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ABSTRACT

Heparosan is a commercially expensive glycosaminoglycan (GAG), composed of repeating
disaccharide units of GlcA and GlecNAc linked by a (1—4) and B (1—4) glycosidic bonds.
Heparosan is a highly anionic and hydrophilic polysaccharide, attributed to the carboxy-
late and hydroxyl groups. Traditionally, pharmaceutical grade heparin is extracted from
animal tissues such as porcine intestine and bovine lung. In early 2008, Animal-derived
heparin caused serious adverse reactions leading to hypotension and the death of nearly
a hundred patients. Heparin contamination was identified to be caused by anaphylactic
response due to the contaminant, over-sulfated chondroitin sulfate (OSCS) present in
the raw heparin. The heparin contamination crisis prompted the FDA to devise strict
regulations on the production and manufacturing of animal derived heparin. Chemoenzy-
matic synthesis emerged as an attractive alternative to the conventional animal derived
heparin. Chemoenzymatic synthesis of heparin requires the linear, unsulfated heparan
sulfate backbone as a starting molecule. The heparan sulfate backbone is also known as
heparosan. This thesis deals with the biosynthesis of heparosan polysaccharide, which is
the first step of chemoenzymatic heparin synthesis process.

Heparosan production through microbial fermentation is a promising method to prepare
chemoenzymatic heparin. Until now, E. coli K5, P. multocida type D and genetically
modified microorganisms have been used to produce heparosan. Biosynthesis of hep-
arosan in E. coli K5 is catalyzed by four proteins, KfiA, KfiB, KfiC and KfiD, present in
serotype specific region 2 of kps loci. Though the heparosan production is high, E. coli
K5 causes urinary tract infections in humans. E. coli K5 uses the heparosan capsule
to masquerade against the host immune system, thus causing the infections. Moreover,
E. coli K5 produces exotoxins and endotoxins, which require extensive purification and
subsequent increase in the processing cost. Above all, E. coli K5 genome encodes N-acetyl
heparosan lyase which depolymerize the heparosan chain. Expression of the N-acetyl
heparosan lyase throughout the fermentation could adversely affect the molecular weight

and polydispersity of the heparosan. These limitations have prompted for the usage of
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safe recombinant bacteria such as E. coli, Bacillus subtilis and Bacillus megaterium for
the production of heparosan.

Bacillus megaterium, a safe gram-positive bacterium has been an important industrial
host due to its superior characteristics such as the efficient expression of heterologous
genes, stable plasmid maintenance, lack of alkaline protease activity and efficient se-
cretion capability. It has been widely used for the recombinant production of various
enzymes and vitamins. In addition, B. megaterium is free of endotoxins as opposed to
E. coli K5.The present thesis aimed to address the gaps pertaining to the heparosan
production in B. megaterium. The primary focus of the present thesis is (i) Metabolic
engineering of B. megaterium for heparosan production (ii) Enhancing the heparosan
production by molecular and bioprocessing strategies.

The first chapter of the thesis deals with engineering a functional heparosan synthesis
pathway in Bacillus megaterium by the expression of E. coli K5 kfiC and kfiA glycosyl-
transferase genes. SDS-PAGE analysis confirmed the heterologous expression of KfiC
and KfiA proteins of size 59 kDa and 27 kDa, respectively. Upregulation of individual
UDP-sugar precursor pathway genes enhanced the heparosan production, indicating
that UDP-precursor sugar concentrations were limiting the biosynthesis. The engineered
B. megaterium yielded a maximum heparosan concentration of 394 mg/L in batch biore-
actor. The heparosan titer was further increased to 1.32 g/L in fed-batch fermentation.
Carbazole analysis revealed that heparosan was primarily accumulated in the cell pellet
during the course of fermentation. Nuclear magnetic resonance analysis revealed that
the chemical structure of B. megaterium derived heparosan was identical to E. coli K5
heparosan. The heparosan molecular weight varied from 31 to 60 kDa, indicating its
potential as a precursor for chemoenzymatic heparin synthesis.

The second chapter of the thesis deals with the development of dual promoter expression
system for heparosan production in B. megaterium. Heparosan production is facilitated
by the formation of KfiC-KfiA enzyme complex and the concerted action of KfiC and KfiA
glycosyltransferases. Hence, the comparable co-expression of KfiC and KfiA proteins are
essential to increase the polymerization activity of KfiC-KfiA complex. In the previous
chapter, kfiC and kfiA genes were expressed in polycistronic manner, resembling the E.
coli K5 gene cluster. We observed an unbalanced expression of KfiC and KfiA proteins.
Hence, dual promoter plasmid system was constructed to increase the expression levels
of KfiC and KfiA proteins. Dual promoter plasmid system along with UDP-glucuronic

acid pathway overexpression (CADuet-DB) increased the heparosan production to 203
viii
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mg/L in shake flask experiments. In addition, the process variables such as temperature,
inducer concentration and OD prior to the induction was also optimized to improve the
heparosan production. Batch and fed-batch fermentation of strain CADuet-DB under
controlled conditions yielded a maximum heparosan concentration of 627 mg/L and 1.96
g/L, respectively.

The third chapter deals with the influence of sucrose and GlcNAc concentration on
Biomass growth and heparosan production. The heparosan production significantly in-
fluenced by certain factors like substrate concentration and process conditions. Thus,
determining the substrate concentration to identify the inhibition phenomenon on hep-
arosan production and B. megaterium growth. To achieve this, the experiments were
conducted at an initial sucrose concentration range of 10 to 50 g/L in the batch fermenta-
tion. Heparosan concentration was enhanced with increase in sucrose concentration and
the yield was found to be inversely proportional to sucrose concentration. Increase in
the sucrose concentration increased lag time and specific growth rate of the biomass. It
indicates the inhibition effect of the sucrose at high concentration. Further, experimental
data was modeled using modified logistic equation and the kinetic parameters were
determined. we studied the effect of precursors (N-acteylglucosamine and glucuronic
acid) concentration on heparosan production. Batch fermentation with sucrose and N-
acteylglucosamine resulted in the highest heparosan concentration of 911 mg/L in batch
fermentation under optimal conditions. We found the simultaneous consumption of
sucrose and N-acetylglucosamine, hence interactive multi substrate kinetic model
was used to describe the biomass growth and heparosan production. Overall, this thesis
addressed a safe approach to synthesize heparosan from B. megaterium, which have

potential applications as a heparin precursor and in drug delivery applications.

X
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CHAPTER

INTRODUCTION

1.1  Glycosaminoglycans

Glycosaminoglycans (GAGs) are negatively charged polysaccharide molecules, composed
of repetitive disaccharide units linked by glycosidic bonds. The repetitive disaccha-
ride units consist of an uronic acid and an amino sugar moieties (Figure 1.1). GAGs
are primarily classified into four different groups based on the repeating disaccharide
units, which include (i) heparin/heparan sulfate, (ii) keratan sulfate, (iii) chondroitin
sulate/dermatan sulfate and (iv) hyaluronic acid. They are covalently attached to the

proteins of extracellular matrix (ECM) as proteoglycans except hyaluronic acid, which

‘ Uronic acid . Amino sugar

Figure 1.1: Schematic representation of glycosaminoglycan structure
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Table 1.1: Structure and monosaccharide components of different GAGs

Monosaccharide composi-

GAG type ton

Molecular structure

D-glucuronic acid or L- —4) B-D-GlcA or a-L-IdoA
iduronic acid and N- (1—4) a-D-GlcNAc (1—,
acetyl-D-glucosamine with sulfation

heparin / heparan
sulfate

D-glucuronic acid or L- —4) B-D-GlcA or a-L-IdoA

iduronic acid and N- (y—.3) B-D-GalNAc (1—,
acetyl-D-galactosamine  with sulfation

chondroitin sulfate
/ dermatan sulfate

Galactose and N-acetyl- —3)B-D-Gal (1—4) B-D-
D-glucosamine GleNAc (1—, with sulfation

D-glucuronic acid and N- —4) B-D-GlcA (1—3) B-D-
GleNAc (1—, without sulfa-
tion

Keratan sulfate

Hyal ic aci .
yaluronic acid acetyl-D-glucosamine

is present within the ECM. They are of critical importance in various functions of the
cells including signal transduction, coagulation and complement cascade reactions, cell
adhesion and pathogen recognition. The physiological significance of the GAGs within
the body is determined by the molecular structure [20]. The structure, monosaccharide

sugar composition and the glycosidic linkages of the GAGs are given in Table 1.1.

1.2 Heparin and heparan sulfate

Among the GAGs mentioned above, heparin/heparan sulfate is one of the naturally
occurring, highly sulfated and the most complex GAGs. Heparin and heparan sulfate are
synthesized in golgi apparatus of mammalian cells by the concerted action of different
enzymes and its isoforms. Heparan sulfate is a major component of the ECM and
the cell surfaces, generally found as proteoglycans. It is found to be involved in the
regulation of a wide range of biological processes such as angiogenesis, cell signalling
and tumor metastasis. On the other hand, heparin is present intracellularly in the
granules of mast cells. It is mainly involved in the blood anticoagulation, wound healing,
cellular communication, inflammation and pathogen recognition [62]. It is widely used
as an anticoagulant agent for the prevention of blood coagulation during extracorporeal

therapies.
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1.2. HEPARIN AND HEPARAN SULFATE

1.2.1 Heparin production methods

Pharmaceutical grade heparin is traditionally extracted from animal sources such as
porcine intestine and bovine lung. The preparation of pharmaceutical grade heparin
from animal tissues comprises of the following steps. (i) collection and stabilization of the
tissue, (ii) Digestion and release of heparin, (iii) recovery of raw heparin, (iv) purification
of heparin and bleaching, (v) recovery of purified heparin. The process flow chart for
extraction of heparin is presented in Figure 1.2. Briefly, heparin extraction process begins
with soaking of the intestine in a salt solution and subsequent removal of intestinal
mucosa. The resulting mucosa was preserved in sodium bisulphite, an oxygen scavenger,
to limit microbial growth until further processing. The preparation of mucosa was carried
out at pig slaughtering facility (not under current good manufacturing practices (cGMP)
conditions) to reduce the environmental impact. The mucosa was further digested with
proteolytic enzymes to release the heparin from the cells and proteoglycans. The raw
heparin was purified by precipitation with quaternary ammonium salts, ion exchange
resins, precipitation and bleaching. The purification of raw heparin was carried out
in Food and Drug Administration (FDA) approved facilities under cGMP conditions to
eliminate all potential contaminants such as other GAGs, residual proteins, endotoxins

and viruses. The final yield of heparin was found to be approximately 300 mg per animal

[113].

1.2.2 Heparin contamination crisis

In early 2008, the patients administered with heparin developed a serious adverse clinical
reactions including angioedema, hypotension, swelling of the larynx and other severe
symptoms. subsequently, these adverse symptoms resulted in the death of nearly hundred
patients in the united states and turned this into a national health care crisis. As a result,
the contaminated heparin lots were voluntarily recalled from the international market.
The symptoms suggested an anaphylactoid response, however the exact etiology was not
known [63]. The multiple orthogonal techniques such as multi-dimensional NMR was
employed to identify the structure of the contaminated lots of heparin, which revealed the
over-sulfated chondroitin sulfate (OSCS) as a potential contaminant, a highly sulfated
"heparin like" polysaccharide [37]. Heparin contamination crisis prompted the FDA to

devise strict regulations on the production and manufacturing of animal-derived heparin.
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a) Steps involved in pig slaughtering facility under non-cGMP conditions

Regulatory compliant «| Intestines scrapped & Preservation of tissues

countries 4 from hogs » with sodium
metabisulphite

Recovery by anion
exchange resin &
Ethanol precipitation

Solubilization of mucosa

: Raw heparin
with proteases

Y
Y

b) Steps involved in FDA inspected facilities under cGMP conditions

Acdie precipitztior; L .| Bleaching under .| Cation exchange to
TEMOYe eelcta alkaline conditions g remove cations
proteins
Ethanol precipitation & > Pre-, Dia-, Ultra- > Heparin AP|
Resolubilization filtration & Drying

Figure 1.2: Process flow chart for the extraction of heparin from porcine intestinal tissues. GMP:
Good Manufacturing Practices, FDA: Food and Drug Administration

1.2.3 Heparin production from non-animal sources

Currently, heparin extraction from animal sources fulfils the worldwide demands, how-
ever it is not a sustainable option due to safety, quality control issues and adverse
environmental impact. These limitations triggered the scientific community to explore
an alternative sources of heparin production. Chemical and chemoenzymatic synthe-
sis emerged as an attractive alternative to the conventional animal-derived heparin.
Fondaparinux, a heparin anti-thrombin binding domain based drug was synthesized
using chemical methods, which showed a safer and superior characteristics than animal-
derived heparin. Chemical synthesis of fondaparinux was achieved in approximately 55
steps, which corresponds to its very low yield and extremely high cost [16]. Consequently,

animal-derived heparin is preferred over fondaparinux due to its lower price.
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Polysaccharide backbone
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Figure 1.3: Chemoenzymatic synthesis of heparin. PAPS, 3-phosphoadenosine-5-phosphosulfate;
OST, O-sulfotransferase

Chemoenzymatic synthesis of heparin offers several advantages over chemical syn-
thesis such as scalability, cost-effective, lesser steps and generation of longer chain
polysaccharides [130]. Chemoenzymatic synthesis employs heparan sulfate biosynthetic
enzymes to synthesize the disaccharide backbone consisted of D-glucuronic acid (GlcA)
and N-acetylglucosamine (GlcNAc). Further modification of the backbone relies on recom-
binantly expressed enzymes including N-deacetylase/ N-sulfotransferase, C5-epimerase,
2-O-sulfotransferase, 6-O-sulfotransferase, and 3-O-sulfotransferase. Chemoenzymatic
synthesis of an ultra low molecular weight heparin with an excellent anticoagulant
properties was achieved in 10 steps with an overall yield of 45% from simple disaccharide
backbone. The synthesized heparin exhibited excellent anticoagulant and pharmacoki-

netic properties comparable to fondaparinux [130]. In another study, heparan sulfate
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HOOC OH
0 0
0
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Figure 1.4: Chemical structure of heparosan. It is composed of repeating disaccharide units of
GlcA and GleNAc linked by 8 (1—4) and a (1—4) glycosidic bonds

pentasaccharide with antithrombin ITI-binding domain was enzymatically synthesized in
6 steps with two-fold higher yield compared to chemical synthesis [55]. chemoenzymatic
synthesis offers an efficient method to prepare heparin with an excellent anticoagulant
activity. Chemoenzymatic process of heparin synthesis is illustrated in Figure 1.3.

However, chemoenzymatic synthesis of heparin requires the linear, unsulfated hep-
aran sulfate backbone as a starting molecule. The heparan sulfate backbone is also
known as heparosan. The chain length and monosaccharide composition of the hep-
arosan determines the molecular weight and size distribution of heparin, which in turn
affect the biological activity. This dissertation deals with the biosynthesis of heparosan

polysaccharide, which is the first step of chemoenzymatic heparin synthesis process [20].

1.3 Heparosan

Heparosan is a commercially expensive GAG, composed of repeating disaccharide units of
GlcA and GlcNAc linked by B (1—4) and a (1—4) glycosidic bonds (Figure 1.4). Heparosan
is a highly anionic and hydrophilic polysaccharide, attributed to the carboxylate and
hydroxyl groups. Heparosan is an endogenous precursor in the biosynthesis of heparin
and heparan sulfate in humans, thus does not elicit any immune response. Unlike
heparin and heparan sulfate, heparosan is devoid of any biological activity with respect to
coagulation, inflammation and others due to the lack of GlcA epimerization and sulfation.
In addition, Heparosan is biodegradable through lysozyme mediated heparin/heparan
sulfate degradation pathway in humans. Owing to these characteristics, heparosan has

wide utility in biomaterials and drug delivery applications [26].
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1.3.1 Applications of heparosan

The superior characteristics of heparosan has a potential to replace polyethylene gly-
col (PEG) as a conjugating vehicle in drug delivery applications [48, 58]. Heparosan
based nano-drug carrier was developed for intracellular drug delivery [21]. The novel
drug delivery platform, HEPtune, was developed based on heparosan to enhance the
therapeutic potential by increasing the plasma half life and the lack of immunogenicity
[26]. Recently, heparosan was proven to be a potential alternative to hyaluronic acid, a
well known polysaccharide/biopolymer, as a nano-carrier for anticancer therapy [95]. In
addition to drug delivery applications, heparosan is also used in biomaterials, gel and

scaffolds for tissue engineering due to biocompatibility and water retention properties.

1.3.2 Sources of heparosan
1.3.2.1 Production of heparosan from microorganisms

Certain pathogenic microorganisms produce glycosaminoglycans as a capsule, which
mimic the host polysaccharides, to evade host immune system during infection. So far,
heparosan has been found to be synthesized by some pathogenic bacteria including
Escherichia coli K5 [114], Pasteurella multocida Type D [85, 94] and Avibacterium
paragallinarum [129]. However, E. coli K5 has been extensively studied for heparosan
production by fermentation. The E. coli fermentation offers cost-effective and high

production of heparosan.

1.3.2.2 Production of heparosan using glycosyltransferases

The natural heparosan producing microorganisms and mammalian cells possess glycosyl-
transferases, which catalyse the synthesis of heparosan polysaccharide chain. Harnessing
the glycosyltransferases facilitate the synthesis of heparosan in-vitro and in other het-
erologous hosts. The mammalian glycosyltransferases, EXT1 and EXT2 have shown to
form an active hetero-oligomeric complex, when co-expressed in yeast and mammalian
cells. These cells were able to synthesize heparan sulfate chains [104]. In Drosophila,
TTV, SOTV and BOTV enzymes, which are homologous to the mammalian EXT1, EXT2
and EXTL3 enzymes, were involved in the formation of heparan sulfate chains [44].
Similarly, heparosan biosynthesis in E. coli K5 is regulated by the stable association

of KfiC and KfiA enzymes that possess glucuronyltransferase and glucosaminyltrans-

7
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ferase activities, respectively [42, 108]. Unlike E. coli K5, P. multocida Type D possesses
PmHS1, a bifunctional glycosyltransferase that has both glucuronyltransferase and glu-
cosaminyltransferase activities [27]. PmHS2, a cryptic homolog to PmHS1 was identified

and shown to produce heparosan when expressed in recombinant E. coli cells [28].

1.4 Definition of the problem

Heparosan can be efficiently produced by microbial fermentation and substantial reports
are available on heparosan production by E. coli K5 fermentation [64, 123, 124]. Though
enhanced heparosan production was reported, there are serious limitations associated
with E. coli K5. All the natural producers are highly pathogenic and especially, E. coli K5
causes urinary tract infections in humans [114]. E. coli K5 uses the heparosan capsule to
masquerade against the host immune system, thus causing the infections [24]. Moreover,
E. coli K5 produces exotoxins and endotoxins, which require extensive purification and
subsequent increase in the processing cost. Moreover, E. coli K5 genome encodes N-acetyl
heparosan lyase which depolymerize the heparosan chain. Expression of the N-acetyl
heparosan lyase throughout the fermentation could adversely affect the molecular weight
and polydispersity of the heparosan [59]. These limitations have prompted for the usage
of safe recombinant bacteria such as E. coli, Bacillus subtilis and Bacillus megaterium
for the production of heparosan.

