral DNA by cleaving at specific recognition site; Cryptic splice site in case of
eukaryotic cells are involved in splicing mRNA; Promoters and RBS are recognized by
transcription and translation complex respectively. Certainly, such sites in synthetic gene
will have a deleterious effect on the expression of proteins. Simple search tool can be

used to find and eliminate library of known motifs for the host systems.

2.1.2 Gene optimization and Pathway design for Violacein and

Poly(R)-3-Hydroxybutyrate

Sequence optimization for genes vioA, vioB, vioC, vioD and vioE that form the operon
was performed to design Synthetic Violacein Operon (SYNO) and stitched into a plasmid
vector for experimental testing. The SYNO design increased Codon Adaptive Index
(CAJ) values (Figure 2.2 C), optimum GC content (Figure 2.2 D) and lowered effective
codon usage (Nc) (Figure 2.2 E) as compared to Wild Type Operon (WTO) derived from

C. violaceum. The change in CAI was concomitant with optimum GC content (CAI: 0.9,
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GC content: 50%) to match E. coli genome characteristics. The design space explored did
not deviate in operon structure, gene order, intergenic sequence and retained vio4 (CviR
Box) promoter control for mRNA transcription (Error! Reference source not found.
A,B) The design used in this study was compared to the iGEM design using biobricks
(Part:BBa_K274002) modified versions of which have been used for violacein production
(He et al., 2017) in other studies. RBS Calculator (Espah Borujeni et al., 2014; Salis et al.,
2009) (available at http://voigtlab.ucsf.edu/software) estimated increased (minimally by 5
fold) translation initiation rates (TIR) (Figure 2.2 F) and low translational coupling factor
(Figure 2.2 G) for SYNO that allows for higher protein abundances and activities as
compared to WTO. WTO potentially could couple the translation of three transcripts
vioB, vioC and vioD using one single ribosome. This was based on the 3-fold lower free
energies (AG) of transcription (Figure 2.2 H) and 20-fold higher TIRs for the tricistronic
mRNA (vioBCD) vis a vis single mRNA structures. This is in contrast to critical mRNA
features of SYNO using multiple ribosomes for each coding region. The mRNA
secondary structure around the initiation region in the synthetic operon including the
high- and low-folding energy hairpin structures can shape translation efficiency (Figure
2.3). These are reflected in the magnitude of folding free energies as represented (Figure
2.2 H). The analysis shows that vio4 (that synthesizes the first intermediate of pathway
from tryptophan) is rate limiting for the WTO structure, while vioD (that commits the cell
to violacein biosynthesis using NADPH) is limiting in the SYNO structure.

For synthetic plasmid construction for PHB production, genes were optimized using
GeneOptimizer (Thermo Fisher Scientific) that uses sliding window algorithm (Raab et
al., 2010). Genes were optimized for maximum CAI, optimum GC%. Sequence
optimization also involved removal of tandem and inverted repeats along with removal of
common restriction sites. Genes were re-examined using Visual Gene Developer to
compare wild-type genes with synthetic genes for CAI value, GC% and additionally for
effective number of codons (Nc) (Jung and Mcdonald, 2011). The promoter sequence was
For synthetic plasmid construction for PHB production, genes were optimized using
GeneOptimizer (Thermo Fisher Scientific) that uses sliding window algorithm (Raab et
al., 2010). Genes were optimized for maximum CAI, optimum GC %. Sequence
optimization also involved removal of tandem and inverted repeats along with removal of

common restriction sites. Genes were re-examined using Visual Gene Developer to
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compare wild-type genes with synthetic genes for CAI value, GC% and additionally for
effective number of codons (Nc¢) (Jung and Mcdonald, 2011). The promoter sequence was
analyzed for Translation Initiation Rate (TIR) wusing RBS calculator

(https://salislab.net/software/) and Minimum Free Energy (secondary structure) secondary

structure was predicted using mfold (http://unafold.rna.albany.edu/). Both the genes are

expressed through pBAD promoter which is induced by L-arabinose. Unlike natural
operon structure, synthetic biology approach was used to create the genetic circuit. Both
monocistronic design and polycistronic design were investigated using RBS calculator

(https://salislab.net/software/) and monocistronic design was adopted which showed 1:1

transcription coupling for both the gene and controlled Translation initiation rate for both
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Figure 2.2 Design of synthetic vioABCDE operon (SYNO) and gene sequence analysis
The native operon sequence from C. violaceum was used as WTO (A). The optimized synthetic operon
SYNO (B) with DNA sequence indicators. The design included optimized Codon Adaptive Indices (C),
GC content (D) and Effective number of codons (E). Translation initiation rates (TIR) for wild-type
and synthetic operon (F). All normalized values are shown. (G) Translation coupling (TC) for wild-
type and synthetic violacein operon. Translation efficiency represented by folding energies for stem

loops in mRNA (H) and hypothetical hairpin structures
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2.2 Pathway Design for Violacein and PHB production

Two separate strategies were used for the Violacein and PHB production, Violacein being
the linear pathway starting from two molecule of Tryptophan is converted into violacein.
The metabolic requirement for the violacein synthesis is to generate precursor and
reducing power. Later objective was achieved by knocking out pgi (Phosphoglucose
isomerase) in E.coli K 12 .This diverts the glycolytic flux through pentose phosphate
pathway (PPP) and marginally through Entner-Doudoroff pathway for glucose
catabolism. PPP pathway generates 2 molecules of NADPH per glucose molecule, while
growth is reduced significantly in E.coli K 12:4pgi due to redox imbalance and reduced
glucose uptake rate. 4pgi bypasses redox imbalance by activating glyoxylate shunt
instead of TCA cycle, towards gluconeogenesis and partially re-establishes the redox and
energy balance. Other two knockouts i.e ApheA (prephenate dehydratase) and AfrpR
(Tryptophan operon feedback regulatory operator) increases precursor yield. ApheA
eliminates competing reaction for tryptophan which generates two other aromatic amino
acid, phenyl alanine and tyrosine. A#rpR removes the feedback inhibition from tryptophan

operon expression (Figure2.4 A).
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Pathway design for PHB production has a different strategy, the precursor for PHB
synthesis is Acetyl-CoA and E .coli generates Acetyl-CoA through carbohydrate
metabolism, TCA cycle and fatty acid metabolism. Apart from this E. coli has a partial
pathway PHB synthesis making (R) 3-hydroxy butyrate (3HB) which is the immediate
precursor for Polyhydroxyalkanoate Synthase (PhaC). Thus unlike violacein pathway the
entire PHB synthesis operon is not necessary to be incorporated into the pathway design.
Therefore pathway design for PHB synthesis requires two genes, pcty, and phaCe, to be
incorporated into E.coli metabolism to augment the incomplete PHB synthesis pathway.
Pct,, diverts the flux to towards acetyl-CoA generation while PhaC polymerizes the 3HB
(Figure2.4 B).
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Figure2.4 Pathway design for (A) Violacein and (B) PHB biosynthetic pathway

2.3 Build: Gene Synthesis, Cloning and Strain design

The build phase of the synthetic biology paradigm involves using the DNA parts designed
above and stitching them together to create circuits and pathways for expression. There
are many traditional molecular biology methods that have been established that will be
discussed in this section in the context of building systems to make violacein and PHB.
Some more recent protocols that have been developed to build larger pathways
(violacein) will also be discussed. In applications of metabolic engineering, antibiotic
markers are not considered safe for strain designs to be used in industry. We also discuss

a protocol of genome integration for PHB strain design. The cloning methodology has
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advanced with to a large extent which uses not only restriction digestion based cloning

but also the recombination based cloning(Gibson et al., 2010).
2.3.1 Cloning and expressing pathways and circuits

Traditional cloning techniques based on restriction enzymes are limited to 1 or 2 fragment
assembly, synthetic biology requires large no of standard parts with varying size to be
assembled. Several recombination based assembly methods are developed, both in-
vitro(Gibson et al., 2009) and intracellular in yeast(Gibson, 2009). The first two genome
synthesis of Polio Virus(Cello et al., 2002) and $X174(H O Smith et al., 2003) genome
sequence did not involve any cell mediated assembly steps since their genome is small.
To go beyond the size limit of above mentioned in-vitro method, it is necessary to involve
living cells two usual choices would be E. coli and yeast. Even if larger sequence can be
assembled using oligos the assembly will have lot of errors and desired sequence will be
few in number in the heterogeneous mixture of erroneous fragments that are difficult to
isolate from rest of the sequences. To overcome this, PCA is used to make smaller
fragments called synthons (500—700bp)(Kodumal et al., 2004) these are cloned into E.
coli and several clones are screened by sequencing to find out the error free sequence.
Synthons can be further assembled using enzymatic assembly using cocktail of three
enzymes; T5 exonuclease , DNA polymerase and Taq ligase(Gibson et al., 2009). At a
time 4 to 10 stynthons can be assembled, desired no. of synthons are mixed with
Assembly buffer, ANTP mix and Enzyme cocktail. The T5 exonuclease chews away 5’
fragment leaving 3’ single stranded overhang at 50°C, but at 50°C it is not stable and gets
deactivated preventing longer 3’ overhang. Synthons having end homology anneals and
polymerisation is carried out at 50°C, this is followed by ligation with thermostable Taq
ligase at 50°C. Since all the reaction takes place at 50°C this method does not require any
specialized instrument like thermo cycler. One of the synthons can be a linearized
plasmid so that the entire construct can be transformed to get circular clones that can be
authenticated using sequencing. The scale of synthesis is improved to an extent that, first
bacterial genome has been synthesized using above method. The choice of organism is
Mycoplasma genitalium which has smallest genome among bacteria (580kb)(Gibson et
al., 2010), and the assembly involving longer sequence were assembled using yeast as a
host for cloning purposes, since larger sequences are unstable in the E. coli in the form of

plasmid. Currently genome of Saccharomyces cerevisiae is being synthesized with a
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global mission in action to make synthetic yeast Sc2.0, until 2017 five chromosomes are

already synthesized(Richardson et al., 2017)

2.3.2 Synthetic and wild-type plasmid construction for

expression of violacein operon

Single C.violaceium ATCC 12472 (Sequence ID: AE016825.1) (Haselkorn et al., 2003)
colony was inoculated in 5ml Luria Bertani Broth, Miller (HiMedia Cat no. M1245) and
incubated overnight at 30°C at 200 rpm shaking. Genomic DNA was isolated from
C.volaceium using Qiagen DNeasy Blood & Tissue Kits (Cat. no. 69506).Violacein
biosynthesis wild type gene cluster was PCR amplified with Q5 High-Fidelity DNA
polymerase (Cat. no. NEB M0491) on Applied Biosystems Veriti® Thermo Cycler using
VA FW, VA RV,VB FW,VB RV,VCD FW and VCD RV(d4ppendix I Table II)
primers, into three standard parts VioA, VioB and VioCDE of 3231bp, 3010bp and
3534bp repectively, comprising 5 violacein biosynthetic genes. Final 50ul of PCR mix
contained 0.5uM of each primer, 200uM of ANTP, 50 ng of C.volaceium genomic DNA.
Q5 5X Buffer and GC enhancer was added as recommended by supplier. Gene synthesis
service was provided by GeneArt gene synthesis service from Thermo Fisher Scientific.
Four plasmids carrying Violacein biosysnthesis genes cloned in pMK-RQ(KanR) at
sfil/sfil site were received in the lyophilized form. Plasmids were reconstituted in T.E
buffer and used as template to PCR amplifiy synthetic gene fragmants for Gibson
Assembly. Synthetic gene fragments were amplified with Accuprime™™ Pfx Supermix
Thermo Fisher Scientific( Cat. no.12344040) using VA FWSyn, VA RVSyn,
VB FWSyn, VB RVSyn, VC FWSyn, VC RVSyn, VDE FWSyn and VCD RV
(Appendix II Table II) primers into 4 Synthetic standard part, VioASyn, VioBSyn,
VioCSyn and VioDESyn of 2659bp 1751bp, 2917bp,1323bp and 2204bp respectively .
Final 50ul of PCR mix contained 0.5uM primers, 50 ng of C.volaceium genomic DNA
and PCR mix as per the recommendation from supplier. pUC19 vector(Thermo Fisher
scientific Cat. no. SD0061) was used for the construction of both recombinant and
synthetic construct. pUC19 was double digested with Kpnl/Pstl for one hour at
37°C(pUCI9L). Digested vector and gene fragments were gel purified using Qiagen
MiniElute® Gel Extraction kit (Cat no. 28604) and purified fragments were used for
Gibson assembly to construct pCVW and pSYN (Figure 3.6) pwith vioABCDE wild type
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operon (WTO) and synthetic operon (SYNO) respectively. Gibson assembly(Gibson et
al., 2009) was carried in 10ul reaction mixture containing 40 ng pUCI9L and 2 fold
excess of gene fragments, the assembly mix was incubated at 50°C for 60 min and stored
at -20 for subsequent transformation. Chemically competent E.coli DHI10p were
transformed with assembly mix and cells were platted on Luria Bertani Agar, Miller

(HiMedia Cat no. M1151) with ampicillin (100pg/ml) selection.
2.3.3 Construction of E. coli knockout strains

The knockout strains were created using the standard method using A Red recombinase
system. It is a recombineering technique that allows the precise generation of insertions,
deletions, and point mutations at loci specified by flanking homology regions of as few as
35 bp(Sharan et al., 2009) . Lambda Red, as well as the similar RecET system , is capable
of modifying Escherichia coli genome, plasmid(Thomason et al., 2007; Yu et al., 2000;
Zhang et al., 1998)and BAC(Muyrers et al., 1999) targets using either dsSDNA cassettes
or ssDNA oligonucleotides. The Quick and Easy E. coli Gene Deletion Kit (Gene
Bridges) was used to generate Apgi, AtrpR and ApheA strains as per manufacturer's

protocol. List of primers used are listed (Appendix Il Table I).

