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ABSTRACT
Chondroitin sulfate (CS) is an important glycosaminoglycan that is predominantly
present in cartilage and the surfaces of many cells and extracellular matrices. It has been
widely used in treating osteoarthritis due to its anti-inflammatory and chondroprotective
properties. Given the importance of CS in medicine and as a dietary supplement, the
traditional animal extraction method which risks virus and/or prion contamination should
be replaced by a standardized bioengineering process. The general mechanism of
synthesizing CS involves the enzymatic reaction of a membrane-associated
sulfotransferase adding sulfo group onto the polymeric chondroitin backbone by adopting
a

sulfo

donor

3'-phosphoadenosine

5'-phosphosulfate

(PAPS).

The

capsular

polysaccharide of pathogenic Escherichia coli K4 strain shares a similar structure to the
CS precursor, chondroitin. We first overexpressed the genes involved in the biosynthesis
of K4 polysaccharide in a non-pathogenic production strain BL21Star™ (DE3). This
strain produced ~2.4g/l chondroitin in DO-STAT fed-batch fermentor. The next
challenge

is

the

functional

expression

of

membrane-associated

chondroitin

sulfotransferase, which typically requires post modification of N-glycosylation site. The
recent success of expressing Homo sapiens chondroitin 4-sulfotransferase in BL21Star™
(DE3) by applying several protein engineering strategies enables a high level of
conversion of chondroitin to CS type-A in vitro. The next challenge was improving the
availability of the sulfur donor PAPS. PAPS is traditionally generated by chemical
synthesis, which results in low yield and high cost. To resolve this issue, a simple and
efficient enzymatic scheme was utilized by single plasmid system consisting of three
related genes expressed in E. coli BL21 Star™ (DE3). With all the efforts, the metabolic

xix

engineering approach of chondroitin synthesis, expression of C4ST-1 and enzymatic
synthesis of PAPS, will open up a new regime in bioengineering microbial chondroitin
sulfate.
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1.

INTRODUCTION AND BACKGROUND

1.1.

Chondroitin sulfate structure
Chondroitin sulfate (CS) is an important homopolymeric glycosaminoglycan

(GAG), consisting repeating disaccharide units as its backbone, β1→3 or β1→4 linked
D-glucuronic acid (GlcA) and N-acetyl-D-galactosamine (GalNAc). O-sulfo groups are
substituted at various positions as illustrated in Figure 1.

Figure 1. Chemical structure of chondroitin sulfate [1]

1.2.

Biological functions and applications
Chondroitin sulfate has been widely found in the extracellular matrix of animal

connective tissue and works together with other fibrous protein to sustain the cell
structure and provide a porous pathway for nutrients and oxygen diffusion [1]. The major
application for CS is an anti-inflammatory drug for treating osteoarthritis and it has been
recommended by the European League against Rheumatism as a symptomatic slowacting drug for knee and hand osteoarthritis treatment [2], [3]. CS inhibits cartilage
degradative enzymes and its chondroprotective properties may enhance the biosynthesis
of connective tissue and increase the synovial fluid viscosity at disease sites [4], [5].
Clinical studies suggest that CS treatment relieves pain and stiffness caused by arthritis
1

with minor side effects such as increasing intestinal gas and stool softening [1]. While CS
shows low oral bioavailability, it can exhibit its anti-inflammatory activity by acting
within the intestine to systemically release interleukins [6], [7].
Osteoarthritis (OA) is one of the most common musculoskeletal conditions in the
world. However, there is no direct pharmaceutical therapy with disease-modifying effect
available currently [8]. CS is generally assessed as a symptomatic slow-acting drug for
treating OA. From in vitro studies, CS can influence the process involving the
biosynthesis of connective tissues components: promoting synthesis of essential
proteoglycans lost during cartilage degeneration; reducing gene expression and activities
of some proteolytic enzymes such as elastase and cathepsin G [1], [9]. Moreover, clinical
studies of 300 patients indicated that long-term CS treatment will retard the knee-joint
narrowing progress [10], and relieves pain and stiffness caused by arthritis with minor
side effects [1].
In addition to the chondroprotective properties that help to prevent and relieve OA,
CS also impact many kinds of pathology by its anti-inflammatory response. In a clinical
trial, CS-A and CS-E were proven to have a dramatic positive impact on improving
Psoriasis and colitis [9]. TNF-α, known as tumor necrosis factor α, is an adipokine
involved in systemic inflammation. Drugs that block the action of TNF have been shown
to be beneficial in reducing the inflammation in inflammatory diseases such as Crohn’s
disease and rheumatoid arthritis [11]. Several studies indicate that CS can bind to TNF-α
with different strength varying from CS structure and molecular weight to inhibit TNF- α
activities [12]–[14].
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Sulfation patterns on the chondroitin backbone critically control the biological
and pharmaceutical activities of CS. CS-E contain multiple sulfation at position 4 and 6
on N- acetylgalactosamine. It has been proven that oversulfated CS-E will effectively
inhibit the binding of Herpes Simplex Virus (HSV-I) to the cell surface. The HSV-1
infection contains the CS binding domains as glycoprotein C (gC) to the CS on the
membrane surface. However, CS-E can directly bind to the gC of HSV-1 that stop further
infection [15].
Pregnancy-associated malaria is especially complicated due to the presence of
placental that provides an extra binding site for Plasmodium falciparum infected red
blood cell. Rogerson et al discovered that the binding process is highly regulated by a
combination of CS-A and chondroitin with various sulfation patterns. It was found that
CS-A chains having 30-52 A units maximally inhibit the infected red cell binding to the
placental CS-PG, while a low content of 3-11% or oversulfated (>80%) A units is less
effective. Therefore, CS-A and chondroitin may possibly contribute to the vaccine of
preventing pregnancy-associated malaria [16].

1.3.

Major resource and market value
Chondroitin sulfate has been acknowledged as one of the “most adulterated

supplements in the market” by nutraceutical industry. The joint health ingredients market
dominated by glucosamine and chondroitin sulfate is the largest and most rapidly
growing subset within global nutraceuticals ingredients market. The retail sales generated
within the U.S. and Europe was around USD $584.2 million during 2012. The population
for chondroitin consumption is not only associated with the burgeoning global trend of
the aging and obese one but also supported by health-conscious “baby boomers” and

3

“Gen-Xers” for maintaining joint health. Chondroitin sulfate also has a large share in the
US veterinary dietary supplements market. Joint health is the leading supplement
category with a 4% growth rate and sales of US $690 million. Therefore, a rapid increase
of the chondroitin sulfate market capacity will be expected in the near future [17].
Current available commercial CS is mainly extracted from cow trachea, cow nasal
septa, chicken keel, shark cartilage and fish. One of the major issues related to the animal
source is inner-species viral infections such as bovine spongiform encephalopathy (BSE),
epizootic aphthae, and prionic contaminations. In addition, other potential contaminants
during purification process such as proteins from the source tissue may also cause a
problem. There is also concern that massive fishing for shark may result in species
extinction [1]. As “dietary supplements” available in the US market, the overall quality of
CS is poorly regulated. Some product contains as low as 10% CS, much less than it is
claimed [22]. Bovine tracheal CS may sometimes be substituted for higher priced sharkderived CS [23]. Limited industry respondents are available to deliver high quality, food
grade nutraceutical and pharmaceutical chondroitin sulfate. The traditional extraction and
purification method remain risky and unreliable. Therefore, alternative sources such as
bacteria fermentation with reliable and safe manufacturing processes are essential for
industrial scale production.

1.4.

Bacteria capsular polysaccharide (CPS) 1

1.4.1. CPS structure
This Chapter previously appeared as: B. F. Cress, J. a Englaender, W. He, D. Kasper, R. J. Linhardt, and M.
G. Koffas, “Masquerading microbial pathogens: Capsular polysaccharides mimic host-tissue molecules,”
FEMS Microbiol. Rev., pp. 1–38, Dec. 2014.
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Gram-negative bacteria possess external layer of capsular polysaccharide (CPS)
and lipopolysaccharide (LPS) chains that are covalently anchored by phospholipids to the
outer leaflet of the outer membrane, an asymmetric lipid bilayer with an external layer
composed primarily of lipid A (also known as endotoxin) and an internal phospholipid
layer (Figure 2). These glycoconjugates are essential for bacteria to survive and interact
with immediate environments. CPS possesses two major regions: 1) the poly-KDO linker
is covalently bound to lipid A on a lyso-phosphatidylglycerol (Lyso-PG) terminus; 2) The
K-antigen repeat that varies in composition and length between species and strains. The
K-antigen (~80 types were identified) and O antigen (~170 types were identified) are
determined by antibody-based serotyping [18].

Figure 2. Schematic of gram-negative cell wall component (glycan-centric without showing
membrane protein and other cell wall constituents) [19]

1.4.2. CPS as a virulence factor
5

The CPSs are a well-established virulence factor. Both complement-mediated
killing and failure of being ingested by phagocytic cells enhance the virulence of the
capsular polysaccharide. The CPSs is an effective physical barrier that protects the
bacteria from being killed. The fact that bacteria capsules are commonly hydrophilic and
negatively charged diminishes their clearance through the phagocytosis. Its hydrophilic
nature causes the high-level hydration process that diminishes the surface tension at the
interface between the phagocyte and the bacteria [19]. The negative charge induced by
polysaccharides on the bacterial surface creates mutual repulsions that increase the
unfavorable interaction when phagocytosis occurs [19], [20]. According to van Oss and
Gillman, phagocytic cells, such as polymorphonuclear leukocytes (PMNs), monocytes
and macrophages, repel the encapsulated bacteria due to the net Lewis AB repulsion
between the hydrophilic outer layers [21], [22], which reduce the surface tension between
the phagocytic cell and the bacterium [20]. For example, the cell surface of
Staphylococcus aureus becomes less hydrophilic after removing the capsule and the
effect of phagocytic uptake is enhanced [21]. The similar phenomena also apply to
Salmonella typhimurium in that an encapsulated strain resists phagocytosis while a nonencapsulated strain is readily phagocytized [21], [23]. Non-effective contact may lead to
the failure of phagocytic engulfment. Moreover, it is likely that the negative charges
result in the mutual repulsion of the capsular polysaccharide and phagocytic cell.
Therefore, the highly charged capsular polysaccharide is more likely to avoid
opsonophagocytosis [20]. However, it is still arguable that the poor phagocytosis activity
of the ‘smooth surface’ directly results from the physical surface properties instead of the
biological interaction of capsules with phagocytic signaling and complement-mediated
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molecules. The direct experiments towards testing the plausibility of the hypothesis still
remain challenging.
The interaction between the capsular polysaccharide of the bacterial surface and
the host’s immune response of the complement system is also one of the key factors
contributing to the virulence of capsule polysaccharide. At the early stage of the immune
response, the control and defense mechanism of the host are contingent on the classic and
alternative pathways. The classic pathway is usually initiated by antigen-antibody
binding. The C1 complement complex, which is a multimolecular protease consisting
three subunits C1q, C1r and C1s, triggers the classical pathway of complement, first
binds to the aggregated antibody molecule, sequentially cleaving and activating the
complement protein C4 and proenzyme C2 to form a C3 convertase C2bC4b [24]. This
process is regulated by C4-binding protein C4bp [25] and usually retarded during the
encapsulated bacterial invasion. The C3 convertase then converts C3 to the activated C3b,
which will be deposited on the bacterial cell surface. This process is controlled by factors
B and H [24]. The alternative pathway that occurs without the antibody presenting on the
bacterial surface usually dominate the immune response of capsulated bacteria. It utilizes
the serum protein C3b, which is then activated by serum factor B, D and properdin [20],
to form convertase C3bBb that amplifies the complement cascade for more C3
conversions and C3b deposition [25]. The activation of C3b will act as ligand targeting
specific receptors to initiate polymorphonuclear leukocytes or macrophages. The binding
to the lymphocyte receptor will enhance the immunoglobulin secretion, lymphokine
production and B cell conversion. In addition, the sequential activations of C5 to C9
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followed by complement cascade will form membrane attack complex (MAC) that
directly leads to the lysis and death of the bacteria [20], [25].
The bacterial defense mechanism in response to the complement-mediated killing
of the host usually involves multiple interferences by the capsular polysaccharide. Some
capsules protect the bacteria from being attacked by steric mechanisms. On strains such
as Pneumococci, C3b deposits on the cell surface underneath the capsule, and shield their
recognition by the phagocytic cell [26]. Some bacterial capsules interrupt the binding of
C3b to the bacterial surface by affecting the regulation protein, such as factor B and H
[27], [28]. Capsules that exert such a defense mechanism usually contain Nacetylneuraminic acid (NeuNAc) since it contains a putative binding site for factor H.
The stimulation of H-C3b, correspondingly decreasing the amplification convertase
C3bBb leads to the failure of the complement cascade [20]. Otherwise, some capsules
cannot bind to factor B, thus causing more H-C3b formation [26]. Strains including E.
coli K1, E. coli K92, N. meningitides types B and C and Group B Streptococcus
polysaccharides have such characteristics [27], [29], [30].
The mimicry of the capsular polysaccharide structure to substances existing inside
the host is also a virulence factor that prevents the bacteria phagocytosis. The capsular
polysaccharide mimic a similar structure of the substance that can be found in the host as
“self”, therefore avoiding being recognized as foreign and triggering the host immune
response [19]. Capsular polysaccharide K1 has the same poly (α-2,8)-NeuNAc structure
as carbohydrate end of n-CAM, which is a major neural cell adhesion molecule for
organogenesis and neural cell growth [19], [31]. Likewise, capsular polysaccharide K5
strain of E. coli shares the same structure as N-acetyl-heparosan [32]. It was reported

8

from the X-ray diffraction study that K4 capsule was poorly immunogenic due to its
similar helix structure with chondroitin sulfate. The removal of fructosyl linkage inside
the helix of under low pH environment would transform K4 into a non-immunogenic
chondroitin [24].
1.4.3. Chondroitin in evasion of host immune system
The K4 antigen is not implicated in human disease as frequently as K1 and K5
antigens, but K4 strains have been associated with human and animal infection. E. coli
K4 strain U1-41 is a uropathogen [33], and the K4 capsule has been found in strains
causing diarrhea in humans [34]. EHEC K4 strains have also been isolated in calves [35],
[36]. The unfructosylated chondroitin backbone is identical to the mammalian CS
precursor, but unlike the K1 and K5 antigens, the K4 antigen host-related bacterial
polymer is substituted with an additional sugar residue not present in the mature, sulfated
GAG. The β-linked fructose on K4 CPS is an antigenic determinant that imparts
immunogenicity to the E. coli K4 capsule and is responsible for a conformational change
resulting in significantly higher viscosity compared with defructosylated K4 CPS [33].
Therefore, K4 CPS may be easily recognized by anti-K4 antibodies and induce a
complement-dependent immune response. However, the fructosyl group is labile and can
be easily removed under mild acidic conditions. The conversion of K4 antigen to a
unfructosylated chondroitin results in the non-immunogenicity of K4 CPS [24], [33].
Thus, it has been suggested that such lability enables dynamic physiological conditions in
the host, such as low pH in certain host tissues, cells, or compartments [24], to modulate
the presence of this immunodominant residue on the K4 capsule. A K4 strain also might
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benefit outside the host from a more viscous capsule and inside the host from a less
viscous, nonimmunogenic capsule.

1.5.

Current effort towards producing chondroitin sulfate precursor
Several studies have been performed to improve the production and yield of K4

CPS [37]–[40]. The growth of E. coli K4 has been optimized by altering the medium
composition, including the use of glucose, glycerol and soy peptone as summarized in
Table 1.
Table 1. K4 growth medium with different carbon source and reactors

Production
strain
E. coli K4

Process type

Media

Results

Reference

Fed-batch
Fed-batch

E. coli K4

Micro-filtration
fermentation

0.3g/l
MW>300 KDa
1.4 g/l
MW: N.R
4.7 g/l
MW: N.R

[38]

E. coli K4

Glucose 10g/l
Casaminoacides 2g/l
Glycerol 10g/l
Soya peptone 1g/l
Glycerol 10 g/l
Soya peptone 1g/l

[41]
[39]

Restaino, et al. reported that by directly feeding monosaccharide precursors
(Figure. 3) including GlcA, GalNAc, and fructose resulted in an increased yield of CPS
[42]. High cell density cultivation, accomplished through microfiltration fermentation to
prevent acetate accumulation increased the amount of K4 CPS [39].
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Figure 3. Different concentration of monosaccharide feeding in the growth medium and its effect on
the CPS production [42]

In addition to fermentation optimization, increasing attention has been focused on
genetic modification and the preparation of recombinant strains to produce CPS [41],
[43], [44]. More information on the precise function of biosynthetic genes is useful for
improving CPS production. Doherty et al claimed that by integrating group I, II and III
genes related to the transportation and biosynthesis of E. coli K4 capsular polysaccharide
into the chromosomes of E. coli K-12 and Xanthomonas campestris pv.campestris could
be used for the non-pathogenetic production of unfructosylated chondroitin [43].
Homologous overexpression of kfoC in K4 reportedly increased CPS productivity by 100%
[41]. The compatibility of the plasmid in wild-type E. coli K4 strain may cause gene
expression stability issues during the scaling up process. A recent publication suggests
that utilizing engineered IS2 transposon elements from K4 fused with kfoC integrating
itself into the genome will result in a more stable overexpression system [45]. A 2.5-fold
increase is reported in large-scale fermenter [45]. Moreover, a single mutation on
chondroitin polymerase KfoC (R313Q) will potentially enhance the affinity of the
polymerase to the UDP-GalNAc to increases K4 CPS productivity by 80% [44]. Recently,
our group investigated the metabolic engineering approach that optimized expression
11

level of protein directly related to the biosynthesis of K4 CPS in E. coli BL21 Star™
(DE3). By using the ePathbrick platform vectors designed for tunable gene copy number
and promoter strength in a single plasmid, a maximum production of 2.4g/l was observed
in DO-STAT fed-batch fermenter[46].
Transcription factors may also play a major role in regulating CPS biosynthesis as
summarized in Table 2. Cimini et al. showed that homologous overexpression of rfaH in
E. coli

K4 resulted in a total CPS yield of 5.3 g/l in the fed-batch experiment,

representing the highest reported level of bacterial chondroitin production. The rfaH gene
is a transcriptional activator that carries out an anti-termination process during capsule
expression. It binds to the operon polarity suppressor element located just upstream of
many CPS gene start codons and controls promoter distal gene expression by preventing
the termination of transcripts and promoting transcription over long distance [47]. Wu et
al. also reported the overexpression of transcriptional regulator slyA to enhance the E.
coli

K4 CPS production to 1.85-fold higher than the wild type strain. As a global

transcription regulator gene, slyA may up-regulate region II gene cluster expression for E.
coli

K4 CPS synthesis while down-regulating the genes involved in glycolysis and

citrate cycle pathway [48].
Table 2. Summary of chondroitin and fructosylated chondroitin production through various genetic
modification

Production
strain
E. coli K4
DE3 lysogen
E. coli K4

Targeted Gene

Product

Yield

Reference

kfoC

320 mg/l

[37]

rfaH

E. coli K4

slyA

3.5 g/l
fed batch
5.3 g/l
Fed batch
2.6 g/l

[45]

E. coli K4

E. coli K4

kfoE knockout

Fructosylated
chondroitin
Fructosylated
chondroitin
Fructosylated
chondroitin
Fructosylated
chondroitin
Chondroitin

1.19 g/l

[49]

IS2, kfoC

12

[47]
[48]

E. coli K4

pgm, galU

34% increase to
reference [47]
2.4 g/l

[50]

kfoA, kfoC, kfoF

Fructosylated
chondroitin
Chondroitin

BL21Star™
(DE3)
Bacillus subtilis

kfoA, kfoC, tuaD

Chondroitin

5.22 g/l

[51]

13

[46]

2.