Bacillus megaterium, a safe gram-positive bacterium has been an important industrial
host due to its superior characteristics such as the efficient expression of heterologous
genes, stable plasmid maintenance, lack of alkaline protease activity and efficient se-
cretion capability. It has been widely used for the recombinant production of various
enzymes and vitamins [13, 68]. In addition, B. megaterium is free of endotoxins as op-
posed to E. coli K5. The genome sequences of B. megaterium expression strains DSM319
and QM B1551 are available in NCBI database (CP001982 and CP001983 respectively).
A well characterized versatile expression systems allow efficient genetic manipulation
in B. megaterium [12, 32, 101]. Whole genome sequence analysis revealed the presence
of all homologous genes involved in the heparosan synthesis pathway except glycosyl-
transferase genes. In addition, B. megaterium genome does not encode any enzyme that
depolymerize the heparosan. These characteristics endorse B. megaterium as an efficient

heparosan production system in the present work.

8
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1.5. OBJECTIVES OF THE PRESENT WORK

1.5 Objectives of the present work

Natural producers of heparosan are highly pathogenic to humans. In addition, they are
associated with the secretion of endotoxins and expression of heparosan lyase, which
would adversely depolymerize the heparosan. To overcome the bottlenecks in heparosan
production using natural producers, recombinant safe production of heparosan was
attempted in B. megaterium expression system using metabolic engineering approaches.

Accordingly, the following objectives were formulated in this thesis work:

1. Metabolic engineering of B. megaterium for heparosan biosynthesis using E. coli

K5 glycosyltransferases

2. Application of Dual promoter expression system for the enhanced heparosan pro-

duction in B. megaterium

3. Influence of sucrose concentration and N-acetylglucosamine supplementation on

heparosan biosynthesis in B. megaterium
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Heparosan production through microbial fermentation is a promising method to prepare
chemoenzymatic heparin. Until now, E. coli K5, P. multocida type D and genetically
modified microorganisms have been used to produce heparosan. A clear understand-
ing of the heparosan metabolic pathway is critical in devising any strategies to tackle
the challenges in heparosan production. Briefly, heparosan biosynthesis in producing
microorganisms consisted of three steps. (i) UDP-precursor sugar biosynthesis, (ii) poly-
merization by glycosyltransferases and (iii) heparosan transportation to the cell surface
[6]. The following section explains the metabolic pathways involved in heparosan biosyn-
thesis in E. coli K5 and P. multocida.

2.1 Heparosan biosynthesis in E. coli K5

2.1.1 Genetic organization of E. coli K5 heparosan biosynthesis
gene cluster

E. coli K5 belongs to the family of group 2 capsule producers. The biosynthesis of group

2 capsules is facilitated by proteins encoded by kps loci in the genome. Group 2 kps loci

is divided into three regions (Figure 2.1). Region 2 genes encode for glycosyltransferases

and rate-limiting UDP-nucleotide sugar synthetases involved in capsular polysaccharide

biosynthesis. Region 2 genes are serotype specific and varies according to the structure

11
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kpsF kpsE kpsD kpsU kpsC kpsS kfiD kfiC kfiB kfiA kpsT kpsi
| Region 1 || Region 2 | | Region3 |

Figure 2.1: Genetic organization of E. coli K5 kps loci. Region 2 consists of serotype specific
glycosyltransferases (kfiA,B,C,D) which involve in the biosynthesis of heparosan. Region 1
(kpsF,E,D,U,C,S) and 3 (kpsM,T) are conserved among different serotypes and involve in the
export of heparosan to the cell surface

and repeating disaccharide units of the capsule [87]. Region 1 and 3 genes are highly
conserved among different serotypes and work independently of the capsular polysac-
charide synthesis. Region 1 and 3 genes are involved in the export and the assembly of
capsular polysaccharide on the cell surface [4, 36, 93].

The schematic representation of heparosan production and export is given in Figure
2.2. Biosynthesis of heparosan in E. coli K5 is catalyzed by four proteins, KfiA, KfiB,
KfiC and KfiD, present in serotype specific region 2 of kps loci. These proteins forms a
hetero-oligomeric complex on the inner face of the cytoplasmic membrane [87]. KfiC and
KfiA encode for B-glucuronyltransferase and a-glucosaminyltransferase, respectively.
Heparosan biosynthesis involves the formation of glycosidic bonds by the addition of
monosaccharide sugars from UDP-precursor sugars. The glycosyltransferase reaction
occurs either by inversion mechanism in which B-GlcA is formed from a-linked UDP-
precursor sugar or by retaining mechanism in which a-GlcNAc is formed from a-linked
UDP-precursor sugar. Both glycosyltransferases add the monosaccharide moiety to the
non-reducing end of heparosan chain [42, 108]. The role of KfiB remains elusive. However,
the structural analysis of KfiB predicted the formation of coiled-coil structure, which
suggested that the probable role of KfiB in the formation and stabilization of the KfiC-
KfiA enzyme complex [36]. kfiD encodes for UDP-glucose dehydrogenase, which oxidizes
the UDP-glucose to UDP-GIcA, one of the precursors in heparosan biosynthesis [105].

KpsU encodes for CMP-Kdo synthetase, which catalyzes the formation of CMP-Kdo (3-
deoxy-d-manno-2-octulosonic acid). Kdo binds to the acceptor molecule a-glycerophosphate
to form phosphatidyl-Kdo [99]. KpsC and KpsS proteins attach the phosphatidyl-Kdo
moiety to the reducing end of the heparosan polysaccharide chain, which then entered
into the export pathway [128]. ABC (ATP-binding cassette) transporter system drives the
translocation of heparosan across cell membrane at the expense of ATP hydrolysis. ABC

transporters are characterized by the presence of two domains, a transmembrane domain

12
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2.1. HEPAROSAN BIOSYNTHESIS IN E. COLI K5

Outer
membrane

Periplasm

Inner
membrane

/ATP ADPQ

UDP-GIcA _ CTP+Kdo

UDP-Glc CMP-Kdo

Figure 2.2: Schematic represenation of E. coli K5 heparosan capsule assembly complex

and a nucleotide binding domain. The proteins encoded by region 3 genes, kpsM and kpsT
constitute the ABC transporter system in E. coli K5. KpsM is the integral transmem-
brane subunit with six transmembrane helices present in the inner membrane whereas
KpsT is a cytoplasmic ATPase. ATP hydrolysis leads to the conformational change of
KpsT and interacts with KpsM, thereby facilitating the export of heparosan across
inner membrane [36]. KpsD and KpsE proteins mediate the subsequent translocation of

heparosan to the cell surface [4, 98].

2.1.2 Biochemistry of heparosan metabolic pathway in E. coli

K5

E. coli K5 uses simple carbon sources such as glucose to produce heparosan. Figure 2.3
depicts the heparosan biosynthesis pathway from glucose in E. coli K5. Glucose is metabo-
lized via glycolysis to glucose-6-phosphate (G-6-P) and fructose-6-phosphate (F-6-P). Two
parallel metabolic branches emerge from G-6-P and F-6-P, which result in the synthesis
of UDP-GIcA and UDP-GIcNAc through multiple sugar intermediates. G-6-P is converted
to glucose-1-phosphate (G-1-P) by a-phosphoglucomutase. The subsequent conversion of G-
1-P to UDP-glucose by UDP-glucose pyrophosphorylase. G-1-P is also used as a precur-
sor for cell wall synthesis (teichoic acid and other cell wall components). UDP-glucose
is oxidized to UDP-GIlcA by UDP-glucose dehydrogenase (kfiD) with a concomitant re-

13
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duction of two NAD+ molecules. The second branch point emerges from F-6-P, which
leads to the formation of UDP-GlcNAc. Glutamine—fructose-6-phophate transaminase
catalyzed the formation of glucosamine-6-phosphate (GlcN-6-P) from F-6-P by transfer-
ring the amino group from glutamine. GIcN-6-P is converted to glucosamine-1-phosphate
(GleN-1-P) by Phosphoglucosamine mutase. Glucosamine-1-phosphate acetyltransferase
/ N-acetylglucosamine-1-phosphate uridylyltransferase, a bifunctional enzyme is respon-
sible for the acetylation of GlcN-1-P to N-acetylglucosamine-1-phosphate (GlcNAc-1-P)
followed by synthesis of UDP-GlcNAc. The latter is also an essential precursor for pepti-
doglycan biosynthesis involved in the cell wall formation. The glycosyltransferases (kfiC
and kfiA) transfer GlcA and GlcNAc from the UDP-precursors to elongate the heparosan
chain.

Microbial heparosan synthesis is a carbon and energy intensive process. One mole of
heparosan disaccharide production requires 2 moles of glucose, 2 moles of ATP, 2 moles of
UTP, one mole of acetyl-CoA. Excess amount of heparosan synthesis causes substantial
metabolic burden on the microbial cell. Moreover, precursors of heparosan biosynthesis
are also required for cell wall synthesis, glycolysis and pentose phosphate pathway
(Figure 2.3). In order to synthesize large quantities of heparosan, all the precursor
metabolites must be maintained at sufficient levels to sustain proper cell growth and
heparosan production.

UDP-glucose dehydrogenase catalyzes the oxidation of UDP-Glucose to UDP-GIcA, which
determined to be a rate limiting step in mammalian glycosaminoglycan biosynthesis
[107, 125]. However, the over-expression of UDP-glucose dehydrogenase in E. coli K5 led
to the decreased production of heparosan, which suggested that the heparosan biosyn-
thesis is strictly regulated in E. coli K5 [97]. In addition, over-expression of UDP-glucose
dehydrogenase increases the G-6-P flux towards UDP-GIcA synthesis, thus reducing
the synthesis of F-6-P, a precursor of UDP-GlcNAc. Hence, the efficient synthesis of
heparosan requires the balanced proportions of UDP-GlcA and UDP-GlcNAc precursors

[124].

14
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Figure 2.3: Metabolic pathway for heparosan production in E. coli K5

2.1.3 Regulation of heparosan molecular weight in E. coli K5

The anticoagulant activity of heparin is influenced by its molecular weight. The heparin
molecular weight obtained through chemoenzymatic synthesis is entirely depends on
the molecular weight of heparosan. Hence, heparosan molecular weight is an important
attribute to be considered for the chemoenzymatic synthesis of heparin. However, the
molecular weight control or chain termination mechanism is not known. The heparosan
chain elongation was facilitated by the relative proportions of UDP-GlcA and UDP-
GlcNAc precursors. The imbalanced supply of any of the UDP-precursors would lead to
the termination of heparosan chains [61, 97].

elmA gene encodes for K5 lyase in E. coli K5 genome, which depolymerize the heparosan
through B-elimination mechanism [59]. Expression of K5 lyase aids in improving the
heparosan productivity by shedding the heparosan from cell surface to fermentation
medium. The deletion of elmA from E. coli K5 genome caused a significant decrease in the
amount of heparosan in the supernatant and also influences cell associated heparosan.
This study indicated that elmA involves in the shedding of heparosan into the medium
[41]. Another protein, WaaR was involved in the biosynthesis of lipo-polysaccharide outer
core in E. coli K5. Mutation in the waaR gene decreased the retention of heparosan on to
the E. coli K5 cell surface [111]. In another study, deletion of waaR in E. coli K5 resulted

in the synthesis of low molecular weight heparosan [43].
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E. coli K5 lyase could be an ideal molecular tool to depolymerize or regulate the molecular
weight of heparosan. High constitutive expression of K5 lyase could adversely affect
the heparosan molecular weight. The regulation of K5 lyase expression is not known.
Previous studies have shown that growth and culture conditions influence the E. coli
K5 lyase activity [69, 70]. The regulatable K5 lyase expression system using inducible

promoter might offer the synthesis of heparosan with distinct molecular weight [124].

2.1.4 Fermentative production of heparosan using E. coli K5

Fermentative production of heparosan was carried out using E. coli K5 on various growth
media such as LB medium, M9 medium, glucose defined medium and glycerol defined
medium. Heparosan obtained from glucose and glycerol defined medium showed higher
purity levels than complex LB medium as determined by nuclear magnetic resonance
(NMR) analysis. Since, heparosan production in E. coli shown to be growth-associated,
fed-batch fermentation with exponential glucose feeding was carried out to enhance the
E. coli K5 growth. A high heparosan yield of 15 g/L was achieved with the weight-average
molecular weight of 84 kDa [123].

In another study, glycerol was employed as an alternative carbon source for the hep-
arosan production. Glycerol defined medium yielded higher heparosan titer and vol-
umetric productivity compared to glucose defined medium. Among different glycerol
feeding strategies used, DO-stat fed-batch cultivation yielded the highest heparosan
concentration of 8.63 g/L [64].

2.2 Heparosan biosynthesis in Pasteurella

multocida Type D

Pasteurella multocida Type D produces extracellular polysaccharide capsule, which
serves as a virulence factor that causes atrophic rhinitis in swine and pasteurellosis in
other domestic animals. The extracellular capsule aids the bacteria to evade host defence
mechanism. The capsule structure resembles unsulfated and unepimerized heparin
backbone and sensitive to depolymerization by heparin lyase III. Heparosan synthase
(PmHS1) was identified from the genome of P. multocida type D. The sequence encoding
PmHS1 was cloned and expressed in recombinant E. coli, which catalyzes the formation

of heparosan by polymerizing the monosaccharide UDP-precursor sugars, UDP-GlcA
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and UDP-GIcNAc. Addition of exogenous polymer acceptor stimulated the heparosan
synthase activity by 7 to 25-fold. PmHS1 is the dual action glycosyltransferase, which
possesses both GlcA-transferase and GlcNAc-transferase activities [27]. In contrast, E.
coli K5 employs two separate proteins, KfiC and KfiA to catalyze the polymerization
of UDP-GIcA and UDP-GIcNAc precursors. Although, P. multocida is not yet utilized
for microbial production, P. multocida derived heparosan synthase PmHS1 was exten-
sively used for the recombinant and in-vitro synthesis of heparosan. The genes encoding
heparosan synthase, UDP-precursor sugar forming proteins and transport proteins are
found in operon architecture designated as capsule biosynthesis gene locus.

Later, another gene product which is 73 % similar to the heparosan synthase was iden-
tified outside of the capsule biosynthesis gene locus. This cryptic homolog of heparosan
synthase was determined to be functional and designated as PmHS2. Unlike PmHS1,
addition of exogenous polymer acceptor did not greatly increase the PmHS2 activity and
produced smaller molecular weight heparosan [28]. PmHS2 also can able to incorporate
many unnatural UDP-precursor sugar analogues into heparosan chain in-vitro [106].
In addition to P. multocida Type D, the gene sequence encoding PmHS2 is also present
across P. multocida Type A and Type F strains [28].

To date, PmHS2 has been widely used as a catalyst to polymerize UDP-precursor sugar
analogues to produce heparosan in-vitro [18, 19, 78]. PmHS2 was efficiently purified
and incubated in the presence of 5 mM of each UDP-GlcA and UDP-GlcNAc to produce
the average heparosan molecular weight of 102 kDa. The heparosan molecular weight
distribution was modulated by changing the initial UDP-precursor sugar concentration.
Low UDP-precursor sugar concentration resulted in the formation of high molecular
weight of heparosan with low polydispersity index [18]. The removal of N-terminal 8o-
aminoacids in PmHS2 greatly improved the protein expression level and stability while
maintaining the substrate promiscuity. The reverse glycosylation of PmHS2 led to the

size controlled synthesis of heparosan decasaccharide [78].

2.3 Heparosan biosynthesis in recombinant

microorganisms

E. coli K5 derived heparosan has emerged as a promising precursor for chemoenzymatic

heparin synthesis. However, pathogenicity and potential to secrete endotoxins would
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hamper the application of E. coli K5 derived heparosan in pharmaceutical and biomedical
applications. The recombinant production of heparosan using safe microorganisms would
eliminate the aforementioned limitations. The production of heparosan in heterologous
hosts requires the expression of E. coli K5 glycosyltransferase or P. multocida heparosan
synthase genes. The expression of glycosyltransferase genes has been found to produce
negligible amounts of heparosan [133]. Though the genes responsible for the UDP-
precursor sugar synthesis are present in heterologous hosts, the expression was found to
be limiting for other capsular polysaccharide synthesis [88, 133]. Hence, co-expression of
glycosyltransferase genes and UDP-precursor synthesis pathway genes would yield a
high amounts of heparosan. so far, E. coli, Bacillus subtilis, Bacillus megaterium and

cyanobacteria were engineered to produce heparosan.

2.3.1 Heparosan biosynthesis in non-pathogenic E. coli

Heterologous expression of region 2 genes of K5 gene cluster in non-pathogenic E. coli
K12 resulted in the intracellular accumulation of heparosan, which could be due to the
lack of region 1 and 3 genes. Subsequently, intracellular expression of K5 lyase resulted
in the partial degradation of heparosan to produce degree of polymerization (DP) 2-10
oligosaccharides [8].

The region 2 of K5 gene cluster were heterologously expressed in E. coli BL21 (DE3)
to synthesize heparosan. Four recombinant clones were constructed containing sAC,
sABC, sACD and sABCD gene combinations. The clones sACD and sABCD produced
comparable heparosan yield, which implies that UDP-GIcA concentration was limiting
the heparosan production in E. coli BL21. Interestingly, the heparosan was transported
into the fermentation medium even the region 1 and 3 genes of K5 gene cluster were
not expressed. This result suggests that E. coli BL21 transport machinery is efficient
enough to translocate the heparosan outside the cell. Polydispersity index of heparosan
recovered from E. coli BL21 was less than that of E. coli K5 [133].

E. coli trigger factor (TF) was fused with KfiC to stabilize KfiCA complex in the absence
of the stabilisator KfiB. Heparosan was accumulated intracellularly in the early stages
of the culture and made available extracellular at the end of fermentation due to passive
diffusion or partial cell disruption [60].

Various non-pathogenic E. coli strains were developed by expressing the region 2 of K5

gene cluster. Heparosan molecular weight ranging from 5 kDa to >150 kDa was produced
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by modulating the culture conditions and media composition. In addition, controllable
expression of K5 lyase using different inducible promoter led to the synthesis of size-

specific heparosan (DP4, DP6, DP8 and DP10) oligosaccharides [100].

2.3.2 Heparosan biosynthesis in Bacillus strains

Bacillus sp. was found to be an efficient expression system for the synthesis of capsular
polysaccharides such as hyaluronic acid, heparosan and chondroitin due to the well es-
tablished plasmid systems for heterologous protein expression and an efficient secretion
pathway for proteins and polysaccharides [22, 47, 126, 127].

kfiC and kfiA glycosyltransferase genes were integrated into the genome of B. subtilis to
facilitate the synthesis of heparosan. Homologous over-expression of UDP-glucose dehy-
drogenase encoded by tuaD enhanced the heparosan production to 5.82 g/L in fed-batch
fermentation. The molecular weight and polydispersity index obtained from recombinant
B. subtilis closely resemble the E. coli K5 derived heparosan [47].