2.3.4 Construction of wild type and synthetic genetic circuit for

PHB production

A synthetic genetic circuit (SynPHB) was designed with two sequence optimized gene for
biosynthesis of PHB in E.coli where each genes are controlled by separate pBAD
promoter and rmB TI1 terminator and placed in tandem in vector backbone with
ampicillin resistance cassette (AmpR), AraC ORF and pBR322 Ori. The The synPHB
was chemically synthesized and cloned into pPBADHis C A238 (Appedndix II Table 2)
vector double digested with Ncol/hindlII to construct pPHB_Syn (Figure. 4A). Apart than
vector backbone pPHB Syn is composed 3 standard parts i)sequence optimized
Propionyl-CoA Transferase (Syn_pct,,) from Acetobacter pasteurianus ii) sequence
optimized Polyhydroxyalkanoate synthase (Syn phaCcv) from Chromobacterium
violaceum iii) rnB T1 terminator-araBAD Promoter (Ter-Pro) . The wild type genetic
circuit (WtPHB) was created using Gibson assembly (Gibson et al., 2010, 2009)which is
a recombination based cloning. Wild type Propionyl-CoA Transferase (Wt_pct,,) from
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Acetobacter pasteurianus 386B (Sequence ID: HF677570.1) was chemically synthesized
and cloned into pBADHis C A238 vector double digested with Ncol/hindlIII to construct
pBAD Pct (Appendix Il Table 2). Satandard part rrnB terminator-araBAD Promoter (Ter-
Pro) and Polyhydroxyalkanoate synthase (WT phaCcv) from Chromobacterium
violaceum ATCC 12472 (Sequence ID: AE016825.1) was PCR amplified with overhang
for Gibson assembly from Chromobacterium violaceum genomic DNA and pPHB_Syn
with primers listed in (Appendix Il Table 3) and cloned into pBAD Pct vector double
digested with Kpnl/HindIII to construct wild type plasmid (pPHB Wt) Gene synthesis
services were provided by GeneArt Gene Synthesis services and DNA was received in
lyophilized form and handled as per service provider instructions . Gibson assembly was
carried in 10ul reaction mixture containing 40 ng pBAD_ Pct digested with Kpnl and
HindIII and 2 fold excess of Wt) phaCcv and Ter-Pro , the assembly mix was incubated
at 50°C for 60 min and stored at -20 for subsequent transformation. Chemically
competent E.coli DH10p were transformed with assembly mix and cells were platted on
Luria Bertani Agar, Miller (HiMedia Cat no. M1151)with ampicillin (100pg/ml)
selection. pPHB_ Wt (Figure 2.4 G) was confirmed with restriction digestions with Scal

followed by sequencing.
2.3.5 Genome Integration

The WtPHB and SynPHB was cloned in pGRG36 plasmid to construct pGRGSyn,
pGRG36 was a gift from Nancy Craig (Addgene plasmid # 16666). pGRGSyn was
transformed in E.coli K12 MG1655 and single colony was inoculated in Luria Bertani
(LB) Broth, Miller (HiMedia cat no. M1245) with 100 ug/ml ampicillin and inoculated at
30°C; 200 rpm shaking. Three colonies were selected and streaked out on LB agar plates
with ampicillin. Isolated colonies were inoculated in LB Broth and allowed to grow for
overnight at 30°C; 200 rpm shaking, without adding ampicillin. 50 pl of Culture diluted
to 107 dilution factor was spread on the LB agar plate ampicillin sensitive colonies were
selected by replica platting and the genome integration was confirmed by colony PCR

with pctRT Fw and phaCRT_Rv primer (Appendix II Table. II) and sequencing
2.4 Test: Qualitative and Quantitative Estimation

Testing the systems built is critical to gauge the success of the first two steps of the

paradigm. Testing can be accomplished through simple screening assays based on simple
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visual inspection or microscopy that are qualitative measurements to more sophisticated
and quantitative measurements using NMR Spectroscopy. This section covers the
methods used in this thesis for testing. Previously published methods for qualitative and
quantitative assessment of violacein are discussed. Although qualitative assessment of
PHB is possible, there were no scalable quick and accurate methods for quantitation.

Such a method developed for PHB quantitation using spectrofluorometry.

2.4.1 Qualitative and Quantitative estimation of intracellular

Violacein

Absorbance scan for standard violacein (Sigma V9389-1 mg) in ethanol was measured for
0.2 mg/ml in ethanol using UV-Vis spectrophotometer Pharo 300 and absorption with
absorbtion maximum at 550 nm (Figure 2.5). Standard curve was developed by
measuring the absorbance of Violacein in ethanol in conc. Range of 0.01-0.05 above this
range(Figure 2.5).1 mL of culture was centrifuged at 14,000g for 20 min and the pellet
was re-suspended in equal volumes of absolute ethanol to extract violacein. The
supernatant was collected after centrifugation at 12,000 g for 10 min. The concentration
of violacein was determined by monitoring its absorbance at 550 nm. Quantitation was

done using calibration curves of a violacein standard.
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Figure 2.5 Establishing standard curve for estimation of intracellular violacein

A) Absorbance scan B) Standard curve

2.4.2
2.4.3 Qualitative estimation of intracellular Poly (R) 3-
hydroxybutyrate
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2.4.3.1 Expression of PHB producing operon

Single colony of a E.coli DH10B transformed with pPHB Syn and pPHB Wt was
inoculated in 10 mL LB media and incubated overnight at 37°C with shaking at 200 rpm.
Overnight culture was sub-cultured in 10 mL LB media supplemented with 2 mg/mL
glycerol. Culture was induced with 0.025% L-arabinose to express PHB producing genes
after 3 hours of growth. 1 mL culture was harvested by centrifugation at 10000 rpm for 5
min, 9 hours after induction and re-suspended in 1 mL of PBS while adjusting cell density
(ODgoo) to 1.0. Cells were washed by centrifugation at 10000 rpm for 5 min with 20 mM
Tris-HCI (pH: 8.0) and re-suspended in 100 pL lysis buffer (20 mM Tris-HCI and 2 mM
EDTA containing 1% Triton X-100). Lysozyme (1 mg/mL) was added to the cells in lysis
buffer and incubated with shaking (500 rpm) at 37°C for 1 hour. The soluble fraction of
cell lysate was analyzed on an Agilent Bioanalyzer protein 80 chip. Soluble fraction did
not show the over expression of phaC,,, since it is an insoluble protein in its active form.
Therefore complete cell lysate was prepared by heating cell pellet in 100 uL 1X SDS-
PAGE sample buffer (80 mM Tris-Cl pH: 6.8, 2% SDS, 10% glycerol, 5 % B-
Mercaptoethanol and 0.002% Bromophenol blue) for 5 min at 95°C. Cell lysate was
centrifuged at 8000 rpm for 5 min and 10 pL loaded on 10 % SDS-PAGE gel in Tris-
glycine running buffer pH: 8.3 (25 mM Tris-Cl, 250 mM Glycine, 0.1 % SDS).

2.4.3.2 NMR Spectroscopy

Transformed E.coli DH10p cells were cultured in 800 mL LB media supplemented with
glycerol and glucose as substrate. The cells were harvested after 24 hrs for extraction of
PHB using combination of Trypsin-sodium hypochlorite method and solvent extraction.
The solvent mixture was evaporated in a Rotavapor® R-100 and the extracted polymer
was dissolved in CDCl;. NMR experiments were carried out at 25 °C on Bruker Avance
200 and Bruker Avance 500 spectrometers, using BBO probes with z-gradients. 'H, *C
and C DEPT spectra were recorded with 32, 10000 and 3200 scans respectively. Flip
angle of 30° and interscan delay of 3 s was employed for 1D 'H and "“C spectra. The
diffusion filtered NMR spectrum was recorded using pulsed field gradient stimulated
echo experiments, setting diffusion time to 80 ms; encode/decode gradient pulses to 2300
ps and a gradient strength of 48 G/cm. The high gradient strength is sufficient to filter out

signals from all low molecular weight species in the solution, however the signals from
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PHB is observed in the spectrum due to the slow diffusion of the polymer. The diffusion
coefficient determined for PHB is ~ 2.35 x 10" m%s which is typical for polymeric
species. The 2D correlation spectroscopy (COSY) experiment was recorded with 2K X
128 data points and 16 scans. The connectivity pattern between the different types of

protons clearly shows that the polymeric species is PHB.
2.4.3.3 Cell Microscopy

Overnight culture was sub-cultured in 10 mL LB media supplemented with 2 mg/mL
glycerol, with and without Nile red. Culture was induced with 0.025% L-arabinose to
express PHB producing genes after 3 hours of growth. To visualize intracellular
carbonosome, 100 pL culture without Nile red was harvested after 12 hrs (9 hrs after
induction) and cells were washed by centrifugation at 10000 rpm with 100 uLL PBS buffer
and re-suspended in 1 mL distilled water. 20puL cells suspended in water were smeared on
a microscopy glass slide and heat fixed. Smear was flooded with 1% aqueous solution of
Nile red and incubated for 10 min at 55°C. Excess staining solution was removed and
smear was washed gently with water. Smear was flooded with 8% (v/v) aqueous acetic
acid and incubated for 1 min at room temperature. The excess was removed and smear
was washed gently with water. Cover slip was placed and the stained cells were examined
with Axio Observer Z1 inverted fluorescence microscope under 63x/1.4 oil immersion

with DIC and 20 Rhodamine channel.

2.4.4 Quantitative estimation of intracellular Poly (R) 3-
hydroxybutyrate

Our study attempts to develop an improved method (Figure 2.6) overcome all the
limitations discussed in existing methods of PHB quantitation (Berlanga et al., 2006) by
including two additional steps in the Nile red based fluorescence method. The steps of
sonication and ethanol extraction improve the recovery and thus accuracy and sensitivity
of PHB quantitation. An additional protein digestion step improved the accuracy of

quantitation significantly in PHB producing recombinant E.coli cells.
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2.4.4.1 Calibration curves for PHB Standard using Spectrofluorometry and UV
Spectrophotometry

A spectrofluorometric method for PHB quantitation was developed using Nile red
fluorophore on a Qubit 2.0 Fluorometer (Thermo Fisher Scientific; Cat no. Q32866) with
LED light source. The blue LED light source in Qubit 2.0 was used in a raw mode for
excitation; it has the maximum intensity at 470 nm with excitation filter ranging from 430

nm to 495 nm and emission filter ranging from 665 to 720.
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Figure 2.6 Pictorial representations of workflows for improved accuracy of quantitation of PHB
The principle of the assay is depicted in Panels A-C. Standard PHB suspensions in aqueous glycine-
HCI buffer bind quantitatively to Nile red and have specific fluorescence spectral characteristics Panel
B shows how cells producing PHA can be, grown in the presence of Nile red that can bind to
intracellular carbonosome, an intracellular PHA producing inclusion body. Panel C shows loss in
emission signal of fluorescence dependent on physical properties of granules Panel D represents the
methodology developed in this study while panel E represents the classical method for quantitation

using UV spectrophotometry. Panel F-G discuss the Pros and Cons of the method
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Suspensions of 1000 ng/mL standard PHB in triplicate were prepared by suspending 10
mg of PHB (Sigma: cat no. 363502) in 10 mL of 0.1 M glycine-HCI buffer pH 3.0 in 30
mL Borosil flat bottom culture tube (Cat no. 9910010). Suspension was kept in ice bath
for 20 min and moved to a sonication chamber with an ice bath. The suspension was
probe sonicated at 80% amplitude for 10 min at a 10/20 cycle on Sonic Vibracell
VCX130 (130 wattz, 20 kHz) equipped with 6 mm stepped tip sonication probe.
Suspensions with the same volume and concentration were also prepared and used
without sonication. All experiments were performed in triplicate. Non-sonicated and
sonicated standard suspensions were added to 1ug/mL Nile red (Sigma: cat no. N3013)
(in DMSO 0.5 mg/mL) and incubated for 2 h (Figure 2.7 C) at room temperature (25 °C).
To establish that Qubit 2.0 can be used for Nile red based quantitation we measured the
excitation and emission fluorescence spectrum of 1 mL (1000 pg/mL) of Nile red stained
standard PHB suspension (Figure 2.7 A) and its ethanolic extracts (Figure 2.7 B) on
Photon Technology Fluorescence QM40 Spectrophotometer in Quartz high precision cell
(Hellma analytics Art. No.101-10-40). Since blue LED in Qubit 2.0 has maximum
exitaton at 470 nm, emission fluorescence spectrum was measured with excitation at 470
nm. For calibration curves using standards, Nile red stained sonicated and non-sonicated
PHB suspensions were diluted with 0.1 M glycine-HCI buffer to 1 mL using glass
pipettes. 200 uL suspensions were aliquoted at various concentrations (in the range of 20
to 1000 pg/mL) and washed twice by vortexing in 200 uL of 0.1 M glycine-HCI buffer
followed by centrifugation at 4000 rpm for 5 min in Eppendorf® 5430 R centrifuge. The
pellet was re-suspended in 200 pL glycine-HCI buffer and fluorescence measured. For
ethanol extraction, 200 pL Nile red stained sonicated and non-sonicated granules were
washed twice by vortexing in 200 pL 0.1 M glycine-HCl buffer followed by
centrifugation at 12000 rpm for 5 min. The Nile red bound to the PHB standard was
released by re-suspending stained granules in 200 pL ethanol. The fluorescence was

measured after excitation at the determined wavelengths.

For UV spectrophotometric estimation, the suspension of PHB granules (20 to100
ug/mL) in triplicate were centrifuged and re-suspended in 100 uL ethanol and transferred
into glass tubes. This procedure was repeated four times to ensure complete transfer of all
granules. Ethanol was evaporated by heating at 60°C and drying under vacuum.

Concentrated H,SO4 (1 mL) was added to the dried pellet, and capped tubes were heated
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for 10 min in a boiling water bath. The solution was cooled to room temperature (25 °C)
and transferred to a high precision quartz cuvette to measure absorbance at 230 nm on a

Spectrophotometer (BioPhotometer Plus, Eppendorf).
2.4.4.2 Quantitation of PHB using Spectrofluorometry from recombinant E. coli

Single colony of an E.coli DH10p transformed with ppct phaC_ Wt was inoculated in 10
mL LB media and incubated overnight at 37°C with shaking at 200 rpm.
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Figure 2.7 Excitation and Emission scan for standards
A) Nile red extracted from standard PHB granule B) Nile red stained standard PHB granule in
glycine-HCI Buffer C) Sonicated Standard PHB suspension in glycine-HCI buffer with 1pg/ml Nile
red

2.4.4.3 Quantitation of PHB using Spectrofluorometry from recombinant E. coli

Overnight culture was sub-cultured in 10 mL LB media supplemented with no extra
carbon source, glycerol and glucose. 1 ng/mL Nile red was added to LB media while sub-
culturing for staining PHB producing cells.Single colony of a E.coli DH10p transformed
with ppct phaC_Wt was inoculated in 10 mL LB media and incubated overnight at 37°C
with shaking at 200 rpm. Overnight culture was sub-cultured in 10 mL LB media
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supplemented with no extra carbon source, glycerol and glucose. 1 pg/mL Nile red was
added to LB media while sub-culturing for staining PHB producing cells. Culture was
induced with 0.025% L-arabinose to express PHB producing genes after 3 hours of
growth. Un-induced culture was used as control, grown in similar conditions with Nile
red. 200 pL culture was harvested at regular intervals for 24 hours by centrifugation at
10000 rpm for 5 min. Cells were washed with PBS pH 7.4 by vortexing and followed by
centrifugation at 10000 rpm for 5 min Cells can be stored in PBS at 4°C if assay is not
carried out immediately after harvesting. Cells were washed twice with 200 uL of 0.1 M
glycine-HCI buffer by vortexing followed by centrifugation at 4000 rpm. Pellet was re-
suspended in 200 uL of 0.1 M Glycine-HCI buffer at pH 3.0 and incubated for 2 hours.
Fluorescence was measured in a Qubit 2.0 fluorometer (Berlanga et al., 2006; Gorenflo et
al., 1999; Spiekermann et al., 1999). For ethanol extract, the cell suspension in glycine-
HCI buffer was centrifuged at 10000 rpm for 5 min and supernatant was discarded. 200
nL ethanol was added to the pellet to extract PHB bound Nile red. The fluorescence of

the ethanolic extract was measured in a Qubit 2.0 fluorometer.
2.4.4.4 Microscopy Standard

Two aliquots of 1000 ug/mL standard PHB suspension were prepared with 10 mg of PHB
in 10 mL of 0.1 M glycine-HCI buffer pH 3.0 in 30 mL Borosil flat bottom culture tube.
Suspensions were kept in an ice bath for 20 min and moved to a sonicator chamber also
with an ice bath. Suspension was probe sonicated at 80% amplitude for 10 min at a 10/20
cycle on Sonic Vibracell VCX130 (130 wattz, 20 kHz) equipped with 6 mm stepped tip
sonication probe. 1 pg/mL Nile red in DMSO (0.5mg/mL) was added to both non-
sonicated and sonicated suspension and incubated for 2 hours. 20 pL. was spread over
microscopy glass slide, covered with a cover slip and examined on an Axio Observer.Z1
inverted fluorescence microscope under 63x/1.4 oil immersion with DIC and 20
Rhodamine channel. Microscopy images were analyzed for granule surface area and

volume using ZEN lite (Blue version) software from ZEISS.