PRODUCTION OF CHONDROITIN IN METABOLICALLY

ENGINEERED E. COLI2
2.1.

Introduction

2.1.1. Chondroitin structure
Bacterial capsules are protective coatings (Figure 4, A) on the outside surface of
bacteria that act as molecular camouflage against the recognition of host immune
response [52], [53]. The capsular polysaccharide (CPS) of E. coli K4 shares a common
non-sulfated repeating disaccharide unit (→4)GlcAβ(1→3)GalNAcβ(1→), but contains
an extra β-linked fructose at the 3-position of glucuronic acid in (Figure 4, B) [33]. The
similarity of this CPS to chondroitin provides a possible approach to utilize microbial
fermentation to produce CS.

Figure 4. A) SEM image of capsular polysaccharide surrounded by the E. coli K4 [54] (©John Wiley
and Sons B) and its depolymerased disaccharide chemical structure

2.1.2. The genes associated with the biosynthesis of K4 CPS and its precursors
The CPS of K4 belongs to the group II K antigen [18]. The gene cluster
responsible for CPS biosynthesis is organized into three regions (Figure 5), where region
This Chapter previously appeared as: W. He, L. Fu, G. Li, J. A. Jones, R.J. Linhardt, and M. Koffas,
“ Production of chondroitin in metabolically engineered E.coli,” Metab. Eng., vol. 27, pp. 92-100, Jan.
2015
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I and region III are conserved for all group II K antigen and majorly functioning in the
polysaccharide transportation mechanism. The transcription of region III and region II
depends on the RfaH-mediated antitermination [55].

Figure 5. Group II K antigen gene cluster where region1 and region 3 is identical for all gramnegative group II K antigen. Region 2 mainly functioned as biosynthesis of polysaccharide [52]

Region II contains 7 genes, namely kfoA to kfoG, as well as an insertion IS2 gene,
with a total length of 14 Kb; these genes encode for the enzymes that direct the synthesis
and assembly of a chondroitin-like polysaccharide [33]. The function of KfoB, KfoD and
KfoG still remains unknown. Many studies suggested that they might not directly be
involved in the capsular polysaccharide production [43], [56], [57]. The kfoA gene
encodes the enzyme uridine diphosphate (UDP)-GlcNAc 4-epimerase, responsible for the
epimerization of UDP-GlcNAc to UDP-GalNAc. The kfoF gene encodes the enzyme
UDP-glucose dehydrogenase, involved in the redox reaction where NAD+ is being
reduced to NADH and UDP-glucose is oxidized to UDP-GlcA. The kfoC gene encodes a
chondroitin polymerase that operates in a dual-action mode to transfer both GlcA and
GalNAc residues to the non-reducing end of an oligosaccharide/polysaccharide acceptor
[56], [58]. The kfoE gene is believed to encode a fructosyl-transferase, responsible for the
addition of a fructose group on the 3-position of GlcA [49], [59]. This reaction may occur
during or after the biosynthesis of the chondroitin backbone is complete [59]. A detailed
biosynthetic pathway of E. coli K4 CPS is illustrated in Figure 6.
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Figure 6. Metabolic pathway for the synthesis of E. coli K4 CPS

2.1.3. The transporting mechanism of K4 CPS
Once the polysaccharides are synthesized in the cytoplasm of the cell, the
exporting and assembling of K4 CPS on the cell surface machinery will be initiated by
the proteins encoded in the region I and region III genes. The detailed transporting
mechanism was illustrated in Figure 7. The homologs enzymes encoded by gene kpsF
and kpsU involve in the synthesis for CMP-Kdo, which is a precursor connect Kdo to the
phospholipid on the outer membrane surface. kpsF first converts ribulose 5-phosphate to
arabinose 5-phosphate (A5P) and then kpsU turns A5P to CMP-Kdo (see more details in
Figure 2). The CMP-Kdo will then be transferred to the reducing end of the
polysaccharide by the protein complex encoded by kpsC and kpsS [60]. kpsC and kpsS
16

encoded proteins are cytosolic proteins that are essential in the polysaccharide export
translocation process. Mutation of the protein complex results in the accumulation of
intracellular polymer [18].

Figure 7. Schematic of K4 CPS biosynthesis and its transportation. A) The biosynthesis of K4CPS in
cytoplasmic. B) The synthesis and assembly of CMP-Kdo. C) K4CPS transport across the
cytoplasmic membrane. D) K4CPS transport to the cell surface [61]

The proteins encoded by kpasT and kpasM are ATP-binding cassette transporter
(ABC transporter). KpsT will interact with the Kdo in the reducing end of the
polysaccharide chains. Conformation change will occur to inject the polysaccharide
chains into the inner membrane. Under the hydrolysis of ATP, kpsM will then help to
transport nascent polymer across the inner membrane. The proteins encoded by kpsE and
kpsD play a major role in the late stage of the assembly pathway. Mutation in these genes
results in the accumulation of polymer in the periplasm [62].

kpsE located in the

periplasm connects both outer membrane and the inner membrane through a C-terminal
amphipathic α-helix [63]. It will push the polysaccharide further through the periplasmic
17

space into the pores created by kpsD. kpsD is located in the outer membrane and belongs
to the outer membrane protein assembly (OMA). Eventually, the CPS will reach the
surface of the outer membrane. These genes work in a balanced fashion for the synthesis
and exportation mechanism of bacterial CPS. The overexpression of kpsD creates extra
pore channels on the outer membrane surface. Instead of increasing the space for
polysaccharide transportation, it disturbs the cell permeability and thus results in cell
death [18], [61].
2.1.4. Producing chondroitin by metabolic engineering
Several studies related to the optimization of E. coli K4 growth have been
performed to improve the production and yield of K4 CPS [38]–[41]. More recently,
increasing attention has been focused on genetic modification and the preparation of
recombinant strains to produce CPS. Several strategies, including modifying genes and
protein directly related to capsule biosynthesis were proved to significantly improve CPS
yield [37], [43], [44]. Other approaches regarding transcription factors that regulate
transcription of the CPS biosynthesis operon are also believed to have a significant
impact [47], [48].
Although the production levels for E. coli K4 CPS are quite high, E. coli K4 is a
pathogenic bacterium due to the presence of virulence factors [52]. For example E. coli
K4 can cause urinary tract infections [20], [64], [65]. Therefore, a safer, non-pathogenic
alternative host, such as E. coli BL21 Star™ (DE3), widely used for protein and peptide
expression, is preferable. The E. coli

BL21 Star™ (DE3) strain has proven to be a

suitable host for metabolic engineering in expressing non-native genes for producing a
multitude of natural products, including flavonoids, fatty acids and heparosan [66]–[68].
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E. coli BL21 is derived from the E. coli B strain, which was originally encapsulated;
however, insertion of the IS1 element inactivated its native capsular biosynthesis. The
gene clusters involved in transporting mechanism in the region I and III are still active,
[69] therefore, we hypothesized that we should be able to reestablish CPS biosynthesis in
BL21. In the current study, three genes directly related to the biosynthesis of chondroitin
were expressed in E. coli BL21 Star™ (DE3) using the ePathBrick system, consisting of
5 compatible plasmids with different antibiotics and replication origins. The four
isocaudamer pairs (SpeI, XbaI, NheI and AvrII) on these vectors allow for multiple gene
addition with various regulatory control signals [70]. In addition, these promoters allow
the construction of gene clusters with different gene configurations, something that has
been shown to have a significant effect on overall production and yields [70]. In the
present study, we used the highest copy number vector and constructed the E. coli K4
chondroitin biosynthetic pathway in a pseudo-operon structure for putative maximum
yield. While a non-specific carbazole assay has been widely used for quantification of
chondroitin production in previous studies [48], [68], [71], this assay has been shown to
be grossly inaccurate as several media components and bacterial contaminants interfere
with this assay. The current study relies on a more structurally specific and accurate
analysis method for quantification of chondroitin. This is the first successful
demonstration of the high-titer production of chondroitin in a non-pathogenic E. coli
strain, opening the way for the future production of other chondroitin-derived
polysaccharides of pharmaceutical and commercial importance.
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2.2.

Materials and methods

2.2.1. Culture medium
Luria-Bertani (LB) medium with or without ampicillin (80 µg/ml) was used for
the cell growth and transformation screening. Super optimal broth with catabolite
repression (SOC) was used for cell recovery after heat shock or electroporation during
the transformation experiments. Rich defined medium developed from modified
protocols [72], [73] was used for all the shake flask fermentations (3.5 g/l KH2PO4, 5.0
g/l K2HPO4, 3.5 g/l (NH4)2HPO4, 2 g/l casamino acids, 100 ml of 10x MOPS Mix, 1 ml
of 1M MgSO4, 0.1 ml of 1 M CaCl2, 1 ml of 0.5 g/l Thiamine HCL, supplemented with
20 g/l glucose. 10x MOPS Mix consisted of 83.7 g/l MOPS, 7.2 g/l Tricine, 28 mg/l
FeSO4·7H2O, 29.2 g/l NaCl, 5.1 g/l NH4Cl, 1.1 g/l MgCl2, 0.5 g/l K2SO4, 0.2 ml
Micronutrient Stock. Micronutrient Stock consisted of 0.2 g/l (NH4)6Mo7O24, 1.2 g/l
H3BO3, 0.1 g/l CuSO4, 0.8 g/l MnCl2, 0.1 g/l ZnSO4. E. coli K4 serotype 05:K4(L):H4
was purchased from American Type Culture Collection (ATCC 23502). E. coli BL21
Star™ (DE3) was used as the production strain with expression of the ePathBrick
plasmid containing kfoA, kfoC and kfoF (Table 3). All the nutrients and chemicals for
medium preparation were from Sigma Chemical Co. (St. Louis, MO).
2.2.2. Plasmid construction
Genomic DNA of E. coli K4 was isolated by genomic DNA extraction kit
(Invitrogen). Each target gene kfoA, kfoC and kfoF was amplified out by polymerase
chain reaction (PCR) using Accuzyme® mix (BIOLINE) according to the manufacturer’s
instructions. For this study, the detail information of the plasmids and strains used were
listed in the Table 3.
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Table 3. List of Plasmids and strains used in this study

Strain/Plasmid

Description

Source/reference

DH5α

General cloning host

Invitrogen

E. coli K4

Wild-type Serotype O5:K4(L):H4

ATCC

BL21Star™ (DE3)

ompT hsdT hsdS (rBmB) gal(DE3)

Novagen

pETM6

T7 promoter, ColE1 ori. AmpR

[70]

pETM6_kfoA

pETM6 carrying gene kfoA from E. coli K4

This study

pETM6_kfoC

pETM6 carrying gene kfoC from E. coli K4

This study

pETM6_kfoF

pETM6 carrying gene kfoF from E. coli K4

This study

pETM6_OACF

pETM6 carrying genes in the order of kfoA,
kfoC and kfoF from E. coli K4 in operon
configuration
pETM6 carrying genes in the order of kfoA,
kfoC and kfoF from E. coli K4 in pseudooperon configuration
pETM6 carrying genes in the order of kfoA,
kfoC and kfoF from E. coli K4 in
monocistronic configuration
pETM6 carrying genes in the order of kfoA,
kfoF and kfoC from E. coli K4 in pseudooperon configuration
pETM6 carrying genes in the order of kfoC,
kfoA and kfoF from E. coli K4 in pseudooperon configuration
pETM6 carrying genes in the order of kfoC,
kfoF and kfoA from E. coli K4 in pseudooperon configuration
pETM6 carrying genes in the order of kfoF,
kfoA and kfoC from E. coli K4 in pseudooperon configuration
pETM6 carrying genes in the order of kfoF,
kfoC and kfoA from E. coli K4 in pseudooperon configuration

This study

Strain

Plasmid

pETM6_PACF
pETM6_MACF
pETM6_PAFC
pETM6_PCAF
pETM6_PCFA
pETM6_PFAC
pETM6_PFCA

21

This study
This study
This study
This study
This study
This study
This study

The primers used are listed in Table 4 and were designed based on the complete
genome sequence of K4 [74], and cloned into the pETM6 vector, the highest copy
number plasmid in the ePathBrick system. Accordingly, all three genes were assembled
into pseudo-operon configuration containing a T7 promoter for each target gene and a
single terminator at the end of the last gene(Figure. 8) [70].

Figure 8. The ePathbrick construct containing the three genes encoding for chondroitin biosynthesis

Plasmid DNA was prepared by E.Z.N.A plasmid mini kit (OMEGA) and digested
DNA fragments were recovered from agarose gel (Bio-Rad) by E.Z.N.A. gel extraction
kit (OMEGA). FastDigest Restriction endonuclease and Rapid DNA ligation kit were
purchased from Thermo. Both kfoA and kfoC contain a SpeI restriction site inside the
gene. Silent mutations (kfoA 15Thr (t-a) and kfoC, 432Leu (c-t); 573Thr (t-a)) were
introduced by site-direct mutagenesis using QuikChange® Site-Directed Mutagenesis Kit
(Agilent). The codon of each mutation was optimized to the most codon usage in E. coli
K4[43] and verified by both double endonuclease digestion and DNA sequencing
(Genewiz). Plasmid construction followed standard techniques and ePathBrick platform
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protocol. Finally, the plasmids were transformed into E. coli BL21 Star™ (DE3) by
electroporation using Bio-Rad Gene Pulser Xcell™ transformation system (2 mm
cuvettes, 2.5 kV, 25 µF and 200 Ω). Cells were recovered in super optimal broth with
catabolite repression (SOC) medium for 50 min and plated on LB plate, supplemented
with 80-µg/ml of ampicillin for screening.
Table 4. Primers used in this study

Primer name

Sequence (5’>3’)

pETM6-kfoA-F

GGGAGATCTATGAATATATTAGTTACAGGTGGA
G
CCCCTCGAGTTAAATATAACCATTTGG
CCGCGATCGCATGAGTATTCTTAATCAAGC
TTGGTACCCGGCCAGTCTACATGTTTATCAC
GGCATATGAAAATTGCAGTTGCTG
CCCCTCGAGTCAAGAGTCGACAC

pETM6-kfoA-R
pTEM6-kfoC-F
pTEM6-kfoC-R
pETM6-kfoF-F
pETM6-kfoF-R

Restriction
site
BglII
XhoI
AsisI
KpnI
NdeI
XhoI

2.2.3. Shake flask experiments
Shake flask experiments were carried out to evaluate the effect of gene order in
the pseudo-operon structure on chondroitin production. For each construct in E. coli
BL21, cells from 15% glycerol stock were streaked on an agar plate containing 80-µg/ml
of ampicillin and grown overnight. Two colonies from each plate were picked for
duplicate sample analysis and pre-cultures were grown overnight at 37 °C. The samples
were then diluted to 25 ml at optical density (OD) ~ 0.05 and transferred to a 250 ml
Erlenmeyer flask and incubated at 37 °C with shaking at 220 rpm. Gene expression was
induced using 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at an OD ~1.0 and
the cultures were left to grow under the same conditions for an additional 18 to 24 h. The
medium for shake flask experiments is presented in the medium Section and was
supplemented with 80-µg/ml of ampicillin.
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2.2.4. Benchtop fermenter experiments
The fed-batch (DO) start control mode fermentation was performed in a 2L
bioreactor (BIOFLO110, New Brunswick Scientific Co., Edison, NJ) with defined
medium described in section 2.1.1. Strain BL21 Star™ (DE3) with pETM6_PCAF,
which gave the optimal yield in shake flask experiments, was used to test the chondroitin
production potential. Seed culture (100 ml) was prepared by picking a single colony from
the plate and incubated at 37 ˚C overnight. The 100 ml seed culture was inoculated into 1
liter of defined media (pH 6.8 and appropriate antibiotics). The bioreactor was first
operated at batch mode for 8.5 h and was switched to the fed-batch mode by feeding 40%
glucose (w/w) at a constant flow rate of 0.13 ml/min. pH was maintained at 6.8
throughout the fermentation by adjusting with 5 N NH4OH. The aeration rate speed was
maintained at 2.0 volume per volume-minute (vvm). Agitation varied from 500 to 1000
ppm. Recombinant gene expression was initiated by inducing with 0.5 mM IPTG and
switching the temperature from 37 ˚C to 33 ˚C at 6 h cultivation in batch mode (OD~ 6).
Samples were taken every 1-4 h for monitoring residual glucose level, cell density and
chondroitin production.
2.2.5. Chondroitin purification
Purification of capsular polysaccharide was carried as follows. First, the cell
pellet was re-suspended in water and autoclaved in the liquid cycle for 15 min. The
supernatant was collected and centrifuged to remove insoluble material. Both autoclaved
supernatant from the cell pellet and cell culture supernatant were precipitated with 80 vol %
cold ethanol and stored in an explosion-proof refrigerator at -20 °C overnight allowing
the recovery of both intracellular and extracellular chondroitin. After precipitation, pellet
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was collected and resuspended in digestion buffer (100 mM Tris, pH 7.5, 50 mM MgCl2,
10 mM CaCl2). DNAse (1 mg/l, Sigma) was added and the sample incubated at 37 °C for
1 h. Protease K (2.5 mg/ml, Sigma) was then added and the sample was incubated at
56 °C for 2 h. A second precipitation from 80% cold ethanol was then carried out and the
dry pellet was collected, redissolved in water (~1 ml) and filtered through a 10 kDa spin
column to remove residual small peptides and salt. The retentate was lyophilized for
future NMR analysis.
2.2.6. NMR analysis
The purified CPS from both supernatant and cell pellet were analyzed by onedimensional 1H nuclear magnetic resonance (NMR) [75]. All NMR experiments were
performed on Bruker Advance II 600 MHz spectrometer (Bruker BioSpin, Billerica, MA)
with Topsin 2.1.6 software (Bruker). Samples were each dissolved in 0.5 ml D2O
(99.996%, Sigma Chemical Company) and freeze-dried repeatedly to remove the
exchangeable protons. The samples were re-dissolved in 0.4 ml D2O and transferred to
NMR microtubes (outside diameter, 5 mm, Norell (Norell, Landisville, NJ)). The
conditions for one-dimensional 1H-NMR spectra were as follows: wobble sweep width of
12.3 kHz, acquisition time of 2.66 s, and relaxation delay of 8.00 s. The temperature was
298 K [75]. De-fructosylated CPS from E. coli K4 (chondroitin, a generous gift from Dr.
Nicola Volpi of the University of Modena, Italy) was used as an NMR standard to
confirm assignments.
2.2.7. Quantification of chondroitin using HPLC-MS
The use of colorimetric assays, such as carbazole [71] for quantification of GAGs
derived from bacteria fermentation is limited by interference from medium and cellular
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debris. Disaccharide analysis using HPLC-MS offers a structurally specific assay for
chondroitin quantification [76].
Structure characterization of the polysaccharide produced from engineered BL21
Star™ (DE3) strain by HPLC-MS has previously been described [76]. Since the
composition of disaccharide in the samples was much simpler while the standard assay
that separates different chondroitin sulfate took a significant amount time (80
min/sample), a shorter assay (16 min/sample) described below was developed
accordingly to increase the overall efficiency of analysis. (Figure 9 for calibration curve)