In another study, B. subtilis was engineered with P. multocida heparosan synthase
PmHS1 to synthesize heparosan. Xylose inducible promoter was used to express the
pmHS1 gene whereas the UDP-precursor pathway genes (tuaD, gtaB and gcaD) were
expressed under IPTG inducible promoter. By optimizing the induction time of heparosan
synthase module and UDP-precursor module, different molecular weight range of hep-
arosan was obtained. Hence, heparosan molecular weight was proved to be modulated by
the amount of heparosan synthase and UDP-precursors [22].

In another study, cryptic heparosan synthase PmHS2 was expressed in B. megaterium
using T7 RNA polymerase dependent expression system. The obtained heparosan was
polydisperse in nature predominantly consisted of high molecular weight and less abun-

dent low molecular weight [127].

2.3.3 Heparosan biosynthesis in cyanobacteria

Cyanobacteria was engineered using P. multocida PmHS2 for the photosynthetic pro-
duction of heparosan. Synechococcus elongatus PCC 7942 was chosen as an expression
host for heparosan production due to generally regarded as safe (GRAS) status, fast
photoautotropic growth and enhanced sugar phosphate pathway flux to synthesize UDP-
precursor sugar. The expression of PmHS2 enabled the heparosan synthesis pathway in

S. elongatus. To further increase UDP-GIcA nucleotide pool, UDP-glucose pyrophospho-
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rylase (galU) was expressed along with PmHS2. The recombinant S. elongatus produced
the maximum heparosan of 2.8 pg/L under high CO. and light conditions [103]. This
study presented a proof of concept for S. elongatus as a production host for complex

polysaccharide synthesis.

2.4 Bacillus megaterium

2.4.1 General characteristics

Bacillus megaterium is a gram positive soil bacterium, first described by De Bary more
than 100 years ago [25]. It was named "megat(h)erium" (Greek for big animal) after the
size of 1.5 X 4 ym and volume of 100 times bigger than E. coli. Owing to its large size
of vegetative cells, it has been extensively exploited for the studies on cell structure,
sporulation, protein localization and morphological analysis long before B. subtilis was
introduced as a gram positive model organism [30]. Phylogenetic and 16S rRNA sequence
analysis revealed that B. megaterium lies within the same group as B. subtilis, but closely
related to B. licheniformis, B. cereus, B. anthracis and B. pumulis than B. subtilis [5].
Though B. megaterium is a soil bacterium, it has been found in the diverse ecological
habitats such as rice paddies, sediments, honey, fish, and dried foods. Moreover, it is
capable of utilizing the wide variety of carbon sources, including sugars and tricarboxylic
acid cycle intermediates such as citrate, formate and acetate. In addition, it does not pro-
duce endotoxins in contrast to gram negative E. coli. It also does not possess any alkaline
proteases which could degrade the recombinant proteins. These characteristics make B.
megaterium an ideal industrial workhorse for the production of commercially relevant
proteins including penicillin G acylase [771], amylases [75, 110], glucose dehydrogenase
[79]. Furthermore, it is also used to produce vitamin B,,, oxetanocin, antimicrobial

agents and P450 cytochrome monooxygenases [39, 77, 92].

2.4.2 B. megaterium as an expression host

Beyond traditional applications, B. megaterium has emerged as an ideal expression host
for the production of novel recombinant proteins. Whole genome sequence of B. mega-
terium DSM319 is available in NCBI database under the accession number CP001982,

thus broadening the scope of engineering of B. megaterium [30]. In contrast to B. sub-
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Table 2.1: Portfolio of proteins and industrial products of B. megaterium and their applications

Product/protein Industrial applications Reference
a-amylases alternative to pullulanases [110]
B-amylases Bread industry [75]
Chitosanases Fungal and yeast cell wall lysis [86]
Glucose dehydroge- NADH/NADPH regeneration, blood glu- [70]
nase cose test and biosensors 79
Neutral protease Leather industry [57, 74]
Oxetanocin Inhibits HIV, hepatltls. B virus, cy- (77, 112]
tomegalovirus, herpes virus
Penicillin amidase  development of synthetic penicillins [71, 132]
Antibody frag- . ¥y .
et Therapeutic applications [49, 50]
Clostridium diffi-
cile toxin A and clinical diagnosis development [131]
B
Vitamin B Aerobic vitamin B,. producer [13, 92]
Polyhydroxybutyrate Polypropylene alternative, biodegrad- (51, 56]
(PHB) able plastic material 5L
Functionalized Vaccines, diagnostics and enzyme im- [35]
PHB beads mobilization 35
Keratinase Poultry and leather industry [89, 90]

tilis, it does not posses any alkaline proteases which enhances the stability of secreted

proteins. It has excellent structural and segregational stability of multiple plasmids i.e.

stable plasmid replication system even in the absence any selection pressure [73, 118].

Other interesting characteristics such as high biosynthetic and secretion capacity of

recombinant proteins and absence of endotoxins make this bacterium an attractive

alternative to conventional E. coli protein expression system [116]. Unlike B. subtilis,

the mechanism of natural transformation of exogenous DNA is not known. However, B.

megaterium can be efficiently transformed using polyethylene glycol (PEG)-mediated

protoplast transformation [72, 117]. Genetic manipulation of B. megaterium is facilitated
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Figure 2.4: Genetic organization of xylose utilization operon in B. megaterium

by the wide varieties of expression systems. Constitutive and inducible expression sys-

tems were developed for the heterologous expression of foreign genes [73, 101, 102]

2.4.3 Constitutive expression system

The construction of constitutive expression plasmid was based on the control sequences
of glucose dehydrogenase (gdh) gene in B. megaterium. Using gdh promoter, homologous
glucose dehydrogenase (gdh)and heterologous chloramphenicol acetyltransferase (cat)

were expressed efficiently in B. megaterium [73].

2.4.4 xylose-inducible expression system

Controllable production of biomolecules can be achieved by the inducible promoter. Re-
combinant gene expression can be modulated by the amount of inducer added to the
medium. Rygus et al. observed that several-fold enhancement of the xylose utilization
genes when xylose was added into the culture medium [102]. Genome mining of B. mega-
terium revealed the presence of xylose inducible promoter sequence P.,i4 along with
the gene for regulatory repressor protein XylR. P.yi4 transcribes xylose isomerase XylA,
xylulokinase XylB and xylose permease XylT, which constitutes the xylose operon found
in B. megaterium genome. Xylose repressor protein, XylR located upstream of the P.yia
regulates the transcription of xyl-operon. The genetic architecture of xylose utilization
operon is depicted in Figure 2.4. In the absence of xylose, XylR binds to the operator

sequence and inhibits the transcription of xyl-operon. Presence of xylose changes the
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confirmation of XylR, which results in the release of XylR from operator sequence. RNA
polymerase binds to P,,4 and enhanced the expression of xyl-operon to approximately
350-fold [102]. In addition, glucose-mediated repression of Py,4 activity is regulated by
catabolite response element (cre) sequence present in the xylA open reading frame and
catabolite regulatory protein (CcpA) [38].

Based on P.,u4, Rygus and Hillen developed a plasmid-borne xylose-inducible expression
system for the overproduction of recombinant proteins in B. megaterium [101]. The
plasmid consists of Py,4 sequence, xylR sequence and multiple cloning site. Inhibi-
tion of recombinant gene expression by glucose through carbon catabolite repression
was eliminated by the removal of cre sequence. The production of glucose dehydroge-
nase, B-galactosidase, mutarotase and urokinase like plasminogen activator proteins in
B. megaterium using xylose inducible plasmid system was successfully demonstrated
[101]. Later, this plasmid provided the basis for efficient and commercialized xylose-
inducible expression system for B. megaterium (MoBiTec, Gottingen, Germany). Several
heterologous proteins including Dextransucrase, levansucrase, antibody fragments and

Clostridium difficile toxin A were successfully produced using xylose-inducible plasmid

system [15, 49, 50, 54, 68].

2.4.5 Sucrose-inducible expression system

Sucrose-inducible promoter is a viable alternative to xylose-inducible promoter for the
production of recombinant proteins. Secretome analysis suggested that B. megaterium
strongly secreted a 52 kDa protein in the presence of sucrose in LB medium, which
was not present in the absence of sucrose. The secreted protein was determined to be
levansucrase, SacB by MALDI-TOF/MS analysis. The promoter sequence, Ps.cz was
identified and cloned in the replicating plasmid to develop sucrose-inducible expression
system. Homologous levansucrase and heterologous green fluorescent protein were

successfully produced using sucrose-inducible plasmid system [12].

2.4.6 T7 RNA polymerase dependent expression system

Bacteriophage originated DNA-dependent RNA polymerases were proven to be efficient
in transcribing the gene of interest in other gram positive and gram negative microor-
ganisms [23, 109]. Gamer et al. constructed a T7 RNA polymerase dependent plasmid

system for the intracellular and extracellular expression of recombinant proteins in B.
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megaterium [32]. A two-plasmid expression system was developed with compatible origin
of replications of B. megaterium (pBM100 and pBC16 replicons). One plasmid carrying
T7 RNAP gene under the control of xylose-inducible promoter and the other carrying the
gene of interest under T7 RNAP-dependent promoter. The cytosolic production of green
fluorescent protein and the extracellular secretion of levansucrase were demonstrated as
model proteins. Compared with xylose-inducible expression system, T7 RNAP dependent

plasmid system showed a 7-fold improvement in recombinant GFP production [32].

2.5 Kinetic modeling

Kinetic modeling refers to a set of mathematical expressions, which describe the rela-
tionship between cell growth, substrate consumption and product formation [2, 83]. It
is employed in several industries owing to its advantages in saving time, labour and
cost associated with the experimental work. Estimation of kinetic parameters such as
specific growth rate, yield coefficients in batch fermentation would provide the informa-
tion about the optimal feed rate or dilution rate needed to be maintained in the and fed-
batch and chemostat fermentation systems. Inhibition coefficients aid in determining the
maximum substrate concentration can be used in fed-batch fermentation and in
redesigning of fermentation medium. Kinetic models used in bioprocess were classified
into four categories [82].
(i) Structured model: cells as a multi component system, which consider cell structure,
metabolic pathways and intracellular biochemical reactions
(ii) Unstructured model: cells as a black box entity, which does not account the physiolog-
ical characterization of cells and consider only the biochemical reactions at extracellular
conditions
(iii) Segregated model: take account of the heterogeneity between cells and considers
cells as a multi component system
(iv) non-segregated model: consider cells a uniform entity with average cellular properties
Based on the type of kinetic model and the complexity, the biological system is
classified into structured and segregated, unstructured and non-segregated, structured
and non-segregated, unstructured and segregated. A structured and segregated model
is often best describes the microbial production of biological molecules [31]. However,
Unstructured and non-segregated models are extensively used in modeling the bacterial

growth and biopolymer or polysaccharide production due to its low level of complexity
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[29, 96, 120, 122]. They assume a homogeneous reactor environment where the average
cell behavior can be used to predict the kinetics of the system. The simplest unstructured
kinetic models are described by Eq. 2.1 to Eq. 2.3, where the substrate consumed by
microorganisms is channeled into cell growth and product formation. The rate of cell
growth (r x ), substrate consumption (rs) and product formation (rp) are given as a linear
function of specific growth rate (u).

The rate of cell growth is represented in Eq. 2.1

dx
X =gy =uX (2.1)

The rate of product formation is represented as Luedeking-Piret equation in Eq. 2.2

rp = e = ad_X +BX =(au+B)X (2.2)

dt dt

where, g and B are Luedeking-Piret constants [66], which denotes growth associated (a
/= 0, B = 0) and non-growth associated (a@ = 0, 8 /= 0) and mixed-growth associated (a /= o,

B /= 0) product formation.
The rate of substrate consumption is represented in Eq. 2.3

ds 1 dX+m3X+ 1 dP (2.3)

e = — =
. dt Yxis dt Ypis dt

2.5.1 Substrate independent kinetic models

Kinetic modeling of the cell growth aids to establish a relationship between the parame-
ters such as specific growth rate () and lag phase of growth (Ax ) to understand the cell
growth behavior on various culture conditions and different growth media. Substrate
independent models such as Logistic and Gompertz explain the cell growth kinetics based
on the sigmoidal nature independent of substrate concentration. The logistic equation
(Eq. 2.4) relates the rate of cell growth to specific growth rate and unused carrying
capacity. It presents the macroscopical description of cell growth and widely used to

describe cell growth kinetics

dX Xm—X
rx =" =umX( "

) (2.4)
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where, X, is the maximum cell concentration (g/L) and p, is the maximum specific
growth rate (h—1).

The logistic equation (Eq. 2.4) of modified to obtain different forms of integrated expres-
sion for X as a function of t based on the behavior of cell growth with certain assumptions
[17, 34, 52, 65, 96, 119, 121].

The modified logistic equation [9] as described by Benkortbi et al. is given by Eq. 2.5

X, eHmt

X-= .
[1-%2 (1- e“n)] *9)

Véazquez and Murado [119] proposed a modified logistic equation (Eq. 2.6) by incorporat-
ing the lag time of growth (Ax) and cell growth rate (vx)

X = X (2.6)
1+ qux (Ax

m

where, X is the cell concentration (g/L), X is the maximum cell concentration obtained

(g/L), vx is the maximum cell growth rate (g/L. h), and Ay is the lag phase of cell growth.

2.5.2 Substrate dependent kinetic models

The substrate dependent kinetic models are classified into (i) substrate limiting and
(ii) substrate inhibition models. Monod model (Eq. 2.7) is widely used to describe the
relationship between the specific growth rate () and substrate concentration (S). Monod

model is valid only when the substrate is in a limiting concentration.

UmS

Kg + S (27)

IJ =
where, K is saturation constant (g/L) and y,, is the maximum specific growth rate
Several substrate inhibition models are derived by incorporating the inhibition coeffi-
cient in Monod’s equation. Andrew [3] and Aiba [1] models are widely used to obtain the
kinetic parameters when the substrate is used in inhibitory concentration.

Andrew model is given in Eq. 2.8
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_ UmS
Y= (2.8)
(Ks+5+%)
Aiba model is given in Eq. 2.9
_HmS s
1= o exp(KI (2.9)
Ks+ S

2.5.3 Multi-substrate kinetic models

Multi substrate kinetic modeling determines the contribution of individual substrate to
biomass growth, product formation and cellular maintenance [7]. Substrate consumption
pattern is classified into (i) Additive type model (Eq. 2.11), where sequential consumption
of the substrates due to catabolite repression (ii) interactive or multiplicative type model
(Eq. 2.10), where simultaneous consumption of the substrates (iii) Non-interactive type
model (Eq. 2.12) [11].

Interactive and multiplicative type:

H = Umax * H(S:) * p(S2) * .... k L(Sn) (2.10)
Additive type:

et u(S,) + u(S2)n+ ..... + u(Sy) (2.11)
Non-interactive type:

U = HUmax * H(SD)oru(Sz)or....oru(Sn) (2.12)

Multi substrate kinetic models were used to describe the glucose and GlcNAc ki-
netics of Streptococcus zooepidemicus for hyaluronic acid production and glucose and

ammonium sulfate kinetics for rifamycin B synthesis [7, 76].
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CHAPTER

METABOLIC ENGINEERING OF Bacillus megaterium FOR
HEPAROSAN BIOSYNTHESIS USING E. coli K5

GLYCOSYLTRANSFERASES

Summary

Heparosan is an un-sulfated polysaccharide primarily used as a precursor for heparin
synthesis that has recently been used in drug delivery applications. Heparosan synthesis
from recombinant bacterial systems provides a safer alternative to naturally producing
pathogenic bacterial systems. In this chapter, B. megaterium was explored as a safe
expression host for the production of heparosan. The functional heparosan synthesis
pathway was established in B. megaterium by the heterologous expression of E. coli K5
kfiC and kfiA glycosyltransferase genes. Upregulation of UDP-GIcA (tuaD and gtaB)
and UDP-GIcNAc (gcaD and glmM) pathway genes enhanced the heparosan production,
indicating that UDP-GIlcA and UDP-GlcNAc concentrations were limiting the heparosan
biosynthesis. B. megaterium over-expressed with UDP-GIcA pathway genes yielded a
maximum heparosan concentration of 394 mg/L in batch fermentation. Heparosan titer

was further increased to 1.32 g/L in fed-batch fermentation. Nuclear magnetic resonance

An article based on this chapter is published as follows: Nehru, G., Tadi, S. R. R., Limaye, A.
M., & Sivaprakasam, S. (2020). Production and characterization of low molecular weight heparosan in
Bacillus megaterium using Escherichia coli K5 glycosyltransferases. International Journal of Biological
Macromolecules, 160, 69-76. ©ZElsevier
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(NMR) analysis revealed that the chemical structure of B. megaterium derived heparosan
was identical to E. coli K5 heparosan. The heparosan molecular weight varied from 31 to
60 kDa, indicating its potential as a precursor for chemoenzymatic heparin biosynthesis.
This chapter provides an efficient process to produce heparosan in non-pathogenic B.

megaterium using E. coli K5 glycosyltransferases.

3.1 Introduction

Heparosan is a linear un-sulfated polysaccharide, with repeating disaccharide units of
D-glucuronic acid (GlcA) and N-acetyl-D-glucosamine (GlcNAc) linked through a-1,4
and fB-1,4 glycosidic bonds [20]. In addition to heparin synthesis, heparosan has wide
utility as a drug delivery vehicle due to its non-immunogenic nature and biocompatibility
[58]. Recently, heparosan was proven to be a potential alternative to hyaluronic acid, a
carbohydrate polymer extensively utilized for the design of drug carriers for anticancer
therapy [95]. Certain pathogenic microorganisms such as Escherichia coli K5 and Pas-
teurella multocida type D produce heparosan as a capsular material to evade the host
immune system [24]. Hence, microbial-derived heparosan could serve as the precursor
for chemoenzymatic heparin synthesis.

To date, heparosan production has been exclusively focused on E. coli K5 as a poten-
tial host strain [64, 67, 123]. Heparosan biosynthesis operon in E. coli K5 consists of
four genes, kfiA, kfiB, kfiC, and kfiD. kfiC and kfiA encode for D-glucuronyltransferase
and N-acetylglucosaminyltransferase, respectively. The KfiC-KfiA enzyme complex is
involved in the polymerization of GlcA and GlcNAc to synthesize heparosan [42]. kfiD
encodes for UDP-glucose dehydrogenase and the role of the protein encoded by kfiB re-
mains elusive. Heparosan synthesis in P. multocida is regulated by PmHS1 and PmHS2,
which are dual-action glycosyltransferases exhibiting both D-glucuronyltransferase and
N-acetylglucosaminyltransferase activities. But, the high risk of pathogenicity, presence
of endotoxins and exotoxins limits the utility of E. coli K5 and P. multocida derived
heparosan in biomedical applications. Hence, the development of a safe and alternative
heparosan production system through the engineering of safe microorganisms are gain-
ing attention. Consequently, heterologous expression of E. coli K5 or P. multocida type
D glycosyltransferase genes were attempted in other microorganisms considered safe
[8, 22, 47, 60, 127, 133].