200 pL of growing culture sub-cultured with Nile red was harvested, washed twice with
200 uL of 0.1 M glycine-HCI buffer by vortexing followed by centrifugation at 4000
rpm, re-suspended in 200 pL 0.1 M glycine-HCI buffer pH 3.0 and incubated for 2 hours
at room temperature. 20 pL. suspensions was spread over microscopy glass slide, covered

with cover slip and examined with Axio Observer Z1 inverted fluorescence microscope
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under 63x/1.4 oil immersion with DIC and 20 Rhodamine channel. Microscopy images
were analyzed for granule surface area and volume using ZEN lite (Blue version)

software from ZEISS.
2.4.4.5 Quantitation of PHB using UV Spectrophotometry from recombinant E. coli

For UV Spectrophotometric estimation, 100 pl of culture was harvested at regular time
intervals. Cells were washed with PBS pH 7.4 followed by centrifugation at 10000 rpm
for 5 min. This was followed by washing with glycine-HCI buffer. Pellet was re-
suspended in glycine-HCI buffer and incubated for 2 hours at room temperature (25 °C).
Cell suspension was centrifuged at 12000 rpm at room temperature for 10 min and re-
suspended in ImL chloroform. Separated chloroform extract was transferred to clean
glass tubes and chloroform was allowed to evaporate at 50 °C and complete drying was
achieved under vacuum. To the dried pellet, 1 mL concentrated H,SO4 was added and the
capped tubes were heated for 10 min in a boiling water bath. The solution was cooled and
transferred to Quartz high precision cell and absorbance was measured at 230 nm on a

Spectrophotometer (BioPhotometer Plus, Eppendorf).

2.4.4.6 Estimation of fluorescence contributions from expressed proteins in growing

cells

Nile red (1 pg/mL) in DMSO (0.5 mg/mL) was added to the LB media while sub
culturing cells. Culture was induced with 0.025% L-arabinose to express PHB producing
genes at 3 hours. Cells were harvested by centrifuging at 10000 rpm at 12 and 24 hrs after
inoculation. Cell pellets were re-suspended in 1 mL of PBS and the cell density was
adjusted (ODgpo=1.0). Cells were washed with 20 mM Tris-HCI (pH: 8.0) and re-
suspended in 100 pl lysis buffer (20 mM Tris-HCI and 2 mM EDTA containing 1%
Triton X-100). Lysozyme (1 mg/mL) and trypsin (1 mg/mL) was added followed by
incubation with shaking (500 rpm) at 37°C for 1 hour. The soluble fraction of cell lysate
was analyzed on the Agilent Bioanalyzer protein 80 chip. Insoluble fraction was mixed
with 200 pL 0.1 M glycine-HCI buffer and incubated for 2 hrs. Treated insoluble fraction
was centrifuged and supernatant was discarded. To the treated insoluble fraction, 1 mL of
ethanol was added and fluorescence was measured from an ethanolic extract. Replicates
of the same culture without protein digestion were quantitated for PHB using the

established spectro-fluorometric method.
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2.4.4.7 Developing Calibration Curves

The analytical calibration curves (n=14) of fluorescence intensity measurements of PHB
granules stained with Nile red, sonicated and extracted into ethanol were linear in the
broad range of 125 to 1000 ug/mL (Figure 2.8 A). Fluorescence intensity measurements
were made on a Qubit 2.0 with appropriate excitation (470 nm, slits fixed at 20 nm) and
emission (600-640 nm) wavelengths (Figure 2.7 A, B). The standard error of mean
(SEM) values is indicated in (Table 2.2,Table 2.3) the linearity was assessed by
calculating the regression equation (y = ax + b) and the correlation coefficient (+°) by the
least squares method. The linear regression equation was described by equation (1) and

=0.9894

y = 360.1x + 1366 (1)

and non-sonicated granule suspensions with ethanol extraction (Figure 2.8 B). The
methods excluding either of the added steps, sonication or ethanol extraction show higher
% relative error (Table 2.3) and estimate higher concentrations than actual PHB standard.
Sonication prevents aggregates (Figure 2.8 E, F, G, H) and controls size distribution and
surface area to volume ratios (Table 2.4,Table 2.5,Table 2.6) . This results in uniform
staining of granules with optimally sized granules with Nile red (Figure 2.8 I). The result
of the method with both the added steps of sonication and extraction was comparable to
the traditional quantitation method, based on degradation of PHB to crotonic acid using
concentrated sulfuric acid followed by absorbance measurements at 230 nm (Fig: 4a).
However, the maximum measurable value was an order of magnitude higher (dynamic
range of UV-vis spectroscopy: 20 to 100 pg/mL). The spectrophotometric calibration

curve (Fig: 2d) was described by the regression equation
y = 0.016 xx — 0.026 @)

where ‘y’ is the absorbance at 230 nm and ‘x’ is the concentration of the standard in pg.

The curve was highly linear with the regression coefficient r being 0.9666.
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Figure 2.8 Development of Analytical Method for PHB
Calibration curves for PHB standard and physical parameters of standard PHB granules A)
Spectrofluorometric calibration curve of ethanol extract from sonicated Nile red stained PHB
standard granules in glycine-HCI buffer (excitation wavelength:470nm; emission wavelength:640 nm)
in the concentration range of 20 to 1000 pg/mL B) Spectrofluorometric calibration curve of ethanol
extract from Non-sonicated Nile red stained PHB standard granules in buffer (excitation
wavelength:470nm;emission wavelength:640 nm) in the concentration range of 25 to 600 pg/mL C)
Spectrofluorometric Calibration curve for sonicated PHB granules stained with Nile red in Glycine
HCI buffer using (excitation wavelength:470 nm; emission wavelength:600 nm) in the concentration
range of 20 to 600 pg/mL D) calibration curve for PHB standards using crotonic acid based UV
spectrophotometry (absorbance wavelenght:230 nm) in concentration range of 20 to 100 pg/mL.
Image panels depict Fluorescence microscopy and DIC images of Nile red stained granules incubated
in glycine-HCI buffer for E-F) unsonicated PHB granules stained G-H) sonicated PHB granules I)
Differential surface area to volume ratios for non-sonicated aggregates, sonicated PHB granules and

cells.

The inclusion of the sonication and ethanol extraction steps had a statistically significant
effect on precision, accuracy and sensitivity of measurement of true values. The standard

measurement errors, RSD and standard deviations were lower. The method also had the
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lowest limits of detection and quantitation (LOD= 41.12 pg/mL; LOQ= 124.6 ng/mL).
The dynamic range was high (124.6 pg/mL to 1000 pg/mL). The accuracy of the
finalized method was the best with lowest relative error (9.59%). This underscores the
impact based on systemic errors vis a vis random errors. Further, based on variance
analysis using ANOVA, the effect of sonication had the highest statistical significance as
reflected in the F-statistic (F; 3 =1657.83, p= 4.262526"15). The ANOVA output of the
linear regression model described (Table 2.7, Table 2.8, Table 2.9, Table 2.10) also
confirmed linearity. Variance analysis resulted in correlation coefficient with a P-value <
0.05. #* values greater than 0.999 indicate a good correlation of linearity through all the
concentrations used and a homoscedastic distribution of replicates in the calibration curve
assembly PHB quantitation was comparable (standard deviation very low) using both the
methods over a time frame of 24 hours from a growing culture of recombinant E. coli
cells. Using glycerol as primary carbon source, the cells were seen to produce a maximum
of 139.73 £ 9.02 pg/mL using our method as opposed to 154.02 + 6.87 ug/mL with the
crotonic acid method (Figure 2.9 A). All fluorescence measurements of induced cultures
were normalized to that of un-induced control culture. When LB media with and without
glucose was used, no PHA signals were identified in the NMR data indicating no PHB
formation. An absorbance corresponding to 38 ug/mL of PHB over estimated PHB in the
crotonic acid based method (Figure 2.9 B). Fluorescence intensities of 14633 a.u and
12579 a.u were measured respectively estimating falsely an amount of PHB equivalent to
36.84+4.32 pg/mL and 31.14+13.01 pg/mL after 24 hours of growth (Figure 2.9 C).
NMR experiments confirmed that recombinant E. coli growing on glycerol produced PH.
Since the NMR results did not detect any PHA in the spectrum of E. coli grown on
glucose, it was critical to identify the source of contribution of fluorescent intensity in
these samples. Since PHB is known to form carbonosomes around themselves with PHA
producing proteins, we hypothesized that the expressed proteins were contributing to the

fluorescence.
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Table 2.2 Performance characteristic of Nile red based PHB estimation methods using fluorescence spectroscopy

Accuracy Precision
ANOVAP SEM* LOD® LOQ' DynamicRange
Method Detail %RE" F(df) % RSD® | (ug/uL) Sensitivity (Slope) (ng/mL) (ug/mL)
(ng/mL)

Sonication
ethanol 1657.4, (1,13)

9.59 2.27 7.95 360.12 41.12 124.6 124.6 to 1000
extraction p=3E-15
spectrofluorometry
Ethanol extraction 541.6, (1,13)

14.53 4.99 8.58 28.54 46.80 141.83
Spectrofluorometry p=5.5E-12 141.83 to 600
Sonication 229.3, (1,6)

19.85 2.10 2.00 11.70 62.73 190.09
Spectroflurometry p=5.2E-06 190.09 to 600
uv 1463.6,(1,11)

24.96 2.11 1.01 0.0169 6.15 18.64 18.64 to 100
Spectrophotometery p=4.7E-13

a: Percentage relative error;  b: Analysis of Variance ; c:Relative standard deviation ;  d:standard error of mean; e: Limit of detection ; f: Limit of

quantitation
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Table 2.3 Performance characteristics of Nile red based PHB quantitation in PHB producing E.coli

cells compared to U V Spectrophotometery

Accuracy Precision
Method Detail %RE" ANOVA’® %RSD®  SEM‘
F(df) pg/ul
Ethanol extraction 21.02, (1,4)
39.43 12.36 4.52
spectrofluorometry p=0.019
Protein digestion,
0.12, (1,4)
Ethanol extraction 17.22 5.531 3.47
p=0.73

Spectrofluorometry

Table 2.4 Non-sonicated granules physical properties

Aggregate Diameter pm  Surface Volum SA/V (um"l)
S.no Area (umz) e (um3)

Al 2.06 252.08 375.50 0.67
A2 1.66 73.25 58.82 1.25
A3 1.52 77.87 64.47 1.21
A4 2.09 133.89 14536  0.92
AS 1.83 73.25 58.82 1.25
A6 1.86 127.01 13430 0.95
A7 2.02 50.74 33.91 1.50
A8 1.63 43.69 27.09 1.61
A9 1.94 410.94 781.57 0.53
Al10 1.58 40.92 24.56 1.67
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Table 2.5 Sonicated granules physical properties

Aggregate Diameter pm  Surface Volum SA/V (um'l)
S.no Area (umz) e (um3)

G1 2.06 7.350 1.870 3.931
G2 1.66 7.642 1.982 3.856
G3 1.52 7.544 1.944 3.881
G4 2.09 8.343 2.261 3.690
G5 1.83 4.522 0.902 5.013
G6 1.86 16.901 6.519 2.593
G7 2.02 9.182 2.610 3.518
G8 1.63 13.716 4.766 2.878
G9 1.94 4.522 0.902 5.013
G10 1.58 5.065 1.069 4.736

Table 2.6 Nile red stained cells in glycine-HCI buffer physical properties

Aggregate Diameter pm  Surface Volum SA/V (um")
S.no Area (umz) e (pm3)

C1 2.06 13.325 4.563 2.920
C2 1.66 8.653 2.388 3.624
C3 1.52 7.255 1.833 3.957
C4 2.09 13.716 4.766 2.878
C5 1.83 10.516 3.199 3.287
Cé 1.86 10.863 3.359 3.234
Cc7 2.02 12.812 4.303 2.978
C8 1.63 8.343 2.261 3.690
c9 1.94 11.818 3.812 3.101
C10 1.58 7.839 2.059 3.807
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Table 2.7 ANOVA sonicated, ethanolic extract,spectrofluorometry

Variation Degree of Sum of o
Mean Significance
Freedom squares F
square (p value)
(df) (SS)
Regression 1 2.1996E+11  2.2E+11 1657.83 4.26E-15
Residual 13 1724832472  1.33E+08
Total 14 2.21685E+11
Table 2.8 ANOVA non-sonicated, ethanolic extract, spectrofluorometry
Variation Degree of Sum of
Mean Significance
Freedom squares F
square (p value)
(df) (SS)
Regression 1 42784751 42784751 229.3886 5.22E-06
Residual 6 1119099 186516.4
Total 7 43903849
Table 2.9 ANOVA sonicated spectrofluorometry
Variation Degree of Sum of
Mean Significance
Freedom squares F
square (p value)
(df) (SS)
Regression 1 440881190.7 4.41E+08 541.6811 5.56E-12
Residual 13 10580866.69 813912.8
Total 14 451462057.4
Table 2.10 ANOVA UV Spectrophotometry
o Degree of Sum of o
Variation Mean Significance
Freedom squares F
square (p value)
(df) (SS)
Regression 1 1.893948 1.893948 1463.695 4.71E-13
Residual 11 0.014233 0.00129 4
Total 12 1.908181
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The relative over expressed protein contributed to 8.9%, 38.9% and 27.8% of the total
cell protein when cells were grown on glucose, glycerol and LB media respectively
(Figure 2.9 D). Quantitation of expressed protein suggests an eleven fold (Figure 2.9 E)
ratio to PHB produced when grown on glycerol. Even in the absence of PHB
biosynthesis, when cells are grown on LB with and without glucose, 7.75 and 9.41 pg of
protein are produced per mL culture. It was evident on lysozyme digestion that in cells

grown on glycerol, the over expressed protein contributed to 24% of the total

fluorescence.
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Figure 2.9 PHB Quantitation from recombinant E. coli
(A) Comparison of PHB quantitation from recombinant E.coli grown on 2mg/mL glycerol for 24
hours using the classical UV spectrophotometric method and the method developed in our study (B)
Over estimation of PHB grown on LB media and LB Media supplemented with glucose using the UV
spectrophotometric method (C) Contributing fluorescence intensities of PHB producing cells grown
on LB media without any supplement and LB media supplemented with glucose over estimating PHB
(D) Percentage of over expressed protein to the total protein after 24 hours of growth (E) Ratio of
over expressed protein to the total PHB produced after 24 hours of growth (F) PHB quantitation in

cell samples after protein digestion
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All the fluorescence intensity (100%) emitted by the cells grown in LB with and without
glucose supplementation was due to expressed protein (Figure 2.9 F) accounting for lack
of PHA signals in the NMR spectrum. This indicates potential carbonosome formation
and entrapment of some amounts of Nile red that contribute to incorrect or over
estimation of PHB. The performance characteristic of the cell samples using the Nile red
based method with an additional step of protein digestion was higher in accuracy and

precision as compared to the classical UV-spectrophotometric method.