Calculate value from MS (ng)
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y = 0.9437x + 5.8153
R² = 0.9831

100
80
60
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40
20
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40

60
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Figure 9. Calibration curve for the LC-MS quantification analysis

Complete depolymerization of chondroitin was performed using chondroitinase
ABC (prepared in Prof. Linhardt lab). The purified CPS from both supernatant and cell
pellet were dissolved in 100 µL digestion buffer (50 mM ammonium acetate, 2 mM
calcium acetate, pH 7.5). Chondroitinase ABC (20 mU in 5 µl of 25 mM Tris, 500 mM
NaCl, 300 mM imidazole buffer (pH 7.4)) was added and incubated at 35 °C for 10 h to
depolymerize chondroitin. The digested solution was lyophilized. The freeze-dried
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samples containing chondroitin disaccharides (~5 µg) or chondroitin disaccharide
standard (5 µg, Iduron, UK) was added to 10 µl of a 0.1 M AMAC solution in acetic acid
(AcOH)/dimethyl sulfoxide (DMSO) (3:17, v/v) and mixed by vortexing for 5 min. Next,
10 µl of 1 M NaBH3CN was added to the reaction mixture and incubated at 45° C for 4 h.
Finally, the AMAC-tagged disaccharide was diluted to different concentrations (0.5-50
ng) using 50% (v/v) aqueous DMSO and LC-MS analysis was performed.
Liquid chromatography mass spectrometry (LC-MS) analyses were performed on
an Agilent 1200 LC/MSD instrument (Agilent Technologies, Inc. Wilmington, DE)
equipped with a 6300 ion-trap and a binary pump. The column used was a Poroshell 120
C18 column (3.0 × 30 mm, 2.7 µm, Agilent, USA) at 55° C. Eluent A was 80 mM
ammonium acetate solution and eluent B was methanol. Solution A and 20% solution B
was flown (200 µl/min) through the column for 4 min followed by linear gradients 40%
solution B from 4 to 60 min. The column effluent entered the electrospray ionization-MS
source for continuous detection by MS. The electrospray interface was set in negative
ionization mode with a skimmer potential of -40.0 V, a capillary exit of -40.0 V, and a
source temperature of 350° C, to obtain the maximum abundance of the ions in a fullscan spectrum (300-1200 Da). Nitrogen (8 L/min, 40 psi) was used as a drying and
nebulizing gas.
2.2.8. Size exclusion chromatography of chondroitin from metabolic engineered
BL21Star™ (DE3)
SEC was performed using TSK-GEL G3000PWxl or G4000PWxl size exclusion
column with a sample injection volume of 20 µl and a flow rate of 0.6 ml/min on an
apparatus composed of a Shimadzu LC-10Ai pump, a Shimadzu CBM-20A controller
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and a Shimadzu RID-10A refractive index detector. The mobile phase consisted of 0.1 M
NaNO3. The column was maintained at 40 °C with an Eppendorf column heater during
the chromatography. The SEC chromatograms were recorded with the LCsolution
version 1.25 software and analyzed with its “GPC Postrun” function. For molecular
weight determination of chondroitin from metabolic engineered BL21Star™ (DE3),
TSK-GEL G4000PWxl size exclusion column was used, and hyaluronan standards of
different molecular weights (30.6 kDa, 43.8kDa, 78.7 kDa, 130.2 and 506.7 kDa),
purchased from Hyalose L.L.C. (Oklahoma City, Oklahoma), were used as calibrants for
the standard curve.

2.3. Results
2.3.1. Plasmid construction
PCR was used to amplify chondroitin biosynthetic genes from E. coli K4 genomic
DNA (kfoA 1.02 kbp, kfoC 2.06 kbp and kfoF 1.17 kbp). Recombinant plasmids pETM6kfoA, pETM6-kfoC and pETM6-kfoF were verified by double endonuclease digestion and
DNA sequencing. Further subcloning for the construction of pETM6-PACF was verified
by restriction digest (digestion of pETM6-PACF with EcoRI, SmaI and SpeI yield three
fragments of 1.57, 2.32 and 5.95 kbp, respectively, see Figure 10). The same verification
method was used to verify cloning of all other plasmids described in Table 3. After
electroporation, E. coli BL21 Star™ (DE3) containing the desired plasmid was selected
from agar plate with ampicillin and an extra step of double digestion verification was
performed to further verify successful cloning.
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Figure 10. verification of the plasmid for ePathBrick system configuration

2.3.2. Characterization of chondroitin structure with NMR and disaccharide
analysis
As seen in the chromatogram of Figure 11, no peak matches the disaccharide
standard of chondroitin (0S) for BL21 Star™ (DE3) expressing pETM6 (negative control)
while clear peaks of chondroitin (0S) were observed for the sample of BL21 Star™ (DE3)
expressing pETM6_PACF. This confirmed the production of chondroitin when the three
genes kfoA, kfoC and kfoF were expressed in E. coli BL21 Star™ (DE3).
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Figure 11. Disaccharide analysis chromatogram of chondroitin. A) The standard EIC spectra
showing 8 different disaccharide compositions corresponding to their mass. The mass of 0S
(chondroitin) is illustrated on the left B) The sample prepared from the fermentation of E. coli BL21
Star™ (DE3) with the vector pETM6 as a negative control. No background disaccharide
compositions are observed when no biosynthesis genes are expressed C) The sample prepared from
the fermentation of E. coli BL21 Star™ (DE3) with the vector pETM6_PACF. The signature peak is
observed correlated to the 0S (chondroitin) in standard suggesting the presence of the product

In addition, NMR analysis further proved the presence of this polysaccharide.
The chemical structure of chondroitin was determined by one-dimensional 1H NMR. Two
samples, negative control (N.C.) consisting of BL21 Star™ (DE3) carrying empty
pETM6 vector and recombinant strain BL21 Star™ (DE3) carrying plasmid pETM6PACF were prepared as previously described. In addition, pure de-fructosylated K4 CPS
standard was analyzed for comparison (Fig. 5). In the spectra, none of the anomeric
proton signals of GlcA and GalNAc as well as the N-acetyl group signal was observed in
the negative control sample, which indicates that the BL21 Star™ (DE3) with pETM6
plasmid did not produce any K4 polysaccharide. However, all the proton signals perfectly
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matched with the standard as shown in the expression strain sample (Figure 12). There is
only a very small amount of impurities observed in the high field region. These NMR
results confirmed the capability of engineered BL21 Star™ (DE3) strains to produce
identical disaccharide repeat units to the pure chondroitin backbone

Figure 12. One-dimensional NMR spectral analysis of produced chondroitin. A) The sample was
from the previously described negative control. No obvious symbolic peaks were observed for
chondroitin B) The samples were prepared from the fermentation of E. coli BL21 Star™ (DE3) with
the vector pETM6_PACF. The peaks labeled closely matched to the signature pick of chondroitin
standard proving that the recombinant chondroitin had an identical chemical structure as
chondroitin C) The standard spectra of chondroitin

The 13C-NMR spectrum has also been tested with assigned carbon signals and
proton signals listed in Figure 13. The result is closely matched to the currently available
publication of 13C-NMR and 1H-NMR of defructosylated K4 capsular polysaccharide or
similar source of chondroitin [33], [58].
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Figure 13. Two-dimensional NMR for chondroitin purified from bacteria fermentation and the
carbon, proton assignment of the chemical shift

2.3.3. Shake flask experiment and 2L fed-batch fermentation
Rich defined medium for the shake flask experiment is generally a complex
medium such as LB that contains tryptone, a pancreatic digested casein, which is an
animal-derived source and can potentially contain GAGs. In order to avoid interference
in chemical structural characterization and quantification, no complex medium was used
in the shake flask experiments in this study. E. coli K4 wild type was compared with the
recombinant E. coli BL21 Star™ (DE3) strain (Figure 16 A). Based on growth curves,
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the antibiotics added did not place too much of a burden to the cell growth. The
recombinant E. coli

BL 21 strain grew slightly slower after induction and delayed

reaching maximum cell density by 2 h. However, the overall growth and glucose uptake
were similar. Three different configurations with the same gene order were first tested
and the results are shown in Figure 14. As expected from previous studies, pseudo operon
structure resulted in maximum yield with 117% increase compared to the operon
structure.

chondroitin concentration (mg/
(OD*L))

30
25
20
15

chondroitin

10
5
0
operon

psedo-operon monocistronic

Figure 14. The production of chondroitin from E. coli BL21 Star™ (DE3) with different
configurations, operon, pseudo-operon and monocistronic in the gene order of kfoA, kfoC and kfoF
was compared. The pseudo-operon structure gave the optimal yield while operon configuration gave
the least optimal

The optimal constructs, regarding gene orders in pseudo operon structure, were
further tested and the highest yield of chondroitin is 213 ± 9.87 mg/l with the construct of
pETM6-PCAF. The detailed production level of different constructs is presented in
Figure 15.

33

Figure 15. Chondroitin production in recombinant E. coli BL21 Star™ (DE3) as a function of
pseudo-operon configuration

The production of E. coli capsular polysaccharide is commonly considered as
growth associated. Therefore a strategy used in the past to optimize chondroitin
production yield from E. coli K4 relied on maximizing cell density. Glucose was fed at a
limited flow rate of 0.052 g/ min to avoid accumulation of toxic byproduct acetic acid
that potentially decreases the cell growth rate. The fermentation was terminated after the
optical density reading (OD) started to drop after ~50 hours. Glucose level was monitored
closely and several pauses were made during the feeding stage to ensure the depletion of
glucose. The maximum OD reached ~39.9 after 40 h while the maximum chondroitin
production reached 1.9 ± 0.042 g/l after 50 h.
A complete fermentation sample analysis on both supernatant and total
chondroitin production is important for better understanding the transport mechanism in
BL21 Star™ (DE3). No chondroitin was detected in either supernatant or cell pellet
during the first hour after induction (Figure 16, B). After two hours, the concentration
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ratio of chondroitin from pellet to that from supernatant reached a constant pellet to
supernatant ratio of 5:1, suggesting that the transport of polysaccharide to the supernatant
is highly restricted. This ratio became larger after 20 h and the product concentration in
the supernatant remained relatively low until the fermentation stopped.

Figure 16. A) Glucose uptake and growth curve of the DO-fed batch reaction of E. coli K4 and
engineered strain. B) Fermentation data for growth rate, the production level of both intracellular
and extracellular. The culture reached stationary phase after around 40 hours while the maximum
yield was observed at the maximum OD600 reading

2.3.4. Molecular weight determination
The average molecular weight of chondroitin purified from metabolic engineered
BL21Star™ (DE3) cell pellet is about 54 kDa, which is much smaller compared to the
K4 capsular polysaccharide (>300 kDa)[38] (Table 5). It is also smaller compared to the
other metabolic engineered glycosaminoglycan such as heparosan (Mn~ 114 kDa) in
BL21Star™ (DE3) harvested from cell supernatant [68]. One of the possible explanations
is that genes of unknown function from region II gene clusters, such as kfoB and kfoD,
may help to stabilize the elongation chains during the chondroitin polymerization.
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Table 5. The average molecular weight (Mn), weight average molecular weight (Mw), polydispersity
index and peak molecular weight of chondroitin purified from cell pellet

Mn (Da)
Chondroitin

2.4.

54100

Mw（ Da）
111000

Polydispersity

Mp

2.05

63400

Discussion
The current microbial approach to prepare chondroitin relies on E. coli K4 strain

and requires post-fermentation processing to remove fructose residues. This study
provides a more direct approach, expressing only the three essential genes involved in the
K4 CPS biosynthesis pathway in the non-pathogenic E. coli BL21 Star™ (DE3) strain.
The highest fermentation yield of chondroitin obtained in the current study was 2.4 g/l,
which is comparable with current literature reports of E. coli K4 CPS production.
Previous studies have focused primarily on overexpression of kfoC, a dual function
enzyme that catalyzes both chondroitin polymerization and glycosylation. The
overexpression of kfoC can be used to direct both GalNAc and GlcA pathway towards
CPS production. However, kfoC crystal structure revealed that efficient binding of UDP
sugar to its corresponding catalytic site may be another key factor in controlling CPS
production [77]. One approach, from the aspect of binding strength, suggests that an
increase in the affinity for UDP-GalNAc and reduction in the UDP-GlcA interaction
would increase K4 CPS production [44].
The other approach concerning the availability of UDP sugar may also affect the
final yield of chondroitin. Theoretically, different gene orders in a pseudo-operon
configuration can result in different expression levels of each gene. For example, for the
pETM6_PACF construct, the RNA polymerase binds to the three T7 promoters driving
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the transcription of each of kfoA, kfoC and kfoF genes. However, each transcript ends at
the same terminator, located downstream of the final gene. Therefore, it is expected that
kfoF is most transcribed; kfoC is transcribed at the intermediate level and kfoA is the least
transcribed gene (Fig.7). Since the chondroitin polymerase encoded by kfoC alternatively
transfers

UDP-GlcA

and

UDP-GalNAc

to

the

non-reducing

end

of

oligosaccharide/polysaccharide acceptor, it closely related to both pathways shown in Fig.
2. When the expression level of kfoC was high (red shaded in Table 6), the higher
expression of kfoA compared to kfoF enhanced the overall production. The same
phenomenon was also observed when kfoC had a medium level of expression. However,
this trend was completely flipped when kfoC had the least expression level (blue shaded
in Table 6).
Table 6. The impact of gene order of pseudo-operon structure on overall chondroitin production.
The construct with pETM6_pCAF and pETM6_pCFA has the relative optimal yield compared to
other order of genes. The production of chondroitin is detected from both inside the cell and the
supernatant suggesting an insufficient transporting mechanism of polysaccharide in E. coli BL21
Star™ (DE3). The proposed expression intensity level is listed below. The blue square corresponds to
the lowest expression level, the yellow square is the medium expression level and red square is the
highest expression level. The similarity between the highest production construct is that they all have
the least kfoC expression levels

Chondroitin (mg/l)

kfoF low

kfoF med

kfoF high

N/A

85.74

110.8

kfoA med

108.66

N/A

213.62

kfoA high

124.69

166.34

N/A

kfoA low

The first two observations are consistent with our hypothesis that overexpression
of kfoA increases the availability of UDP-GalNAc and increases the overall chondroitin
production. However, when expression of kfoC was limited, kfoF draws more carbon flux
towards the UDP-GlcA synthesis pathway. Therefore, even with kfoA at a high level of
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expression, the overall availability of UDP-GalNAc may still be limited, thus resulting in
lower amount of chondroitin production. Interestingly, this strategy yielded the highest
chondroitin production level in a shake flask. One possible explanation is that increased
carbon flux in the UDP-GlcA pathway hinders the UDP-GalNAc pathway. Therefore, it
may further down-regulate the peptidoglycan synthesis pathway, which is the major
competing pathway for UDP-GalNAc. At the same time, the expression of kfoA may
allow more effective utilization of UDP-GalNAc to the chondroitin synthesis.
Furthermore, the intracellular and extracellular analysis of chondroitin in Fig 7
may also shed some light on these results. Although literature reports that E. coli BL21
Star™ (DE3) is capable of transporting all polysaccharide outside the cell [69], we found
that a significant amount of chondroitin also accumulates inside the cell. The relative
distribution of intracellular and extracellular chondroitin in all of the constructs is shown
in Fig. 7. The pETM6-PFAC, pETM6-PACF, pETM6-PAFC and pETM6-PFCA
constructs show approximately equal distribution of intracellular and extracellular
chondroitin. One possible explanation is that the polysaccharide relocation mechanism is
efficient. However, most of the transported polysaccharide was retained on the bacteria
membrane surface, linked to poly-KDO linker [52]. No gene was found in the genome of
E. coli BL21 Star™ (DE3) that encodes a chondroitin lyase, responsible for
polysaccharide shedding. Thus, the release of polysaccharide into the supernatant may be
severely restricted. Another possible explanation may be that the transport mechanism is
completely shut down in E. coli BL21 Star™ (DE3) and that the only chondroitin found
in the supernatant comes from the release of intracellular chondroitin through cell death.
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Another interesting phenomenon is that a higher amount of chondroitin is formed
during stationary phase, particularly close to the cell death phase, as the OD starts to drop.
The synthesis of recombinant proteins requires both energy and a nitrogen source. When
the metabolism of the cell adjusts to adopt the current environment and starts producing
the product, a lack of sufficient nitrogen may result in cell death. A complex nitrogen
source was avoided in this study since these often can contain GAG. It will be essential to
develop and optimize media composition for further improving the level of chondroitin
production in future studies.

2.5.

Conclusions
This study provides an alternative approach to produce chondroitin from non-

pathogenic recombinant strain E. coli BL21 Star™ (DE3) by utilizing metabolic
engineering. The maximum volumetric production reached 213 mg/l in shake flasks and
1.9 g/l in a 2-liter fed-batch fermenter. Both HPLC-MS and NMR studies confirmed the
correct chemical structure of chondroitin, representing a clear improvement over the
production of fructosylated chondroitin CPS by E. coli K4. Further studies on the
transport mechanism of the polysaccharide, balancing the carbon flux of biosynthesis
pathway, and optimizing the fermentation strategies should result in higher production
levels. In addition to the potential industrial value, E. coli BL21 Star™ (DE3) also
provides a more suitable platform for sulfation in vivo. This opens more opportunities for
the metabolic engineering of sulfated chondroitins in recombinant E. coli BL21 Star™
(DE3) strain.
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3.

EXPRESSION AND PURIFICATION OF CARBOHYDRATE

(CHONDROITIN 4) SULFOTRANSFERASE WITH E. COLI
3.1. Introduction
Sulfotransferases (STs) are important enzymes that catalyze the sulfation
reactions (also referred to as sulfonation or sulfurylation) transferring a sulfo group (-SO3)
from a donor molecule, such as 3’-phosphoadenosine 5’-phosphosulfate (PAPS), to a
variety of amine and hydroxyl substrate as nucleophiles.

In general, STs can be

categorized into two classes, cytosolic STs and membrane-associated STs. Cytosolic STs
(SULT) mainly target small molecules such as hormones, bioamines, drugs and
xenobiotics agents. Most of the studies have been focused on the cytosolic STs due to
their important role in detoxification, hormone regulation and drug metabolism.
Membrane-associated STs that mainly act on larger biomolecules, such as carbohydrates
and proteins, have gained increasing attention recently. Several studies imply that these
STs are involved in important biologic process including viral entry into cells, leukocyte
adhesion, and anticoagulation [78].
3.1.1. Chondroitin 4 sulfotransferase genes and its domain
A carbohydrate sulfotransferase, chondroitin-4-sulfotransferases catalyzes the
transfer of a sulfo group to the position 4 of the N-acetylgalactosamine (GalNAc) residue
of chondroitin/desulfated dermatan sulfate [79]. The 4-O sulfation of GalNAc residue is a
typical and high frequency modification found in CS/DS chains. There are three major
chondroitin 4 sulfotransferases isoforms in Homo sapiens, namely C4ST-1, C4ST-2 and
C4ST-3. Based on a general amino acid sequence analysis, chondroitin 4-sulfotransferase
are found to contain a single cytoplasmic domain followed by helical transmembrane
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domain and a lumenal domain.