B. megaterium, a safe gram-positive bacterium has been an important industrial host
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due to its superior characteristics such as the efficient expression of heterologous genes,
stable plasmid maintenance, lack of alkaline protease activity and efficient secretion
capability. In addition to aforementioned characteristics, B. megaterium does not pro-
duce endotoxins in contrast to the E. coli K5, which facilitates the use of value-added
products expressed by B. megaterium in clinical and food applications. Moreover, the
absence of endotoxins also reduces the number of steps involved in the downstream
processing. Hence, it has been widely used for the recombinant production of various
therapeutic enzymes and vitamins [13, 50, 68, 84]. Recently, it has proven to be an ideal
host in the production of capsular polysaccharides and biopolymers such as hyaluronic
acid and polyhydroxybutyrate [35]. Besides, it possesses all the essential enzymes for
the production of heparosan except heparosan synthase. The whole genome sequence
of B. megaterium does not encode any enzymes, which depolymerize heparosan. The
aforementioned characteristics endorse the selection of B. megaterium as an efficient
expression system for the production of heparosan.

Heparosan molecular weight is an important quality attribute to be considered for bio-
engineered heparin synthesis. The molecular weight of microbial-derived heparosan
depends on the source of heparosan synthase genes. High molecular weight heparosan of
100-800 kDa suitable for biomaterial production is derived from P. multocida heparosan
synthase [106]. Conversely, lower molecular weight heparosan of 50-80 kDa could serve
as a precursor for bioengineered heparin synthesis is obtained from E. coli K5 [123]. For
this reason, E. coli K5 was chosen to obtain kfiC and kfiA glycosyltransferase genes for
heparosan synthesis.

In this chapter, the safe production of heparosan was demonstrated in B. megaterium
by the heterologous expression of E. coli K5 kfiC and kfiA glycosyltransferase genes.
In addition, the synthetic operons of UDP-GlcA and UDP-GlcNAc pathway genes were
constructed to identify the rate limiting heparosan synthesis pathway enzymes. The
performance of recombinant strains was evaluated in 3-L bioreactor experiments. The
structural and molecular weight characterization of B. megaterium derived heparosan
was elucidated. This chapter demonstrated a safe alternative approach to produce hep-

arosan for bioengineered heparin synthesis.
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3.2 Materials and methods

3.2.1 Media

Luria-Bertani (LB) broth (5 g/L yeast extract, 10 g/L tryptone and 5 g/L NaCl) was used
for the propagation of E. coli and B. megaterium strains. The modified fermentation
medium comprising 10 g/L sucrose, 10 g/L yeast extract powder, 2 g/L tryptone, 7.8 g/L
sodium dihydrogen phosphate dihydrate, 3.9 g/L potassium sulfate and 1.2 g/L magne-
sium sulfate heptahydrate was used for batch and fed-batch fermentation experiments.
The pH of the medium was adjusted to 7.0 using 2 M NaOH. The fermentation medium
was filter-sterilized using 0.22 ym PVDF membrane filter (Pall Corporation). Antibiotics
(Ampicillin 100 pyg/mL, Tetracycline 10 pg/mL, Chloramphenicol 34 pyg/mL for E. coli
and 4.5 pyg/mL for B. megaterium) were supplemented in the fermentation medium for
the selection of recombinant strains. All the chemicals and media components were

purchased from HiMedia Laboratories, Mumbai, India unless mentioned.

3.2.2 Genomic DNA isolation

The fresh overnight culture of B. megaterium was inoculated in 10 mL of LB broth and
incubated at 37 °C. The cells were harvested at OD¢o, of 0.8 to 1.0 by centrifugation (10
min, 5000 rpm). The cells were resuspended in 400 yL G-1 buffer (10 mM Tris-Cl pH 8,
10 mM EDTA, 150 mM NaCl). 20 pyL lysozyme was added to the solution and incubated
for 20 min at 37 °C. 2 yL. RNase A was added and incubated for 3 min at 65 °C. 40 yL
SDS, 10 yL proteinase K and 550 yL G-2 buffer (10 mM Tris-Cl pH 8, 1 mM EDTA, 50
mM NaCl) were added to the cell lysate and incubated for 2 h at 65 °C. The genomic
DNA was extracted twice with 9oo yL TE buffer equilibrated phenol pH 7.5-8.0. DNA
extraction was repeated twice with 24:1 chloroform and isoamyl alcohol. The aqueous
phase was transferred into 2 mL of ice-cold ethanol and incubated for 1 h at -20 °C. The
precipitated DNA was recovered by centrifugation and residual ethanol was dried for 20
min. The genomic DNA was dissolved in 100 yL of G-2 buffer and stored at -20 °C.

E. coli K5 genomic DNA was isolated based on the protocol by Sambrook and Russell’s
Molecular Cloning: A Laboratory Manual.
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3.2.3 Recombinant plasmids construction

The recombinant plasmids and bacterial strains used in this chapter are given in Table
3.1 and 3.2. The genes, kfiC, and kfiA were PCR amplified from the E. coli K5 genome
using Q5 high fidelity DNA polymerase. The primers used for the amplification of
gene fragments are listed in Table 3.3. The amplified gene fragments were cloned
into pRBBm34 digested with BsrGI and Eagl using isothermal assembly [33]. E. coli
TOP10 strain was used as a cloning host for the construction of recombinant plasmids
expressing kfiC and kfiA genes. The resulting recombinant plasmid, pMM-kfiCA was
transformed into B. megaterium DSM319 and the positive transformants were selected on
the tetracycline resistance plate. In order to construct UDP-precursor pathway operons,
the analogous genes tuaD, gtaB, gcaD, and glmM were amplified from B. megaterium
DSM319 genome. The recombinant plasmids, pMGB-tuaD, pMGB-tuaDgtaB, pMGB-
gcaD, pMGB-gcaDglmM were constructed by cloning gene fragments into pSP6-RNAP
digested with BamHI and Spel. The cloning of UDP-precursor pathway genes was
performed in E. coli TOP10 harboring pBAD33-xylR. The plasmid pBAD33-xylR encodes
xylose repressor protein from B. megaterium to prevent the xylose promoter activity
during cloning in E. coli [50]. The xylR gene of B. megaterium was amplified and cloned
into pCyPet-His digested with Sacl and SphlI to generate the plasmid, pBAD33-xylR. 0.2
% (w/v) of L-arabinose was added to induce the expression of xylR during the cloning of

UDP-precursor pathway genes in E. coli.

3.2.4 Isothermal assembly

Linearized plasmid DNA and PCR amplified gene fragments were assembled using
isothermal assembly [33]. The gene fragments to be assembled have 25-30 bp terminal
sequence overlaps. This method uses T5 exonuclease to generate complementary sticky
ends, which then annealed and repaired by Taq DNA ligase and DNA polymerase,
respectively. An assembly master mixture was prepared by mixing 32 yL of 5x ISO
reaction buffer (2 M Tris-HCI pH 7.5, 1.5 mL; 2 M MgCl,, 150 pL; Each 100 mM dNTPs,
60 uL; 1 M DTT, 300 yL; PEG8000, 1.5 g; 100 mM NAD+, 300 yL and sterile water
upto 6 mL), 0.64 yL of 0.1 U/mL T5 exonuclease (NEB), 1.2 yL of 2 U/mL Phusion DNA
polymerase (NEB), 1.6 yL of 4 U/mL Taq DNA ligase (NEB), and water up to a final
volume of 120 pL. 15 pL of the master mixture aliquoted and stored at -20°C. Equimolar

concentrations of each DNA fragments were used in assembly reactions. 5 gL of DNA
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Table 3.1: List and description of the strains

Strain Description/characteristic Reference

Cloning host, F(laclq Tnio
(Tet®)) mcrA A(mrr-hsdRMS-
E. coli TOP10 merBC) ®8olacZAM15 AlacX74 Invitrogen

recA1 araDi139 A(ara-leu)7697
galU galK rpsL endA1 nupG

BEI Resources,

E. coli K5 Serotype 010:K5:H4 NIAID, NIH

E. coli TOP10- E.coli TOP10 harboring pBAD33- Present study

xylR xylR
B. megaterium DSMZ, Braun-
DSM319 Wildtype, Expression host schweig,  Ger-

many

B. megaterium B. megaterium DSM319 harbor-

CA ing pMM-kfiCA Present study

B. megaterium B. megaterium CA harboring

P
CA-D pMGB-tuaD resent study

B. megaterium B. megaterium CA harboring

P t stud
CA-DB PMGB-tuaDgtaB B

B. megaterium B. megaterium CA harboring

CA-U pMGB-gcaD Present study

B. megaterium B. megaterium CA harboring

CA-UM pMGB-gcaDglmM Present study

need to be assembled was added to 15 yL of assembly master mixture. The reaction

mixture was incubated at 50°C for 60 min and transformed into E. coli.

3.2.5 B. megaterium transformation

The constructed plasmids were introduced into B. megaterium by modified polyethylene
glycol (PEG)-mediated protoplast transformation method [72]. Briefly, B. megaterium
culture grown overnight was inoculated into 20 mL of transformation medium. Trans-
formation medium consisted of 1 g/L. NH,Cl, 12 g/L tris-base, 35 mg/L KCl, 58 mg/L
NaCl, 300 mg/L Na,SO,-10H.0, 140 mg/L KH.PO,, 4.26 g/L MgCl.-6H.0, 5 g/L yeast
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Table 3.2: List and description of the plasmids

Plasmid Description/characteristic Reference
CvPet-His E. coli expression vector, pBAD- Addgene  plas-
Py MCS, CmR mid # 14030
pRBBm34 E. coli — B. megaterium shuttle Addgene plas-
vector, P,yl-MCS, Amp~ Tet R mid # 48114
SP6-RNAP E. coli — B. megaterium shuttle Addgene plas-
P vector, P,yl-MCS, Amp® Cm R mid # 48143
pCyPet-His derivative, CyPet re-
pBAD33-xylR placed with xylR of B. mega- Present study
terium, PBAD-xylR
pRBBm34 derivative, GFP re-
pMM-kfiCA placed with kfiC-kfiA of E. coli K5, Present study
Pxyl-kfiCA
pSP6-RNAP derivative, RNAP re-
pMGB-tuaD placed with tuaD of B. mega- Present study
terium, Pxyl-tuaD
MGB- pSP6-RNAP derivative, RNAP re-
}()uaD taB placed with tuaD-gtaB of textitB. Present study
g megaterium, Pxyl-tuaDgtaB
pSP6-RNAP derivative, RNAP re-
pMGB-gcaD placed with gcaD of B. mega- Present study
terium, Pxyl-gcaD
MGB- pSP6-RNAP derivative, RNAP re-
gcaDglmM placed with gcaD-glmM of textitB. Present study

megaterium, Pxyl-gcaDglmM
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Table 3.3: List and sequences of the primers

Primer Sequence (5 — 3’)
RC-F GTTCACTTAAATCAAAGGGGGAAATGTACAATGAACGCAGAA
TATATAAATTTAGTTGAACGT
KfiC-R CTATTGTTCAATTATTCCTGATACATCTTTAAACAAAC
KEAR GATGTATCAGGAATAATTGAACAATAGTAAAAAGGGGGAAAT
GTACAATGATTGTTGCAAATATGTCATCATACCC
KBAR TTAGCGAGGTGCCGCCGGCATGCGGCCGTTACCCTTCCACAT
TATACACTAATTCGA
uaD-F TCAAAGGGGGAAATGACAAATGGTCCAAACTAGTACTAATAT
CACAGTAGCGGGTACTG
DR AGTTGAATATAAATGACTCTAGAGGATCCTTATCAGACATTA
GCTTTAATTTTAGCTTTGTATCC
tuaD-R2  TCAGACATTAGCTTTAATTTTAGCTTTGTATCC
CAB-F AAGCTAAAATTAAAGCTAATGTCTGATAAAAAGGGGGAAATG
& ACAAATGACGATAAAAAAGGCAGTTATTCCAG
BR CAGTTGAATATAAATGACTCTAGAGGATCCTTAGCTGAAGTT
& GTTTGCTCGTTC
aDF AAAGGGGGAAATGACAAATGGTCCAAACTAGTTCAAAAAGAT
& ATGCAGTCATATTGGCAG
wb.g  CAGTTGAATATAAATGACTCTAGAGGATCCTTATCAGGATTT
& TTTATTAATATCAAGCTTTTCAGCA
gcaD-R2  TCAGGATTTTTTATTAATATCAAGCTTTTCAGCA
imM.p  AGCTTGATATTAATAAAAAATCCTGATAAAAAGGGGGAAATG
& ACAAATGGGTAAGTATTTTGGAACAGACG
gmM.R  ACAGTTGAATATAAATGACTCTAGAGGATCCTTACTCTAAGC

CCATTTCTTCTTTTACTACT
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extract, 5 g/L tryptone, 68.46 g/L sucrose and 2 g/L glucose. The pH was adjusted to
7.5 with HCI before the addition of MgCl,-6H.O. Glucose was added to the media after
sterilization. The actively growing cells (ODe¢oo 0f 0.5 to 0.8) were centrifuged at 8000 rpm
and suspended in 2 mL of transformation medium. Subsequently, 600 yg/mL of lysozyme
was added and the mixture incubated at 37°C for 20 min to generate the protoplasts.
The protoplasts were harvested by centrifugation at 2000 rpm, washed gently with 2
mL of transformation medium, then centrifuged again, and resuspended in 1 mL of
transformation medium. 250 pyL of protoplasts were taken for each transformation. 4 yg
of plasmids (dissolved in nuclease-free water) and 250 pL of 35 % PEG 8000 (prepared
in transformation medium) were added to the protoplast suspension, swirled gently,
and incubated for 2 min at room temperature. The suspension was diluted immediately
with 5 mL of transformation medium, centrifuged at 2000 rpm for 5 min. The pellet
was resuspended in 1 mL of transformation medium and incubated at 37°C for 90 min
to allow expression of the antibiotic resistance gene. 250 yL of protoplasts were plated
on transformation agar medium containing either 5 pyg/mL of tetracycline or 1.5 pyg/mL
of chloramphenicol or both and incubated at 37°C for overnight. The colonies obtained
were cultured in LB media containing either 10 pg/mL of tetracycline or 4.5 yg/mL of

chloramphenicol or both.

3.2.6 Bioreactor fermentation experiments

The recombinant B. megaterium cells were cultivated in LB broth for 14 h and served
as seed cultures for batch and fed-batch fermentation experiments. Batch fermentation
of recombinant clones was carried out in a 3 L bioreactor (Biojenik engineering, India)
containing 1.7 L of fermentation medium and inoculated using 5 % (v/v) of seed culture.
The temperature and pH were maintained at 30°C and 7, respectively. D-xylose was
added at a final concentration of 0.5 % (w/v) to actively growing cells (ODgoo 0f 0.3 to 0.4)
to induce the expression of recombinant genes. The aeration rate and agitation speed
were maintained at 1 vvim and 600 rpm, respectively. Fed-batch fermentation was carried
out in a 3 L bioreactor containing 1.7 L of fermentation medium with 10 g/L sucrose. 0.5
% (w/v) of D-xylose was induced at 6 h and sucrose was fed at 10 h and maintained the
concentration of about 2 g/L to 5 g/L. Dissolved oxygen concentration was maintained
above 20 % throughout the fermentation by controlling the agitator speed range from

400 rpm to 800 rpm with an aeration rate of 1 vvm. Periodic samples were drawn and
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subjected to biomass, substrate, and product analysis. UV spectrophotometer (Infinite
M200 PRO, Tecan, Mannedorf, Switzerland) was used to measure the optical density
(ODeoo) of the samples. 1 ODsoo corresponds to 1.059 g/L dry cell weight (DCW). Total
sugar concentration was estimated by anthrone method. The xylose and organic acids
were quantified by HPLC (Shimadzu, Kyoto, Japan) equipped with a refractive index
(RI) detector and Rezex RHM-monosaccharide H column (Phenomenex Inc., Torrance,

CA). The mobile phase was 5 mM H.SO, at a flow rate of 0.5 mL/min.

3.2.7 Heparosan purification

Acidic protein precipitation and anion exchange chromatography methods were employed
to purify heparosan from fermentation broth [123, 133]. The fermentation broth was
centrifuged to remove the supernatant and the pellet was washed twice with distilled
water. The cell pellet was suspended in lysis buffer (1 g/L Lysozyme, 0.5 mM EDTA
and Tris-HCI pH 7.5) and incubated for 2 h. The cell lysate was further subjected to
autoclaving at 121°C for 20 min for the complete disruption of the cells. The resulting
cell lysate was centrifuged and the supernatant containing heparosan was collected. The
supernatant pH was adjusted to 4 using glacial acetic acid to precipitate the protein
and subsequently filtered through Buchner funnel with the fritted disc (40-60 ym).
Diethylaminoethyl (DEAE) sepharose fast flow resin (Sigma Aldrich, MO, USA) was
packed into the column and equilibrated with buffer A (50 mM sodium chloride, 20 mM
sodium acetate, pH 4). The supernatant was passed through the column, and the column
was washed with 5 column volumes of buffer A. The heparosan was eluted with buffer
B (1 M sodium chloride, 20 mM sodium acetate, pH 4). Eluted samples were dialyzed

overnight (10 kDa membrane cut off) against deionized water and lyophilized.

3.2.8 Nuclear magnetic resonance (NMR) spectroscopy analysis

The purified heparosan was analyzed by both one dimensional :H-NMR and 3C-NMR.
The experiments were performed using Bruker Ascend 600 MHz NMR spectrometer
(Bruker, MA, USA) with TOPSPIN data acquisition software (Bruker). The sample
was dissolved in 0.4 mL of D,O (Sigma Aldrich, MO, USA) and lyophilized twice to
facilitate hydrogen-deuterium exchange. The sample was again dissolved in 0.6 mL of
D.O and transferred to a 5 mm standard NMR tubes. *H spectrum was acquired in water

suppression mode for 160 scans. 3C spectrum was acquired for 8000 scans at 298 K.
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3.2.9 Heparosan concentration determination

The modified carbazole assay was carried out to measure heparosan concentration [14].
200 uL of appropriately diluted cell lysate supernatant was layered on to 1 mL of
sulphuric acid reagent (25 mM sodium tetraborate in 98 % H.SO,) in precooled glass test
tubes. The test tubes were shaken vigorously and incubated at a boiling water bath for
15 min. After cooling the tubes to room temperature, 40 yL of carbazole reagent (0.125 %
w/v of carbazole in absolute ethanol) was added, shaken again and incubated for 15 min
at boiling water bath. The absorbance of samples was recorded at 530 nm. D-glucuronic
acid was used as a standard for the quantification of heparosan. B. megaterium DSM319

strain was used as a control to remove the background values under the same conditions.