Nile red based spectrofluorometry is a widely used technique for relative quantitation of
PHB. Limitations mainly arise out of the suspension assay either due to surface to volume
ratio in standard PHB granules or background fluorescence of hydrophobic moieties in
cells. In this study using Nile red based fluorescence analytics, an analytical method for
absolute quantitation of PHB using standards has been developed that includes two
additional steps to improve accuracy. The method is, has a higher dynamic range, lower
relative error, LOD, LOQ as compared to the classical method. The crotonic acid based
assay is also unsafe due to use of corrosive agents and heating at high temperatures. The
inaccuracies in suspension assay, mainly attributable to the aggregation of PHB granules
and microparticle size and distribution are corrected for through controlled sonication
protocols. Fluorescence measurements after sonication cycles break up the clumped
granules and increase the exposed area of binding Nile red (Figure 2.8 E, F, G, H & I).

The recovery is improved through the extraction into ethanol.

The bigger challenge of transcending from standards to PHB measurements in cells was
overcome by correcting for noise due to fluorescing protein moieties in the cell with
appropriate controls before releasing the PHB-bound Nile red through ethanol extraction.
To correct for the lipid background fluorescence from PHB producing cells, induced cells
was normalized to un-induced cells. The noise related to protein over-expression that over
estimated PHB was lowered by a simple lysozyme digestion step. Ethanolic extracts of
hydrophobic granules and Nile red also allow the use of inexpensive polypropylene tubes
instead of quartz cuvettes, in a compact LED based fluorometer. This is further suitable
for high throughput scale up if microtiter plate readers are used. The method is also

scalable to other PHAs.
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2.5 Analyze: Genome scale model driven analysis of

engineered strains

The last and final step of iteration of the synthetic biology paradigm is “Analyze”.
Analyzing goes beyond looking at direct correlations and emergent properties are critical
for systems approaches in metabolic engineering. Computational models have been used
successfully to predict behavior of rationally designed strains and have been used
similarly in engineering strains for violacein and PHA synthesis. The modeling
methodology employed was constraints-based flux balance analysis. The details are

discussed below.

Flux balance analysis (FBA) (Edwards and Palsson, 1999; Orth et al., 2010; Varma et al.,
1993) is a widely used approach for analyzing biochemical reaction networks, particularly
for genome-scale metabolic network reconstructions, that contain information about all
the metabolic reactions and genes associated with them. FBA can predict the flow of
metabolites in this metabolic network, resulting in to the prediction of growth rate of an
organism or the rate of production of a biotechnologically important metabolite. With
metabolic models for different organisms already available and high-throughput
technologies enabling the construction of many more each year, FBA is an important tool

for harnessing the knowledge encoded in these models.

Again start with the dynamic mass balance equation

dX

E—S.V

. ) . . . . dX. _
For a given metabolic network, S is the stoichiometric matrix, gl vector, consisting the

rate of change of concentration of all the metabolites (internal and external both) and v is
the flux vector carrying rate of all reactions. Now, integration of this equation over time
will give us the time course of concentrations x(t). Now because the rates of reaction
(fluxes) v are a function of the concentrations x and enzyme kinetic constants and other
parameters as well and it is hard to measure all the kinetic constants required for dynamic
simulation of the reaction network, the steady states of the system are studied (assuming

the rate of production and consumption of all metabolites are equal). Steady state
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suggests, % = (), thusS.v = 0. In other words the (right) null space of matrix S contains

the steady state flux distributions.
Thus the equation of concern is,
Ssv=20

As major metabolic networks have lesser number of metabolites then the number of
reactions, thus above equation represents a highly underdetermined system of equations,

which can have infinite number of solutions.

To further constrain the solution space and take it closer to the exact physiological flux
values by putting upper and lower limit to reaction fluxes. Different biological functional
targets can be achieved under these constraints, and organisms willingly accept theses
constraints by implication of regulatory mechanisms to distinguish useful functional
states from all possible allowable states. These constraints give rise to a constraint-based
approach which makes the simultaneous analysis of physicochemical factors and

biological properties plausible
2.5.1 Mathematical representation of constraints: balances and

bounds

In steady state, there is no accumulation or depletion of compounds; thus, the rate of
production equals the rate of consumption for each compound in the network. This

balance is represented mathematically as S.v = 0.

A bound on flux values can be defined as an inequality, which confines the numerical
range of fluxes. Upper and lower limits can be applied to individual fluxes (Vipjn < V <
Vmax)- In such analysis, flux bounds for irreversible reactions vy, = 0 (representing
thermodynamic constraint) and v, = 1000 (representing kinetic constraint) and
similarly for reversible reactions v,,;, = -1000 and v, = 1000 leading to free flow of
metabolites are used. Thus application of constraints (Error! Reference source not
found. D) on flux values leads to a constrained solution space carrying all possible

physiological flux distributions v.
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Figure 2.10 : Genome Scale model and flux balance analysis
(A) Modular nature of metabolism (B) Reactions to Stoichiometric Matrix (C) Metabolic

reconstruction and flux balance analysis (D) Applying Steady State and Flux Constraints

2.5.2 Metabolic reconstruction and flux balance analysis (FBA)

The genome-scale metabolic model of E. coli iAF1260 (Feist et al., 2007) was used for
the present study. The curated violacein biosynthesis reaction list including gene-protein
associations, reaction stoichiometry, and reversibility was incorporated into this model.
The resulting model iAF1260vio was able to synthesize violacein. The detailed
description of the model can be found in Supplementary File 2. The set of constraints
used in different simulations included (i) Substrate (Glucose) uptake rates (GUR) (ii)
Growth yields (iii) Violacein secretion associated with molar growth yields of each strain
as discussed (Appendix II Sheet 4: Constraints). A basis of 1 g biomass was used to
calculate specific growth rates. Implementation of the genome scale metabolic model
iAF1260 with experimental and legacy data based constraints was done using Constraints
Based Reconstruction and Analysis (COBRA) Toolbox 2.0.2 (Schellenberger et al., 2011)
with MATLAB v 7.11, (R2010b) and TOMLAB/CPLEX v7.7 optimizer. MATLAB
codes for all referenced COBRA functions are available at the COBRA’s website
(https://opencobra.github.io/). The function optimizeCbModel (), in COBRA toolbox was

used for maximization of growth by fixing the objective as the biomass equation in the
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model. The following constraints based methods are used to probe the network space of

iAF1260vio strains in silico.
MOMA (Minimization of metabolic adjustment) Analysis

MOMA was performed in COBRA toolbox using the function MOMA() to study the
effect of gene deletions in silico, that allows for selecting more appropriate optimal

solutions (Alper et al., 2005; Segre et al., 2002).
Shadow price and reduced costs analysis

Two sensitivity parameters — shadow prices and reduced costs (Schellenberger et al.,
2011) were assessed at maximal yields of violacein and biomass in order to understand
the effects of changing biomass, metabolites and reactions in the network. Shadow price
corresponds to the sensitivity of the growth rate as an objective function (Z) in response
to a change in the availability of a metabolite (i), and indicates how much an increment in
that metabolite will increase or decrease the growth rate. Analogous to shadow price,
reduced cost is the sensitivity of the objective function in response to change in fluxes of
a particular reaction and its effect on the objective. In addition to the primal solution
(optimal fluxes), the LP solver provides the corresponding dual solution i.e., shadow price
and reduced cost for the FBA problem (Acevedo et al., 2014; Orth et al., 2010; Reznik et
al., 2013).

Flux variability analysis (FVA)

FVA can be set up in COBRA toolbox using the function fluxVariability() to study the
resulting space of feasible flux distributions (Mahadevan and Schilling, 2003). Nine
categories can be mapped onto the flux variability distribution based on the magnitude

and direction of the flux as discussed previously (Banerjee et al., 2017) .
Robustness analysis

Robustness analysis set up in COBRA toolbox using the function robustnessAnalysis() is
used to better understand the phenotype of an organism under different environmental
perturbations. The carbon flux diversion towards aromatic amino acids for all E. coli

strains while maximizing for violacein was studied.

Phenotypic phase planes (PhPP) analysis
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PhPP analysis (Edwards et al., 2002) was performed characterizing all optimal flux
distributions as a function of NADPH and Tryptophan demands at experimental biomass.
Simultaneous sensitivity/shadow price analysis allows one to delineate the changing

shadow prices in each phase of the plane.
Conclusions

The methodology used in the Design, Build, and Test and Analyze iterative cycle was
discussed in this chapter. The pathway design was meticulously analyzed that will help in
further improvement of design starting from the strains produced in this work. Most of
the methods discussed are previously published legacy protocols that have been applied in
this thesis for novel applications. These methods were implemented for violacein and

PHB biosynthesis.

A new method was developed for absolute PHB quantitation in standards and cells. This
method is rapid, accurate, and sensitive and a significant improvement over the already
existing methods, accounts for interference from lipophilic cell constituent, carbonosome
formation and protein. Further, it eliminates inconsistencies due to PHB granule
aggregation and solvatochromism. This method can be scaled for higher throughput in
systems biology and metabolic engineering approaches. The use of Nile-red based
estimations are also scalable for PHAs, plastics (Maes et al., 2017)in the environment and

multiple cell types.
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Chapter 3
Synthetic and Systems Metabolic

Engineering for Violacein production

How is phenotype controlled by the genes?
Nobody knows, least of all machines,

Medicine will thrive if we discover the means,

To merge our knowledge and information

And find genes’ intent and control by environment

For the “metabolic” times they are a changing
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Figure 3.1 Synergies among synthetic biology, systems biology and metabolic engineering in the

drug Violacein production
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3.1 Introduction

L-Tryptophan is a unique amino acid for having an electron rich indole ring, it is the
largest amino acid and least abundant as a part of protein structure and in its free form.
The electron rich property of indole ring in tryptophan makes it a highly reactive
molecule. It is also a very important amino acid for investigation since it is a precursor for
many important molecules in the physiology of all categories of organism(Immanuel et
al., 2018). In humans it is precursor for neurotransmitter serotonin, hormone melatonin
and vitamin Nicotinic acid (Palego et al., 2016). In plants it is precursor for plant
hormones like Indole Acetic Acid (IAA) phytoalexins, glucosinolates, and both indole-
and anthranilate-derived alkaloids(Radwanski and Last, 1995). In bacteria there are
hundreds of molecules produced starting from L-tryptophan, not only through enzymatic
conversions but also spontaneous non-enzymatic conversion(Alkhalaf and Ryan, 2015).
Some of the examples of bacterial secondary metabolite produced form tryptophan is
Sturosporin, Rebeccamycin, chromopyrrolic acid and violacein (Duran et al., 2007;
Rodrigues et al., 2013). Many such secondary metabolites because of their reactive and
planar nature interact with protein as inhibitors(Ferreira et al., 2004; Hosokawa et al.,

2016). This make such compounds the potential candidate for drug discovery.

Violacein is a bis-indole pigment produced by diverse form of bacteria inhabiting deep
sea water (Psedoalteromonas sp.), Glaciers (Janthinobacterium lividum, J.svalbardensis),
agricultural soil (Duganella sp.), river and waste water treatment plant (Chromobacterium
violaceum) and as a commensal on sea sponge surface (Psedoalteromonas luteviolacea).
The cosmopolitan presence of violacein biosynthetic operon constituting five gene
pathway (VioABCDE) suggests towards the evolutionary benefit of Violacein and other
L-Tryptophan derived molecules because of their highly reactive and protein inhibitory
nature. Violacein is known to have anti-bacterial ,anti-viral, anti-fungal and anti-tumor
activity(Andrighetti-Frohner et al., 2003; Choi et al., 2015; Duran et al., 2016) and it is
also a pigment appearing violet-blue in color, making its qualitative and quantitative
estimation from cells easy. Therefore it can be used as a model molecule for all L-
tryptophan derived metabolites with potential to be new drug. The violacein biosynthetic
pathway also uses 2 molecules NADPH as reducing power which is also common among
most secondary metabolite production and balancing the redox potential is the main

obejective of the strain design for metabolite production. Violacein makes an excellent
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example for rational strain design because its linear pathway and simple estimation

techniques for end product, this allows for the high throughput estimation and test the

systems driven approach for rational strain design.
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Figure 3.2 Overall work flow for integration of constraint based modeling for experimental rational

strain design.