C4ST-1 has two additional variants. Both of their

variants are capable of sulfating chondroitin and desulfated dermatan sulfate with a
preference of GlcA→GalNAc over IdoA→GalNAc. It has been predominantly expressed
in spleen, thymus, bone marrow, peripheral blood leukocytes, lymph node, heart, brain,
lung and placenta [80], [81]. C4ST-2 is 41.8% identical to the C4ST-1 at the amino acid
level. These C4STs are most homologous to each other close to the 5’-phosphosulfate3’phosphate binding site. C4ST-2 has a lower activity towards desulfated dermatan
sulfate than C4ST-1. C4ST-2 is highly expressed in the pituitary gland, adrenal gland,
spinal cord, small intestine, spleen, and lung [80]. C4ST-3, a third chondroitin 4sulfotransferase isoform also has two variants and these are 45% identical to C4ST-1 and
27 % identical to C4ST-2. The C4ST-3 variants show no activity towards desulfated
dermatan sulfate and are highly expressed in adult liver [82]. Even though C4ST-1 and
C4ST-2 exhibit broad and overlapping mRNA expression patterns indicating the enzymes’
functionally redundancy, a deficiency or experimental knock-down of C4ST-1 results in a
dramatic decrease of cellular and whole-body levels of CS [83]. None of the other family
member C4ST-2 and C4ST-3 can compensate for the loss of C4ST-1. Therefore, C4ST-1
is believed to play a distinct regulatory role not only in CS 4-O-sulfation but also in the
amount of CS synthesis [84].
C4ST-1 contains 352 amino acids with molecular weight around 41.5 kDa. The
transmembrane domain is predicted to be located in the N-terminus from Met17 to Leu37.
Two PAPS binding sites (Pro124-Asn130, Arg186-Ser194) are predicted to be
downstream of the transmembrane domain (Figure 17). Post-translation modification,
such as glycosylation, is believed to be directly related to C4ST enzyme functionality and
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stability [85]. The recombinant C4ST has been successfully purified and expressed in
several mammalian cell lines such as CHO, COS-7 and HEK 293 [80], [81], [86]. Among
these expression systems, the HEK cell line gave the highest specific activity while CHO
gives the lowest level of activity. There are four potential glycosylation sites in human
C4ST-1: Asn205, Asn223, Asn321 and Asn342. It has been reported that the enzyme
completely lost its activity after treatment with PNGas F. In particular, the glycosylation
site Asn342 near C-terminus is believed to be essential to the activity of C4ST-1 since the
mutant devoid of such site lost significant activity compared to the wild-type enzyme.
The Asn223 and Asn342 may contribute mainly to the stability of the protein rather than
to the production of the active enzyme [85].

Figure 17. Schematic diagram of the C4ST-1. The black box represents the approximate position of
the trans-membrane domain. The grey shaded box represents the PAPS binding domain (PSB) and
3’-phosphate-binding domain (PB). The lollipops shape represent the approximate position of the Nlinked glycosylation sites

3.1.2. Potential for expressing C4ST in E. coli
Chondroitin sulfate (CS) is an essential glycosaminoglycan (GAG) that is
predominantly present in cartilage and surfaces of many cells and extracellular matrices.
It has been widely used in treating osteoarthritis due to its anti-inflammatory and
chondroprotective properties. Given its importance in medicine and as a dietary
supplement, traditional animal extraction that risks of virus and/or prion contamination
should be replaced by standardized bioengineering process. Several studies, up to date,
have demonstrated the ability to make chondroitin, the CS precursor from multiple
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microbial fermentation systems such as E. coli K4 [41], [45], [47], E. coli BL21 Star™
(DE3) [46] and Bacillus subtilis [51]. As the first step for preparing chondroitin sulfate
from chondroitin in the microbial expression system, C4ST is essential (Figure 18).
Mammalian cell expression system has proven to be efficient in producing functioning
sulfotransferases. However, the use of mammalian expression systems is hardly feasible
for large-scale industrial manufacturing in terms of expense and process scale-up. In this
study, Homo sapiens cDNA of C4ST-1 has been cloned and transformed into the E. coli
BL21 Star™ (DE3) resulting in soluble and fully functional C4ST-1. N-glycosylation is
not essential for C4ST-1 functionality. This sheds light on the potential applications in
prokaryotic systems for making the complex carbohydrate chondroitin sulfate.
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Figure 18. Schematic diagram for the conversion of chondroitin to chondroitin 4-sulfate

3.2.

Materials and methods

3.2.1. Culture Media
Luria-Bertani (LB) medium with or without ampicillin (80 µg/ml) was used for
the cell growth and transformation screening. Super optimal broth with catabolite
repression (SOC) was used for cell recovery after heat shock or electroporation during
the transformation experiments. M9 medium was used for shake flask fermentation (5x
M9 Minimal Salts following manufacturer's instructions (Difco, BD). 3 mg/l FeSO4). E.
coli BL21 Star™ (DE3) was used as the production strain with expression of the plasmid
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pET32LIC carrying C4ST-1. All the other nutrients and chemicals for medium
preparation were from Sigma Chemical Co. (St. Louis, MO).
3.2.2. Plasmid construction
The cDNA of Homo sapiens carbohydrate (chondroitin 4) sulfotransferase 11
(CHST11) (AK313217) was truncated at first 60 amino acid (1Met-60Leu), cloned into
BamHI and XhoI site of pET32LIC resulted in an expression construct pETC4ST shown
in Figure 19. The N-terminus was fused with TrxA to increase the solubility of the
protein and His6 tag was added for purification. The fusing protein was estimated to be
53.35 kDa with and PI value of 6.43 (ExPASy). The correct construct was verified by
both double endonuclease digestion and DNA sequencing (Genewiz). The plasmids were
transformed into E. coli

BL21 Star™ (DE3) by electroporation using Bio-Rad Gene

Pulser Xcell™ transformation system (2 mm cuvettes, 2.5 kV, 25 µF and 200 Ω). Cells
were recovered in super optimal broth with catabolite repression (SOC) medium for 50
min and plated on LB plate, supplemented with 80-µg/ml of ampicillin for screening.

Figure 19. pET32LIC_C4ST-1 plasmid construct
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Three mutations in human C4ST-1 were examined to improve its active
expression in E. coli: The first 37 amino acids were truncated and the gene was inserted
as pMAL_c2x_CHST11@38; The first 60 amino acids were truncated and the gene was
inserted as pMAL_c2x_CHST11@61; The first 108 amino acids were truncated and the
gene was inserted as pMAL_c2x_CHST11@109. These three mutants were cloned into
BamHI and HindIII sites of vector pMal_c2x where the N-terminus of the mutants was
fused with a maltose binding protein (MPB) (Table 7, Table 8).
Table 7. The strains and plasmid used in expressing C4ST in pMAL_c2x plasmid

Strain/Plasmid

Description

Source/reference

DH5α

General cloning host

Invitrogen

BL21Star™ (DE3)

ompT hsdT hsdS (rBmB) gal (DE3)

Novagen

This study

pMAL_c2x

pET32LIC carrying cDNA of human
chondroitin 4 sulfotransferase isoform 1
Vector contains MBP tag

pMAL_c2x_CHST11
@38
pMAL_c2x_CHST11
@61
pMAL_c2x_CHST11
@109

pMAL_c2x carrying C4ST with first 37 amino
acids truncation
pMAL_c2x carrying C4ST with first 60 amino
acids truncation
pMAL_c2x carrying C4ST with first 108 amino
acids truncation

Strain

Plasmid
pET32LIC_C4ST

New England
Biolabs Inc.
This study
This study
This study

Table 8. The primers used in expressing C4ST in pMAL_c2x plasmid

Primer name
pMAL_38chst11_F
pMAL_38chst11_R
pMAL_109chst11_F
pMAL_61chst11_F

Sequence (5’>3’)
CGCGCG GGATCC CACCCGGTTATGCGTCGTAAC
CGCGCG AAGCTT TTA TTC CAG TTT CAG GTA
AGA CGG AAC
CGCGCG GGATCC CAC CTG GTT GTT GAC GAA
GAC
CGCGCG GGATCC CAG GAA CTG TAC AAC CCG
ATC C
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Restriction
site
BamHI
HindIII
BamHI
BamHI

3.2.3. Expression and purification of recombinant enzyme C4ST-1 with pET
plasmid system
A 20 ml Luria Bertani (LB) overnight culture of E. coli BL21 Star™ (DE3)
containing the plasmid pETC4ST was spun down by centrifugation (6800 rpm, 25°C, 10
min) and re-suspended in 1 liter of M9 medium supplemented with 80 µg/ml ampicillin
in PYREX Fernbach Culture Flasks (Corning Life Sciences). The cell culture was
incubated in a rotary air shaker (NewBrunswick Scientific Innova 44R) at 37 °C, 220 rpm
for ~10 hours until the optical density (OD) A600 reaches ~0.8, gene expression was
initiated by inducing with 0.2 mM isopropyl-1-thio-β-D-galactopyranoside. The culture
was incubated for 16-20 hours at 22 °C. Cells were harvested by centrifugation at 4°C
(5,000 g for 10 min) and stored at -20 °C until further use.
Pelleted E. coli cells were resuspended in 20 ml of 50 mM Tris-HCl buffer (pH 8.0, 500
mM NaCl, 30 mM imidazole) followed by sonication (intermittent cooling on ice). The
cell debris was removed by a centrifugation step (16,000 g for 30 min) at 4 °C. The
resulting cell lysate was filtered (0.45 µm) and the supernatant was applied to Ni-NTA
resin (Qiagen). The column was washed with buffer A (50 mM Tris-HCl 500 mM NaCl,
30 mM imidazole pH 7.5) and the bound protein was eluted with buffer B (50 mM TrisHCl 500 mM NaCl, 300 mM imidazole pH 7.5). The imidazole was removed by buffer
exchange column against storage buffer (50 mM Tris-HCl 500 mM NaCl, 10% glycerol
pH 7.5) and stored at −80 °C until required.
3.2.4. Expressions and Purification of recombinant enzyme C4ST-1 with pMal
plasmid
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A single colony of E. coli BL21 Star™ (DE3) containing the plasmid
pMal_c2x_CHST11@38, pMAL_c2x_CHST11@61 or pMAL_c2x_CHST11@109 on
the agar plates was picked and inoculated into a 20 ml Luria Bertani (LB) flask. The
overnight culture was then inoculated into a baffled 2.8 L Erlenmeyer Flask containing
1L LB media and 80 µg/ml ampicillin and incubated in a rotary air shaker
(NewBrunswick Scientific Innova 44R) at 37 °C, 220 rpm for ~2 h until the optical
density (OD) A600 reached 0.7~0.9. Gene expression was initiated by inducing the cell
culture with 0.2 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG). The culture was
then incubated for another 16-20 h at 22 °C.
The cell pellet was then collected by centrifugation at 3500 x g for 45 min at 4°C
(Thermo Scientific) and re-suspended in 20 ml of loading buffer A (25 mM Tris-HCl (pH
7.4), 500 mM NaCl). The homogenized mixture was sonicated on ice three times using a
Misonix 3000 sonicator at 40 W and 50% cycle (1s on and 1s off) for 30 s. The sonicated
solution was centrifuged at 9400 x g for 60 min at 4°C. The retained supernatant was
filtered through 0.45 µm sterile filter to remove any small insoluble cell debris. Amylose
resin (5 ml, GE healthcare) was packed into a 20 ml gravity-flow column and
equilibrated with loading buffer A. The column was maintained at 4°C in a cold room
while the supernatant containing the target enzyme was passed through the resin. The
column was then washed with 4 column volumes of washing buffer (25 mM Tris-HCl
(pH 7.4), 500 mM NaCl, 5 mM maltose) to remove any non-specific binding substances.
Finally, the target recombinant enzyme was released from the resin with elution buffer
(25 mM Tris-HCl (pH 7.4), 500 mM NaCl, 40 mM maltose). The collected fraction was
then applied to 10 kDa molecular weight cut off centrifuge unit (Amicon Ultra-15) for
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concentrating and buffer exchange with phosphate buffered saline (PBS, pH = 7) storage
buffer.
The expression and the purity of the targeted proteins were verified by Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and Western blot
analysis. The soluble and insoluble fractions were normalized in terms of cell density and
mixed with loading dye (containing 5% β-mercaptoethanol) in 1:1 ratio. The mixture was
then denatured at 100°C for 10 min and loaded onto a 4-15% polyacrylamide gel (BioRad, Hercules, CA). Electrophoresis was run at 110 volts for 90 min. For Western
blotting, standard procedures were followed according to the manufacturer instructions.
The protein was transferred from SDS-PAGE gel to polyvinylidene difluoride membrane
in transfer buffer (Tris/Glycine 10x, Bio-Rad) supplemented with 20% methanol at 100
volts for 70 minutes. Then the membrane was washed in TBST buffer (Bio-Rad,
containing 1 ml/l Tween 20) and blocked in 5% milk TBST for 2 hours followed by MPB
antibody binding (Santa Cruz) at 4 °C overnight. Finally, the membrane was incubated
with secondary antibody (anti-rabbit, Santa Cruz) for another 1 h and developed for
imaging.
3.2.5. C4ST-1 colorimetric activity assay
The colorimetric activity assay followed a previously published method with
some modifications [87]. In brief, the total volume of the assay was 200 µL with
following recipe: 37.5 µL 50 mM MES buffer, 20 µL p-nitrophenyl sulfate (PNPS) (20
mM), 25 µL chondroitin (1 mg/ml), aryl-sulfotransferase IV (ASTIV) 20 µL (1 mg/ml),
20 µL C4ST-1(1 mg/ml) and 2.5 µL PAPS (20 mM). The assay solution was mixed in the
above order and kept on ice. The temperature controlled SpectraMax plate reader
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(Molecular Devise, Sunnyvale, CA) was pre-incubated at 37°C. The formation of pnitrophenol (PNP) was detected at absorbance 400 nm over 60 minutes. The molar
extinction coefficient for PNP (pH = 7) at 400 nm is 10,500 M-1cm-1.
3.2.6. C4ST-1 LC-MS activity assay
The enzymatic chondroitin sulfate synthesis experiment was carried out by
combining 20 µl substrate chondroitin (1 mg/ml, purified in the lab [46]), 20 µl 3’phosphoadenosine-5’-phosphosulfate (PAPS) (13 mM, see section 6.2.3 for preparation),
which is the primary sulfo donor for the sulfation reaction and various amounts of
purified enzyme (2 mg/ml) in 50 mM MES, pH = 7 buffer. The mixture was incubated at
37°C overnight.

The first negative control contained no substrate and the second

negative control contained no enzyme. All the reaction was replicated using different
batches of enzyme, chondroitin substrate and PAPS to ensure the reproducibility of the
experiment.
The kinetic parameters were determined by varying the concentration of PAPS
and chondroitin. Samples were taken out at different time point accordingly based on the
error and trial experiments. When the samples were taken, the enzymatic reactions were
stopped by boiling the solution at 95°C for 10 min.
3.2.7. Disaccharide analysis using LC-MS
The

complete

depolymerization

of

chondroitin

was

performed

using

chondroitinase ABC. The reaction mixture was buffer exchanged with 200 µl digestion
buffer (50 mM ammonium acetate, pH = 7.4). Chondroitinase ABC (20 mU in 5 µl of 25
mM Tris, 500 mM NaCl, 300 mM imidazole buffer (pH 7.4)) was added and incubated at
37 °C for 10 h to depolymerize chondroitin. The resulting disaccharide was collected in
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the flow through of 10 kDa spin column and lyophilized. The freeze-dried samples
containing chondroitin disaccharides (~5 µg) or chondroitin disaccharide standard (5 µg,
Iduron, UK) was added to 10 µl of a 0.1 M AMAC solution in acetic acid
(AcOH)/dimethyl sulfoxide (DMSO) (3:17, v/v) and mixed by vortexing for 5 min. Next,
10 µl of 1 M NaBH3CN was added to the reaction mixture and incubated at 45° C for 4 h.
Finally, the AMAC-tagged disaccharide was diluted to different concentrations (0.5-50
ng) using 50% (v/v) aqueous DMSO and LC-MS analysis was performed.
Liquid chromatography mass spectrometry (LC-MS) analyses were performed on
an Agilent 1200 LC/MSD instrument (Agilent Technologies, Inc. Wilmington, DE)
equipped with a 6300 ion-trap and a binary pump. The column used was a Poroshell 120
EC-C18 column (3.0 × 100 mm, 2.7 µm, Agilent, USA) at 45° C. Eluent A was 50 mM
ammonium acetate solution and eluent B was methanol. Solution A and 5% solution B
was flown (150 µl/min) through the column for 20 min followed by linear gradients 40%
solution B from 20 to 30 min. The column effluent entered the electrospray ionizationMS source for continuous detection by MS. The electrospray interface was set in negative
ionization mode with a skimmer potential of -40.0 V, a capillary exit of -40.0 V, and a
source temperature of 350° C, to obtain the maximum abundance of the ions in a fullscan spectrum (300-1200 Da). Nitrogen (8 l/min, 40 psi) was used as a drying and
nebulizing gas.

3.3.

Results and discussion

3.3.1. Expressing C4ST with pET32LIC_C4ST plasmid
The goal was to prepare a soluble and functional form of recombinant protein
expressed in E. coli. Based on the online protein structure prediction server SCRATCH,
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the chance of solubility upon overexpression of the full length C4ST-1 from Homo
sapiens was as low as 20%. Therefore, more extensive protein structure prediction
including protein secondary structure and disulfide bonds was applied to design an ideal
mutant for expression in E. coli. Based on the available information, the first 38 amino
acid residues was likely to form a transmembrane domain. DOMpro predicted two
separate domains, Domain 1: 1Met-64Tyr and Domain 2: 64 Tyr -352Glu. It is likely that
domain 1 is involved in the membrane related activities, while domain 2 mainly
contributes to the catalytic activity. The final plasmid construct fused the protein
sequence from 60Leu to 352Glu with a 109 amino acid thioredoxin (Trx) tag at the Nterminus of pET32LIC_C4ST1. The construct with Trx tags was expected to increase the
solubility of the recombinant protein and compensate for the structural changes resulting
from truncation.