3.2.10 Heparosan molecular weight determination

High performance size exclusion chromatography (HPSEC) equipped with a RI detector
(Shimadzu, Kyoto, Japan) was used to determine the molecular weight distribution of
heparosan. LabSolutions software (Shimadzu, Kyoto, Japan) was used to acquire and
process the chromatogram data. The purified heparosan sample was filtered through a
0.45 pm filter and then loaded on to a polysep-GFC-P-6000 (Phenomenex Inc., Torrance,
CA). 100 mM NaNO; was used as a mobile phase at a flow rate of 0.5 mL/min at 40°C.
Dextran standards of different molecular weights viz. 10 kDa, 20 kDa, 40 kDa, 70 kDa,
100 kDa and 200 kDa (Sigma Aldrich, MO, USA) were used to obtain a calibration plot.

3.3 Results and discussion

3.3.1 Cloning and expression of E. coli K5 heparosan

biosynthesis genes in B. megaterium

The construction of recombinant B. megaterium heparosan biosynthesis pathway was
based on the mechanism of heparosan biosynthesis in E. coli K5 (Figure 3.1). Heparosan
production in E. coli K5 is facilitated by the concerted action of KfiC and KfiA proteins
and the formation of the KfiC-KfiA enzyme complex [42, 108]. Whole genome sequence
analysis suggested that B. megaterium is devoid of kfiC and kfiA genes encoding gly-
cosyltransferases. However, it encodes all genes for the synthesis of UDP-GIcA and

UDP-GIcNAc precursors. Hence, the expression of kfiC and kfiA is indispensable to
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Figure 3.1: Heparosan biosynthetic pathway in engineered B. megaterium expressing E. coli
K5 glycosyltransferases. Schematic representation of heparosan production in engineered B.
megaterium. The heterologous genes, kfiC, and kfiA are derived from E. coli K5. The thick
arrow represents the gene overexpression targets. G-6-P, Glucose-6-phosphate; F-6-P, Fructose-
6-phosphate; G-1-P, Glucose-1-phosphate; UDP-Glc, UDP-Glucose; UDP-GlcA, UDP-glucuronic
acid; GleN-6-P, Glucosamine-6-phosphate; GlcN-1-P, Glucosamine-1-phosphate; GlcNAc-1-P, N-
acetylglucosamine-1-phosphate; UDP-GlcNAc, UDP-N-acetyl glucosamine; glcK, glucokinase;
pgi, phosphoglucoisomerase; pgcA, phosphoglucomutase; gtaB, UTP-glucose-1-phosphate uridy-
lyltransferase; tuaD, UDP-glucose dehydrogenase; glmsS, Glucosamine-fructose-6-phosphate
aminotransferase; glmM, phosphoglucosamine mutase; gcaD, bifunctional N-acetyl glucosamine- 1-
phosphate uridyltransferase/glucosamine-1-phosphate acetyltransferase; kfiC, glucuronyltrans-
ferase; kfiA, N-acetylglucosaminyltransferase

establish heparosan synthesis pathway in B. megaterium. The genomic DNA of E. coli K5
and B. megaterium was isolated (Figure 3.2a). The E. coli K5 glycosyltransferase genes,
kfiC, and kfiA were PCR amplified from E. coli K5 and cloned into the E. coli-B. mega-
terium shuttle plasmid pRBBm34 under xylose-inducible promoter to generate plasmid
pMM-kfiCA (Figure 3.2¢). A consensus ribosomal binding site (RBS) of B. megaterium
(AAGGGGG) was introduced for translation initiation of kfiA. Lysate PCR and DNA
sequencing analysis were performed to validate the successful recombinant plasmid
construction (Figure 3.2d). The resulting plasmid was transformed into B. megaterium
to generate the strain CA. Further, SDS-PAGE analysis confirmed the heterologous
expression of KfiC and KfiA proteins of size 59 kDa and 27 kDa, respectively (Figure
3.2e). The absence of protein expression in uninduced samples indicates tight regulation

of the xylose-inducible promoter system.
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Figure 3.2: Cloning and expression of E. coli kfiC and kfiA genes in B. megaterium a) Genomic
DNA isolation of B. megaterium (lane 1)and E. coli K5 (lane 2) b) PCR amplification of kfiC (lane
1) and kfiA (lane 2) genes from E. coli K5 genomic DNA ¢) Schematic diagram of the pMM-kfiCA
expressing kfiC and kfiA genes d) Lysate PCR confirmation of positive clones e) Expression
of KfiC and KfiA proteins at 4 h and 10 h by SDS-PAGE analysis. Lane 1 and 3, lysate of the
uninduced culture at 4 h and 10 h; Lane 2 and 4, lysate of the culture induced with 0.5 % (w/v) of
D-xylose. Production of 59 kDa and 27 kDa proteins corresponding to KfiC and KfiA after the
addition of 0.5 % D-xylose as evident from Lane 2 and 4
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Figure 3.3: a) Expression analysis of UDP-GIcA synthesis pathway proteins (tuaD and gtaB) by
SDS-PAGE. Lane 1, lysate of the uninduced strain CA-D; Lane 2, lysate of strain CA-D induced
with 0.5 % (w/v) of D-xylose; Lane 3, lysate of the uninduced strain CA-DB; Lane 4, lysate of strain
CA-DB induced with 0.5 % (w/v) of D-xylose; Lane 5, protein marker. b) Expression analysis
of UDP-GIcNAc synthesis pathway proteins (gcaD and glmM) by SDS-PAGE. Lane 1, protein
marker; Lane 2, lysate of the uninduced strain CA-UM; Lane 3, lysate of strain CA-UM induced
with 0.5 % (w/v) of D-xylose; Lane 4, lysate of the uninduced strain CA-U; Lane 5, lysate of strain
CA-U induced with 0.5 % (w/v) of D-xylose

3.3.2 Homologous expression of UDP-precursor pathway genes

In addition to KfiC and KfiA, heparosan synthesis in B. megaterium involves other
homologous enzymes to produce precursors, UDP-GlcA and UDP-GIcNAc. Literature
reports suggested that expression of glycosyltransferases alone was not sufficient to
produce high amounts of capsular polysaccharides in heterologous production hosts
[88, 133]. The expression of UDP-precursor sugar pathway genes and the UDP-precursor
sugar concentration may also influence the heparosan production. Hence, the homologous
gene clusters, tuaD, tuaD-gtaB, gcaD, and gcaD-glmM were systematically assembled
in pSP6-RNAP under xylose-inducible promoter to construct the plasmids pMGB-tuaD,
pMGB-tuaDgtaB, pMGB-gcaD and pMGB-gcaDglmM, respectively. The resulting plas-
mids were transformed into strain CA to generate strains, CA-D, CA-DB, CA-U, and
CA-UM, respectively. A consensus RBS of B. megaterium (AAGGGGG) was introduced for
translation initiation in operon constructions. The expression of UDP-precursor synthesis

pathway proteins were confirmed by SDS-PAGE analysis (Figure 3.3).

During the cloning of UDP-precursor sugar synthesis genes, the growth of E. coli

was severely compromised due to toxicity and intracellular acidification. The toxicity
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Figure 3.4: a) Schematic diagram of the pBAD33-xylR expressing xylR gene from B. megaterium
under arabinose inducible promoter b) Expression analysis of XylR protein by SDS-PAGE. Lane
1, lysate of uninduced TOP10 culture; Lane 2, lysate of TOP10 culture induced with 0.2 % (w/v)
L-arabinose; Lane 3, lysate of uninduced TOP10-xylR culture; Lane 4, lysate of TOP10-xylR
culture induced with 0.2 % (w/v) L-arabinose

was due to the leaky expression of xylose inducible promoter system in E. coli [50]. To
alleviate this, B. megaterium xylR encoding xylose repressor protein was overexpressed,
which binds to the xylose operator, thus preventing the leaky expression driven by
P,y14 promoter during cloning in E. coli TOP10. The xylR was cloned under arabinose-
inducible promoter, Pgap to generate the plasmid pBAD33-xylR (Figure 3.4a). The
resulting plasmid was transformed into E. coli TOP10. E. coli TOP10 cells harboring the
plasmid pBAD33-xylR was designated as TOP10-xylR. The TOP10-xylR cells were made
competent and used to clone UDP-sugar precursor pathway genes. XylR expression was

induced by the addition of 0.2 % (w/v) L-arabinose (Figure 3.4b).
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Figure 3.5: a) Genetic organization of artificial operons to increase the UDP-precursor sugar
levels in different recombinant strains b) Heparosan titer and cell concentration of different
recombinant strains at 8 h and 16 h in batch bioreactor ¢) Time course of heparosan production
and cell growth of strain CA-DB. The culture was induced at 4 h when the ODgg, reached 0.3 to
0.5

3.3.3 Performance evaluation of recombinant B. megaterium

strains in batch bioreactor

Batch fermentation was performed to evaluate the heparosan production capability of
different recombinant strains. Figure 3.5b illustrates the coexpression of kfiC and kfiA
genes in B. megaterium (strain CA) yielded 36 mg/L and 94 mg/L of heparosan in 8 h
and 16 h, respectively. Previous studies shown that only KfiC and KfiA proteins were
involved in the heparosan biosynthesis in E. coli K5 and this result was consistent in B.
megaterium [42, 108]. In order to determine the influence of UDP-precursor sugar
pathway genes overexpression, the strains CA-D, CA-DB, CA-U, and CA-UM were

cultivated under identical conditions and compared with strain CA. The UDP-GlcA
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synthesis pathway overexpressed strains, CA-D and CA-DB significantly enhanced the
heparosan production to 320 mg/L and 394 mg/L at 16 h. This significant improvement of
heparosan titer exemplifies that UDP-glucose dehydrogenase encoded by tuaD and UTP-
glucose-1-phosphate uridylyltransferase encoded by gtaB are rate limiting enzymes for
heparosan production in B. megaterium. The UDP-GlcA pathway intermediates, glucose- 1-
phosphate, and UDP-glucose are consumed for cell wall polysaccharide synthesis in
addition to heparosan synthesis during cell growth (Figure 3.1). Diversion of these
intermediates to UDP-GIcA synthesis could lead to enhanced heparosan production. This
result corresponds to the previous reports that found an increase in the hyaluronic acid
titer in B. subtilis and Lactococcus lactis, when overexpressed with UDP-GIcA synthesis
pathway genes [46, 88]. Conversely, the upregulation of UDP-glucose dehydrogenase
in E. coli K5 decreased the heparosan production [97], which indicated that UDP-
GlcA concentration differently regulates the heparosan biosynthesis in E. coli K5 and
heterologous producers. Similarly, UDP-GlcNAc pathway genes, gcaD, and glmM were
overexpressed to improve the UDP-GlecNAc levels. The upregulation of gcaD increased
heparosan production to 217 mg/L at 16 h. However, coexpression of gcaD and glmM
showed only marginal increase (233 mg/L) on heparosan biosynthesis. The introduction
of plasmids did not affect the growth of recombinant B. megaterium strains (Figure
3.5b), and also the heparosan production was in concurrence with cell growth (Figure
3.5¢). After the depletion of sucrose to a low level at about 10 h, cell growth ceased and
subsequently heparosan production was stopped. Heparosan was accumulated primarily
in cell pellet during the course of fermentation. Heparosan was not detected in the
supernatant of all the recombinant strains. The absence of heparosan in the supernatant

indicated that B. megaterium does not possess cell wall mediated export mechanism.

3.3.4 Fed-batch fermentation of heparosan in 3-L bioreactor

Batch fermentation results illustrated that the insufficient sucrose concentration was
limiting heparosan production (Figure 3.5¢). Hence, fed-batch fermentation was per-
formed to sustain cell growth and heparosan production. The dynamic profiles of biomass
growth, sucrose consumption, and heparosan production by strain CA-DB are depicted
in Figure 3.6. In order to minimize the acetate accumulation due to carbon overflow
metabolism, residual sucrose concentration in the fermentation medium was maintained

at less than 5 g/L. Similar to batch fermentation, the accumulation of heparosan was
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Figure 3.6: Fed-batch fermentation of strain CA-DB in 3-L bioreactor. Kinetics of cell growth,
heparosan production, and sucrose consumption are shown. The culture was induced when the
ODgoo reached 0.3 to 0.5

coupled with cell growth and mainly occurred during growth phase. The heparosan
concentration was significantly increased to 1.32 g/L at 25 h, which was 3.4 times that of
batch fermentation. This result suggested that devising effective strategies for high cell
density cultivation of recombinant B. megaterium would further enhance the heparosan

production [134].

3.3.5 Structural characterization of recombinant B.

megaterium derived heparosan

One dimensional *H-NMR and 3C-NMR analyses were performed to determine the
structure of B. megaterium derived heparosan. Heparosan obtained from the strain
CA-DB was characterized by tH-NMR and 3C-NMR (Figure 3.7). The proton and carbon
chemical shifts are presented in Table 3.4 and were well corroborated with the previously
published spectra of heparosan [22, 127, 133]. In addition, wild-type B. megaterium
DSM319 did not show any anomeric proton signals for GlcA and N-acetyl group signal
for GlcNAc, indicating the inability to produce heparosan. NMR analysis indicated
that heparosan from B. megaterium has identical disaccharide repeating units with a
structure of [(—4)-B-D-GlcA (1—4)-a-D-GlcNAc (1—)].
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Figure 3.7: a) '"H-NMR and b) 3C-NMR spectra of B. megaterium derived heparosan. Chemical
shifts assigned to the proton and carbon atoms of heparosan are mentioned in Table 3.4

Table 3.4: Chemical shift assignments of B. megaterium derived heparosan. Chemical shifts are
represented in ppm

Chemical shifts

No. Proton/carbon

(ppm)
'H-NMR
1 Methyl H of GlcNAc 1.92
2 H-2 of GlcA 3.25
3 H-3, H-4 of GlcA and H-4 of GlcNAc 3.57
4 H-5 of GlcA 3.62
5 H-2, H-3, H-5 and H-6 of GIcNAc 3.74
6 H-1 of GIlcA 4.38
7 H-1 of GlcNAc 5.27
BC-NMR
1 Methyl C of GlcNAc 21.98
2 C-2 of GlcNAc 53.29
3 C-6 of GIcNAc 59.50
4 C-4 of GIcNAc 78.51
5 a-anomeric C-1 of GlcNAc 96.42
6 B-anomeric C-1 of GlcA 102.02
7 Carboxyl C of GlcA 174.91
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Table 3.5: Analyses of molecular weight distribution of heparosan obtained from different B.
megaterium strains

Strain M, (kDa)

CA 31.35 + 0.21
CA-D 59.17 + 0.66
CA-DB 53.57 * 0.59
CA-U 38.53 = 0.11
CA-UM 55.78 + 0.22
CA-DB (Fed-batch) 40.86 + 2.03

3.3.6 Characterization of molecular weight of heparosan

Heparosan molecular weight is a critical parameter to be considered as a precursor for
heparin synthesis. The molecular weight distribution of the heparosan obtained from
different recombinant strains is given in Table 3.5. Single distribution of heparosan
molecular weight was observed by HPSEC. The strain CA produced heparosan molec-
ular weight of 31.35 kDa. Overexpression of tuaD and tuaD-gtaB genes increased the
heparosan molecular weight to 59.17 kDa and 53.57 kDa, respectively. The UDP-GlcA
pathway overexpressed strains favor the synthesis of longer heparosan polysaccharide
chain. Similar results have been reported for heparosan production by E. coli and B.
subtilis [22, 133]. The upregulation of gcaD-glmM also had positive effect on the molec-
ular weight of heparosan. Fed-batch fermentation of the strain CA-DB decreased the
molecular weight to 40.86 kDa. Heparosan can be obtained from different heparosan syn-
thases, which determines the molecular weight. E. coli K5 typically produces heparosan
molecular weight in the range of 20 to 80 kDa and used for chemoenzymatic heparin
synthesis [130]. P. multocida heparosan synthases produces higher molecular weight of
100-800 kDa suitable for biomaterial applications [106]. B. megaterium engineered with
E. coli K5 glycosyltransferases resulted in the molecular weight range of 31 kDa to 60
kDa, enumerates its potential as a precursor for heparin synthesis. Batch productivity
(24.66 mg/L/h) of low molecular weight heparosan by B. megaterium was found to be
significantly higher than the metabolically engineered B. subtilis (9.91 mg/L/h) reported

in literature [22]. Also, the low molecular weight heparosan productivity by B. mega-
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terium for batch and fed-batch (53 mg/L/h) compares favourably with the metabolically
engineered E. coli (batch (21.73 mg/L/h) and fed-batch (53.7 mg/L/h)) as reported in
literature [133]. Though the B. megaterium heparosan titer is lower compared to the
pathogenic E. coli K5 at present, recombinant B. megaterium offers safe alternative for

the production of heparosan with desirable molecular weight properties.

3.4 Conclusion

This chapter successfully addressed a safe and alternative approach to produce heparosan
in B. megaterium utilizing E. coli K5 glycosyltransferase genes. The UDP-precursor sugar
pathway enzymes were found to be rate limiting for efficient heparosan synthesis in B.
megaterium. A maximum heparosan titer was achieved (394 mg/L) in batch fermentation
and was further enhanced to 1.32 g/L in fed-batch fermentation. Concerted endeavors for
optimizing the expression level of KfiC and KfiA proteins, balancing the carbon flux of the
UDP-precursor sugar pathway and optimizing the medium and fermentation strategies
would further enhance the heparosan production. The molecular weight range (31-60
kDa) of heparosan obtained could be a possible precursor material for chemoenzymatic

heparin synthesis.
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CHAPTER

DEVELOPMENT OF DUAL PROMOTER EXPRESSION SYSTEM FOR

THE ENHANCED HEPAROSAN PRODUCTION IN Bacillus megaterium

Summary

Heparosan production in B. megaterium is catalyzed by the formation of KfiC-KfiA
complex and the subsequent action of KfiC and KfiA proteins. Polycistronic expression
of kfiC and kfiA in B. megaterium yielded an unbalanced expression of KfiC and KfiA
proteins resulted in decreased heparosan production. In this chapter, a dual promoter
plasmid system was constructed to enhance the expression levels of KfiC and KfiA
proteins. Dual promoter plasmid system along with UDP-GIcA pathway overexpression
(CADuet-DB) increased the heparosan production to 203 mg/L in shake flask experiments.
Batch fermentation of strain CADuet-DB under controlled conditions yielded a maximum
heparosan concentration of 627 mg/L, which is 59 % higher than strain CA-DB. A modified
logistic model is applied to describe the kinetics of heparosan production and cell growth.
Fed batch fermentation resulted in 3-fold enhancement in heparosan concentration
(1.96 g/L), compared to batch fermentation. NMR analysis revealed that heparosan from
strain CADuet-DB was similar to E. coli K5 heparosan. These results suggested that

dual promoter expression system is a promising alternative to polycistronic expression

An article based on this chapter is published as follows: Nehru, G., Tadji, S. R. R., & Sivaprakasam,
S. (2021). Application of Dual Promoter Expression System for the Enhanced Heparosan Production in
Bacillus megaterium. Applied Biochemistry and Biotechnology, 1-14. ©Springer US
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system to produce heparosan in B. megaterium.