3.2 Growth optimality analysis of Violacein pathway by Flux
Balance Modeling

The overall workflow (Figure 3.2) describes the integration of constraints-based
modeling, SYNO design and experimental testing to interrogate violacein biosynthesis in
E. coli. A violacein (Figure 3.2 B) producing E. coli organism (iAF1260vio) was
reconstructed in silico by adding a violacein biosynthesis reaction module ( Figure 3.2 A)
into a previously published iAF1260 genome scale model (Feist et al., 2007). The module

consisted of 10 intracellular reactions and 10 metabolites describing the biochemistry and
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5 Gene-Protein-Relation (GPR) to account for the genetics (August et al., 2000; Banerjee
et al., 2017; Hoshino, 2011). Both experimentally determined (Figure 3.1 C) and legacy
data were used as constraints for simulations (Figure 3.1 D and Appendix II). Deletions
Apgi and ApheA were identified to increase yields of precursor tryptophan that eventually
increased violacein yields. These genes essentially exploit the redundancy in metabolic
pathways to increase NADPH and tryptophan, the two bottlenecks identified for
increasing violacein biosynthesis. The i{AF1260 was able to match the growth yields
(molar basis) of experimentally grown E. coli K12 with glucose as limiting substrate.
Accounting for additional constraints (Appendix II), the accuracy of growth yield (again
on a molar basis) predicted for all genetic mutants of K12 and iAF1260vio was greater
than 88%. These constraints include (i) violacein secretion (ii) excess tryptophan
produced and (iii) varying glucose uptake rates. The model was validated with the
experimental growth yield of E. coli K12 and deletion strains on glucose, predicted with
91.5% accuracy. The predicted and experimental growth and violacein yields are listed

(Table 3.1).

Experimental values Prediction Accuracy (%)
Molar Yield
Strains GUR Biomass Violacein
Biomass Violacein
7.6 0.038 0.054 96 88
K12+VioABCDE
8.2 0.063 0.007 97 41
7.6 0.041 0.041 90 98
K12Apgi+VioABCDE
8.2 0.103 0.078 100 99
7.6 0.034 0.441 99 99

K12ApheA+VioABCDE
82 0.043 0.132 67 -

The sensitivity of biomass and violacein synthesis flux to the substrate tryptophan and the
cofactor NADPH flux was delineated (Figure 3.3) through PhPP analysis for iAF1260
derived strains in silico. Constraints were derived from experimental data on all CVW
and SYN strains. PhPP analysis delineates the sensitivity of the objectives growth and

violacein biosynthesis to various rate limiting metabolites simultaneously by analyzing
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shadow prices in each phase of the plane. The PhPP analysis herein mapped the entire
spectrum of violacein biosynthesis/secretion conditions at optimal experimental growth
yields as a function of two critical environmental variables. The variables represented on
the x and y axes are precursor tryptophan and cofactor NADPH respectively. The third
dimension (the violacein secretion rate at the optimal cellular growth yield) is the

bioengineering objective.

iAF1260vio K12 iAF1260vio K12

iAF1260vio K12 CVW

e 15

B ] A 1
100 Violacein Secretion >
0 Tryplophan Demand 4 " 05 Vilacein Secrefion

§ iAF1260vio 4 pheA iAF1260vio 4 pheA
%

N\
i W) g
Thpten Do ey O \//5 NADPH Denad oty OWAY
LN}

B iAF1260vio K12 SYN

0N J_,,./e"/"”(v 5
NOPHOemad gy 05 Vioaoein Scelon
1
il E . . H ; ) |
" iAF1260vio A pgi iAF1260vio A pgi
(1]
0
o ; 08
1084 5
02 {4) TN
80 ; §
58 N L
o \ e 2 02
0\ L IS
“Trytoghan Demand jmmaoly D2 / PSS ]
e § NADPH Deseand fmmolg OW-t) i
0y 0o~ " 1§
NADPH Demand !

0 % Vioasn Seceion

Figure 3.3 Phenotypic Phase Plane (PhPP) analysis for violacein biosynthesis

PhPP graphs as a function of Tryptophan and NADPH using iAF1260vio for (A) E. coli K12
containing WTO defined by CVW constraints and B. E. coli K12 containing SYNO defined by SYN
constraints. Three distinct viable phenotypes were predicted feasible for iAF1260vio. Shadow prices
for NADPH (inset top) and Tryptophan (inset bottom) are similar. (C — E) Double robustness analysis
depicting sensitivity of biomass formation to NADPH and violacein for (C) iAF1260vio in silico strain,
(D) iAF1260vio:dpheA and (E) iAF1260vio:dpgi. F — H Sensitivity of biomass formation to
Tryptophan and violacein for (F) iAF1260vio in silico strain, (G) iAF1260vio: ApheA and (H)
iAF1260vio: Apgi.

The shadow prices of these two variables projected onto a two-dimensional plane
identified three different phases with distinct limiting patterns for violacein biosynthesis.

iAF1260vio and iAF1260vio:Apgi in silico behaved differently exhibiting only two
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phases. PhPP (where the shadow price is constant) represents a metabolic phenotype with
specific pathway utilization (Figure 3.3 A, B). The shadow prices changed continuously
at the boundary from one phase to the next. The operational space for iAF1260vio:ApheA
in silico decreased for biomass while producing violacein at increased levels. Both
NADPH and tryptophan have a threshold value determined through sensitivity/robustness
analysis with no change in biomass in only iAF1260vio:Aphed (Figure 3.3 C-H).
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Figure 3.4 Shadow price from phenotypic phase plane (PhPP) using in silico strain for NADPH

Robustness analysis highlighted the sensitivity of anthranilate synthase (ANS),
chorismate mutase (CHORM) to tryptophan and 6-phos- phogluconate dehydratase
(EDD) to NADPH (Figure 3.5). The sensitivity of violacein secretion to changing the
magnitude of NADPH and tryptophan can be further examined using shadow price
analysis. While maximizing their fitness, iAF1260vio:ApheA is not limited in either
tryptophan or NADPH, while in iAF1260vio:K12 and iAF1260vio:Apgi they are limiting.
However, with an added bioengineering objective, the cells in silico find both tryptophan
and NADPH limiting. Tryptophan is the precursor for violacein as well as crucial for cell
growth and biomass formation. NADPH is an essential reducing agent in anabolic

pathways for biomass synthesis and is also crucial for the downstream reactions in the
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biosynthesis of violacein. A bioengineering objective (violacein formation) adds up a cost
in addition to the survival and functioning of the cell (biomass formation) and as both
tryptophan and NADPH are essential for biomass as well as violacein production they

become rate limiting as represented by negative shadow prices in

Table 3.2. The analysis also highlights metabolites involved in two major pathways of
aromatic amino acid synthesis (indole, phenyl pyruvate etc.) and oxidative

phosphorylation (quinones) as rate limiting (
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Figure 3.5 Robustness analysis for in silico strain for sensitivity

(A)Chorismate mutase (CHORM) (B) Anthranilate synthase (ANS), to tryptophan and (C) 6-
phosphogluconate dehydratase (EDD) to NADPH.

Flux variability analysis (FVA) identifies the redundancy of the network through
identifying maximum and minimum flux distributions. At experimental growth yields
flux distribution patterns were identified (Table 3.3) to establish rewiring in the wild-type
and synthetic transformants of E. coli. This is necessary to compensate for metabolic
burden of violacein biosynthesis. The flux variability analysis points to 3 major category
changes between the Apgi and ApheA backgrounds that involve glyceraldehyde-3-
phosphate dehydrogenase (GAPD), enolase (ENO) and periplasmic cytochrome oxidase
bo3 (ubiquinol-8: 4 protons, CYTBO3 4pp). Reaction reduced costs are also found to be
limiting for pathways leading to these metabolites. There are 75 and 85 category changes
spanning glycolysis, PPP, TCA, Oxidative phosphorylation and alternate carbon
metabolism when one compares the iAF1260vio to iAF1260vio:AphedA andA
iAF1260vio: Apgi respectively. A third of these reactions need NADPH/ NADH as
cofactor. Although only NADPH is used in the violacein pathway, the inclusion of a
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transhydrogenase reaction in the model treats NADH and NADPH as equivalent. The

Flux variability analysis (FVA) (Error! Reference source not found.; Appendix II)

identified acetate secretion as concomitant to violacein biosynthesis for all strains and

genetic backgrounds.

For maximum molar biomass yields

Strains Maximum SP NADPH SP Tryptophan

biomass
iAF1260 0.0642 -0.3806 -0.2057
iAF1260:Apgi 0.0632 -0.3806 -0.2057
iAF1260:ApheA 0.0569 -7.51E-28 -1.58E-28
For maximum molar violacein yields
Strains N.[ax1m‘u m SP NADPH SPTryptophan

violacein
iAF1260vio 0.1416 -0.0207 -0.4677
iAF1260vio:Apgi 0.1395 -0.7034 -0.4671
iAF1260vio:ApheA 0.1416 -0.8433 -0.4677
For maximum molar violacein yields at 10% biomasss
Strains N.[ax1m‘u m SP NADPH SP Tryptophan

violacein
iAF1260vio 0.1290 -0.8618 -0.4677
iAF1260vio:Apgi 0.1268 -0.8642 -0.4671
iAF1260vio:ApheA 0.1290 -0.8618 -0.4677
For maximum violacein and experimental biomass

iAF1260vio iAFI2 iAF12 iAF126

Metabolite Names Metabolite iAF1 60vio: 60vio:  iAF1260  Ovio:Ap

ID 260 SYN CvVw . Apgi :ApheA heA

Agl gyN CVW
Aromatic amino acid metabolism
L-Phenylalanine phe-L[c] -0.17 ' 0 -0.39 -0.17 0 -5.69 0
Phenylpyruvate phpyr|c] -0.16  0.01 -0.37 -0.16 0.01 -5.69 0.06
Chorismate chor[c] -0.17  -0.37 -0.37 -0.17 -0.37 7.8E-29  -1.49
Isochorismate ichor[c] -0.17  -0.37 -0.37 -0.17 -0.37 7.8E-29  -1.49
Indole indole[c] -0.17  -0.38 -0.38 -0.17 -0.38 1.2E-28  -0.01
Central carbon metabolism
D-Glucose gle-D[c] -0.1 -0.22 -0.22 -0.1 -0.22 6.8E-29  -0.88
Acetate ac[c] -0.03  -0.06 -0.06 -0.03 -0.06 3.2E-29 -0.25
D-Gluconate glen[c] -0.09 -0.21 -0.21 -0.09 -0.21 59E-29 -0.85
1,4-Dihydroxy-2-
naphthoate dhna[c] 1.04 -0.44 -0.44 0.92 -0.44 -2.8E-27 -1.75
3-hydroxycinnamic acid 3hcinnm|c] -0.12 -0.27 -0.27 -0.12 -0.27 0 -1.05
2,3-dihydroxicinnamic acid dhcinnm|[c] -0.12 -0.28 -0.28 -0.12 -0.28 1.6E-28  -1.12
Oxidative
phosphorylation
2-Demethylmenaquinone 8 2dmmgq8[c] 0.12 -2.53 0 0 -2.53 0 0
9.21E-

2-Demethylmenaquinol 8 2dmmgql8[c]  0.12 -2.54 -0.01 0 -2.54 30 -0.04
Menaquinol 8 mql8[c] 0 -2.81 0 0 -2.81 0 0
Menaquinone 8 mqn§[c] 0 -2.8 0.01 0 -2.8 -9.2E-30  0.04

* Green shaded values denote no rate limiting by the corresponding metabolites
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Table 3.3 Predictions using biomass as the objective function and constraining Violacein secretion

Model Violacein Other Constraints* FBA MOMA® Total flux Difference’
Ki2 - Molar 0.0642 0.0642 -

Apgi - Molar 0.0632 0.0415 2.5105

ApheA - Molar 0.0569 0.0569 0.0041

K12 SYN 0.054 Molar 0.0399 0.0399 -

K12 Apgi SYN 0.041 Molar 0.0447 0.0196 2.8587

K12 ApheA SYN 0.441 Molar® 0.0336 0 19.9311

KI12CVW 0.007 Molar 0.0611 0.0611 -

K12 Apgi CVW 0.078 Molar' 0.1031 0.0328 3.0575

K12 ApheA CVW 0.132 Molar?® 0.0569 0 2.1200

Predictions using violacein secretion as the objective function and constraining biomass

Model Biomass Other Constraints’ FBA MOMA® Total flux Difference’
K12 SYN 0.038 Molar 0.0582 0.0582 -

K12 Apgi SYN 0.041 Molar 0.0492 0.027 3.0956

K12 ApheA SYN 0.034 Molar® 0.4371 0.0581 0.0001

KI12CVW 0.063 Molar 0.0027 0.0027 -

K12 Apgi CVW 0.103 Molar' 0.0788 0 37.8334

K12 ApheA CVW 0.043 Molar® 0.3587 0 0.5663

# . . . .
Constraints as mentioned in Appendix II

* Total flux difference with respect to WT in case of MOMA simulations

SMOMA (Segre et al., 2002) was implemented using MOMA() command in COBRA Toolbox and Tomlab
CPLEX was used as the LP and QP solver.

land 2 are additional constraints as mentioned in Appendix II

Flux variability analysis (FVA) identifies the redundancy of the network through

identifying maximum and minimum flux distributions. At experimental growth yields

flux distribution patterns were identified to establish rewiring in the wild-type and

synthetic transformants of E. coli. This is necessary to compensate for metabolic burden

of violacein biosynthesis. The flux variability analysis points to 3 major category changes

between the Apgi and ApheA backgrounds that involve glyceraldehyde-3-phosphate

dehydrogenase (GAPD), enolase (ENO) and periplasmic cytochrome oxidase bo3

(ubiquinol-8: 4 protons, CYTBO3_ 4pp). Negative reduced costs (Table 3.4) for reactions

in pathways leading to these metabolites also showed them to be limiting. There are 75

and 85 category changes spanning glycolysis, PPP, TCA, Oxidative phosphorylation and
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alternate carbon metabolism when one compares the /AF1260vio to iAF1260vio:ApheA
and /AF1260vio: Apgi respectively. A third of these reactions need NADPH/ NADH as
cofactor. Although only NADPH is used in the violacein pathway, the inclusion of a
transhydrogenase reaction in the model treats NADH and NADPH as equivalent. The
Flux variability analysis (FVA) (Table 3.4; Appendix II) identified acetate secretion as

concomitant to violacein biosynthesis for all strains and genetic backgrounds.
3.3 Synthetic operon optimization and construction

The Gibson assembly method successfully stitched the WTO and SYNO vioABCDE
gene designs into a vector (Figure 3.6) that allows coordinated transcription of
vioABCDE mRNA and translation into functional proteins and violacein producing violet
colonies of E. coli (Figure 3.8 A). The growth and product characterization of these

operons expressed in E. coli K12 and varying genetic backgrounds

Sphl HindIII Sphl HindIII
Mi3rev) M3 rev
lac promoter! ! _{lac promoter!
Sphl . (CAP binding skt Iz (CAP binding site

q}-: %
'9@& AmpR|
\\\ AmpR promoter

%y NdeI
(M13 fwd

Apal
pa AmpR promoter]