Figure 20. The SDS-PAGE gel of C4ST-1 protein expression. Lane 1 is the whole cell protein
extraction with both soluble and insoluble fraction of E. coli expressing C4ST-1; Lane 2 is the soluble
fraction of crude cell lyse (Protein concentration of lane 1, 2 is normalized by cell density); Lane 3 is
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the run through fraction after nickel column binding; Lane 4 is the 5 mM imidazole fraction; Lane 5
is 50 mM imidazole fraction; Lane 6 is 100 mM imidazole fraction; Lane 7 is 250 mM imidazole
fraction; Lane 8 is 500 mM imidazole fraction

For pET32LIC_C4ST1, a light band (Figure 20, Lane 2) close to 50 kDa was
observed in the soluble fraction, which is similar to the theoretical molecular weight
53.35 kDa. However, the whole cell protein extraction (Figure 20, Lane 1), which was
normalized to the same cell number present in the lysed soluble fraction, had a much
thicker and darker band indicating the formation of inclusion bodies and the instability of
the protein. Following purification, the purest fraction (>60%) (Figure 20, Lane 7) eluted
at 250 mM imidazole but still contained a small concentration of impurities. Yusa et al.
showed that mutants in which glycosylation sites had been removed resulted in multiple
bands on a Western blot. They concluded that this is due to the formation of various
glycoforms [85]. This hypothesis does not apply to the bacterial expression system since
no glycosylation machinery exists in prokaryotes. It is possible that the bacterial
expressed protein is unstable since it is not glycosylated and that degradation takes place
during purification and storage.
3.3.2. The activity of C4ST from E. coli expressing pET32LIC_C4ST
In the C4ST-1 activity assay, the unsulfated chondroitin substrate (Figure 21, C)
was biosynthesized and purified from an E. coli source. The absence of sulfation was
shown by disaccharide analysis that results in a single 35 min dp2Δ0S peak at 35 minutes.
Disaccharide analysis of samples prepared from treating the unsulfated substrate with the
recombinant enzyme resulted in two peaks at 35 minutes corresponding to dp2Δ0S and
26 minutes corresponding to dp2Δ4S. The result is consistent with dp2 standard which
was purchased from Iduron (Manchester, U.K). The LC-MS data confirmed the activity
of the bacterial expression of active C4ST-1. The reaction is completed after 16h
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incubation result in 80% of disaccharide units being converted to chondroitin sulfate Atype disaccharide.

Figure 21. Disaccharide analysis confirming in vitro activity of C4ST-1 expressed in E. coli. A)
Chondroitin disaccharide standards B) The negative control reaction containing the purified C4ST-1
from E. coli and cofactor but no substrate C) Reaction containing substrate and cofactor but no
C4ST-1 D) Reaction containing active C4ST-1 soluble lysate, spiked with chondroitin substrate and
PAPS cofactor. The samples contain approximately 80% CS-A with 0% CS-A to start with

3.3.3. Kinetic study of C4ST from E. coli expressing pET32LIC_C4ST
The two-substrate Michaelis-Menten kinetic analysis was performed by varying
the chondroitin (2.5 µg/ml-10µg/ml) and the PAPS (1.25 µM-10 µm) concentrations over
a 2 h incubation using 0.2 mg/ml purified C4ST-1. The reaction was stopped by heating
at 100 °C for 10 minute and the formation of the CS-A was measured by LC-MS
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described in Section 3.2.6. The PAPS was saturating above 5 µM as indicated by a flat
curve on Figure 22A. The data was processed and the primary Lineweaver-Burk plots are
shown in Figure 22. The kinetic parameters were calculated by Eadie–Hofstee diagram
and the results are presented in Table 9. These data were compared with the kinetic
parameters of C4ST-1 obtained from a mammalian cell expression system. The Km value
for E. coli C4ST-1 was 1.25 µM, which was higher the Km value of the COS-7 expressed
C4ST-1.The chondroitin substrate used in the current study is a polydisperse chondroitin
polymer, the Km,0s value is normalized based on the molecular weight of the chondroitin
disaccharide molecular weight to compare the kinetic parameters. The Km value for
chondroitin substrate in molarity based on the disaccharide molecular weight (378 g/mol)
was 0.0038mM for bacteria expressed enzyme, significantly lower than that reported for
COS-7 expressed C4ST-1. The coincidental interception on both primary LineweaverBurk plots suggests ternary complex kinetics. This is very similar to the kinetics observed
for heparan sulfate 6-O sulfotransferase (6OST), where PAPS binds to the enzyme first,
followed by the polysaccharide substrate binding of N-sulfoheparosan [87]. After the
transfer of the sulfo group, the 6-O sulfo N-sulfoheparosan was released followed by the
release of PAP product. In the current case of C4ST-1, the order of substrate binding was
not very clear. We speculate that chondroitin binds the enzyme fist followed by PAPS
binding. After the completion of sulfation, PAP is released followed by the release of 4-O
sulfo chondroitin.
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Figure 22. Dual-substrate kinetics of C4ST-1 on chondroitin (0S) extracted and purified from E. coli.
A) Primary Lineweaver-Burk plot with respect to the concentration of 1/ [chondroitin] with varying
PAPS concentration (1.25µM, 2.5 µM, 5 µM, and 10 µM). 5 µM and 10 µM indicate saturation of
substrate B) Primary Lineweaver-Burk plot with 1/ [PAPS] with varying chondroitin concentration
(10 µg/ml, 5 µg/ml and 2.5 µg/ml. C) Secondary replot of intercept against 1/ [PAPS] D) Secondary
replot of intercept against 1/ [chondroitin]
Table 9. Summary of the kinetic parameter of C4ST-1 from P. pastoris, E. coli and Cos-7

Substrate

KM, PAPS

VMax, PAPS

KM, 0S

VMax, 0s

P. pastoris C4ST-1

36.0 µM

0.134 µm/min

59.2 µg/ml

0.218 µg/(min*ml)

E. coli C4ST-1

1.25 µM

0.07 µm/min

1.45 µg/ml

0.0219 µg/(min*ml)

COS-7 C4ST-1

0.5 µM

N/A

2.1 mM

N/A

Both the chondroitin substrate and the analytical method used to determine the
kinetic constants of COS-7 and E. coli expressed C4ST-1 are completely different. The
chondroitin used in the studies on COS-7 expressed C4ST-1 was from squid skin and
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contained a small fraction of chondroitin sulfate A and dermatan that could lower the
C4ST-1 catalyzed reaction. In contrast, the chondroitin used in the current study was
biosynthesized in E. coli and contained no chondroitin sulfate or dermatan. Another
possible explanation for the dramatic difference in the Km values for chondroitin might
be difference in protein conformation change as a result of the removal of the
transmembrane domain or the lack of glycosylation site. While the lack of glycosylation
can compromise the stability of the protein, it may improve the accessibility of the
chondroitin for the enzyme catalytic domain. One might hypothesize that the sulfation
starts at a random site on the polysaccharide chain and the enzyme “rides along” on the
polysaccharide chain without disassociation as it puts sulfo groups onto the 4-hydroxyl
groups of the N-acetylgalactosamine units.
The expression of large amounts of functional and soluble recombinant C4ST-1
from E. coli still remains a major challenge. The development of a high-throughput
system to screen for an optimal C4ST-1 mutant for in vivo bacterial synthesis of
chondroitin sulfate would greatly accelerate these studies.
3.3.4. Expressing C4ST with pMal_c2x plasmid with different mutants
Three mutants were selected for expression of the MBP fused C4ST-1 in E. coli.
The 37 amino acid truncation removed the predicted (Uniprot) transmembrane domain.
This construct keeps most features from the original human C4ST-1 and, thus, maximizes
the possibility of correct protein folding. The second construct was similar to the
pET32LIC_C4ST-1 mutant where 61 amino acids associated with the membrane related
sequence were removed. Finally, the 108 amino acid truncation only retained the
sulfotransferase domain.
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The expression of the three plasmids in E. coli BL21 Star™ (DE3) was verified
first by SDS-PAGE gel where multiple bands are observed in the negative control and
samples (data not shown). Western blot analysis was performed, using an antibody
against the MBP tag for soluble and insoluble fractions of the three mutants to better
visualize the expression level of the enzyme. Multiple bands were still observed in the
soluble fraction (Figure 23, Lane 2-lane 5), but the recombinant proteins with MBP tag
were observed at the correct molecular weight. The same molecular weight proteins
bands were also observed in the insoluble fractions. From the Western blot, it appeared
that the recombinant protein concentration insoluble fraction was similar to that of the
insoluble fraction. Fusion of MBP tag to the sulfotransferase promotes the solubility of
each of the C4ST-1 mutants.

Figure 23. Western blot of C4ST-1 fused with MBP at N-terminus. 1) Protein Ladder 2) pMAL_c2x
negative control soluble fraction 3) pMAL_c2x_C4ST-1@38 soluble fraction (80.79kDa) 4)
pMAL_c2x_C4ST-1@61 soluble fraction (78.36 kDa) 5) pMAL_c2x_C4ST-1@109 soluble fraction
(72.79kDa) 6) pMAL_c2x negative control insoluble fraction 7) pMAL_c2x_C4ST-1@38 insoluble
fraction 8) pMAL_c2x_C4ST-1@61 insoluble fraction 9) pMAL_c2x_C4ST-1@109 insoluble fraction
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3.3.5. The activity of C4ST from E. coli expressing pMAL_c2x_C4ST mutants
A liquid chromatography mass spectrometry (LS-MS) activity assay was
performed for the soluble fraction of the three C4ST-1 mutant proteins. The LC-MS
disaccharide analysis result is shown in Figure 24. Only CS dp2Δ0S was observed in the
negative control. The pMAL_c2x_C4ST@38 (Figure 24, C) showed a small peak at the
CS dp2Δ4S position having the same molecular weight. However, there is no peak
corresponding to CS dp2Δ4s found in either of the other two mutants. From these studies,
we concluded that the recombinant protein with the first 38 amino acid truncated was
active. Thus, the region between Gln61 to Lys 108 may be critical for the functional
activity of this sulfotransferase. This region is predicted to be potentially disordered
region based on an online bioinformatics tool, BioJava, which suggest it might act as a
flexible linker that connects the transmembrane domain to the downstream
sulfotransferase domain. The absence of this region may not substantially impact the
enzyme activity. From the results of the studies on the three mutants discussed in this
section, we conclude that this region may also be involved in more complex activity such
as coupled folding that actively participates in determining the structure of the protein
and the catalytic domain.
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Figure 24. Disaccharide analysis confirming the activity of the mutant pMAL_c2x_C4ST@38.
Disaccharide analysis confirming the activity of the mutant pMAL_c2x_C4ST@38 A) Chondroitin
sulfate and heparosan sulfate disaccharide standards. CS4S and CS0S are labeled B) Negative
control of the concentrated soluble fraction C) The concentrated soluble fraction of the E. coli cell
lysate expressing pMAL_c2x_C4ST@38 D) The concentrated soluble fraction of the E. coli cell lysate
expressing pMAL_c2x_C4ST@61 E) The concentrated soluble fraction of the E. coli cell lysate
expressing pMAL_c2x_C4ST@109

The

recombinant

enzyme

MBP-C4ST@38

expressed

using

pMAL_c2x_C4ST@38 was further purified to afford a final yield of 2.6 mg/l. This
enzyme preparation was used for further studies on enzyme specific activity. Both
colorimetric activity assay and LC-MS activity assay were carried out to compare the
sulfotransferase activity and polysaccharide sulfation conversion of His-C4ST and MBPC4ST@38. The results are illustrated in Figure 25 and Figure 26. The specific activity is
calculated based on the following equation (1):
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

!"#!!! !!"#!!!"
!

!

!

∗ !" ∗ 𝑉 ∗ [!"#$%&] (1)

Where 𝐴𝑏𝑠!!! is the absorbance λ = 400 nm at 5 min, 𝐴𝑏𝑠!! !" is the absorbance λ
= 400nm at 5 minutes. 𝜀 is the PNP extinction coefficient at λ = 400 nm pH = 7 as
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10.5x10-3, RT is the reaction time (minus), V is the reaction volume and [𝐸𝑛𝑧𝑦𝑚𝑒] is the

enzyme concentration.
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Figure 25. Colorimetric activity assay for the comparison of His-C4ST and MBP-C4ST@38

The specific activities for His-C4ST and MBP-C4ST@38 were calculated to be
0.16 nmol product/ (min * mg protein) and 0.14 nmol/ (min * mg protein) respectively.
The specific activities when measured using ASTIV coupled assay, His-tagged
C4ST@61 and MBP-tagged C4ST@38 enzymes were very similar.
However, the LC-MS activity of the His-tagged and the MBP-tagged recombinant
C4ST gave a different result. The conversion of CS-0S to CS-4S using His-C4ST (38%)
was much higher than that of MBP-C4ST@38 (2%) (Figure 26). The differences in the
activity of these two recombinant enzymes were significant. It is possible that the MBPtag enhances the aryl-sulfotransferase activity that promoting the formation of the PNP,
resulting in higher absorbance values. Thus, enzyme activity is best measured using LCMS activity assay particularly for the characterization of kinetic parameters.
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Figure 26. LC-MS disaccharide analysis comparing His-C4ST and MBP-C4ST@38. A) Chondroitin
sulfate disaccharide standard B) Negative control without adding any enzyme C) The overall
conversion of CS-0S to CS-4S by His-C4ST D) The overall conversion of CS-0S to CS-4S by MBPC4ST@38

In conclusion, while the MBP tag promotes the overall enzyme solubility
compared to the His_Trx tag fusion, only the mutant with a 37 amino acid truncation
showed detectable activity. The LC-MS confirmed that the His-C4ST had a much higher
activity compare to the MBP tag mutant. Therefore, His-C4ST@61 was chosen to carry
out the in vitro biosynthesis of chondroitin sulfate.
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4.

EXPRESSION AND PURIFICATION OF CARBOHYDRATE

(CHONDROITIN 4) SULFOTRANSFERASE WITH P. PASTORIS
4.1.

Introduction

4.1.1. Advantages for expressing heterologous protein in yeast
Microorganisms are capable of expressing functional and soluble chondroitin
sulfotransferase C4ST-1 (see discussion in Section 3). E. coli BL21*(DE3) carrying
pET32LIC_C4ST@61 was the best strain developed in our lab. However, the overall
yield of the enzyme was still low and the kinetic properties were different from COS-7
expressing C4ST-1. This suggested that glycosylation might play an important role in
determining enzyme properties and stability. Pichia pastoris was explored for expressing
C4ST-1 to provide an improved approach for the microbial synthesis of chondroitin
sulfate and to expand the toolbox for sulfotransferase expression.
P. pastoris is a methylotrophic yeast that has been widely used for the industrial
expression of recombinant proteins. The major benefits include easy genetic
manipulation, high protein expression levels and eukaryotic post-translational
modification, such as glycosylation, disulfide bond formation, and proteolytic processing
[88]. P. pastoris offers high cell density using minimal media. Recombinant proteins can
be secreted into the media for simple purification. Glycosylation usually includes Olinked oligosaccharides on the hydroxyl groups of threonine and serine. Glycan structure
is often simpler than the N-linked glycosylation observed in other eukaryotes [88]. It is
possible to obtain complex human type glycans by relying on genetic engineering.
Humanized glycoproteins can be expressed by knocking out the native endogenous
glycosylation pathways and introducing five key human biosynthetic enzymes [89].
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4.1.2. Potentials for expressing C4ST in P. pastoris
This section will discuss the experimental approach and the results of expressing
C4ST-1 in P. pastoris. A general scheme for the gene integration in P. pastoris is
illustrated in Figure 27. The cDNA of human C4ST-1 was cloned into the shuttle vector
Pj912, which was then linearized and transformed into the yeast strains. A single
crossover event occurred that inserted the target gene into the AOX1 region. This kind of
insertion could occur multiple times so that multiple copies of the gene could be inserted
into the AOX1 motif. A soluble and functional C4ST-1 was obtained at a higher cell
density and at a high protein yield. Unfortunately, the protein was retained intracellularly
and the stability of the enzyme was lower than that of the E. coli expressed His-C4ST.

Figure 27. Illustration of integration of C4ST-1 into the P. pastoris genome
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4.2.

Materials and methods

4.2.1. Strain and plasmids
E. coli DH5α and P. pastoris were preserved in our lab, and E. coli DH5α was
used for plasmid construction and P. pastoris was used as a receptor for gene expression.
Detailed information about the plasmid and strains are provided in Table 10 and Table 11.
Table 10. Strains used in P. pastoris expressing C4ST study

Strains/plasmids

Relevant characteristics
Harboring genes

Phenotypes

Expression type

P. pastoris

None

Mut+

N/A

PJK58c4st

Δ58C4ST

Mut+

Induced by methanol

PJK58eac4st

Δ58EAC4ST

Mut+

Induced by methanol

PJK61c4st

Δ61C4ST

Mut+

Induced by methanol

Table 11. Plasmids used in P. pastoris expressing C4ST study

Plasmids

Relevant characteristics

Resource

pET32LIC- C4ST

Harboring c4st-1 gene from human

Lab
collection

pJK912

Sac I site of pJ912-19 was mutated into SpeI site

Lab
collection

pJK-Δ58C4ST

Harboring truncated c4st-1 gene from human and
beginning from 58th amino acid

This study

pJK-Δ58EAC4ST

Harboring truncated c4st-1 gene from human and
beginning from 58th amino acid, and adding EAEA

This study

pJK-Δ61C4ST

Harboring truncated c4st-1 gene from human and
beginning from 61st amino acid

This study

4.2.2. Plasmid construction and transformation
Standard cloning and bacterial transformations were performed according to the
procedures described in Section 3.2.2. The vector pJ912 was modified by single point
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mutation for the C4ST-1 cloning. The cDNA sequence of human C4ST-1 harbored an
internal SacI site that was located on pJ912 and was generally used to linearize DNA
before P. pastoris transformation. Site-direct mutagenesis was performed to change the
SacI to SpeI and resulted in pJK912, avoiding double digestion of the plasmid DNA. The
cDNA of human C4ST-1 genes of different lengths were amplified from pET32LICC4ST by using corresponding primers and cloned into XhoI and NotI sites of pJK912 and
resulted in three constructs pJK-Δ58C4ST, pJK-Δ58EAC4ST and pJK-Δ61C4ST. All the
recombinant plasmids were sequenced and verified prior to transformation. P. pastoris
electro-competent cells were prepared following a standard protocol [90]. The plasmid
DNA was first digested with SpeI for 2 h at 37 °C. The resulting linearized DNA was
purified by PCR cleanup kit (Cycle Pure Kit, Omega) and then incubated with 100 µl
competent cells in 0.2 cm electroporation cuvette on the ice. Cells were shocked (1.5kV,
25 µF, 200 Ω) and resuspended in 1 ml YPD+ media (1:1 YPD and 1 M sorbitol).
Colonies were selected on YPDS plate (with 500 µg/ml zeocine) after overnight
incubation at 30 °C.
4.2.3. Culture medium and conditions
E.coli cloning and culturing was performed in Luria Bertani (LB) broth (Sigma)
supplemented with appropriate antibiotics. P. pastoris strains were grown in YPD broth
(1% yeast extract, 2% peptone, 2% dextrose), and positive colonies were screened on
YPDS plates (YPD with 2% agar and 1 M sorbitol) supplemented with 500 µg/ml
zeocine. Seed cultures were grown in BMGY (1% yeast extract, 2% peptone, 10 mM
potassium phosphate buffer pH 6.0, 0.34% yeast nitrogen base, 1% (NH4)2SO4, 0.4
mg/ml biotin, 1% glycerol). Bench-top fermentations were carried out in basal salt media
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(BSM) (0.4 % glycerol, 0.9 g/l CaSO4, 14.67 g/l K2SO4, 11.67 g/l MgSO4·7H2O, 9 g/l
(NH4)2SO4). The trace salts solution used for feed solutions consisted of 6 g/l
CuSO4·5H2O, 0.08 g/l NaI, 3 g/l MnSO4·H2O, 0.2 g/l Na2MoO4·2 H2O, 0.02 g/l H3BO3,
0.5g/l CoCl2, 20.0 g/l ZnCl2, 65 g/l FeSO4·7H2O, 0.2 g/l biotin. Glycerol feed for
fermentations consisted 50% (v/v) glycerol supplemented with 12 ml/l trace salts solution.
Methanol feed consisted 100% methanol supplemented with 12 ml/l trace salts solution.
pH was control with 28-30% NH4OH (Fisher Scientific).
4.2.4. Enzyme preparation, purification, and quantification
Fermentations were carried out at 500 ml scale. Seed cultures were grown at 1/10
the final volume in BMGY supplemented with 100 µg/ml zeocine for 36 h at 30 °C, 250
rpm. Before inoculation, the seed cultures were centrifuged (1000 x g, 5 min) and
resuspended in sterile water to remove residual undefined growth media. Small (1 – 2 ml)
samples were taken periodically to measure cell growth by optical density (OD) at 600
nm. Each fermentation was run on the parallel DASGIP fermentation system. Briefly,
500 ml of BSM was sterilized in the fermentation vessel. The pH, dissolved oxygen (DO),
temperature, and agitation rates were adjusted to 5.0, 30%, 30 °C, and 500 rpm,
respectively. The seed culture was inoculated into the fermenter so that the initial OD600
was approximately 0.7. Growth in BSM was initially supported by glycerol until glycerol
was consumed after approximately 24 hours, as indicated by an upward spike in the DO.
Glycerol (50% glycerol supplemented with 12 ml/l trace salt medium) was then fed to the
culture at an initial rate of 2 ml/l/h for 60 hours to achieve a high cell density (OD~100).
Glycerol feeding was then halted for several hours to allow for the complete consumption
of the remaining glycerol, which was indicated as a sharp spike in DO value. Methanol
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(100% MeOH supplemented with 12 ml/l trace salt medium) was then fed to the culture
to induce the expression of protein. The feed rate was slowly increased so that the cells
were not killed by excessive amounts of methanol accumulating in the culture. For the
first 5 hours, methanol was fed at 0.5 ml/l/h. After that, it was increased to 1 ml/l/h for 24
hours, and finally, 1.5 ml/l/h until the fermentation was finished. The total induction time
was limited to approximately 60-75 hours.
After 60 – 75 h of induction, the methanol feeding was stopped and the cells were
allowed to grow until a sharp spike in DO was observed indicating that residual methanol
was consumed (~2-5 h). Next, cells were pelleted by centrifugation at 5500 rpm for 1 h at
4 °C. The supernatant was discarded and the cell pellet was resuspended in PBS buffer
(20 mM, pH = 7). Then the cell mixture was homogenized and applied to the French
press (Thermo Electron) for cell disruption.