4.1 Introduction

E. coli K5 heparosan biosynthesis is regulated by four genes, kfiC, kfiA, kfiB and kfiD,
present in the serotype specific region 2 of E. coli K5 gene cluster. kfiC encodes D-
glucuronyltransferase, kfiA encodes N-acetyl glucosaminyltransferase and kfiD encodes
UDP-glucose dehydrogenase, which converts UDP-glucose to UDP-GIcA [87]. The role of
kfiB in heparosan biosynthesis is still unclear. Heparosan production is facilitated by
the formation of KfiC-KfiA enzyme complex and the concerted action of KfiC and KfiA
glycosyltransferases [42]. Literature reports suggested that KfiC alone does not exhibit
GlcA transferase activity, but in the presence of KfiA, KfiC exhibits GlcA activity and
polymerization activity [108]. Hence, the comparable co-expression of KfiC and KfiA
proteins are essential to increase the polymerization activity of KfiC-KfiA complex.

In previous chapter, B. megaterium was engineered with E. coli K5 kfiC and kfiA glycosyl-
transferases to produce heparosan. kfiC and kfiA genes were expressed in polycistronic
manner, resembling the E. coli K5 heparosan synthesis gene cluster. SDS-PAGE analysis
showed an unbalanced expression of KfiC and KfiA proteins [80]. Literature report also
proved that optimizing the expression of chondroitin pathway genes using pseudo-operon
structure is beneficial than the operon structure in order to improve the chondroitin
production in E. coli [40]. To be specific, dual promoter expression system was found to
be efficient for the co-expression of proteins or the production of protein complexes [53].
pETDuet plasmid system is widely used for the co-expression of proteins in E. coli and
also, it is commercially available.

In this chapter, a dual promoter plasmid system was constructed for the co-expression
of kfiC and kfiA genes in B. megaterium to improve the heparosan production. The
process variables influencing the heparosan production were optimized. The heparosan
production ability of recombinant B. megaterium was evaluated in 3-L bioreactor both in
batch and fed batch fermentation conditions. In addition, structural characterization of
heparosan was determined by NMR analysis. Overall, this present chapter addresses
the significance of dual promoter expression system for heparosan production in B.

megaterium.
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MATERIALS AND METHODS

Table 4.1: List and description of the strains

Strain Description/characteristic Reference
Cloning host, F(laclq Tnio
(Tet®)) merA A(mrr-hsdRMS-

E. coli TOP10 merBC) ®8olacZAM15 AlacX74 Invitrogen

E. coli K5

B. megaterium
DSM319

B. megaterium
CA

B. megaterium
CA-DB

B. megaterium
CADuet

B. megaterium
CADuet-DB

recA1 araDi139 A(ara-leu)7697
galU galK rpsL endA1 nupG

Serotype 010:K5:Hg

Wildtype, Expression host

B. megaterium DSM319 harbor-
ing pMM-kfiCA

B. megaterium CA harboring
pMGB-tuaDgtaB

B. megaterium DSM319 harbor-
ing pMMDuet-kfiCA

B. megaterium CADuet harboring
pMGB-tuaDgtaB

BEI Resources,
NIAID, NIH

DSMZ,
schweig,
many

Braun-
Ger-

[80]

[80]

Present study

Present study

4.2 Materials and methods

4.2.1 Bacterial strains, plasmids and media

The bacterial strains and plasmids used in this study are presented in Table 4.1 and
4.2. E. coli and B. megaterium strains were cultivated and maintained in Luria-Bertani
(LB) broth and LB agar (LB broth containing 1.5 % agar). The fermentation medium
used for shake flask and bioreactor experiments consisted of 10 g/L sucrose, 10 g/L yeast
extract powder, 2 g/L tryptone, 7.8 g/L sodium dihydrogen phosphate dihydrate, 3.9 g/L
potassium sulfate and 1.2 g/L magnesium sulfate heptahydrate. The final pH of medium
was adjusted to 7.0 by 2 M NaOH [80]. Sterile filtration of the fermentation medium
was done using 0.22 ym PVDF membrane filter. 100 pyg/mL of ampicillin for E. coli
and 10 pyg/mL of tetracycline and 4.5 pyg/mL of chloramphenicol for B. megaterium were

supplemented in the medium for the stable replication of recombinant plasmids. The
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Table 4.2: List and description of the plasmids

Plasmid Description/characteristic Reference

E. coli — B. megaterium shuttle Addgene plas-

RBB
P m34 vector, Pxyl-MCS, Amp~ Tet ® mid # 48114

E. coli — B. megaterium shuttle Addgene plas-
pHBIintN vector, Source of Pxyl-MCS se-

quence mid # 48135
. Pxyl-kfiCA, Polycistronic expres-

MM-kfiCA 2
p ! sion of kfiC and kfiA genes [8o]

MGB- Pxyl-tuaDgtaB, Expression of
‘Ic)uaD taB GlcA pathway genes, tuaD and [80]

J gtaB

pMMDuet Py X R " Present study

moter expression system

pMMDuet derivative, Pxyl-kfiC-

pMMDuet-kfiC Present study

Pxyl-MCS
pMMDuet- pMMDuet derivative, Pxyl-kfiC- . o o
kfiCA Pxyl-kfiA 1

media components and chemicals were procured from HiMedia Laboratories, Mumbai,

India.

4.2.2 Construction of expression systems

The parent plasmid, pRBBm34 [12] was digested with Sphl. The primers used in this
study are presented in Table 4.3. The xylose promoter with multiple cloning site was PCR
amplified from pHBintN [13] using the primers, Dual-F and Dual-R and subsequently
cloned into Sphl site of pRBBm34 to generate dual promoter plasmid system, pMMDuet.
The glycosyltransferase genes, kfiC and kfiA were amplified from E. coli K5 genomic
DNA. kfiC gene was cloned under the first promoter of pMMDuet restricted with BsrGI
and Eagl to yield the plasmid pMMDuet-kfiC. Similarly, kfiA gene was cloned under the
second promoter of pMMDuet-kfiC digested with Spel and Kpnl to generate pMMDuet-
kfiCA. E. coli TOP10 was used as a cloning host to construct recombinant plasmids. The

resulting plasmid was transformed into B. megaterium by PEG-mediated protoplast
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Table 4.3: List and sequence of the primers

Primer Sequence (5" — 3)

Dual-F CAAATAATGAATTCGCGGCCGCATGTTGAATTAGATATTTAA
AAGTATCATATCTAATATTATAACTAAATTTTC

Dual-R GAATCCGTTAGCGAGGTGCCGCCGGGGCCGGTACCGGAT

Dual-kfiC-F GTTCACTTAAATCAAAGGGGGAAATGTACAATGAACGCAGAA
TATATAAATTTAGTTGAACGT

Dual-kfiC-R TAAATATCTAATTCAACATGCGGCCGTTACTATTGTTCAATT
ATTCCTGATACATCTTTAAACAAAC

Dual-kfiA-F AGGGGGAAATGACAAATGGTCCAAACTAGTATGATTGTTGCA
AATATGTCATCATACCC

Dual-kfiA-R CGTTAGCGAGGTGCCGCCGGGGCCGGTACCTTACCCTTCCAC
ATTATACACTAATTCGAG

transformation [72]. The transformants obtained on antibiotic resistance plate were

taken for protein expression analysis.

4.2.3 Expression analysis of KfiC and KfiA proteins

The overnight recombinant B. megaterium culture was inoculated in LB broth containing

appropriate antibiotics. When the ODsoo reached 0.3-0.4, the culture was induced with

0.5 % of D-xylose. The culture was incubated at 30 °C for 6 h. The cells were harvested
by centrifugation and washed twice with deionized water. The cells were resuspended

in 100 pl of lysis buffer and incubated at 37 °C for 45 min. The lysis buffer consisted of
100 mM Na;PO, pH 6.5, 5 mg/mL of lysozyme, 5 mM MgSO, and 2 ul of benzonase. The

cell lysate was centrifuged at 4 °C for 30 min to remove soluble proteins. The remaining
pellet was resuspended in 50 pl of 8 M urea to dissolve the insoluble proteins. Bradford
assay was performed to estimate the concentration of total proteins. 20 yg of proteins

were separated by 10 % SDS-PAGE analysis.

4.2.4 Shake flask and bioreactor experiments

The seed culture for shake flask and bioreactor experiments were grown in LB broth at

30 °C for 14 h. For shake flask cultivations, the preculture was inoculated into 250 ml
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baffled flask containing 25 ml of fermentation medium to the optical density of 0.05 and

incubated at 30 °C with shaking at 200 rpm. When the ODso, reached 0.5, recombinant
gene expression was induced by the addition of 0.5 % (w/v) D-xylose. After 24 h induction,

cells were harvested by centrifugation and stored at -20 °C for growth and product
analysis.

Batch and fed batch fermentation of the recombinant strain was performed in a 3 LL
fermenter (Biojenik engineering, Chennai, India) with a 1.7 L fermentation medium. 5
% (v/v) of preculture was used to inoculate the fermentation medium. When the ODgo0
reached 0.5, the culture was induced with 1.5 % (w/v) D-xylose for the recombinant
gene expression. The temperature was maintained at 37 °C. The pH was controlled
at 7.0 using 3 M NaOH. During batch phase of fermentation, the agitation speed and
aeration rate were set at 600 rpm and 1 vvim, respectively. After the depletion of sucrose
in the fermentation medium, 50 % (w/v) of sucrose feeding solution was supplemented
in order to sustain the growth of recombinant culture. Dissolved oxygen concentration
was maintained above 20 % by regulating the agitator speed with an aeration rate of 1
vvim. Samples were collected in regular intervals for determining biomass, product and
substrate concentration. Optical density (ODsoo) of these samples were measured using
UV spectrophotometer (Infinite M200 PRO, Tecan, Mannedorf, Switzerland). Total sugar
concentration was determined by Anthrone method. Concentrations of xylose and acetate
in fermentation broth were determined using HPLC (Shimadzu, Kyoto, Japan) equipped
with refractive index detector and Rezex RHM-monosaccharide H column (Phenomenex

Inc., Torrance, CA). The mobile phase was 5 mM H.SO, at a flow rate of 0.5 ml/min.

4.2.5 Kinetic modelling of B. megaterium growth and

heparosan production

The logistic models are unstructured models that describe the kinetics of microbial
growth and product formation. Logistic model uses sigmoidal profiles, which is indepen-
dent of substrate concentration to estimate the kinetic parameters. Logistic equation (Eq.
4.1) was used to describe the sigmoidal growth profile of B. megaterium and heparosan
production with certain assumptions. The assumptions are (i) Sucrose is the only limiting
factor, (ii) the rate of cell growth is directly proportional to the cell concentration, (iii)

cell growth is dependent on the amount of sucrose in the medium and (iv) heparosan
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production is associated with cell growth.
dpP Py —P
T'p = = um.P.( -

) (4.1)

where, P;, is the maximum cell or heparosan concentration (g/L or mg/L) and p, is the

maximum specific growth or heparosan production rate (h-1).

The Eq. 4.1 was modified by incorporating the parameters vp and Apto yield reparame-
terized Eq. 4.2

P,
= qup (Ap (4-2)

m

by

where, P is the product estimated (X or H), P, is the maximum cell or heparosan
concentration (g/L or mg/L), vp is the maximum growth or heparosan production rate
(g/L.h or mg/L.h), and Ap is the lag phase of cell growth or heparosan production (h).

In addition, other parameters such as pp, 7p and tnp were calculated according to the
following equations. These parameters describe the characteristics of cell growth and

heparosan production of recombinant B. megaterium in the media studied.

4up
Hp = P (4.3)
2
Tp =Ap + — 4.4)
P=Apt o 4.4
P
tmp = Tp +2Tm (4.5)

where, yp is the maximum specific growth or heparosan production rate (h-), 7p is the
time required to reach half of the maximum production or growth (h) and t,p is the time

required to achieve maximum production (h).

4.2.6 Kinetic parameters estimation and statistical analysis

The experimental data obtained from batch bioreactor experiment was used to estimate
the kinetic parameters. Kinetic parameters were estimated by minimizing objective
function (f) formulated between the model predicted and experimental data using non-

linear least square method. All the kinetic parameters estimation and model fitting
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procedures were carried out using Microsoft Excel solver tool [122]. Model regression

analysis was performed using Microsoft Excel data analysis tool kit.

f= . (Psim — Pexp)? (4.6)

where, Psin, is the simulated data and Pey, is the experimental data.

4.2.7 Analysis and characterization of heparosan

The cells were harvested from fermentation broth by centrifugation and washed twice
with deionized water. Heparosan was extracted by suspending the cells in lysis buffer (2
g/L lysozyme, 2 ul benzonase, 20 mM MgSO, and Tris-Cl pH 7.5) and incubated for 1 h.
Complete lysis of the cells was achieved by autoclaving the cell lysate at 121 °C for 20
min. The cell debris was removed by centrifugation and the supernatant was used for
heparosan quantification. The modified carbazole assay was used to estimate heparosan
concentration [14].

Heparosan was purified from the fermentation broth using Diethylaminoethyl-sepharose
chromatography [133]. The purified heparosan was characterized by NMR analysis.
Heparosan characterization was performed using Bruker Ascend 600 MHz NMR spec-
trometer (Bruker, MA, USA) with TOPSPIN data acquisition software. The freeze-dried
heparosan was dissolved in 0.6 mL D.O and transferred into standard NMR microtubes.
'"H-NMR spectrum was recorded for 160 scans at 298 K.

The average molecular weight distribution of heparosan was analyzed by high per-
formance size exclusion chromatography-refractive index detector (HPSEC-RID) with
polysep-GFC-P-6000 column (Phenomenex Inc, Torrance, CA). The mobile phase was 100
mM NaNO; with a flow rate of 0.5 ml/min. The column temperature was maintained at
40 °C. The average molecular weight of the samples was determined using the calibration

plot obtained from dextran standards of different molecular weights [127].
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4.3 Results and discussion

4.3.1 Construction of dual promoter plasmid system expressing
kfiC and kfiA genes

Heparosan is synthesized in B. megaterium by the KfiC-KfiA enzyme complex and
the sequential action of KfiC and KfiA glycosyltransferases (Figure 3.1) [42]. In the
previous chapter, KfiC and KfiA proteins were expressed in a polycistronic plasmid
system under a single promoter as mimicking the K5 operon structure. Expression of
KfiA was observed to be less compared to the KfiC, which is adjacent to the promoter [80].
The efficient production of heparosan requires the comparable expression of KfiC and
KfiA and the formation of KfiC-KfiA protein complex. To overcome this, dual promoter
expression system was constructed where the promoter sequence was inserted before
kfiA on a polycistronic expression system [53]. kfiC and kfiA were cloned under individual
xylose-inducible promoter to generate dual promoter expression system, pMMDuet-kfiCA
(Figure 4.2a). Restriction digestion analysis was performed to validate the successful
recombinant plasmid construction (Figure 4.1). The resulting plasmid was transformed
into B. megaterium to generate the strain CADuet. SDS-PAGE analysis revealed that
the KfiA expression is enhanced in the dual promoter expression system compared to
the polycistronic expression system (Figure 4.2b). Dual promoter expression system was
previously applied to improve the co-expression of proteins and protein complexes [10, 53].
Shake flask cultivation of strains, CADuet and CA resulted in the heparosan production
of 55 mg/L and 40.5 mg/L, respectively (Figure 4.2c). Literature reports indicated that
UDP-GIcA concentration was limiting the heparosan production in heterologous hosts [22,
47, 133]. The plasmid pMGB-tuaDgtaB, expressing UDP-glucose dehydrogenase (tuaD)
and UDP-glucose pyrophosphorylase (gtaB) was constructed in the previous chapter
to enrich the UDP-GIcA synthesis pathway [80]. The plasmid pMGB-tuaDgtaB was
transformed into CADuet to generate the strain CADuet-DB. Shake flask experiments
of CADuet-DB and CA-DB produced the heparosan concentrations of 195.7 mg/L and
115 mg/L (Figure 4.2c). These results indicated that dual promoter plasmid system and

UDP-GIcA concentration increased the heparosan production in B. megaterium.
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pMMDuet pMMDuet-kfiC pMMDuet-kfiCA

a) b)

8.48 kb

« 043kb < 1.35kb

Figure 4.1: Development of dual promoter expression system expressing kfiC and kfiA genes. a)
Construction of dual promoter plasmid, pMMDuet. Restriction digestion analysis with BamHI
resulted in the expected size of 7.89 kb and 0.43 kb DNA fragments b) Construction of pMMDuet-
kfiC. Plasmids were digested with BamHI to yield DNA fragments of 8.48 kb and 0.65 kb ¢)
Construction of pMMDuet-kfiCA. Plasmids were digested with BamHI and Kpnl to produce
expected DNA fragments of 8.48 kb and 1.35 kb

4.3.2 Process optimization of heparosan production

Optimization of the process variables such as temperature, Inducer concentration and
ODsoo prior to induction was vital to improve the heparosan production and cell growth.
To evaluate the influence of temperature on heparosan production, strain CADuet-DB
was cultivated at four different temperatures (25 °C, 30 °C, 37 °C and 42 °C) for 24 h.
The maximum heparosan concentration and cell concentration was observed to be 203
mg/L and 4.60 g/L at 37 °C, respectively (Figure 4.3a). At tested temperatures below 30
°Cand above 37 °C, B. megaterium showed suboptimal growth and decreased heparosan
production. D-xylose was used as an inducer to drive the expression of cloned genes
under xylose inducible promoter. In addition, B. megaterium utilizes D-xylose along with
sucrose during the course of fermentation. To determine the optimal xylose concentration,
different xylose concentrations (0.5 %, 1 %, 1.5 % and 2 %, w/v) were used to induce
strain CADuet-DB. No significant difference was observed in the cell growth among
various inducer concentrations. The maximum heparosan production was observed at 1.5
% (w/v) of D-xylose (Figure 4.3b). In addition, the cell concentration has to reach certain
threshold to resist the metabolic burden caused by higher xylose concentrations. In order
to determine optimal ODeoo prior to induction, the cultures were induced at different

ODsoo values of approximately 0.1, 0.4, 0.8 and 1.5. The highest heparosan concentration
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Figure 4.2: a) Schematic representation of dual promoter plasmid system, pMMDuet-kfiCA
expressing kfiC and kfiA genes b) Expression analysis of KfiC and KfiA proteins by SDS-PAGE.
Lane 1 and 2, lysate of strain CADuet uninduced and induced; Lane 3 and 4, lysate of strain CA
uninduced and induced. The cultures were induced with 0.5 % (w/v) D-xylose. Production of KfiC
and KfiA proteins at 59 kDa and 27 kDa, respectively after the addition of D-xylose as seen in
lane 2 and 4 ¢) Heparosan titer comparison of different recombinant B. megaterium strains at
shake flask culture level
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Figure 4.3: Effect of a) temperature b) inducer concentration and ¢) ODsoo prior to induction on
heparosan production and cell growth

was obtained when the gene expression was induced at ODeoo of 0.4 (Figure 4.3c). The
cell growth and heparosan production were severely affected when the cultures were
induced at ODeoo of 0.1. The late induction above the ODg¢oo of 1.5 also decreased the
heparosan yield as most of the cellular resources were diverted to cell growth instead of

protein expression prior to the induction.