Ndel
(M13 fwd)
pSYN/Synthetic operon Sact
(Cvi Box/
Spel

pCVW/Wildtype Operon
12,357 bp

10,757 bp

Xbal Sphl

HindIIT

Sphi
(CviBox

Spel

Figure 3.6 Structure of wildtype (pCVW) and synthetic (pSYN) plasmid
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Table 3.4 Reduced cost analysis for the optimal synthesis of violacein using in silico strains

iAF126 AF1260
Rxns Rxn Names Subsystem Reaction Formula IAF126 iAF126 iAF126 Ovio: iAF1260:¥ : Aph :1,
¥ 0  Ovio 0:Apgi Apgi Aphed '°'WTOe
SYNO
aldehyde
dehydrogenase acald[c] + h20[c] + nad[c] -- - -
ALDD2x (acetaldehyde, >ac[c] +2 h[c] + nadh[c] 0.00414 =0.00939; 50414 0.00939 > 13E2°
NAD) Alternate
Carbon
aldehyde Metabolism
dehydrogenase acald[c] + h2o[c] + nadp[c]- - -
ALDD2y (acetaldehyde, ->ac[c] + 2 h[c] + nadph[c] 0.00414 =0.00939,, 50414 0.00939 272527
NADP)
glucose-6-phosphate g6p[c] + h2o[c] -> gle-D[e] | " - - " :
G6PP phosphatase + pilc] 0.0031 0.009390.00241 0.00548 1.55E-29 -0.02727
fructose- fdp[c] + h2o[c] -> fép[c] +- - -
FBP . . -0.00939 0.00E+00 -0.03636
bisphosphatase Glycolysis/ pi[c] 0.00414 0.00414 0.00939
Gluconeoge atp[c] + hZO[C] + _
: pyr[c] ->
phosphoenolpyruvat pegis - ] - - om |
PPS ¢ synthase grirff][c] + 2 h[c] + pep[c] +0.00414 0.009390_00414 0.00939 1.51E-29 -0.03636
hexokinase (D- atp[c] + gle-D[c] -> adp[c]- 5.55E- - -
HEX1 glucose:ATP) + g6p[c] + h[c] 0.00103 17 0.00172 0.00391 1.54E-29 S
6- Pentose
EDD phosphogluconate Phosphate 0PEele] -~ 2ddgbple] +- -0.00939 0 0.00E+00 -0.02727
h20[c] 0.00241 0.00241
dehydratase Pathway
CITL Citrate lyase cit[c] ->ac[c] + oaa[c] 0.00414 -0.009390.00414 0.00939 -2.87E-30-0.03636
Malate
dehydrogenase mal-L[c] + q8[c] -> oaa[c] -
MDH2 (ubiquinone 8 asCitric Acid+ q8h2[c] -0.0031 -0.00704-0.0031 0.00704 1.52E-29 -0.02727
acceptor) Cycle
Malate
dehydrogenase mal-L[c] + mqn8[c] -> -
MDH3 (menaquinone 8 as mqI8[c] + oaalc] -0.0031 -0.00704-0.0031 0.00704 1.52E-29 -0.02727
acceptor)
tryptophan synthase Tyrosine, 3
: igdp[c] + ser-L[c] ->- . .
TRPS1 (indoleglycerol Tryptophan, -0.00939 -1.31E-27-0.04545
phosphate) and 23p[c] + h2o[c] + trp-L[c] 0.00414 0.00414 0.00939
Phenylalani
tryptophan synthasepe indole[c] + ser-L[c] ->- ] - - L o
TRPS2 (indole) Metabolism h2o[c] + trp-L[c] 0.00414 0'009390.00414 0.00939 L31E-27 S
Alternate
Glycerol glyc[c] + nad[c] ->dha[c] +- 1.39E- - 8.33E-
OLYEDX " ehydrogenase 20" . hfc] + nadhlc] 00041417 00041417  [33E-27 -0.00909

*Constraints as mentioned in supplementary table * Total flux difference with respect to WT in case of
MOMA simulations "MOMA (Segre et al., 2002) was implemented using MOMA() command in COBRA
Toolbox and Tomlab CPLEX was used as the LP and QP solver. land 2 are additional constraints as

mentioned in Supplementary Information
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Table 3.5 Strains used in this study

Antibiotic
Strains used Genotype
Resistance
F- mcrA A(mrr-hsdRMS-mcrBC)
®80lacZAM15  AlacX74 recAl endAl
E. coli DHI10p™ Streptomycin
araD139 A(ara leu) 7697 galU galK rpsL
nupG A—
E. coli K12 MG1655 (ATCC47076)  F- lambda- ilvG- rfb-50 rph-1 Nil
E. coli K12 MG1655: AtrpR F- lambda- ilvG- rfb-50 rph-1AtrpR Nil
E. coli K12 MG1655: ApheA F- lambda- ilvG- rfb-50 rph-1ApheA Nil
E. coli K12 MG1655: Apgi F- lambda- ilvG- rfb-50 rph-1Apgi Nil

Metabolic pathway engineering of E. coli K12 through gene deletions identified genes,
pgi and pheA that potentially increase tryptophan levels. The Apgi strain diverts flux
through the pentose phosphate shunt, increasing precursor for aromatic amino acid (AA)
synthesis and cofactor NADPH levels; and ApheA strain diverts flux from the other
competing aromatic AA phenylalanine and tyrosine into tryptophan synthesis.

Additionally, A#rpR strain de-regulates feedback inhibition of tryptophan synthesis.

Table 3.6 Growth rates of engineered E. coli strains

E. coli Strain Growth rate in LB (hr”
DHI10B 0.54
K12 0.52
K12 :AtrpR 0.48
K12 :Apgi 0.50
K12 :ApheA 0.48
DHI10B: pCVW 0.55
K12 pCVW 0.51
K12 AtrpR pCVW 0.21
K12 Apgi pPCVW 0.84
K12 Aphed pCVW 0.35
DHI10B pSYN 0.17
K12 pSYN 0.29
K12 :AtrpR pSYN 0.23
K12 :Apgi pSYN 0.36
K12 :ApheA pSYN 0.26
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Growth rates and yields of the deletion strains Apgi, AtrpR and ApheA (Figure 3.8 B) in
E. coli on Luria-Bertani (LB) media were similar with a two-fold increase in tryptophan
levels (Figure3.7). The growth rates are listed (Table 3.6). The ApheA had slightly lower
biomass yields while Apgi and AtrpR had higher yields as compared to wild-type. On
minimal media with glucose as growth limiting substrate, however, the growth rates were
lower for the deletion strain Apgi while AtrpR and ApheA were unaffected (Figure 3.8 D).
The rates (Table 3.7) varied significantly for the ApheAd and Apgi deletion strains, with
growth profiles showing a longer lag phase. E. coli AtrpR grows very similarly to wild-
type E. coli K12 (Figure 3.8 C).

Tryptophan levels
1.6 1

0.8
) .j
()

pei KO trpR KO pheA KO

Relative abundances

Figure3.7 Tryptophan levels from MALDI-Analysis

Table 3.7 Growth rates of engineered strains on M9 media

Growth on M9 media®

K12 AtrpR Apgi ApheA K12+ Vio AtrpR+Vio
Strain type

control control control control operon operon
Growth rate  0.6426 0.6796 0.1766 0.5407 0.4704 0.6178

The growth rates of the WTO transformants (Figure 3.8 E) on LB media are similar to
that of E.coli K12 with similar biomass yields as predicted in silico for E.coli iAF1260vio
(Table 3.6). This indicates that inclusion of the secondary metabolite pathway allowed for
removal of excess pathway intermediates tryptophan and NADPH that was being formed

in the knockout deletion strains.
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Figure 3.8 Growth and Violacein analysis of genome engineered E. coli strains
(A) Violacein producing E. coli transformants (violet colonies) on LB agar and their cell pellets. (B)
Growth profiles of E. coli K12 and deletion strains on LB media. (C) Growth profiles of E. coli K12
and violacein operon transformants on M9 minimal media. (D) Growth profiles of E. coli K12 and
deletion strains on minimal media. (E) Growth profiles of E. coli K12 and wild-type operon
transformants (pCVW) on LB media. (F) Growth profiles of E. coli K12 and synthetic operon
transformants (pSYN) on LB media.

3.4 Violacein production increased through metabolic

engineering of E. coli

The metabolically engineered strains increased tryptophan levels in E. coli K12, had
similar growth rates but varying growth yields (Figure 3.8 E). The variation of growth
yields was higher among all SYNO transformants (Figure 3.8 F). The lowest growth
yields was for the recombinant host E.coli DH10f. The SYNO E. coli transformants of
AtrpR and ApheA showed similar growth rates but higher growth yields (z7pR).
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Figure 3.9 Violacein yield variation, Comparison and Range
(G) Coefficient of Variation (CV) for biomass, violacein secretion rates (VSR), growth rates (GR) and
violacein yields across controls, wildtype and synthetic operon transformants. (H) Differential
violacein yields across synthetic and wildtype transformants (I) Maximum violacein synthesis from

synthetic and wildtype transformants (pCVW and pSYN).

Table 3.8 Summary of maximum violacein yields by engineered strains

Maximum violacein synthesis

E.coli Strain Violacein max (mg/L)
DHI0B CVW 9.9410
K12 CVW 5.0504
K12 AtrpR CVW 9.5464
K12 Apgi CVW 6.5687
K12 ApheA CVW 17.2953
DHI0B SYN 7.6420
K12 SYN 8.8647
K12 AtrpR SYN 6.9757
K12 Apgi SYN 3.0604
K12 Aphe4 SYN 33.7566

The deletion Apgi in E. coli did not change growth rates. The final growth yields were
however lower when the diversion through Pentose phosphate pathway (PPP) was
utilized. The highest growth rates (with a 40% increase as compared to the wild-type
strains) were for WTO Apgi E. coli transformants. All other knock-outs showed 20%
lower growth rates (Table 3.6). Maximum violacein was produced by SYNO Aphed E.
coli transformant amongst all strains (Figure 3.9 G-I; Table 3.8). All SYNO E. coli

transformants produced higher violacein yield, with a three-fold increase relative to the
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control and a maximum six-fold increase in yields as compared to the WTO in E. coli.
The highest titer of violacein observed was 33.8 mg/L for the SYNO transformant of the
ApheA E. coli strain (Table 3.8). The wild type K12 transformant had the lowest yield
(5.1mg/L). The variation in violacein production yields and rates were lower for all WTO

transformants and showed.
3.5 Conclusion

This chapter discussed an integrated approach for rational strain design and development
for violacein biosynthesis. The maximum increase in violacein levels (six-fold change)
observed in the engineered synthetic strain designs were comparable to that found in
literature (He et al., 2017) .Four-fold increase in shake flask for a multi deletion operon
(AtrpR AtnaA ApheA) with simultaneous overexpression of #pE, trpD, five-fold increase
by combinatorial T7 promoter engineering (He et al., 2017) and three-fold increase using
multivariate statistical regulatory model with T7 promoter. E.coli:ApheASYN
transformant outperformed all other strains in terms of yields and rates of violacein
production. The higher accuracy of prediction of experimental growth yields in al the
SYNO transformants is also justified as FBA models are evolutionary optimality models
and are known to predict the growth yields better for evolved/adapted populations (Ibarra

et al., 2002).

Optimal violacein biosynthesis through minimal changes in operon gene sequences and
moving through cell hierarchies via critical gene knockouts in hosts and varying
environmental parameters of the design space was illustrated. The resultant design
allowed for a magnitude increase in production yields and rates that could be explained
through genome scale metabolic modeling. Such integrated computational and
experimental strategies are invaluable for creating suites of strains for value added
products and are critical to transcending from fundamental synthetic biology to metabolic

engineering applications for industry.
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Chapter 4
Rational Strain Design for Poly(R)-3-
Hydroxybutyrate biosynthesis

Design is the transmission of ideas through things.

Daisy Ginsberg
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4.1 Introduction

In the light of the economic and environmental importance of bioplastics, it is indeed
imperative to metabolically engineer a host strain for its over production. The main
objective of this chapter was to design and develop a framework for engineering of E. coli
to produce polyhydroxyalkanoates (PHA) using the systems/synthetic biology paradigm.
The design principles and engineering tools to build and optimize cellular processes are
state of the art today and the synergies allow 3--tiers of optimization: the central dogma,
intrinsic regulatory interactions and extrinsic environmental interactions leading to their

seamless integration.

The Poly(R)-3-Hydroxybutyrate (PHB) biosynthesis operon consists of three
genes:phaA,phaB and phaC. The genes code for three enzymes catalyzes the conversion
of acetyl-CoA into PHB. The reaction cascade includes 3-ketothiolase (PhaA; EC 2.3.1.9)
that converts Acetyl-CoA to Acetoacetyl-CoA thatis furtherconverted to (R)-3-
hydroxybutyryl-CoA (3HB-CoA) by Acetoacetyl-CoA reductase (PhaB; EC 1.1.1.36)
using the reducing power of NADPH/H". 3HB-CoA is polymerized into PHB by a PHA
synthase (PhaC; EC 2.3.1.-). Several successful attempts have been made to clone PHB
biosynthetic pathway into E.coli to produce PHB and its co-polymers (S. C. Lee et al.,
1994; S. Y. Lee et al., 1994; Mahishi et al., 2003; Mahishi and Rawal, 2002; Schubert et
al., 1988; Steinbiichel et al., 1993) by introducing the entire operon into the host.There
are several reports where an unnatural monomer is co-polymerized along with PHB(Choi
et al., 2016; Lee et al., 1996a; Park et al., 2012). However, E.colipotentially does not
require entire operon for PHB biosynthesis. E.coli produces (S) enantiomer of 3HB from
central metabolism and fatty acid degradation and that can be converted to (R) isomer by
3-hydroxybutaryl-CoA epimerase (FadJ;5.1.2.3). Since E.coli can produce 3HB, instead
of introducing entire PHB producing operon, enzymes augmenting the incomplete PHB
producing pathway were introduced intoE.coli. Here we have used the synthetic genetic
circuit (Figure 4.1) constructed using two enzymes, including Propionate-CoA
Transferase (Pcty,; EC 2.8.3.8) from Acetobacterpasteurianus transfers CoA group from
acyl-CoA  (mostly Butanoyl-CoA) to acetate to give acetyl-CoA and

Polyhydroxyalkanoate  polymerase (Phacy,) from  Chromobacteriumviolaceium,
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thatpolymerizes the monomer into PHB. The Pct,, incorporated to increase the pool of
acetyl-CoA by utilizing acetate produced during E.coli growth glucose and glycerol

supplemented LB media, due tooverflow metabolism.