The supernatant was collected by

centrifugation at 12,500 rpm for 1 h. The pH of the cell-free supernatant was adjusted to
7.0 with NH4OH. The precipitate was then removed with another round of centrifugation,
and the supernatant was passed through a polyethersulfone 0.22 µm filter (Corning) for
further clarification. Expressed his-tagged protein was purified by immobilized metal ion
chromatography (IMAC) using a POROS MC/20 10MMD x 100MML PEEK column
packed with nickel resin (Life Technologies). Protein was eluted with 100 mM imidazole
and the fraction correlating with a UV peak on the FPLC was removed and buffer
exchanged with MES buffer (50 mM, pH 7.0).
Prior to analysis by SDS-PAGE, purified protein samples were deglycosylated
with Remove-iT PNGase-F (New England Biolabs). Briefly, approximately 30 µg of
each of the proteins were denatured at 95 °C for 10 min, followed by incubation with
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PNGase-F at 37 °C overnight. The PNGase F was removed from the sample using
magnetic beads (New England Biolabs). Protein was then analyzed for purity by running
on SDS-PAGE using a standard protocol.

4.3.

Results and discussion

4.3.1. C4ST expression in P. pastoris
Based on the information from the bacteria expression system, we started with the
mutant construct for the yeast with the similar 60 amino acid truncation resulting in pJKΔ61C4ST. The gene was successfully integrated into the P. pastoris genome. However,
no expression or activity was detected in both supernatant and the yeast cell lysate.
Several other mutants were built for further screening for a potential active form of
construct. The strain transformed with pJK-Δ58C4ST afforded functional expression of
intracellular C4ST. The molecular weight of the secreted protein was 35.7 kDa. The
signal peptide fused in N-terminus is typically cleaved after the protein is secreted into
the media. We originally suspected that the protein retained inside the cell contained with
the signal peptide and had a molecular weight of 45.06 kDa. There was no protein band
in the supernatant concentrated fraction (data not shown). The SDS-PAGE gel of the
purified cell lysates showed a darker band appearing at 75 kDa and there is no visible
band at either 35.7 kDa or 45kDa (Figure 28, Lane 1). After deglycosylation using
PNGase F, the 75 kDa remained and a new band appeared at 37 kDa. It was verified that
the 75 kDa band was associated with an impurity from the IMAC column. The 37 kDa
band is the target recombinant protein without the signal peptide. The protein may have
been cleaved, releasing the signal peptide before its transportation outside of the cell.
This may explain why no protein had been secreted. It was not clear why cleavage took
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place prior to secretion. An alternative construct pJK-Δ58EAC4ST was prepared with the
addition of EA sequence between the recombinant protein and the peptidases cleavage
sequence to protect against the problem of the early cleavage. However, similar protein
pattern was observed for the new construct. The final yield of purified protein was 28
mg/l.

Figure 28. SDS-PAGE gel of the C4ST-1 expressed by P. pastoris 1) Protein ladder 2) Purified from P.
pastoris cell lyse 3) Purified from P. pastoris cell lyse after PNGas F treatment

4.3.2. The activity of C4ST expressed in P. pastoris
The LC-MS assay confirmed the activity of C4ST-1 expressed in P. pastoris. In
the negative control (Figure 29, B and C), no sulfation was observed and a single peak at
9.5 min was observed associable to CS dp2Δ0S. The cell culture supernatant did not
contain any secreted protein and thus no sulfotransferase activity was observed (Figure
29, D). The disaccharide analysis of the sample prepared by treating with the purified
cell lysate containing the recombinant enzyme resulted in a single major peak at 8.2 min
corresponding to CS dp2Δ4S. The reaction was completed after 4 h incubation and
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resulted in 98% of disaccharide units being converted to chondroitin sulfate A-type
disaccharide. The yeast C4ST-1 afforded a higher overall conversion than the bacteria
C4ST-1.

Figure 29. LC-MS disaccharide analysis of the Δ58C4ST from P. pastoris. A) The chondroitin
disaccharide standards B) The negative control without addition of enzyme C) The negative control
without addition of PAPS D) The sample assay treated with purified supernatant E) The sample
assay treated with purified cell lyse F) The mass of the peak from E eluted at the same retention time
as dp2Δ4S

4.3.2. Kinetic study of C4ST expressed in P. pastoris
The two-substrates Michaelis-Menten kinetic analysis was performed by varying
the chondroitin (5 µg/ml-10 µg/ml) and the PAPS (5 µM-50 µM) concentrations over 1 h
of incubation using 0.2 mg/ml purified C4ST-1 from P. pastoris cell lysate. The data was
processed using a Lineweaver-Burk plot (Figure 30). The coincidental intercept of the
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Lineweaver-Burk plot suggests ternary complex kinetics as previously observed for the
kinetic of the bacterial expressed C4ST-1. The P. pastoris enzyme showed a similar
substrate binding mechanism as the bacterial expressed C4ST-1. The kinetic parameters
were calculated by Eadie-Hofstee diagram (Table 9). The Km, paps value for P. pastoris
C4ST-1 was 36 µM, which was much higher than the value obtained for C4ST-1
prepared using mammalian and bacterial cell expression systems. The Km,

0s

value

normalized based on the chondroitin disaccharide molecular weight was 0.15 mM, which
was higher than the value for the bacteria expressed enzyme but lower than the value of
the mammalian expressed enzyme. Comparison of the kinetic parameters demonstrated
that the binding affinity for the PAPS substrate was much lower for the P. pastoris
enzyme than for either the bacteria expressed or mammalian expressed enzyme. The
binding affinity of the chondroitin substrate was lower compared to the E. coli expressed
C4ST-1 but higher compared to the COS-7 expressed C4ST-1. It is interesting to note
that P. pastoris expressed C4ST-1 resulted in a higher conversion than the E. coli
produced C4ST-1. We hypothesize that glycosylation of the yeast expressed C4ST-1 may
block the binding site for PAPS and chondroitin substrate in the catalytic reaction.
Enzyme glycosylation may increase its negative charge repelling the substrates during the
reaction. However, the overall sulfation conversion was higher. One possible explanation
was that the glycosylation might prevent PAP or CS-A inhibition since they might be
more efficiently repelled from the enzyme flowing the reaction. More information is
needed to better understand the effect of glycosylation on enzyme activity.
Surprisingly, glycosylation of the yeast enzyme did not improve its overall
stability. The activity of the purified P. pastoris expressed C4ST-1 was completely lost
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after 72 h in 4 °C (data not shown) while E. coli expressed C4ST-1 was retained for more
than a week.

Figure 30. Dual-substrates kinetics of P. pastoris expressed C4ST-1 on chondroitin (0S). A) Primary
Lineweaver-Burk plot with respect to the concentration of 1/ [PAPS] with varying chondroitin
concentration (10 µg/ml, 7.5 µg/ml and 5 µg/ml) B) Primary Lineweaver-Burk plot with respect to
the concentration of 1/ [chondroitin] with varying of PAPS (50 mM, 25 mM, 10 mM and 5 mM) C)
Secondary replot of intercept against 1/ [PAPS] D) Secondary replot of intercept against 1/
[chondroitin]

4.4.

Conclusions
In conclusion, the P. pastoris expressed C4ST-1 did not offer obvious advantages

over the bacteria-expressed C4ST-1. Although the yeast C4ST-1 showed a higher
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conversion of chondroitin to CS-A and the final yield was higher than that of the E. coli
expressed C4ST-1, it required a bench-top bioreactor to reach high density in 168 h. The
enzyme stability issues and its unique glycosylation pattern may cause potential issues in
the future. Therefore, we chose to use the E. coli expression system to proceed with the
sulfotransferase production.
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5.

EXPRESSION AND PURIFICATION OF CHONDROITIN 4-O

SULFATE 6-O-SULFOTRANSFERASE
5.1

Introduction
Chondroitin 4-O-sulfate 6-O-sulfotransferase (GalNAc 4S-6ST) is the enzyme

that catalyzes the transfer of a sulfo group from 3'-phosphoadenosine 5'-phosphosulfate
(PAPS) to the 6-hydroxyl group of the GalNAc(4S) residue from chondroitin sulfate A. It
also transfers a sulfo group to the unique non-reducing terminal sequence, GalNAc(4S)GlcA(2S)-GalNAc(6S) (GalNAc: N-acetylgalactosamine, GlcA: glucuronic acid, and S:
sulfo group), to yield the highly sulfated structural domain found in the chain of
chondroitin sulfate thrombomodulin [91]. Chondroitin sulfate E (CS-E) rich in GlcAGalNAc (4S,6S) repeating units contains an oversulfated structural domain that has a
strong affinity to heparin-binding growth factors, such as fibroblast growth factor (FGF)
midkine, pleiotrophin, L-selectin, P-selectin, CD44 and chemokines [92]–[94].
Intraperitoneally administered CS-E can inhibit the development of antibody-induced
arthritis [95].CS-E is found in bone marrow-derived mast cells and mucosal mast cells
and it plays an important role in neurite elongation, bone formation, biomineralization,
and in blocking HSV invasion of cells [96]–[98].
5.1.1.

N-acetylgalactosamine 4-sulfate 6-O-sulfotransferase gene and its domain
There is only one human GalNAc 4S-6ST encoded by CHST15. This enzymatic

activity has been found in hen oviduct, squid cartilage, quail oviduct and in human serum
[99]. The amino acid sequence of CHST15 shows great similarity across different species,
such as Homo sapiens, Mus musculus, and Rattus norvegicus, indicating that this
sulfotransferase has been well conserved during evolution.
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CHST15 contains 561 amino acids with a molecular weight around 64.9 kDa and
an isoelectric point at 8.56. There are two isoforms of GalNAc 4S-6ST from human
resulting from alternative splicing. The transmembrane domain is predicted to be located
from Gln81 to Ala101 based on sequence homogeneity to the signal-anchor for type II
membrane protein. The first 80 amino acids (Met1-Cys80) are predicted to be located at
cytoplasm. The protein sequence, His102 to Thr561, is predicted to be located at
endoplasmic reticulum (ER) lumen. The sequence between Pro254 and Leu498 shows
homology to the sulfotransferase family. Post-translation processing of GalNAc 4S-6ST
is more complicated than the chondroitin 4 sulfotransferase (C4ST) as discussed in
Section 3.1.1. In addition to 5 putative N-linked glycosylation sites, there are 9 predicted
phosphorylation sites. These post-translation modifications may play important roles in
protein folding and enzyme functionality. PAPS binding domains are located in sequence
region Lys263-Thr266 and in sequence region Arg392-Ser400. A graphic representation
of the enzyme domains is illustrated in Figure 31.

Figure 31. Schematic diagram of theGalNAc4S6ST. The black box represents the approximate
position of the trans-membrane domain. The gray shaded box represents the PAPS's binding domain
(PSB) and 3'-phosphate-binding domain (PB). The lollipops shape represent the approximate
position of the N-link glycosylation sites

Recombinant GalNAc 4S-6ST has been successfully expressed in the COS-7 cell
line and resulting in an active enzyme in vitro [99][91]. More recently, a group of
Japanese scientists extracted another specific GalNac 4S-6ST from squid cartilage that
was 39% homologous to the human GalNAc 4S-6ST [100]. Squid cartilage GalNAc 4S-
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6ST contains 425 amino acids with the hydrophobic transmembrane domain at Leu7 to
Trp27 and shows an alignment of sulfotransferase functional domains similar to human
GalNAc 4S-6ST [100]. Only one conserved glycosylation site was found in squid
GalNAc 4S-6ST. The differences in glycosylation sites between squid and human
GalNAc 4S-6ST suggest unique protein folding mechanisms [100].
5.1.2. The acceptor specificity of GalNAc 4S-6ST
The acceptors for both human GalNAc 4S-6ST and squid GalNAc 4S-6ST have
been extensively studied. The activities toward different acceptors of these two enzymes
are compared in Table 12. In general, both enzymes require the presence of a GalNAc
(4S) residue in their substrate for their activity [101]. Human GalNAc 4S-6ST prefers
transferring a sulfo group to the internal position 6 of GalNAc (4S) residue present in CSA or DS. It has trivial activity toward CS-C and CS-D [99]. In addition, it also transfers a
sulfo group to the non-reducing terminus resulting in a highly sulfated nonreducing end
sequence. The presence of a GalNAc (6S) residue on the reducing end of the GalNAc 4S6ST inhibits sulfo group transfer to GalNAc (4S) while a 2-O-sulfo group on the adjacent
GlcA residue promotes sulfotransferase to the non-reducing end. In contrast, squid
GalNac 4S-6ST transfers a sulfo group mainly to the internal GalNAc (4S) residues of
CS-A [100], [102]. Squid GalNAc 4S-6ST also efficiently sulfates CS-C and CS-D. The
non-reducing end terminal modification only occures when GalNAc(4S) residue is
located within the unique sequence as GalNAc(4S)-GlcA(2S)-GalNAC(6S) [100].
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Table 12. The substrate specificity of the human GalNAc4S-6ST vs squid GalNAc4S-6ST [102], [103]

Acceptor

Human
GalNAc4S6ST Squid
GalNAc4S6ST
activity (pmol/min/ml)
activity (pmol/min/ml)

CS-A
DS
CS-C
CS-D
CS-E
chondroitin

33.7
4.9
N/A
N/A
0.5
2.5

1.77
0.26
0.49
0.97
0.12
0.06

5.1.2. Chondroitin sulfate E and its biosynthesis
Chondroitin sulfate E (CS-E) has wide applications in both the pharmaceutical
and nutraceutical markets. The percentage of CS-E present in chondroitin sulfates
prepared from animal tissues is extremely low. CS-E, originally isolated from squid
cartilage, represent 0.01% of the total chondroitin sulfate in squid [9]. CS-E is now
extracted from salmon nasal cartilage together with CS-A, CS-C, and chondroitin. The
overall yield of CS-E from this tissue is 24% (w/w). Further isolation of CS-E from
chondroitin sulfate is not very scalable since it requires complicated chromatographic
step [103]. A semi-synthetic chemical route has been used to convert CS-A to CS-E [104].
In brief, CS-A is dissolved in formamide and the 6-hydroxyl groups are sulfonated with
trimethylamine sulfur trioxide at 60 °C over 24 h. The CS-E product can then be
recovered by ethanol precipitation. This approach can effectively reduce the cost for
manufacturing CS-E since it starts with a relatively inexpensive and easily accessible
material. However, multiple reaction and purification steps decrease the overall recovery.
Moreover, the introduction of formamide and trimethylamine sulfur trioxide may post
potential health risk [104]. An alternative enzymatic approach relying on GalNAc 4S6ST might allow the conversion of CS-A into CS-E. The proposed reaction scheme is
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illustrated in Figure 32. Human GalNAc 4S-6ST was used in the initial trial for this
approach since it catalyzes both internal and non-reducing end of GalNAc(4S). The
overall activity of human GalNAc 4S-6ST, expressed in COS-7 cells, towards CS-A, was
reportedly almost 100-fold higher than the squid GalNAc 4S-6ST in Table 12. The cDNA
encoding Homo Sapiens GalNAc 4S-6ST was inserted into vectors containing His-tag.
This vector was then transformed into the E. coli BL21 Star™ (DE3). Although this
enzyme was successfully expressed in E. coli and purified as a soluble protein, no action
was observed towards CS-A using the LC-MS assay.
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Figure 32. Schematic diagram of chondroitin sulfate E synthesized from chondroitin sulfate A

5.2.

Materials and methods

5.2.1. Culture medium and plasmid construction
Luria-Bertani (LB) medium with or without ampicillin (80 µg/ml) was used for
the cell growth and transformation screening. Super optimal broth with catabolite
repression (SOC) was used for cell recovery after heat shock or electroporation during
the transformation experiments. M9 medium was used for shake flask fermentation (5x
M9 Minimal Salts following manufactory’s instruction (Difco, BD). 3 mg/l FeSO4). E.
coli BL21 Star™ (DE3) was used as the production strain with expression of the plasmid
pET32LIC carrying the gene for GalNAc 4S-6ST. All the other nutrients and chemicals
for medium preparation were from Sigma Chemical Co. (St. Louis, MO).
The cDNA for Homo sapiens GalNAc 4S-6ST, CHST15 (Uniprot No.Q7LFX5)
was truncated at first 102 amino acid (1Met-102Gln) and first 160 amino acid (1Met78

160Thr), cloned into BamHI and XhoI site of pET32LIC resulting in plasmids
pET32_4S6ST@102 and pET32_4S6ST@160 (Figure 33, A). The N-terminus was fused
with TrxA for increasing solubility of the protein and His6 tag for purification. In
addition, the cDNA was also cloned into pET22 with similar truncation resulting in
plasmids pET22_4s6st@102 and pET22_4s6st@160 (Figure 33, B).