4.3.3 Batch fermentation and kinetic modelling of recombinant

B. megaterium growth and heparosan production

Batch fermentation of strain CADuet-DB was carried out to scale-up the heparosan
production in 3-L fermenter. The maximum cell concentration of 4.59 g/L was reached
in the bioreactor at the end of 14 h. Heparosan concentration was increased to 627
mg/L at 14 h (Figure 4.4). Previously, batch fermentation of strain CA-DB resulted in
the maximum heparosan production of 394 mg/L [80]. We observed a 59 % increase in
the heparosan production in strain CADuet-DB than strain CA-DB. Carbazole analysis
showed that the heparosan was retained in the cell pellet [80, 127].

Further, the estimation of growth and product related kinetic parameters aid in under-
standing the performance of recombinant strains and devising bioprocess strategies to
improve the heparosan production. Modified logistic model was used to estimate the ki-
netic parameters by fitting the experimental data. Parameter estimations corresponding
to the logistic equation were summarized in Table 4.4. The agreement between predicted
and experimental data was satisfactory, with the correlation coefficient values above 0.99.
The consistency of the model to describe the cell growth and heparosan production was

also confirmed by statistical analysis using p-values from Fisher’s F-test. High F-values
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Figure 4.4: Batch fermentation of strain CADuet-DB in 3 L bioreactor. Experimental data of
heparosan production and cell growth were fitted to the logistic model (Eq. 4.2) (continuous
line). The corresponding parameter estimations were listed in Table 4.4. Xc.p, experimental cell
concentration; X;m, model predicted cell concentration; He..p, experimental heparosan; Hsim,
model predicted heparosan

(1920.61 and 25599.42) and low p-values (<0.001) indicates the significance of the model.
As illustrated in Figure 4.4, the strain CADuet-DB displayed a classic sigmoidal growth
pattern. After a lag phase of 6.61 h, the cell concentration entered an exponential growth
and reached a maximum of 4.59 g/L. Similarly, the heparosan production took place

simultaneously with cell growth, following a similar sigmoidal profile.

4.3.4 High cell density cultivation of B. megaterium for

heparosan production

The strain CADuet-DB was further cultivated in fed batch cultures to evaluate the
heparosan production in 3-L fermenter. The time course of heparosan production, cell
growth and sucrose consumption were represented in Figure 4.5. To prevent the acetate
overproduction due to carbon overflow metabolism, sucrose was fed to maintain the
concentration less than 10 g/L. The heparosan production is coupled to cell growth,

similar to batch fermentation. The heparosan production was increased to 1.96 g/L at 25
h.
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Table 4.4: Parametric estimations corresponding to the logistic model applied to batch cultures
of strain CADuet-DB. The kinetic parameters were estimated using the Eq. 4.2 to Eq. 4.5

Kinetic parameters Estimated values
Cell growth
Xm (g/L) 4.55 * 0.16
vx (g/L. h) 1.31 + 0.06
Ax (h) 6.61 + 0.04
Hx (h—1) 1.15 = 0.02
7x (h) 8.34 * 0.07
tmx (h) 10.08 %= 0.09
Rz 0.99
MSE 0.02
F (g = 0.05) 1920.61
b <0.001
Heparosan
H,, (mg/L) 619.98 + 5.22
v (mg/L. h) 273.57 + 0.73
Ag (h) 6.19 + 0.04
M (h=1) 1.77 + 0.01
T (h) 7.32 + 0.03
tmu (h) 8.45 + 0.03
R2 0.99
MSE 25.71
F (a = 0.05) 25599.42
p <0.001
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Figure 4.5: Fed batch fermentation of strain CADuet-DB in 3-L bioreactor. Time course of
heparosan production, cell growth and sucrose consumption are shown
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Figure 4.6: '"H-NMR analysis of recombinant B. megaterium derived heparosan. The chemical
shifts assigned to the protons are listed in Table 4.5

4.3.5 Structural and molecular weight characterization of

heparosan

Heparosan was extracted from the cell pellet by acidic protein precipitation and anion
exchange chromatography [60]. One dimensional ‘H-NMR was employed to determine
the structural characteristics of heparosan produced by strain CADuet-DB. The chemical
shifts obtained were similar to the previously published spectra of heparosan (Table
4.5) [22, 127, 133]. The peaks at 4.32 ppm and 3.19 ppm corresponds to the H-1 and
H-2 of B-GlcA, respectively confirmed the presence of glucuronic acid residue. Similarly,
the peak at 5.22 ppm represents the H-1 of GlcNAc along with the characteristic acetyl

peak at 1.88 ppm confirmed the presence of N-acetylglucosamine residue of heparosan
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Table 4.5: "H-NMR chemical shift assignments for heparosan derived from strain CADuet-DB

Chemical shifts

No. Proton
(ppm)

1 GlcNAc CH;, 1.88
2 GlcA H- 3-19
3 GlcA H;, H, and GlcNAc H, 3.50
4 GlcA H; 3.57
5 GlcNAc H,, H;, H;, He 3.69
6 GlcA H, 4.32
7 GlcNAc H, 5.22

(Figure 4.6). The molecular weight distribution of heparosan was determined by HPSEC.
The molecular weight of heparosan obtained with the strain CADuet-DB in batch and
fed batch fermentation was 68.6 kDa and 41.9 kDa. The average molecular weight of
heparosan obtained in this chapter is lower than B. megaterium derived heparosan engi-
neered with P. multocida heparosan synthase [127]. This difference could be explained
by the source of glycosyltransferases, gene expression levels and other growth conditions.
Low molecular weight heparosan can be used as a precursor for chemoenzymatic heparin

synthesis and drug conjugate vehicle for therapeutic applications.

4.4 Conclusion

This chapter shows that dual promoter plasmid system expressing KfiC and KfiA glycosyl-
transferases can efficiently produce heparosan compared to the polycistronic expression
system. The over-expression of UDP-GIcA pathway genes enhances the heparosan pro-
duction. The maximum volumetric production of heparosan reached 203 mg/L in shake
flasks and 627 mg/L in batch bioreactor. Fed batch fermentation enhanced the heparosan
concentration to 1.96 g/L paving the scope for its large-scale production. In addition, this
chapter provides a safe approach to produce heparosan, which can be used as a precursor

for heparin synthesis or a natural polymeric conjugative vehicle for drug delivery.
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CHAPTER

INFLUENCE OF SUCROSE AND N-ACETYLGLUCOSAMINE
SUPPLEMENTATION ON HEPAROSAN BIOSYNTHESIS IN Bacillus

megaterium

Summary

An unstructured model of heparosan fermentation by recombinant B. megaterium con-
sidering the effect of different concentrations of sucrose was proposed. The modified
logistic model characterized the B. megaterium growth, sucrose consumption and hep-
arosan production. The model predicted that high initial sucrose concentration inhibited
the biomass growth and substrate consumption. The addition of N-acetylglucosamine
enhanced the heparosan concentration by 1.6-fold compared to control. The batch fer-
mentation with dual substrates, sucrose and N-acetylglucosamine was modeled using
double andrew’s model. The maximum heparosan concentration of 0.91 g/L was obtained
in batch fermentation. Sensitivity analysis of the predicted kinetic constants suggested
that maximum specific growth rate and maximum heparosan production rate were found
to be most sensitive parameters with respect to cell growth and heparosan concentration,

respectively.
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CHAPTER 5. INFLUENCE OF SUCROSE AND N-ACETYLGLUCOSAMINE
SUPPLEMENTATION ON HEPAROSAN BIOSYNTHESIS IN BACILLUS MEGATERIUM

5.1 Introduction

Batch fermentation is a standard method for heparosan production, and studies have
been carried out regarding the optimal culture conditions for heparosan production
[133]. However, the principal disadvantages of batch heparosan fermentation is the
inhibition of substrate and by-product concentration, a conventional property of batch
fermentation. Don et al. reported that the metabolite production was limited due to the
strong inhibition of substrates under high concentrations [29]. The high substrate or
product concentrations and the presence of inhibitory substances in the medium inhibit
growth [120].

Majority of models reported in the literature involved Monod-like relationships which
considers the inhibition kinetics of many fermentation processes to describe the cell
growth, substrate consumption and product formation [96, 122]. Subsequently, the Logis-
tic model and Luedeking—Piret equations have been developed to explain the behavior
of cell growth and product formation. The use of several models that involved more
than one substrate state variable has also been reported on hyaluronan production by S.
zooepidemicus.

It is well established that the fermentative pathway of B. megaterium channelizes
the carbon substrate into biomass and heparosan synthesis and acetate production.
Therefore, heparosan synthesis pathway competes for glycolytic intermediates and UDP-
precursors with cell growth and peptidoglycan synthesis [80, 127]. Addition of GlcNAc
found to increase carbon flux towards hyaluronic acid production in S. zooepidemicus
and recombinant microorganisms [45, 76]. This chapter addresses a influence of initial
substrate concentration and UDP-precursor supplementation on heparosan production
in recombinant B. megaterium.

In this chapter, mathematical models that described growth, substrate utilization and
inhibition, and heparosan production were proposed, considering the effect of the initial
sucrose concentration on the kinetic parameters. To achieve this goal, experiments were
performed at an initial sucrose concentration range of 10 to 50 g/L in the batch fermen-
tation. Kinetic modeling analysis of GlcNAc supplementation in heparosan production
dealt in the present chapter provides insight on the distribution of carbon towards cell

growth, heparosan synthesis, and maintenance activities.
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5.2 Materials and methods

5.2.1 Media

Luria-Bertani (LB) broth was used for the routine cultivation and maintenance of
recombinant B. megaterium strain. The fermentation medium used for the heparosan
production consisted of 10-50 g/L sucrose, 20 g/L yeast extract, 2 g/L tryptone, 50 mM
potassium phosphate buffer pH 7.0 and 1.2 g/L magnesium sulfate heptahydrate. The
medium was sterilized at 121 °C for 20 min. Precursor supplementation experiments

were carried out in shake flasks by adding GlcA or GlcNAc to the fermentation medium.

5.2.2 Microorganism and inoculum preparation

Recombinant B. megaterium CADuet-DB was used to produce heparosan from the
previous study [81]. Stock culture of recombinant B. megaterium was maintained at
-80 °C in LB medium with 25 % (w/v) glycerol. Single colony was used to inoculate 5
mL of LB medium. 1 % (v/v) of pre-inoculum was used to prepare the seed culture. 10
% (v/v) of seed culture was used to inoculate the fermentation medium for shake flask
and bioreactor experiments. The seed culture with an ODs,, range from 0.8 to 1.2 was
used to inoculate the fermentation medium. The cultute conditions for B. megaterium
growth was maintained at 37 °C, 180 rpm for 12 h. 10 pyg/mL of tetracycline and 4.5
pg/mL of chloramphenicol were supplemented in the fermentation medium for the stable

maintenance of recombinant plasmids.

5.2.3 Shake flask and bioreactor experiments

The preculture for shake flask and bioreactor experiments were cultivated in LB medium
at 37 °C for 12 h. Shake flask cultivations were performed by inoculating the preculture
into 250 ml baffled Erlenmeyer flask containing 25 ml of fermentation medium to the
initial ODe¢oo of 0.05. The culture was induced with 1.5 % (w/v) of D-xylose for the recom-
binant gene expression when the ODgoo range reached 0.4 to 0.6. Cells were centrifuged
at 13000 rpm for 10 min and stored at -20 °C for cell and heparosan concentration
estimation.

Recombinant B. megaterium was cultivated in a 3-L fermenter (Biojenik engineering,

Chennai, India) containing 1.7-L working volume of fermentation medium at 37 °C.
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The initial sucrose concentration in the fermentation medium was varied from 10 to 50
g/L. 10 % (v/v) of overnight grown seed culture was used to inoculate the fermentation
medium. The pH was maintained at 7.0 using 5 M NaOH. Agitation and aeration were
set at 500 rpm and 1 vvm, respectively. When the ODso, raised from 0.4 to 0.6, the
culture was induced with 1.5 % (w/v) D-xylose for recombinant gene expression. Samples

were drawn for the estimation of biomass, substrate and heparosan analysis.

5.2.4 Analytical methods

Cell concentration of the samples was determined by measuring the optical density at 600
nm using UV spectrophotometer (Infinite M200 PRO, Tecan, Mannedorf, Switzerland).
Sucrose and xylose concentration in the fermentation broth was determined using HPLC
equipped with MetaCarb 677C column (300 x 6.5 mm, Agilent Technologies Inc, CA, USA)
and refractive index detector. The deionized water at a flow rate of 0.5 mL/min was used
as a mobile phase. The oven and column temperature were maintained at 85 °C and 40

°C, respectively.

5.2.5 Heparosan concentration determination

The cells were collected from fermentation broth by centrifugation and washed twice
with deionized water to remove the media components. The cells were suspended in lysis
buffer (2 g/Llysozyme, 2 ul benzonase, 20 mM MgSO, and Tris-Cl pH 7.5) and incubated
at 37 °C for 1 h. Further, the cell lysate was autoclaved at 121 °C for 20 min to ensure
the complete lysis of cells. The cell lysate was centrifuged and supernatant was used for
heparosan estimation. Heparosan concentration was quantified using modified carbazole

assay method [14].

5.2.6 Kinetic modelling of B. megaterium cultivation

The unstructured models such as logistic model or Monod model are commonly used to
explain the kinetics of microbial growth. Logistic model is widely used to determine the
kinetic parameters based on the sigmoidal profiles of the growth, which does not take

account of substrate concentration.
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5.2.6.1 Cell growth

Logistic equation was represented as a function of time with certain assumptions as fol-
lows: Sucrose is the only limiting factor; the rate of cell growth is directly proportional to
the cell concentration; cell growth is dependent on the amount of sucrose in the medium

and heparosan production is associated with cell growth.

dX Xm —
rx=-— =umX( "

dt Xm

£ 5.1)

where, X, is the maximum cell concentration (g/L) and y;, is the maximum specific

growth rate (h-1).Integrating Eq. 5.1

Xo X, etmt

X (5.2)

T X — X, + X, eFnt

To model the kinetics of B. megaterium cell growth (X), the above Eq. 5.2 was reparametrized
by incorporating the maximum cell growth rate, vx (g/L. h) and lag time of the cell growth,
Ap(h) to yield Eq. 5.3

Xm
14+ qux (Ax
- Xm

m

where, X is the cell concentration (g/L), X, is the maximum cell concentration obtained

(g/L), vx is the maximum cell growth rate (g/L. h), and Ax is the lag phase of cell growth.

5.2.6.2 Sucrose consumption

Sucrose consumption is a function of cell growth, product formation and maintenance

energy in B. megaterium. The overall mass balance for sucrose consumption is given in

Eq. 5.4

S __ 1 dX+mSX+ 1 dP (5.4)

rs=— =
dt Yxs dt Ypis dt

In Eq. 5.4, the substrate flux towards heparosan production is negligible. Hence, it is

further reduce to Eq. 5.5.
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ds 1 dX
rS = — = + mSX (5'5)

dt Yxs dt

Integrating the Eq. 5.5 and substituting for X from Eq. 5.3 results in an expression for

sucrose consumption as a function of time, t (Eq. 5.6)

S=So— 1 Lo X (;" XiyIn[ X (ei—f*lwxm] (5.6)

Yxis 1+ expl2 + 2x¥r=0]  ° a2 Xm

Where, S is sucrose concentration (g/L), S, is the initial concentration of substrate (g/L),
Yx/s is the yield of cell concentration per sucrose consumed (g of cells produced/g of
sucrose consumed), X, is the initial cell concentration (g/L) and mg is the maintenance

coefficient (g of sucrose consumed/g of cells produced. h).

5.2.6.3 Heparosan production

Similar to the growth kinetics of B. megaterium, heparosan production kinetics was

described using the logistic equation (Eq. 5.7)

H= Hy (5.7)
1+ 4qug (Ag

m

by

Where, H is the heparosan produced (g/L), Hx» is the maximum heparosan produced
(g/L), vy is the maximum heparosan production rate (g/L. h) and Ay is the lag phase of

heparosan production.

5.2.7 Unstructured multi-substrate kinetic modelling

B. megaterium was cultivated in the fermentation medium containing two substrates,
viz. sucrose and GlcNAc.

5.2.7.1 Cell growth

Rate of cell growth can be represented with the following Eq. 5.8

&
S

rx= g =W-K)*X (5.8)
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Death rate, Kq can be neglected considering the actively growing cells. Eq. 5.8 was

further reduced to yield an Eq. 5.9

dx
ar =pX (5.9)

Sucrose and GlcNAc are consumed simultaneously during the growth of B. megaterium.
Hence, interactive or multiplicative multi substrate kinetic model was adopted to de-
scribe B. megaterium growth and heparosan production. In case of interactive multi

substrate kinetics, specific growth rate (/) on n number of substrates is given in Eq. 5.10
M = Hmax * H(S:) * p(S2) * ... * p(Sn) (5.10)

In dual substrate kinetics, resulting specific growth rate of B. megaterium on both sub-

strates (sucrose- s; and GlecNAc-s.) can be represented in Eq. 5.11
H(S1,S82) = HUmax * H(S1) * H(S-) (5.11)

Double Andrew’s model presents an advantage for interactive dual substrates and inhibi-
tion term due to excess substrates. This model was chosen to get insight on the inhibitory

effect of both substrate on cell growth. The final cell growth model is presented in Eq. 5.12

dXx S, So
T = Hmax * ( 2 ) ( 2 )x X (5-12)
(KSI + Sl + Kl—) (KSz + Sz + KZ_)
I I,

where, Umax is the maximum specific growth rate (h—1), S; is concentration of sucrose
(g/L), Ks, is sucrose saturation constant (g/L), K;, is sucrose inhibition constant (g/L),
S. is concentration of GlcNAc (g/L), Ks, is GIcNAc saturation constant (g/L) and Kj, is
GlcNAc inhibition constant (g/L)
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5.2.7.2 Heparosan production

The rate of Heparosan production can be explained by the following Eq. 5.13

dH S, S,
= Hypa * ( — )% ( )X (5.13)

S S
dt (KH1+S1+—‘—KHII) (KH2+S2+KHL12)

5.2.7.3 Substrate consumption

Substrate consumed are mainly used for cell growth, product formation and cell mainte-

nance activities. the rate of sucrose consumption is given in Eq. 5.14

das, 1 dPy 1 dX

= ) —maX .
) (YX/Sl* dt) ms (5.14)

dt  "Ypias: dt

where, Yp/us1 is heparosan yield coefficient on sucrose (g/g), Yx/s1 is cell growth yield
coefficient on sucrose (g/g) and ms; is maintenance coefficient on sucrose (g/g. h) and X

is cell concentration (g/L) The rate of N-acetylglucosamine consumption is given in Eq.