4.2 Genetic circuit design

A B

AraC  pBAD RBS pct

AraC  pBAD RBS pct,, rrnBT1 pBAD RBS PhaC, rrBT1 PhaC, rmBT1
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Figure 4.1 Genetic circuit design
A) Monocistronic genetic circuit design B) Polycistronic Genetic geneticcircuit design C) Ter-Pr«
standard part for the design of monocistronic design in one plasmid with multiple genes D) SBOL 2.(
Standard symbols for standard p parts E) Synthetic plasmid construct (pBAD_Syn) F) Wild typ
plasmid construct (pBAD_Wt)

Unlike natural operon structure, synthetic biology approach was used to create the genetic
circuit from the standard parts. Both monocistronic design (Figure 4.1 A) (with standard
part Ter-Pro Section 2.2.4) and polycistronic design (Figure 4.1 B) (without standard part
Ter-Pro (Figure 4.1 C) Section 2.2.4) were investigated using RBS calculator

(https://salislab.net/software/) and to mimic the 1:1 translational coupling between two
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genes monocistronic design was adopted, such that the expression of preceding gene

(pctap) should not affect the translation of following genes.
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Figure 4.2 Sequence optimization for PHB_Wt and PHB_Syn genetic circuit

(A) Codon adaptive index (CAI) B) GC% (C) Effective no of codons (D) AG Minimum free energy

(E) Transcription Initiation Rate (TIR)

\Two gene pathways for biosynthesis of PHB in E.coli i.e each gene is controlled by
separate pBAD promoter and terminator and placed in tandem. The Gibson assembly
method(Gibson et al., 2009) was successful for stitching the wild-type operon and
synthetic was chemically synthesized and cloned by Geneart® Gene synthesis services.
The gene sequences of synthetic PHB operon were optimized to maximize Codon
Adaptive Index (CAlmax ~1), optimum GC content between 40% - 50% as compared to
the wild-type PHB operon. It was observed that the CAI for synthetic phac., and pcty, is
0.98 and 0.97 respectively as compared to wild-type phac., and pctyi.e 0.68 and 0.76
respectively (Figure 4.2 A). The GC% for synthetic phac..and pct,, was optimized to
48.47 and 46.45 respectively as compared to wild-type phac., and pct,i.e 52.84 and
62.26 respectively (Figure 4.2 B). The effective no. of codons (Nc) for synthetic phac,,
and pct,, was optimized to 20.55 and 48.05 respectively as compared to wild-type phac.,
and pctypi.e 18.88 and 17.02 respectively (Figure 4.2 C). The analysis of mRNA sequence
for the (Minimum Free Energy) and mRNA structure for wild-type and synthetic mRNA
was predicted by using RNAfold web server (http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAfold.cgi) The free energy reduced significantly in both the genes
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from -725.6 and — 572.9 to -558.6 and -530.4 phac., and pct,, respectively (Figure 4.2
D). As a result of optimization Translation Initiation Rate (TIR) for synthetic phaC., and
pctyp increased by 105 fold and 35 fold respectively as compared to wild type genes
(Figure 4.2 E) while maintaining 1:1 translational coupling due to monocistronic design

(Appendix II)
4.3 PHB production via metabolic engineering of E. coli

The designed plasmid constructs expressed in E. coli host via induction with L-arabinose
were tested for protein expression and production of PHB. Expression was confirmed by
running cell lysate 2100 Bioanalyzer with protein 80 chip and 10% SDS PAGE. Both the
proteins, PhaC, (mol. Wt.63.27 kDa) and Pct,, (mol Wt.) were over expressed in induced
samples (Section 2.3.2.1). PhaC cannot be detected in 55.45 kDa bioanalyzer, because
ofinsolublity of its active form and potential carbonosome structure. The PhaC,,
expression was confirmed by running whole cell lysate on SDS-PAGE. Therefore the
high throughput screening and quantitation for protein expression was done on
bioanalyzer only for Pct,, Glucose (substrate) concentrations were optimized to prevent
catabolite repression effect on pPBAD operon. With 2 mg/ml glucose, Pct,, expression was
607 ng/ml and 428 ng/ml for pPHB_Wt and pPHB_Syn respectively which was optimum
for biosynthesis objective (Figure 4.3).
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Figure 4.3 Glucose titer for to determine the optimum glucose concentration in LB broth
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Figure 4.4 Arabinose titration in LB media supplemented with 2 mg/ml glucose

The titration for inducer L- arabinose in the range of 0.01 to 0.075 was done in the
presence of 2 mg /ml glucose and no variation was found in the expression level of the

protein with average value 153.4 ng/ml (Figure 4.4).
4.4 Substrate utilization and PHB production

PHA biosynthesis on two carbon sources glucose and glycerol were tested. Glycerol and
glucose uptake were measured in addition to PHB and biomass production in the tested
cells. Strain design and optimization can be done at low substrate concentrations or in
buffered media as high concentrations would result in higher substrate level
phosphorylation and acid fermentation inhibiting growth. With 2mg/ml glucose as
substrate, all carbon was consumed during initial exponential growth (2 to 3 h) (Figure
4.5 B,D) with rate very similar for all E.coli strains even while over expressing proteins.
Glycerol gets consumed completely in a similar fashion in the early exponential phase (2
to 5 h) (Figure 4.5 A C), but at a slower rate. The substrate utilization rates and growth
rates are similar for cells growing on glucose and glycerol at a concentration of 2mg/ml,

however final biomass and product yields vary. Growth and PHA production was
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measured for 24 hrs at regular intervals in LB media and LB media supplemented with
glycerol and glucose.
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Figure 4.5 Growth and Uptake rate for pPHB_Syn and pPHB_Wt transformed E. coli strains

(A) Growth on glycerol (B) Growth on glucose (C) Glycerol uptake rate (D) Glucose uptake rate
Growth was measured using OD at 600nm and converted to gram Dry Cell Weight
(gDCW) using a calibration curve. PHB quantitation was done using the developed Nile
Red based spectrofluorometric method (Rajankar et al., 2018). With 2mg/ml Glycerol, all
carbon was completely consumed by 4 hr. Growth plateaued at 8 hrs, where as maximum
PHB was quantitated at 12 hrs yielding 445.12 and 485.08 pg/mgDCW at 24 hrs in
pPHB_Syn and pPHB_Wt respectively (Figure 4.6). A minimal amount of PHB was also
produced during exponential growth of pPHB Syn and pPHB Wt corresponding to 51.35
+4.09 ug/mgDCW h™' (Table 4.2)
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Table 4.1 Growth rate, Substrate uptake rate and PHB yields for plasmid transformed E. coli Strain

on Glycerol

Synthetic Wild-type

Ul I Ul I
Glycerol Uptake rate [mM/gDWh h-'] -6.75+0.36 -6.98 £ 0.30 -6.91 +0.32 -7.05+0.26
Growth Rate [h] 0.56 0.66 0.70 0.74
Maximum Biomass Yield [mg] 1.81 2.41 1.46 2.38
PHB YieldMax [png/mgDCW] 445.12 485.08
PHBProduction Rate [pg/mgDCWh-'] 51.35+4.09 4998 +£3.15

Table 4.2 Growth rate and Substrate uptake rate for plasmid transformed E. coli Strain on Glucose

Synthetic Wild-type
Ul I Ul I
Glucose Uptake rate [mM/gDW h™'] -12.22+£0.22 -12.51+£0.26 -12.12+0.25 -12.46+0.28
Growth Rate [h] 0.46 0.31 0.42 0.32
Maximum Biomass Yeild [mg] 1.40 1.80 1.23 1.82
PHB Production Max [ug/mgDCW] - - - -
PHB Production Rate [pg/mgDCW .Hr] - -
Wildtype Operon Synthetic Operon
600 600
§ 400+ N § 400
3 ; £
“E‘n Il LB Media E Il LB Media
f 200 Il LB+Glucose o 2001 Il LB+Glucose
T Bl LB+Glycerol o B LB+Glycerol
04 0
3 6 9 12 24 3 6 9 12 24
Time [h] Time [h]

Figure 4.6 PHB yields in E. coli strains transformed with plasmid A) pPHB_Wt and pPHB_Syn
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4.5 Confirmation of PHA producing cells and Carbonosomes

using microscopy

Nile red stained PHB producing cells show intracellular fluorescent red carbonosomes
under the fluorescent microscope when excited with 548 nm wavelength (Berlanga et al.,
2006; Gorenflo et al., 1999) (Section 2.3.2.3). Nile red is lipophilic dye as discussed in
the methods used for the estimation intracellular hydrocarbon and fatty acid(Greenspan et

al., 1985; Greenspan and Fowler, 1985; Maes et al., 2017).

A
B
10 um
E I

Carbonosomes were produced by E.coli K12 transformed with pPHB_Syn and pPHB Wt

plasmid with a PHA producing genetic circuit inducible by L-arabinose. Glycerol and
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glucose supplemented LB media and plain LB media showed the presence of
carbonosome( Figure 4.7 A,C,E). The un-induced cells did not form acarbonosome(

Figure 4.7 B,D,F).
4.6 Confirmation of PHB by NMR spectroscopy

The PHA was extracted for NMR analysis using Trypsin-Sodium hypochlorite method
Section (2.3.2.2). 'H and "C peak characterstic of PHB polymer was observed in the
polymer extracted from PHA producing cells. NMR spectrum at 200 Mz was noisy

because of contaminations from cells (Figure 4.8 A and B).
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Figure 4.8 1H NMR spectrum for polymer extracted from PHB Producing E.coli

A) pPHB_Syn and B) pPHB_Wt growing in LB media supplemented with glycerol and induced with
L-arabinose

To alleviate this diffusion filter NMR spectroscopy was performed (Figure 4.9 A,B,C).
The high gradient strength is sufficient to filter out signals from all low molecular weight
species in the solution, however the signals from PHB is observed in the spectrum due to
the slow diffusion of the polymer. The diffusion coefficient determined for PHB is ~ 2.35
x 10-11 m2/s which is typical for polymeric species corresponding to 1450 3HB units
which suggests the Number of average molecular weight (Mn) for PHB is 150,000 KDa .
The 2D correlation spectroscopy (COSY) experiment was recorded with 2K x 128 data
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points and 16 scans (Figure 4.9D). The connectivity pattern between the different types of
protons clearly shows that the polymeric species is PHB and there are no co-polymers. In
PHB_GISyn cells PHB was not produced in initial 24 hrs of growth rather the PHB was

produced only after addition of adding glycerol continuously only after 36 hrs.
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Figure 4.9 NMR Spectroscopy for structural confirmation
(A) 1H NMR spectrum of extract from recombinant E.coli grown on glycerol (blue, S00MHz),
diffusion filtered spectrum of the extract (Black, 500MHz) and spectrum of PHB standard (Red,
200MHz) in CDCI3 at 25C. The diffusion filtered spectrum selects signals from macromolecules and
eliminates signals from low molecular weight species clearly shows the presence of PHB (B) DEPT
spectra (C) 13C spectra of cell extract and PHB standard recorded on a 500 MHz spectrometer.
Spectra of cell extract and PHB standard are show in blue and red respectively. The different types of

carbons in PHB are indicated (D) COSY spectrum peaks in 2D marked with square

NMR analysis suggested that E. coli transformed with pBAD Syn and pBAD Wt
produce PHB only while growing on glycerol. Cells growing on glucose and LB broth did
not produce any PHB. This suggests that formation of carbonosome does not ensure

polymerization and potentially monomer levels are very important as well. Integration of
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heterologous DNA coding for the PHB producing circuit into the genome of E. coli
would allow for the stable expression without the need for antibiotic selection. Site
specific integration of DNA was achieved using through homologous recombination

techniques.
4.7 Genome Integration of the PHB circuit into E. coli

A preliminary screen of PHA production was conducted on LB plates. Colonies with
potential genome integration of the PHB circuit were screened using Agilent DNA 12000
Kit chip based assay after colony PCR (Figure 4.10). Those found positive were tested
for expression of Pctgene using Agilent Protein 230 Kit chip based assay (Figure 4.10).
The three clones found positive were for the PHB Syn. The genome integration with
PHB Wt was not successful because of large size of the genome integration and

heterologous wild type genes could not survive wild type nucleases and recombinases.

The complete lysate was run on SDS-PAGE to detect PhaCcv in insoluble fraction and
unlike plasmid does not show the expression of both the protein due to the single copy of

the gene (Figure 4.12)
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Figure 4.10 Genome Integration of PHB_ Syn operon in E.coli genome by Tn7 Transposon

4.7.1 Confirmation of carbonosome formation in the genome

integrated PHB producing E. coli strain

Fluorescent microscopy of the genome integrated strain PHB_GISyngrown on glycerol
supplemented LB media and LB media after induction produced the carbonosome (Figure

4.11A, E). Growth on glucose however did not produce any carbonosome even after
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induction (Figure 4.11C, D).
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Figure 4.13 "H NMR spectrum for polymer extracted from E.coli transformed

4.8 Confirmation of PHB produced in the genome integrated
E. coli strain

NMR Spectrometry further confirmed the identity of the PHA as PHB when glycerol was
the carbon source. No polymer was detected during growth on Glucose supplemented LB
media and LB media. One of the potential causes includes catabolite repression of pBAD
promoter in presence of glucose. Another reason could potentially be the differential

impact of an indigenous AraC in E.coli K12 in PHB_ GISyn.

4.9 Growth and PHB production in the genome integrated
PHB producing E. coli strain

Growth experiments on glucose and glycerol indicated growth rates and yields similar to
plasmid strains. The PHB was produced to a high concentration of 795 pg/ml when
glycerol was used as carbon source at 24 hours of growth. Growth rates were similar for
PHB_GISyn grown on high and low substrate concentrations. The final biomass yields
were higher at 20mg/ml substrate concentrations. No PHB was formed while growing on
glucose. Although, the glycerol uptake rates were similar, the maximum yield of PHB

was dependent on concentration of substrate (higher on 20 mg/ml glycerol).
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Figure 4.14 Growth and substrate utilization for PHB_GISyn on LB media supplemented with

glucose and glycerol

Table 4.3 Growth rate, Substrate uptake rate and PHB yields for PHB_GISyn

Glycerol PHB_GISyn

Ul I
Uptake rate [mmols/h] 7.71 8.39
Growth Rate [h'] 0.42 0.42
Maximum Biomass Yeild [mgDCW] 3.13 3.28

PHB Production [pg/mgDCW] - 395 41
Glucose PHB_GISyn

Ul |
Uptake rate [mmols/h] 2.75 3.83
Growth Rate [h™'] 0.34 0.34
Maximum Biomass Yeild [mgDCW] 2.80 2.66

PHB Production [pg/mgDCW]
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4.10 Insilico analysis of PHB producing strain

A four reaction module for augmenting the genome scale E. coli model iJO1366 (Orth et
al., 2014) with PHB production capabilities through action of Acyl-CoA transferase and
Polyhydroxylakanoate Synthase reactions was developed (Table 4.4). The degree of
polymerization calculated from the NMR data was 1700. This was incorporated into the
stoichiometric reaction vector specific for our system. The set of constraints obtained
from the experimental data and robustness analysis. For simulating LB media condition
reduced costs on catabolizable 11 amino acids exchange reactions were used as a fixed
uptake. Reduced cost is the sensitivity of the objective function in response to change in
fluxes of a particular reaction and its effect on the objective these included. The +ve value
of reduced cost suggests the secretion of these amino acid at the cost of growth which is
the objective (Table 4.5). Thus by fixing uptake value to the —ve of the reduced cost we
are reliving the in silico model from extra cost of making these amino acids. Other
constraints were taken from experimental results (i) Substrate (Glucose and Glycerol)
uptake rates (ii) Growth yields (iii) PHB secretion associated with molar growth yields of
each strain (Table 4.6).