A

B

Figure 33. Plasmid map for GalNAc4S-6ST expression A) in pET32_4S6ST@102 and pET32_4S6ST
@160 B) In pET22_4S6ST@102 and pET22_4S6ST@160

The correct construct was verified as correct by both double endonuclease
digestion and DNA sequencing (Genewiz). The plasmids were transformed into E. coli
BL21 Star™ (DE3) by electroporation using Bio-Rad Gene Pulser Xcell™
transformation system (2 mm cuvettes, 2.5 kV, 25 µF and 200 Ω). Cells were recovered
in SOC medium for 50 min and plated on LB plate, supplemented with 80-µg/ml of
ampicillin for screening. The strains and plasmid used in this study are listed in Table 13
and Table 14.
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Table 13. The strains and plasmid used in expressing GalNAc 4S-6ST

Strain/Plasmid

Description

Source/reference

DH5α

General cloning host

Invitrogen

BL21Star™ (DE3)

ompT hsdT hsdS (rBmB) gal(DE3)

Novagen

pET32LIC carrying cDNA of human GalNAc
4S-6ST
pET32LIC carrying cDNA of human GalNAc
4S-6ST with first 101 amino acid truncation
pET32LIC carrying cDNA of human GalNAc
4S-6ST with first 159 amino acid truncation
pET22b(+) carrying cDNA of human GalNAc
4S-6ST with pelB signal peptide fused in NTN.

This study

Strain

Plasmid
pET32_4S6ST
pET32_4S6ST@102
pET32_4S6ST@160
pET22_4S6ST
pET22_4S6ST@102
pET32_4S6ST@160

pET22b(+) carrying cDNA of human GalNAc
4S-6ST with first 101 amino acid truncation
with pelB signal peptide fused in NTN.
pET22b(+) carrying cDNA of human GalNAc
4S-6ST with first 159 amino acid truncation
with pelB signal peptide fused in NTN

This study
This study
This study (gene
synthesized by
Genescript
This study
This study

Table 14. The primers used in expressing GalNAc 4S-6ST

Primer name
pET32_4S6ST_F
pET22b_4s6st_F2
@102
pET22_4S6ST_F2
@160
CHST15_R
pET32_4s6st@102
_sdm_f
pET32_4s6st@102
_sdm_r
pET32_4s6st@160
_sdm_f
pET32_4s6st@160

Sequence (5’>3’)
CGCGCG AGATCT
AGGCACTGCATTAATTGCTGCATACAG
CGCGCG GGATCCA
CACCAAGAGCTTCTGATCTCATCAC
CGCGCG GGATCCA
ACAACTAGGATTGAGTTCACGACC
CGCGCG CTCGAG
TTAGGTGGTTTTCCAAGCGAAG

Restriction
site
BglII
BamHI
BamHI
XhoI

GGACAGCCCAGATCTCCACCAAGAGCTTC

N/A

GAAGCTCTTGGTGGAGATCTGGGCTGTCC

N/A

GGACAGCCCAGATCTCACAACTAGGATTG

N/A

CAATCCTAGTTGTGAGATCTGGGCTGTCC

N/A
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_sdm_r

5.2.2. Expression and purification of recombinant enzyme GalNAc 4S-6ST
A 20 ml Luria Bertani (LB) overnight culture of E. coli BL21 Star™ (DE3)
containing the plasmid pETC4ST was spun down by centrifugation (6800 rpm, 25°C, 10
min) and re-suspended in 1 liter of M9 medium supplemented with 80 µg/ml ampicillin
in PYREX Fernbach Culture Flasks (Corning Life Sciences). The cell culture was
incubated in a rotary air shaker (NewBrunswick Scientific Innova 44R) at 37 °C, 220 rpm
for ~10 hours until the optical density (OD) A600 reaches ~0.8, gene expression was
initiated by inducing with 0.2 mM isopropyl-1-thio-β-D-galactopyranoside. The culture
was incubated for 16-20 hours at 22 °C. Cells were harvested by centrifugation at 4°C
(5,000 g for 10 min) and stored at -20 °C until further use.
Pelleted E. coli cells carrying pET32_4S6ST@102 and pET32_4S6ST@160 were
resuspended in 20 ml of 50 mM Tris-HCl buffer (pH 8.0, 500 mM NaCl, 30 mM
imidazole) followed by sonication (intermittent cooling on ice). The cell debris was
removed by a centrifugation step (16,000 g for 30 min) at 4 °C. The resulting cell lysate
was filtered (0.45 µm) and the supernatant was applied to Ni-NTA resin (Qiagen). The
column was washed with buffer A (50 mM Tris-HCl 500 mM NaCl, 30 mM imidazole
pH 7.5) and the bound protein was eluted with buffer B (50 mM Tris-HCl 500 mM NaCl,
300 mM imidazole pH 7.5). Imidazole was removed using a buffer exchange column and
replaced with storage buffer (50 mM Tris-HCl 500 mM NaCl, 10% glycerol pH 7.5) and
stored at −80 °C until required.
The E. coli cells pellets carrying pET22_4S6ST@102 and pET22_4S6ST@160
were treated with periplasm extraction buffer (20 mM Tris-HCL pH = 8, 25% (w/v)
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sucrose, and 5 mM EDTA). The sample was then concentrated 100-fold using Amicon®
Ultra 15 ml 10KDa Centrifugal Filters and buffer exchanged with Tris-HCl buffer (pH
8.0, 500 mM NaCl, 30 mM imidazole). The protein purification procedure was the same
as previously described.
5.2.3. GalNAc4S-6ST activity assay
Enzymatic chondroitin sulfate synthesis was carried out by combining 20 µl
substrate

chondroitin

A

(From

Bovine,

Sigma

Chemical

Co.),

20

µl

3'-

phosphoadenosine-5'-phosphosulfate (PAPS) (13 mM, see Section 6.2 for preparation),
which is the primary sulfo donor for the sulfation reaction and various amount of purified
enzyme (2 mg/ml) in 50 mM MES, pH = 7 buffer. The mixture was incubated at 37°C
overnight. The first negative control contains no substrate and the second negative
control contains no enzyme. All assays were repeated using different batches of enzyme,
chondroitin substrate and PAPS to ensure the reproducibility of the experiment. The
reader is referred to the Section 3.2.6 for a detailed description of disaccharide analysis
using LC-MS.

5.3.

Results and discussion

5.3.1. GalNAc 4S-6S expression in E. coli
It is especially challenging to express recombinant GalNAc 4S-6ST in soluble
form in E. coli since it is a human glycoprotein with a transmembrane domain located in
the Golgi compartment. The online protein structure prediction server SCRATCH
indicated the probability of solubility overexpression of full-length GalNAc4S-6ST is 0%.
Therefore multiple factors were taken into consideration for designing the expression
vectors: 1) the first mutant construct included a truncation of the first 101 amino acids
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including the transmembrane domain which was predicted to be located in the cytoplasm,
and, thus, it may not directly affect the enzyme activity. 2) The second mutant construct
included truncation of the first 160 amino acids since it contains large hydrophilic region.
The putative sulfotransferase catalytic site was preserved in both constructs. Two vectors
were selected for two mutant expressions. According to the prediction of Periscope,
which quantitatively predicts the soluble protein expression in the periplasm of E. coli,
the chance for human GalNAc 4S-6ST was moderate and the expected expression level
was predicted to be around 6.46 mg/l [105]. The pET32LIC also contains a thioredoxin
(Trx) tag and a His tag to improve soluble expression and to simplify purification.
pET22b was used in which two mutants were fused with pelB signal peptide at Nterminus to direct the protein folding into the bacteria periplasm. The predicted
recombinant protein molecular weights and isoelectric points are provided for the
different mutations and vectors in Table 15.
Table 15. Recombinant protein property of GalNAc4S6ST

VECTOR
PET32_4S6ST@102
PET32_4S6ST@160
PET22_4S6ST@102
PET22_4S6ST@160
PET22_4S6ST

MOLECULAR
WEIGHT (KDA)
73
67
59
52
65

ISOELECTRIC
POINT (PI)
6.4
6.5
7.1
8.1
8.6

The SDS-PAGE analysis (Figure 34) showed there was no obvious protein
expression for pET22_4S6ST@102, pET22_4S6ST@160, and pET22_4S6ST. The
molecular weight that dominated the periplasm extraction fraction (Lane 4) of
pET22_4S6ST@102 was at 30 kDa, much smaller than the calculated recombinant
protein molecular weight. One weak band was observed around 60 kDa. A similar pattern

83

was observed for pET22_4S6ST@160 (Lane 10). However, no enzymatic activity was
observed in either the concentrated crude cell lysate fraction or purified fraction in both
mutants. In addition, no protein was observed for pET32_4S6ST@102 (Lane 1, 2, 3) and
pET32_4S6ST@102 (Lane 7, 8, 9) at the target protein molecular weight. It was later
verified that there was a single point mutation on the backbone pET32 upstream the
inserted cDNA area that resulted in an open reading frame (ORF) shift and early
translation termination. The thicker band in Lane 2 and 8 at 16 kDa closely matched to
the molecular weight of N-terminus Trx complex.

Figure 34. SDS-PAGE gel of GalNAc 4S6ST enzyme expression 1. pET32_4S6ST@102 negative
control without inducing 2. pET32_4S6ST@102 soluble fraction 3. pET32_4S6ST@102 cell
(soluble+insoluble) 4. pET22_4S6ST@102 after periplasm extraction 5. pET22_4S6ST@102 cell
(soluble+insoluble) 6. Protein ladder 7. pET32_4S6ST@160 negative control without inducing 8.
pET32_4S6ST@160 soluble fraction 9. pET32_4S6ST@160 cell (soluble+insoluble) 10.
pET22_4S6ST@160 after periplasm extraction 11. pET22_4S6ST@160 cell (soluble+insoluble) 12.
pET22_4S6ST periplasm extraction 13. pET22_4S6ST cell (soluble+insoluble)

After removing the mutation site, protein expression of pET32_4S6ST@102 and
pET32_4S6ST@160 were again analyzed by SDS-PAGE (Figure 35). The soluble
protein fraction and the whole cell lysate were normalized to cell density. It appears that a
large fraction of recombinant protein remained in the insoluble form, and Lane 1 and 7
shown much thicker and darker enzyme bands compared to the soluble protein fraction
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(Lane 2 and Lane 8). The molecular weight of the recombinant proteins seemed to be
higher than expected. In the purification, the target proteins were eluted in the 250 mM
imidazole fraction.

Figure 35. The SDS-PAGE gel of GalNAc 4s6st pET32_4S6ST expression and its purification. 1.
pET32LIC_4S6ST@102 cell 2. pET32LIC_4S6ST@102 soluble fraction 3. pET32LIC_4S6ST@102
80 mM imidazole wash 4. pET32LIC_4S6ST@102 150 mM imidazole wash 5.
pET32LIC_4S6ST@102 250 mM imidazole wash 6. Protein ladder 7. pET32LIC_4S6ST@160 cell 8.
pET32LIC_4S6ST@160 soluble fraction 9. pET32LIC_4S6ST@160 80 mM imidazole wash 10.
pET32LIC_4S6ST@160 150 mM imidazole wash 11. pET32LIC_4S6ST@160 150 mM imidazole
wash

5.3.2. GalNAc 4S-6S activity
Negligible activity was observed for GalNAC 4S-6ST with the first 102 amino
acid truncation. The integral area of the chondroitin sulfate E disaccharide (Δdi_CS-E) is
illustrated in Figure 36. The original CS-A substrate was from bovine and contains a
small amount of CS-E. Therefore, the negative control contained a basal amount of CS-E
disaccharide. From Figure 36, the GalNAc 4S6ST@102 had a higher integral area (9%)
compared to the control and GalNAc 4S-6ST, which was higher than the analytical error
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of 5%. Therefore, we suspected that the recombinant sulfotransferase with first 102

Intergral Area of Δdi_CS-E (x10^7)

amino acid truncation mutant and 160 amino acid truncation mutant had low activity.

1.85
1.8
1.75
1.7
1.65
1.6
1.55
NC

GalNAc 4S6ST@102

GalNAc 4S6ST@160

Figure 36. Integral area of the Δdi_CS-E in the disaccharide analysis from the sulfotransferase
activity assay

From the above result, the recombinant GalNAc 4S-6ST had been successfully
expressed in E. coli BL21*(DE3) but showed only negligible activity. Besides the low
soluble expression and potential stability issues of the protein, the substrate specificity
might also play a role in reducing the sulfotransferase activity. The presence of trace
amount of CS-E sequence GlcA-GalNAc(4S 6S)) might inhibit the activity of the
GalNAc 4S-6ST [106]. In addition, the molecular weight of the substrate might make it a
poor substrate for measuring enzyme activity. It has been reported that the activity for 4sulfated trisaccharide and 4-sulfated pentasaccharide were almost 3-fold better substrates
than CS-A in measuring human GalNAc 4S-6ST activity[99].
5.3.3. Improving GalNAc 4S-6S activity
Additional experiments were conducted to verify the recombinant GalNAc 4S6ST activity. Chondroitin purified from bacterial fermentation of K4_ΔkfoE was used as
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the starting material and reacted with recombinant C4ST-1 and PAPS overnight. The
mixture was boiled at 100 °C for 5 minutes before adding the recombinant enzyme
GalNAc 4S-6ST and PAPS into the mixture. No Δdi_CS-E was detected by LC-MS
disaccharide assay. It was noticed that the molecular weight of the enzymatically
synthesized CS-A was higher than CS-A obtained from bovine cartilage (Sigma). This
observation verified our hypothesis that higher molecular weight CS-A might represent a
poor substrate for GalNAc 4S-6ST. Thus, the enzymatic activity assay performed on
recombinant GalNAc 4S-6ST was inconclusive based on the data obtained using
currently available substrate. More experiments are required to verify that the
recombinant GalNAc 4S-6ST is inactive.
Little was known about the kinetic properties of human GalNAc 4S-6ST. The
most common sulfotransferase involved in the synthesis of chondroitin sulfate, C4ST-1
and synthesis of heparan sulfate, HS6ST, act through ternary complex kinetics in which
the dual substrates bind and fall off the enzyme in a specific order [87]. Because of their
complex kinetics, C4ST-1 and HS6ST act on high molecular weight polysaccharide
acceptors. However, GalNAc 4S6ST tends to act on the lower molecular weight
acceptors which might suggest a completely different enzyme kinetics that depends
mainly on the inter-molecular collisions. Lower molecular weight acceptors contain
higher kinetic energy, which increased the chance for acceptor to "meet" the enzyme,
resulting in higher activity.
One approach to solve the current challenge for preparing active GalNAc 4S-6ST
is to increase the solubility of the recombinant protein by fusing the mutants with maltose
binding protein (MBP). The juxtaposition of the ribosome-binding site (RBS) might then
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result in efficient translation initiation. MBP has been widely used as a fusion partner for
E. coli expression of many heparan sulfate biosynthesis enzyme [87].

The second

approach is to screen for the suitable substrate based on the molecular weight. From
currently available information, low molecular weight CS-A or even oligosaccharide
might be a good starting point. The enzyme glycosylation pattern may play a role on
selecting substrate size and structure. The different glycosylation pattern for human
GalNAc 4S6ST and squid GalNAc 4S6ST demonstrate differences in substrate
specificity. Therefore, the E. coli expressed GalNAC 4S-6ST may require more specific
substrates to achieve its activity since it contained no glycosylation. We can optimize the
high-throughput screening colorimetric assay first and then build up a substrate library
with chemically synthesized CS-A with different molecular weight and various level of
sulfation. The third approach is to use other expression system such as yeast and insect
cells. The E. coli expression system certainly has its advantages of being simple and
cheap, but it lacks proper post-translation modification, which may lead to loss of protein
functionality. We have demonstrated in Section 4 that Pichia pastoris was able to express
active C4ST-1 in the soluble form. Therefore, yeast expression system may be beneficial
as an alternative approach to express GalNAc 4S-6ST in active form.
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6.

PREPARATION OF SULFO DONOR FOR CHONDROITIN

SULFATION IN VITRO
6.1.

Introduction
3’-phosphoadenosine 5’-phosphosulfate (PAPS) is the obligate cosubstrate in the

chondroitin sulfonation reactions, where PAPS donates its sulfo group (-SO3-) to one or
multiple hydroxyl groups (R-OH) on the N-acetylgalactosamine or glucuronic acid
catalyzed by a series of chondroitin sulfotransferases to form chondroitin sulfate and 3’phosphoadenosine 5’-phosphate (PAP). In general, PAPS is the “activated” form of
sulfate that is widely found in all organisms including mammalian cells, plant, yeast and
bacteria. It is synthesized in the cytoplasm by the sequential action of ATP sulfurylase
(ATP sulfate adenylyl transferase, EC 2.7.7.4) and APS kinase (ATP adenylylsulfate 3’phosphotransferase, EC 2.7.1.25) on ATP and inorganic sulfate. It is transferred across
the Golgi membrane for the utilization of sulfotransferase by certain nucleotide sugar
translocases in eukaryote cells [58]. PAPS concentrations are different among tissues,
such as liver tissue (30-70 nmol/g of tissue) which has the highest PAPS concentration,
followed by kidney tissue (5-20 nmol/g tissue) [107]. For the bacterial system, no
intracellular PAPS concentration has been reported, but it has been suggested that it is
maintained at a relatively low level since the accumulation of PAPS or its derivatives
such as PAP would potentially be toxic to the cell [108].
6.1.1. The biosynthesis of PAPS
PAPS’s synthesis involves two-step coupled reactions (Figure 37). First, ATP
sulfurylase (ATPS) will interact with magnesium ATP and inorganic sulfate to form APS
and pyrophosphate (ppi). The binding of the two substrates is in random order while the
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disassociation of Mg-ppi is prior to the APS [107]. The subsequent phosphorylation
reaction will adopt another ATP and the APS from the first reaction through APS kinase
to form PAPS and ADP. The substrates binding is ordered according to the kinetic
studies of Penicillium chrysogenum that MgATP binds first followed by APS. After the
catalysis, PAPS will disassociate from APS kinase (APSK) followed by MgADP. Both
nucleotide-binding sites need to be vacant to precede the phosphorylation reaction. The
failure of PAPS leaving the catalytic binding site will inhibit the activity resulting in low
APS conversion[107].
The first reaction catalyzed by ATPS is inhibited by its own product APS. Several
studies have shown that APS is competitive to the substrate-binding site compared to
ATP and sulfate on ATPS with unique conformation change [109]–[111]. Even though
APSK has a strong affinity to APS and the rapid utilization of such inhibition factors can
push the reaction forward as well. It may experience product PAPS inhibition during the
catalysis that hindered the second reaction. Besides the inhibition factor, the conversion
of ATP to APS is also not favored energetically due to fact that ΔGoˊ of APS phosphatesulfate bond is much higher than that of α-, β-bond of ATP hydrolysis [107].
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Figure 37 Schematic illustration of PAPS synthesis