5-15

ds. 1 dpu 1 dx

3 - ¥ ;. ) —MsX (5.15)
dt _(YP/HS2* dt) (YX/Sz dt

where, Yp/us- is heparosan yield coefficient on GlcNAc (g/g), Yx/s- is cell growth yield
coefficient on GlcNAc (g/g) and ms. is maintenance coefficient on GleNAc (g/g. h) and X

is cell concentration (g/L)

5.2.8 Parameter estimation and statistical analysis

The kinetic parameters were estimated using the experimental data obtained from a
series of batch fermentations with different sucrose concentration. Kinetic parameters
were estimated by minimizing the residual sum of square errors between experimental
and model predicted data using non-linear least square method of Levenberg-Marquardt
optimization (Eq. 5.16). All the fitting procedures and parameter estimations were
performed using Microsoft Excel solver tool. Single substrate kinetic model regression

analysis was carried out using Microsoft Excel data analysis tool Kkit.
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X
f= (Psim - Pexp)2 (5.16)

i=1

where, fis the objective function, Ps;» is the simulated data and P.., is the experimental
data.

The kinetic parameter estimation for dual substrate kinetic modelling was performed
using DYMOLA2019. The error function to be minimized was formulated using the
calibration tool available in the design library of DYMOLA (Eq. 5.17). The bounds for
parameters were chosen from the sensitivity analysis and genetic algorithm (GA) was

used as the optimization technique to minimize the error with a tolerance of 0.001.
X
Error = [('Xexp - Xsim') =+ ('Slexp — St e ('Szexp - stim') + ('Pexp - Psim')] (517)

where, X, S, S., P represents the state variables and the subscripts exp and sim

represent the respective experimental and simulated values.

5.2.9 Sensitivity analysis

The sensitivity analysis of the model parameters was performed by perturbing the
parameters by +10 % one at a time, while the other parameters were maintained at their
nominal values. The sensitivity analysis was carried out to observe the effect of changes

in the parameters on the state variables.

5.3 Results and discussion

5.3.1 Influence of initial substrate concentration on cell growth

In order to evaluate the influence of initial substrate concentration (S,) on B. mega-
terium growth kinetics, the fermentation medium was supplemented with varying initial
sucrose concentration ranging from 10 to 50 g/Lin a batch bioreactor. A modified logistic
expression (Eq. 5.3) was used to describe the B. megaterium growth kinetics. Figure
5.1 shows the experimental and simulated profiles of B. megaterium growth at differ-
ent initial sucrose concentrations. Experimental cell growth data was modeled using

logistic equation to determine the kinetic parameters (Table 5.1). The maximum cell
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concentration (X,,) and specific growth rate (u,,) were observed to be 5.30 g/L and 0.75
h-1, respectively. A steady drop in the y,;; and X, values at higher S, indicated the
onset of substrate inhibition on cell growth. The substrate inhibition phenomenon was
further validated by gradual rise in the lag phase of growth (Ax) from 0.80 h to 2.08
h with a concomitant increase in S, from 10 to 50 g/L. Tadi et al. [91] reported a lag
time of 2.2 h to 14.6 h for B. megaterium grown on different concentrations of millet
bran and rapeseed meal hydrolysates for polyhydroxybutyrate (PHB) production. The
decrease in lag phase in case of sucrose could be attributed to the simple nature of
the substrate. Literature reports suggested that length of the lag phase is influenced
by certain factors such as (i) media composition, (ii) inoculum age, (iii) inoculum size
and (iv) physical parameters such as temperature and pH [29]. Since all the process
parameters were maintained constant in all fermentation experiments, increase in the
lag phase could be attributed to the increase in sucrose concentration. The model derived
cell concentration values was in good agreement with experimental data (R2 > 0.95).
Hence, the modified logistic model was satisfactory enough to explain the sigmoidal
growth pattern of B. megaterium. Similarly, logistic model was employed to describe the
growth of B. megaterium and Streptococcus zooepidemicus for PHB and hyaluronic acid

production, respectively [29, 91, 96].

5.3.2 Influence of initial substrate concentration on sucrose

consumption

Sucrose was used as a primary carbon and energy substrate for B. megaterium growth,
maintenance and heparosan production. Experimental substrate consumption data was
fitted using simplified substrate consumption expression (Eq. 5.6). Figure 5.1 depicts the
experimental and simulated profiles of sucrose consumption. The fitting results were
found to be satisfactory (R2 > 0.90) and the kinetic parameter values were estimated
(Table 5.1). A proportional rise in the specific substrate uptake rate of sucrose (gs) (0.18
g/g. h to 0.74 g/g. h) with corresponding increase in S, from 10 to 50 g/L. However, a
proportional decrease in growth yield coefficient on substrate (Yx/s) from 0.46 to 0.11
g/g and an approximately 6-fold rise in cellular maintenance energy (ms) from 0.11
g/g. h to 0.69 g/g. h. These results indicated that the substrate flux is predominantly
diverted towards maintenance energy rather than cell growth when increasing the S,

from 10 to 50 g/L. Maintenance energy in microbial cell is attributed to the influx and
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Table 5.1: Estimated kinetic parameter values for B. megaterium growth, sucrose consumption
and heparosan production at different initial sucrose concentrations

Kinetic parameter Initial sucrose concentration (g/L)

10 20 30 40 50
Biomass formation

Xm (g/L) 4.32 530 4.55 4.55 3.93
vx (g/L. h) 059 0.74 0.87 110 1.21
u (h-1) 0.66 075 0.56 044 0.41
Ax (h) 088 1.00 148 2,00 2.08
R2 0.97 0.96 096 0.99 0.99
RMSE 0.08 0.15 0.13 0.02 0.02
Sucrose consumption

So (g/L) 10.07 20.24 30.91 40.14 50.57
Yx/s (g/g) 0.46 0.31 0.21 0.17 O0.11
ms (g/g. h) 0.11 0.17 0.20 0.33 0.69
R2 0.06 0.99 0.98 0.97 0.94
RMSE 0.66 0.12 141 344 12.11
Heparosan production

H,, (g/L) 0.51 0.56 0.70 0.74 0.82
vy (g/L. h) 0.09 0.08 0.13 0.29 0.22
Ag (h) 1.19 1.76 1.97 3.26 243
R2 098 0.96 0.99 0.99 0.99
RMSE 0.50 1.56 0.66 0.11 0.10

efflux of nutrients and extracellular products, for motility, to replenish the damaged
cellular components and to adjust the osmolarity inside the cell [29]. In addition, a
proportional increase in residual sucrose concentration at the end of fermentation with
increasing S, suggested that substantial inhibitory effect on the specific growth rate of B.
megaterium. The inhibition could be due to osmotic stress at high sucrose concentrations.
The change in osmotic pressure could lead to the water efflux from cells and decreased
turgor pressure. Corynebacterium glutamicum increased the maintenance energy to 30-

fold when the osmotic pressure was increased in the medium during lysine fermentation

[115].
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Figure 5.1: Profiles of cell growth (red square), sucrose utilization (black circle) and heparosan
formation (Blue triangle) of experimental (points/symbols) and simulated (lines) data for batch
fermentation experiments of B. megaterium under the influence of different initial sucrose
concentrations. (A)10 g/L, (B) 20 g/L (C) 30 g/L (D) 40 g/L and (E) 50 g/L
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5.3.3 Influence of initial substrate concentration on product

formation

Heparosan production was observed only in the exponential phase Figure 5.1 of B. mega-
terium growth and minimal or no heparosan production was observed in the stationary
phase [80, 81]. Heparosan production is growth associated in B. megaterium. Hence, the
heparosan production kinetics was described using modified logistic equation (Eq. 5.7),
similar to the growth kinetics. Experimental data was fitted to the model to determine
the kinetic parameters. A proportional rise in the maximum heparosan production at the
end of fermentation with respect to increase in S, from 10 to 50 g/L was observed. The
specific product formation rate (gp) was increased from 0.01 to 0.02 g/g. h along with
Yr/x from 0.12 to 0.21 g/g. However, residual sucrose concentration was increased with
the change in S, from 10 to 50 g/L. In addition, the lag time taken to produce heparosan
was varied from 1.19 h to 3.26 h, which also substantiates the substrate inhibition on
heparosan production. Considering the increase in the heparosan concentration, gp,
Yr/x and the substrate inhibition at higher sucrose concentration, S, of 30 g/L was used

for further experiments.

5.3.4 Effect of UDP-precursor sugar supplementation on

heparosan production

Heparosan synthases catalyze the polymerization of UDP-GlcA and UDP-GIcNAc to
synthesize heparosan in wild and recombinant strains [18, 20]. From the metabolic
pathway perspective, heparosan synthesis pathway competes with glycolytic pathway
and pentose phosphate pathway for the glycolytic intermediates. In addition, the inter-
mediates such as glucose-1-phosphate and UDP-GlcNAc are also utilized for the cell
wall and peptidoglycan biosynthesis. Diverting the carbon flux from competing metabolic
pathways towards heparosan synthesis pathway would increase the heparosan produc-
tion [124]. This can be achieved by the supplementation of UDP-GlcA and UDP-GIcNAc
the fermentation medium. Supplementation of UDP-precursor sugars diminishes the
metabolic burden towards central carbon metabolism. Varying levels of GlcA (0.1, 0.2,
0.4, 0.7 and 1.0 g/L) and GlcNAc (1, 2, 4, 7 and 10 g/L) were added to the medium in
shake flasks at the time of inoculation (Figure 5.2). Different concentrations of GlcA

supplementation did not improve the heparosan production significantly compared to
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Figure 5.2: Optimization of (A) GlcA addition (B) GlcNAc addition and (C) time of GlcNAc
addition in shake flask cultures of B. megaterium

control (Figure 5.2A). This could be due to the recombinant B. megaterium strain em-
ployed in this study is overexpressed with UDP-GIcA synthesis pathway enzymes [80].
These enzymes redirect the carbon flux from glycolytic pathway to UDP-GlcA synthe-
sis pathway. Similarly, addition of 0.5 g/L GlcA did not increase the hyaluronic acid
concentration in Streptococcal fermentation [45]. However, addition of 7 g/L GlcNAc
resulted in the maximum concentration of 340.48 mg/L heparosan, which is 1.6-fold
improvement compared to control (Figure 5.2B). GIcNAc concentration in fermentation
broth was decreased over culture time, indicating that GlcNAc is metabolized by actively
growing cells. Improvement in heparosan production could be attributed to the formation
of UDP-GIcNAc through multitude of steps from GlcNAc. Further, GIcNAc was added
to the medium at o h, 2 h, 5 h and 8 h to determine the optimal time of addition for
enhanced heparosan production (Figure 5.2C). GlcNAc addition at 0 h gave the maximum
heparosan concentration of 349.75 mg/L. This could be attributed to the adaptation of
the strain to synthesize enzymes to metabolize GIcNAc from the inception of growth.

GlcNAc addition during the growth of B. megaterium resulted in the gradual decrease of
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heparosan production.

5.3.5 Dual substrate kinetic modelling

Based on previous optimization experiments, the optimal sucrose and GlcNAc concen-
tration were determined to be 30 g/L and 7 g/L, respectively. Batch fermentation was
performed to determine the influence of both substrates on cell growth and heparosan
production. Figure 5.3 suggested that consumption of both sucrose and GleNAc was in
interactive manner, that is, both substrates were consumed simultaneously. In addition,
cell growth was inhibited at high initial sucrose concentration (Figure 5.1). Hence, double
Andrew’s interactive multi substrate model was used to describe the kinetics of sucrose
and GlcNAc for heparosan production. Previously, it was reported to describe multi
substrate kinetics involving glucose and GleNAc for hyaluronic acid production [76] and
glucose and ammonium sulfate for rifamycin B synthesis [7]. Eq. 5.12 to Eq. 5.15 were
adapted to express the cell growth, substrate consumption and heparosan production.
Figure 5.3 depicts experimental and simulated profiles of cell growth, heparosan for-
mation and substrate consumption. Estimated kinetic parameters were represented
in Table 5.2. The maximum specific growth rate, y,,, was found to be 1.4 h-* on dual
substrates, which was relatively higher compared to the growth rate on single substrate.
cell growth yield coefficient on GleNAc (Yx/s, = 0.90) was approximately 2-fold higher
than yield coefficient on sucrose (Yx;s, = 0.43). The increase in y, could be attributed to
the growth support rendered by GleNAc. Similarly, heparosan yield coefficient on GlcNAc
(Yp/s, = 0.200) was approximately 2-fold higher than yield coefficient on sucrose (Yp,s,

= 0.099), which indicated the primary contribution of GlcNAc in heparosan production
and cell growth. Substrate affinity constant for sucrose (Ks, = 2.65) and GlcNAc (Ks, =
3.176) indicated the preferential utilization of sucrose compared to GlcNAc. The similar
behavior can be observed from Figure 5.3. The inhibition constants were determined
to be K, = 47.29 g/L for sucrose and K;, = 91.58 g/L for GlcNAc. The maintenance
coefficient on GlcNAc (ims. = 0) was zero, which signified the diversion of GlcNAc flux
towards cell growth and heparosan production. The maximum heparosan production rate

was 0.44 h—1. Good correlation between experimental and simulated data was evident
from R2 and RMSE values.
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Table 5.2: Estimated kinetic parameter values for B. megaterium growth, sucrose and GlcNAc
consumption and heparosan production under optimal conditions

Kinetic parameter Predicted value
Biomass formation model
Hm (h—1) 1.425
Ks, (g/L) 2.659
Ki, (g/L) 47.295
Ks, (g/L) 3.176
Ki, (g/L) 91.585
SSE 7.848
RMSE 0.934
R? 0.808
Sucrose consumption model
Yx/s, (g8/8) 0.429
Ypis, (g/8) 0.099
ms: (g/g. h) 0.003
SSE 7.510
RMSE 0.913
R2 0.996
GlcNAc consumption model
Yx/s. (g/2) 0.901
Ypis, (g/g) 0.200
ms: (g/g. h) 0.000
SSE 16.068
RMSE 1.284
R? 0.945
Heparosan production model
Hn (g/1) 0.443
Ku, (g/1) 4.935
Kur, (g/1) 99.291
K, (g/L) 7.382
Kur, (g/L) 41.202
SSE 0.247
RMSE 0.166
R2 0.901
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Table 5.3: Sensitivity ranking of the parameter for the different state variables of the developed model
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Parameter Reference Perturbation Percentage of change in concentration Rank of parameters based on sensitivity
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Figure 5.3: Profiles of cell growth (red square), sucrose (blue square) and GlcNAc (black circle)
utilization and heparosan formation (green downward triangle) of experimental (points/symbols)
and model predicted (lines) data for batch fermentation experiment of B. megaterium under the
optimal conditions

Sensitivity analysis offers a systematic outline to study the accuracy and robustness of
a mathematical model. The model predicted the experimental results within error value
of 17.86 %, for the biomass, substrates and product. The sensitivity analysis revealed
that the parameter y,, showed the most sensitivity with respect to biomass and both
substrates while the parameter H,, was found to be the most sensitive parameter with
respect to the product concentration (Table 5.3). The knowledge from kinetic parameters
would aid in developing optimal feeding strategy and also to develop soft sensor based

monitoring and control of heparosan production.

5.4 Conclusion

The results clearly showed that the proposed unstructured mathematical model satisfac-
torily predicted the cell growth, substrate utilization, and heparosan production for the
fermentation with an initial substrate concentration of 10—50 g/L. Supplementation of
GlcNAc enhances the heparosan concentration by 1.6-fold. Double andrew’s model was
used to model the dual substrate system involving sucrose and GlcNAc and significance of
the kinetic constants were explained. All the models tested not only adequately described
the relationship between the principal state variables or quantitatively explained the
behavior of a system, but could also be used for the design, optimal control of heparosan

production process.
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5.4. CONCLUSION

Table 5.4: Comparison of heparosan titer obtained in this work with published literature

Host/organism Heparosan synthase Fermentation Titer Reference
source mode

E. coli BL21 E. coli K5 kfiCADB Batch 652 mg/L [133]
Fed-batch 1.88 g/L

E. coli BL21 E. coli K5 kfiCADB Fed-batch 480 mg/L [100]

E. coli BL21 E. coli K5 kfiCADB Fed-batch 1.5g/L [60]

E. coli K12 E. coli K5 kfiCADB Fed-batch 0.32g/L [8]

S. elongatus P. multocida pmHS2 ;}z)(gceoautotropl 2.8 ug/L [103]

PCC 7942

B. subtilis 168 E. coli K5 kfiCA Batch 2.65 g/L [47]
Fed-batch 5.82 g/L

B. subtilis 168 P. multocida pmHS1  Shake flask 237.6 mg/L [22]

B. megaterium  p 1 itocida pmHS2 — Shake flask 250 mg/L [127]

MSog41
Fed-batch 2.74 g/L

B. megaterium E. coli K5 kfiCA Batch 911 mg/L This work

DSM319
Fed-batch 1.96 mg/L
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CHAPTER

CONCLUSIONS AND FUTURE DIRECTIONS

This thesis successfully addressed a safe and alternative approach to synthesize hep-
arosan in B. megaterium employing E. coli K5 glycosyltransferases. Heterologous expres-
sion of E. coli kfiC and kfiA enabled the heparosan synthesis pathway in B. megaterium.
Overexpression of UDP-GlcA and UDP-GlcNAc synthesis pathway genes (tuaD, gtaB,
gcaD and glmM) enhanced the heparosan production, suggesting that UDP-GIcA and
UDP-GIcNAc concentration were limiting the heparosan production in B. megaterium.
Batch fermentation of UDP-GIcA synthesis pathway overexpressed B. megaterium strain
(CA-DB) produced the maximum heparosan concentration of 394 mg/L in batch fermen-
tation. Heparosan was purified and the structure was determined using NMR analysis.
Polycistronic expression of kfiC and kfiA under xylose-inducible promoter suggested
the imbalanced expression of KfiC and KfiA proteins. Dual promoter plasmid system
expressing kfiC and kfiA was constructed to overcome the bottlenecks associated with
expression of KfiC and KfiA proteins. Dual promoter expression system enhanced the
heparosan production (627 mg/L) compared to polycistronic expression system. Con-
certed endeavors for optimizing the KfiC and KfiA expression, redirecting the carbon flux
towards UDP-precursor synthesis pathway and optimizing the medium and fermentation
strategies would further enhance the heparosan production. Briefly, codon optimization
of E. coli K5 kfiC and kfiA for the expression in B. megaterium, down-regulation of key
glycolysis pathway genes could divert the carbon flux towards heparosan synthesis path-

way. The development of an optimal fermentation medium using design of experiments
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS

and efficient bioprocess strategies such as repeated batch and fed-batch fermentation
could improve the heparosan production. Further, kinetic modeling of B. megaterium
fermentation on single substrate and multi-substrate clearly explained the relationship
between the principal state variables and kinetic parameters. Lastly, the knowledge from
kinetic parameters would aid in developing optimal feeding strategy for high cell density
cultivation and also to develop soft sensor based real-time monitoring and control of

heparosan production using recombinant B. megaterium.
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