Table 4.4 Reactions added in iJO1366 GSM for simulating for PHB production for experimental

growth and substrate uptake rate

Reaction name Formula Reaction Stoichiometric vector

Reactions predicted to be catalyzed by Pct,,

Pct_but 'accoa[c]'.'but[c]'"'ac[c]".'btcoa[c] [1,1,-1,-1]
Pct_acac btcoa[c]'.'acac[c]'".'but[c]'.'aacoa[c] [1,1,-1,-1]
Pct_ppa accoa[c]','ppa[c]'.'ac[c]".']ppaco|c] [1,1,-1,-1]

Reaction annotated to be catalyzed by Pct,,

Act_but ac[c]','butcoa[c]'accoa[c]','but[c] [1,1,-1,-1]

Reaction catalyzed by PhaC,,

PhaC 3hbcoalc]','PHBJc]','coa[c] [-1700,1,,1700]
Ex PHB[c] 'PHB[c] ->' 'PHB[e] <=>" -
Ex PHBJ[e] 'PHB[e] <=>" -
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The incorporation of the reactions from genetic circuit in GSM has estimated the
difference in the growth yield for the glucose and glycerol with the accuracy of 80 %
and above. The flux balance analysis model clearly predicts better yield of PHB with

better accuracy on glycerol as the C-source than glucose.

Table 4.5 Constraints to simulate LB media conditions to derived from reduced cost analysis

Amino Acids Exchanges -ve Reduced Cost
L-Alanine EX ala-L(e) -0.046857
L-Aspartate EX asp-L(e) -0.052064
L-Arginine EX arg-L(e) -0.112458
L-Aspargine EX asn-L(e) -0.056229
L-Cysteine EX cys-L(e) -0.089550
L-Glutamine EX gIn-L(e) -0.076013
L-Glutamate EX glu-L(e) -0.074972
Glycine EX gly(e) -0.025511
L-Lysine EX lys-L(e) -0.122871
L-Proline EX pro-L(e) -0.094757
L-Serine EX ser-L(e) -0.043734
L-Threonine EX thr-L(e) -0.076013
L- Tryptophan EX trp-L(e) -0.211381

Table 4.6 Constraints used to simulate Induced and Un-induced condition

Constraints for Induced condition

Reaction Lower bound Upper Bound
(Ib) mmole.gDCW'h™ (ub)mmole.gDCW'h™
Glc/Gly Exchange -1 -1
PhaC 1 1000
PHB Exchange Fixed Experimental value
3-HB Exchange 0 1000
Constraints for Uninduced condition
Glc/Gly Exchange -1 -1
PhaC 0 0
PHB Exchange 0 1000
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Table 4.7 FBA prediction after applying experimental constraints

Glycerol
Strain GR/SUR PHB Robustness Model
Production 3-HB Prediction

SynUI 0.065 - 0.0834 0.0647
Synl 0.068 3.4x10° - 0.0637
WtUI 0.067 - 0.0755 0.0691
Wil 0.070 3.3x 10 - 0.0650
Glucose

SynUI 0.114 - 0.0782 0.1137
Synl 0.089 0 0.1229 0.1077
WtUI 0.104 - 0.0950 0.1044
Witl 0.084 0 0.1313 0.1077

Flux Variability Analysis was performed to understand the redundancy & flexibility in
the network comparison of FVA with the two C-sources (Glucose and Glycerol) 41 out of
1608 internal metabolic reactions change their flux direction. Constraints-based methods
like Flux variability analysis (FVA) and correlated sets of analysis can identify the
redundancy of the network and identify establish flux redistribution or metabolic rewiring

towards fatty acid metabolism critical for monomer 3HB-CoA synthesis.

4.11 Conclusions

This chapter discussed the need to evaluate pathways in the context of the host organism
in order to relieve the metabolic burden associated with import of biosynthetic potential.
Understanding genetic circuits and standardizing their function is paramount for strain
design. In many previous studies the entire operon containing genes for PHB production
have been cloned and expressed into the host organism (S. Y. Lee et al., 1994; Mahishi et
al., 2003). Herein, we have shown how minimal genes from a pathway not native to E.
coli can be introduced to complement host metabolism and allow for product synthesis.
The problems of plasmid not being a good choice for the metabolic engineering due to
maintenance costs and antibiotic selection markers were also addressed by integrating the
PHB production circuit into the E. coli. Methods for screening clones and product

evaluation are critical and this chapter used one such scalable method for PHB
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quantitation from cells developed in this thesis. It is necessary to understand the carbon
and energy source utilization and limitations for a system to augment the genetic circuit
design, but the extensive media optimization and bioprocess optimization by integrating
design concepts, mechanistic modeling and high throughput screening is the essential

aspect of strain development.
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Chapter 5

Conclusion and Future scope

Metabolic Engineers have all the tools—

Biology, computing, and engineering rules,
Knowledge, experience, perspective on detail.
Let’s help Metabolic Genomics to set sail.
Opportunity’s here . . . but now it’s time for a beer!
For the times, they are a changing’.

-James Bailey
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Figure5.1 Synthetic biology paradigm culminating into cell factories; End of the loop
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Microbes can be used as factories- cell factories for bio-based production of chemicals.
However, naturally occurring microorganisms in most cases are not capable of producing
desired value added products at high efficiencies. Metabolic engineering and synthetic
biology and systems biology together can enhance the ability of bio-based product
formation at both the cellular and the bioprocess levels. The advent of technologies to
understand the molecular mechanisms and regulatory processes underlying the bacterial
synthesis of drugs and biopolymers over the past decade has resulted in powerful tools to
engineer host organisms that are capable of not only efficient native molecule production
but also the production of modified molecules exhibiting unique catalytic or material
properties for specific applications. These designer organisms can efficiently convert
different carbon sources into a diverse range of polymers with varying chemical and
material properties, making the process sustainable with the promise of attainable and
viable economic cost. In my thesis I have looked at targeting cellular levels of value
added products ranging two ends of the molecular spectrum (a low molecular weight drug
and a bioplastic polymer). The work described in this thesis uses a synergistic approach
combining the three fields of metabolic engineering, systems biology and synthetic
biology using computational and experimental tools for the first time to explore the
potential of making a drug molecule violacein and a biopolyester, Poly hydroxy butyrate

successfully.
5.1 Recapitulation

Some of the main outcomes described in this thesis are recapitulated here.

e Genes, operons and pathways were designed for drug molecule violacein using
first principles for expression in E. coli

e Genes were designed as a circuit for biopolymer molecule PHB for expression in
E. coli

¢ A novel scalable method was developed for absolute quantitation of PHB

e Constraints-based analysis identified tryptophan and NADPH as limiting for
violacein biosynthesis

e Gene sequence optimization of vioABCDE operon increases TIR by a maximum

of 50 fold
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o Altered growth rates and growth yields in synthetic operon constructs as
compared to recombinant or wild type constructs

o Integrative strategies for strain design and development improved yields

e Integration of PHB circuit genes into E. coli genome eliminates antibiotic

selection and produces PHB
5.2 Future of Metabolic Engineering

Synthetic biology lends itself elegantly to metabolic engineering and microbial cell
factories. The design principles and engineering tools to build and optimize cellular
processes are state of the art today and encompass the field of synthetic biology. This
process allows access to 3--tiers of optimization: the central dogma, intrinsic regulatory
interactions and extrinsic environmental interactions leading to their seamless integration.
Since synthetic biology in its broadest sense aims to harness the emergent properties of
the central dogma for biotechnology and human use, recent paradigm shift towards a
systemic approach is central. It can rely heavily on the databases of biochemical,
molecular and genomic information based on large--scale experimentation and
computational analysis of biochemical networks. The reconstruction of in silico genome
scale stoichiometric models of metabolic networks that compute the functional state of
the cell accurately facilitate a priori determination of effects of gene deletions and
insertions, redox and growth parameters ideally lends itself to this effort. However, the
complexity of metabolic pathways, along with regulation often results in unexpected
outcomes for metabolic engineering and the resulting strains may require extensive fine-

-tuning to be economically viable.
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Appendix I

Table I List of Strains

Name Genotypes Comment
E.coli DH10 Genotype:F endAl deoR recAl galE15 galK16 nupG ~ Invitrogen
rpsL A(lac)X74 ¢80lacZAM15 araD139 A(ara,leu)7697
R -
mcrA A(mrr-hsdRMS-merBC) Str A
Chromobacterium ATCC 12472 Acquired from
violaceum ATCC
E.coliKi2 MGI1655  F- lambda- ilvG- rfb-50 rph-1 Acquired from
(ATCC47076) ATCC
E.coli K12 MG1655 AtrpR F- lambda- ilvG- rfb-50 rph-1AtrpR Ghenerated in
Lab from
E.coliKi12
E.coli K12 MG1655 ApheA F- lambda- ilvG- rfb-50 rph-1AtrpR Ghenerated in
Lab from
E.coliKi12
E.coli K12 MG1655 Apgi F- lambda- ilvG- rfb-50 rph-1AtrpR Ghenerated in
Lab from
E.coliKIi2
PHB_GISyn F- lambda- ilvG- rfb-50 rph-1AtrpR+ Genome integrate ~ Ghenerated in

PHB producing operon PHB-Syn

Lab
E.coli K12

from
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Table: II List of primers,

Name Sequences and Genotypes Comment
Ter-Pro FW GGTTTGAAACTCTAAGGTACGAATTCTTTGGCGGATGAGA Tm: 56.4  Terminator-Promoter
°C Forward Primer
Ter-Pro RV GAGTTGACGAACTGCTGCATGGTGAATTCCTCCTGTTAGC Tm: 58.4  Terminator-Promoter
°C Reverse Primer
PhaC_FW GCTAACAGGAGGAATTCACCATGCAGCAGTTCGTCAACTC Tm: 58.4  phaC
°C Forward Primer
PhaC_RV CTCATCCGCCAAAACAGCCATCATTGCAGGCTGGCGGCG  Tm: 63.0  phaC
°C Reverse Primer
Ter_pro rrB terminator-araBAD promoter sequence; double stranded Linear DNA This Study Chemical
Synthesis by
GeneArt®
Gene synthesis
Services
SynPHB Synthetic Genetic circuit containing PHB Biosynthesis operon This Study Chemical
Synthesis by
GeneArt®
Gene synthesis
Services
WtPHB Genetic Circuit with Wildtype PHB biosynthesis operon This Study
Chemical Synthesis
by GeneArt®
Gene synthesis
Services
VA FW AATTCGAGCTCGGTACAACTGCTCCAGCCTTTGCCGC  Tm65.3 Wt VioA Gene
Forward Prrimer
VA RV CGAACGGTCATGGCTGACAAGC Tm 65.8 Wt VioA Gene
Reverse Primer
VB_FW GCTTGTCAGCCATGACCGTTCG Tm 65.8 Wt Vio BC

Forward Primer
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VB_RV GCTTTCCACAAGCCAAATCCAGC Tm 64.6 Wt Vio BC
Reverse Primer
VCD_FW GCTGGATTTGGCTTGTGGAAAGC Tm 64.6 Wt Vio DE Genes
Forward Primer
VCD_RV GCCAAGCTTGCATGCCAACATCCCGCCAATTTCCTGGC Tm: Wt Vio DE Genes
64.2 .
Reverse Primer
VA_FWSyn GACCATGATTACGCCAATGAAACATAGCAGCGATATT Tm: 64.2 Syn VioA Gene
Forward Prrimer
VA RVSyn AACGGTATTGCTTGCCATATC Tm: 59.1 Syn VioA Gene
Reverse Primer
VB_FWSyn TATGGCAAGCAATACCGTT Tm: 60.4 Syn VioB Gene
Forward Prrimer
VB_RVSyn CGTTTCATTTTATGCTTCACG Tm: 61.2 Syn VioB Gene
Reverse Primer
VC_FWSyn CGTGAAGCATAAAATGAAACG Tm:58.2 Syn VioC Gene
Forward Prrimer
VC_RVSyn ACCAATAACCAGGATTTTCAT Tm: 57.9 Syn VioC Gene
Reverse Primer
VDE FWSyn ATGAAAATCCTGGTTATTGGT Tm: 61.7 Syn VioDE Gene
Forward Prrimer
VCD RV GCCAAGCTTGCATGCCAACATCCCGCCAATTTCCTGGC Tm: 62.2 Syn VioDE Gene
Reverse Primer
PLAGI2 Fw: AGTAAGCCACGTTTTAATTAATCAGATCCCCATACTCCCGCCATT Forward primer for
CAGAG Tm: PHB Genetic circuit
Genome Integration
PLAGI2_Fw: CGAGCGCGCCGTGGCGCGCCTCCTAGGTGCGAGCGTTCACCGAC  Reverse primer for

AAACAAC

PHB Genetic circuit

Genome Integration
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Table: III List of plasmids

Name Sequences and Genotypes Comment
pBAD_pct Propionyl-CoA Transferase pctle from Acetobacter pasteurianus 386B cloned in pPBADHis C A238 This Study
Chemical Synthesis by
GeneArt®
Gene synthesis Services
pPHB WT Wild type Propionyl-CoA Transferase pctap from Acetobacter pasteurianus and wild type phaC Generated in Lab
cvfrom Chromobacterium violaceum expressed under pPBAD promoter
pPHB Syn Synthetic Propionyl-CoA Transferase pctap from Acetobacter pasteurianus and wild type phaC This Study
Cvfrom Chromobacterium violaceum expressed under pPBAD promoter Chemical Synthesis by
GeneArt®
Gene synthesis Services
pSYN Synthetic Violacein operon CVfrom Chromobacterium violaceum expressed under Generated in Lab
cloned in pUC19
pCVW Wild type Violacein operon _from Chromobacterium violaceum expressed under Generated in Lab
cloned in pUC19
pGRG36 Tn7 transposon carrying plasmid for genome integration of PHB Operon Gift from
Nancy Craigs lab
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