For higher eukaryotes, such as Homo sapiens, where PAPS actively participate in
more advanced sulfation reactions of proteins, carbohydrates, lipids drugs and
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xenobiotics, Nature develops its own engineering strategies that generate fusion protein
combining both ATPS and APSK domain to form a bifunctional complex called PAPS
synthase (PAPSS1 and PAPSS2). This unique protein structure channels the APS from
ATPS into the adjacent kinase reaction directly and, thus, prevents the APS inhibition as
well as the utilization of APS phosphorylation [112]. For other eukaryotes such as yeast,
fungi and plants, PAPS mainly involved in the biosynthesis of methionine, cysteine and
some amino acid sulfations such as tyrosine O-sulfation [107], [113]. In these organisms,
ATPS has been described as monomers or homo-oligomeric complexes [111]. Although
there is no advantage in term of the protein structure of PAPSS, the hydrolysis of
pyrophosphate (ppi) to phosphate further relieve the energy constraints and push the first
reaction towards anabolism.
6.1.2. The biosynthesis of PAPS in Gram-negative bacterium
A Gram-negative bacterium, such as E. coli K12 is particularly interesting for our
study. PAPS is mainly involved in sulfur metabolism for biosynthesis of cysteine and
methionine as illustrated in Figure 38. So far, no PAPS-dependent sulfotransferase has
been identified in E. coli. The lack of cell compartmentalization in prokaryotes makes
such reactions especially challenging. It is, therefore, necessary that one or several
pyrophosphatases work efficiently to keep the ppi concentration at low level and pull the
APS synthesis towards the anabolic direction. However, the opposite phenomenon has
been witnessed indicating the involvement of extra mechanisms. ATPS in E. coli is a
tetramer of heterodimers. The 35 kDa catalytic ATP sulfurylase subunit is coded by CysD.
It is then activated by adjacent 53 kDa peptide GTPase subunit coded by CysN through
allosteric interactions [114]. When coupled with ATPS, hydrolysis of β-, γ-bond of GTP
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lowers the Keq for the overall reaction by a factor of ~105 [115]. The APSK is coded by
cysC on the same operon cysDNC.
Sulfate (Extracellular)
sulfate
permease
Sulfate (Intracellular)
ATP sulfurylase
cysDN

ATP
PPi +H2O

2Pi

APS
APS kinase
cysC

ATP

Adenylate kinase
AMP

ADP

PAPS
PAPS reductase
cysH

PAP 3' phosphatase
cysQ
PAP

Sulfite
sulfite
reductase

Serine + Acetyl-CoA
serine
transacetylase

Sulfide

CoA

O-Acetylserine
O-Acetylserine
(thio)-lyase A or B

Acetate

L-Cysteine

Figure 38.Sulfate assimilation pathway and cysteine biosynthesis in E. coli

As part of the objective to achieve the sulfation of chondroitin to form chondroitin
sulfate in vivo, the amount of intercellular PAPS accumulated will be particularly
important. In the sulfur assimilation pathway, PAPS is rapidly reduced to sulfite, yielding
adenosine 3’-5’ diphosphate (PAP) as a by-product by PAPS reductase (CysH). PAP is
believed to be toxic to the bacteria and PAP nucleotidase (encoded by CysQ) is
responsible for recycling PAP to form Adenosine monophosphate (AMP) [108]. As part
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of biosynthesis of cysteine, the level of PAPS synthesis is also closely related to serine.
Serine reacts with acetyl-CoA by serine transacetylase (encoded by CysE) to form Oacetylserine which reacts with sulfide to form cysteine. The spontaneous cyclisation of
O-acetylserine occurs at 1%/minute at pH 7.6 to N-acetylserine, which works as an
inducer of the cys regulon [116]. The transcriptional dual regulator cysB modulate the
transcription of genes involved in sulfur utilization and sulfonate-sulfur catabolism. In
other words, when excess O-acetylserine presented in a basic system, N-acetylserine
concentration starts to build up activating the transcription of cysDNC and other cysteine
biosynthesis gene through regulation of cysB. Once the cysB concentration is too high, it
will repress its own synthesis and thus stop the sulfur assimilation pathway from
generating an excess amount of “activated” sulfide.
6.1.3. Current effort towards producing PAPS
PAPS can be synthesis by hydrolysis of 2’3’-cyclic phosphate 5’ phosphosulfate
with enzyme ribonuclease-T2. The reaction starts with adenosine and pyrophosphoryl
under hydrolysis condition at pH = 7.5. The resulting product 2’3’-cyclic phosphate 5’phosphate will react with triethylamine-N-sulfonation acid to afford 2’3’-cyclic
phosphate 5’ phosphosulfate [117]. This method yields 68-72% from starting material.
An easier and more straightforward method was proposed by utilizing ATPS and APSK.
Starting with inorganic sulfate, ATP is converted to APS by ATPS, leaving ppi to be
continuously consumed by pyrophosphatase to form phosphate. APS then converts into
PAPS though APSK and ATP. The product can be purified later by weak ion exchange
(DEAE) chromatography. Burkart and co-workers overexpress recombinant genes cysC,
cysD and cysN from E. coli K12 genome. In the study, they observed strong ADP
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inhibition towards APS kinase that results in low yield. After introducing the ATP
regeneration system, which converts ADP back into ATP under pyruvate kinase and
phospho(enol) pyruvate (PEP), the maximum production was increased to 100 mg (82.3%
in yield) [118]. Although the production level has been improved significantly, compared
to chemical synthesis, it still appeared to be complex and unlikely to be scaled-up. Zhou
et al adapted the same reaction mechanism but used ATPS from Kluyveromyces lactis and
APSK from Penicillium chrysogenum. Both enzymes were cloned into the pET-Duet
vector with T7 promoter. The crude cell lysate was incubated with pyrophosphatase, ATP
sodium and inorganic sulfate yield final 5 g/l PAPS after purification [119].
The objective of this project is to focus on engineering an E. coli strain that
accumulates certain amounts of PAPS for chondroitin sulfation. Two approaches are
proposed. Firstly, overexpression of ATP sulfurylase and APS kinase from various
sources will promote the PAPS synthesis reaction. The downregulation of PAPS
reductase direct the PAPS flux towards the sulfation reaction. Secondly, the culturing
conditions will be studied extensively to provide enough sulfate and ATP sources without
compromising the overall cell growth. The success of constructing a PAPS rich system
will become important towards economically producing valuable compounds such as
sulfated small molecules (flavonoids, polyphenols) and polysaccharide.

6.2.

Materials and methods

6.2.1. Culture Medium and plasmid construction
Luria-Bertani (LB) medium with or without ampicillin (80 µg/ml) was used for
the cell growth and transformation screening. Super optimal broth with catabolite
repression (SOC) was used for cell recovery after heat shock or electroporation during
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the transformation experiments. E. coli BL21 Star™ (DE3) was used as the production
strain with expression of the plasmid pETM6 carrying ATPS (from K. lactis, gift from
Professor Jian Liu’s lab at UNC), APSK (from P. chrysogenum, gift from Prof. Jian Liu’s
lab) and pyrophosphatase (from E. coli, gift from Dr. Jian Liu’s lab). All the other
nutrients and chemicals for medium preparation were from Sigma Chemical Co. (St.
Louis, MO).
All three genes had been cloned into the ePathbrick system (Figure 39) with
pseudo-operon configurations in different order resulting in 6 constructs listed in Table
16 by using the primers listed in Table 17 [46], [70].

Figure 39. Assembly of three genes ATPS, APSK and PPA in ePathbrick vector pETM6

The correct constructs were verified by both double endonuclease digestion and
DNA sequencing (Genewiz). The plasmids were transformed into E. coli BL21 Star™
(DE3) by electroporation using Bio-Rad Gene Pulser Xcell™ transformation system (2
mm cuvettes, 2.5 kV, 25 µF and 200 Ω). Cells were recovered in super optimal broth

95

with catabolite repression (SOC) medium for 50 min and plated on LB plate,
supplemented with 80-µg/ml of ampicillin for screening.
Table 16. Strains and plasmid for biosynthesizing PAPS

Strain/Plasmid

Description

Source/
reference

DH5α

General cloning host

Invitrogen

BL21Star™ (DE3)

ompT hsdT hsdS (rBmB) gal(DE3)

Novagen

pETM6

T7 promoter, ColE1 ori. AmpR

[70]

pETM6_ATPS

pETM6 carrying gene ATPS from K.lactis [119]

This study

pETM6_ATPSH

pETM6 carrying gene ATPS from fused with His
tag in N-terminus
pETM6 carrying gene APSK from P. chrysogenum
[119]

This study

pETM6 carrying gene APSK fused with His tag in
N-terminus
pETM6 carrying gene PPA from E. coli [119]

This study

pETM6 carrying gene PPA fused with His tag in
N-terminus
pETM6 carrying genes in the order of ATPS,
APSK and PPA in pseudo-operon configuration

[119]

pETM6_PSPK

pETM6 carrying genes in the order of ATPS, PPA
and APSK in pseudo-operon configuration

This study

pETM6_PKSP

pETM6 carrying genes in the order of APSK,
ATPS, and PPA in pseudo-operon configuration

This study

pETM6_PKPS

pETM6 carrying genes in the order of APSK, PPA
and ATPS in pseudo-operon configuration

This study

pETM6_PPSK

pETM6 carrying genes in the order of PPA, ATPS
and APSK in pseudo-operon configuration

This study

pETM6_PPKS

pETM6 carrying genes in the order of PPA, APSK
and ATPS in pseudo-operon configuration

This study

Strain

Plasmid

pETM6_APSK
pETM6_APSKH
pETM6_PPA
PPA-pCDFDuet-1
pETM6_PSKP
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This study

This study

This study

Table 17. Primer used for biosynthesizing PAPS

Primer name

Sequence (5’>3’)

Restriction
site

pETM6_ATPS_F

CGCGCGCAT ATGCCTTCTCCTCATGGTGG
CGCGCG CTCGAG
TCAGAATTGGAAAAAGCCTTGGTCT
CGCGCGCAT
ATGCATCACCATCATCACCAC
CCTTCTCCTCATGGTGG
CGCGCGCAT
ATGCATCACCATCATCACCAC
TCTACCAACATCACCTTCCAC
CGCGCG CTCGAG
TTACTCCTTCTTGGCAGGCAAG
CGCGCGCAT
ATGAGCTTACTCAACGTCCCTG
CGCGCG CTCGAG
TTATTTATTCTTTGCGCGCTCGAAG

NdeI

pETM6_ATPS_R
pETM6_ATPS_HIS
_F
pETM6_APS_HIS_
F
pETM6_APS_HIS_
R
pETM6_PPA_F
pETM6_PPA_R

XhoI
NdeI
NdeI
XhoI
NdeI
XhoI

6.2.2. Expressions and Purification of PAPS synthesis enzyme
The overnight culture of E. coli BL21 Star™ (DE3) containing the constructed
plasmids were diluted into 1:50 LB medium with supplementation of 80 µg/ml ampicillin.
The cell culture is incubated in a rotary air shaker (NewBrunswick Scientific Innova 44R)
at 37 °C, 220 rpm for ~10 hours until the optical density (OD) A600 reaches ~0.6, gene
expression was initiated by inducing with 0.2 mM IPTG. The culture was incubated for
16-20

hours

at

22

°C.

Cells

pellet

containing

plasmids

pETM6_ATPSH,

pETM6_APSKH and PPA-pCDFDuet-1 were harvested by centrifugation at 4°C (5,000 g
for 10 min) and stored at -20 °C until further purification. The cell pellets contain
plasmid pETM6_PSKP, pETM6_PSPK, pETM6_PKSP, pETM6_PKPS, pETM6_PPSK,
pETM6_PPKS were re-suspend in ice-cold Tris buffer (50 mM, pH=8) followed by
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sonication (The buffer volume used for 1 liter culture was 100 ml). The supernatant was
used for PAPS synthesis reaction.
For purification of ATPS, APSK and PPA, pelleted E. coli cells were resuspended
in 20 ml of 50 mM Tris-HCl buffer (pH 8.0, 500 mM NaCl, 30 mM imidazole) followed
by sonication (intermittent cooling on ice). The cell debris was removed by a
centrifugation step (16,000 g for 30 min) at 4 °C. The resulting cell lysate was filtered
(0.45 µm) and the supernatant was applied to Ni-NTA resin (ThermoFisher). The column
was washed with buffer A (50 mM Tris-HCl 500 mM NaCl, 30 mM imidazole pH 7.5)
and the bound protein was eluted with buffer B (50 mM Tris-HCl 500 mM NaCl, 300
mM imidazole pH 7.5). The imidazole was removed by buffer exchanging column
against storage buffer (50 mM Tris-HCl 500 mM NaCl, 10% glycerol pH 7.5) and stored
at −80 °C until required.
6.2.3. In vitro PAPS synthesis reaction
The purified enzymes were normalized by their molecular weight. The in vitro
PAPS reaction was based on a previously described method with several modifications
[118], [119]. The reaction included 0.09 mM ATP sodium (pH=8), 100 mM Na2SO4, 10
mM MgCl2, 10 mM LiCl in 50 mM Tris-HCl at pH 8.0. The amount of enzyme from
crude cell lysate was adjusted accordingly based on the experiment design. For crude cell
lysate, no ATP was added into the reaction while the salt concentration remains the same
as listed above. The reaction mixture was incubated at 30 °C for 6 h.
6.2.4. Analysis of PAPS by HPLC-MS
Liquid chromatography mass spectrometry (LC-MS) analyses were performed on
an Agilent 1200 LC/MSD instrument (Agilent Technologies, Inc. Wilmington, DE)
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equipped with a 6300 ion-trap and a binary pump. The column used was a Poroshell 120
EC-C18 column (2.0 × 100 mm, 2.7 µm, Agilent, USA) at room temperature. Eluent A
contained water/acetonitrile (85:15) v/v and eluent B contained water/acetonitrile (35:65)
v/v. Both eluents included 12mM TrBA and 38 mM NH4OAC. A linear gradient from 018 minutes (0-80% of solution B) was used at 80 µl/min for separation of ATP and PAPS
with UV254 detection. The column effluent entered the electrospray ionization-MS
source for continuous detection by MS. The electrospray interface was set in negative
ionization mode with a skimmer potential of -40.0 V, a capillary exit of -40.0 V, and a
source temperature of 350° C, to obtain the maximum abundance of the ions in a fullscan spectrum (100-900 Da). Nitrogen (8 l/min, 40 psi) was used as a drying and
nebulizing gas.

6.3.

Results and discussion

6.3.1. The PAPS biosynthesis enzymes expression
All three proteins as ATPS (57.3 kDa), APSK (24.6 kDa) and PPA (20.5 kDa)
expressed as His-tagged proteins in E. coli were found in the soluble fraction showing
overexpression bands on the SDS-PAGE analysis (Figure 40). The production levels for
ATPS, APSK and PPA were 16.3 mg/l, 98.9 mg/l and 99.4 mg/l respectively.
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Figure 40. The SDS-PAGE gel of the expression of PAPS synthesis related genes. Lane 1: Soluble
fraction of ATPS. Lane 2: Purified ATPS at 57.3 kDa. Lane 3: Soluble fraction of APSK. Lane 4:
purified APSK at 24.6 kDa. Lane 5: Soluble fraction of PPA. Lane 6: Purified PPA at 20.5 kDa

6.3.2. In vitro PAPS biosynthesis conditions
A system with three genes in single plasmid pETM6_PSKP was next tested.
Crude cell lysate was used directly to eliminate potential intracellular inhibition. As
illustrated in Figure 41 B, when no substrate was added to the reaction, low but
detectable levels of ATP (2.9 µM) and PAPS (0.37 µM) were observed. When Na2SO4
was the only substrate added to the reaction, as illustrated in Figure 41 C, the PAPS
concentration greatly increased to ~5 µM. It is noteworthy that the low intracellular
concentration of ATP was sufficient enough to carry out the reaction. The cells were
cultured in the LB media, which limits the source of sulfate. Once extracellular sulfate
concentration became sufficiently high, the accumulation of higher levels of PAPS was
possible. When adding both Na2SO4 and ATP sodium substrates to the reaction, the
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resulting PAPS concentration was 15-times higher (Figure 41, D). This verified the
activity of a PAPS synthesis system produced using single plasmid experiment. However,
the conversion from ATP sodium to PAPS is only 16.6%, which is much lower than the
previous reported (~50%) [119]. One of the possible reasons for the lower conversion is
that a high concentration of pyrophosphatase might increase the hydrolysis of ATP to
AMP and pyrophosphate (ppi) since the pyrophosphatase removes the ppi and driving
ATP hydrolysis forward.

Figure 41. LC-MS data of in vitro enzymatic synthesis of PAPS using crude cell lysate containing
ATPS, APSK and PPA. A) The 12.5 µM ATP and PAPS standard. B) Negative control without
supply with ATP sodium and NaSO4. C) Negative control without supply with ATP sodium and
NaSO4. C) Negative control without supply with ATP sodium D) reaction sample supply with ATP
sodium (0.45 mM) and NaSO4

6.3.3. Improving yield using ePathBrick platform
All three genes were also placed in a pseudo-operon configuration with different
gene orders to screen optimal constructs for the maximum PAPS production. The
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reactions were carried out without supplement action of ATP sodium after cell lysis. The
optimal strains contain plasmid pETM6_PSPK, where APSK was most highly expressed,
followed by PPA, and by ATPS (Figure 42, B). Interestingly, when the expression level
of ATPS was enhanced, lower concentration of PAPS was observed. It is possible that
since ATPS is an extremely large enzyme, more energy would be consumed during the
transcription, translation and protein folding. Therefore, the accumulated ATP pooled
inside the cell would be lower. However, in a similar reaction using purified enzymes in
the same molar ratio as afforded using the pETM6 expression system, the same
concentration of ATP afforded an identical pattern of PAPS production (Figure 42, A) as
observed with the crude cell lysate one. It appears that the ATP consumption based on the
protein size is not a valid explanation. An optimal strain should be able to convert most
of the ATP to PAPS.
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Figure 42. In vitro PAPS synthesis reaction with 6 different molar ration of ATPS, APSK and PPA. A)
Pure enzyme with the same molar ratio from pETM6 pseudo-operon configuration with 0.09 mM of
ATP. B) The crude lysate contain 6 different pETM6 plasmids with genes in different order. The
intensity of the protein expression is indicated by the color: black is the highest, dark grey is the
medium and light grey is the lowest

The difference of the PAPS concentration in Figure 42 A and Figure 42 B show
the crude lysate one is approximately 10-fold lower than the system using the pure
enzyme. The intracellular ATP concentration measured from Figure 42 is around 2.9 µM,
while in the pure enzyme reaction the ATP concentration is 90 µM.
6.3.4. Screening for the optimal protein and ATP concentration for PAPS
biosynthesis
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Figure 43. PAPS reaction condition optimization study with various protein concentration and ATP
concentration

Based on the previous experiment, plasmid pETM6_PSPK was selected for
biosynthesizing PAPS in the biotransformation and metabolic engineering of producing
CS study. The crude cell lysate was concentrated at various folds (1x, 2x, 4x) and the
ATP concentration was varied (450 µM, 90 µM, 18 µM, 3.6 µM, 0.72 µM) in order to
further optimize the reaction conditions for making the maximum amount of PAPS. Since
crude cell lysate with higher fold concentrating ratio contained a higher concentration of
PAPS biosynthesis enzymes, we expected that it would produce the highest amount of
PAPS when 250 µM ATP was present. Surprisingly, the trend is opposite to the
expectation. Lower protein concentration affords a higher PAPS production (Figure 43).
It is suspected that the cell lysate in E.coli BL21 StarTM (DE3) contains certain proteins
that may degrade or act to consume ATP. When a high concentration of ATP is present, a
portion of ATP is degraded by the non-target proteins while the remaining ATP is
catalyzed by PAPS biosynthetic enzymes. The decrease of PAPS concentration with the
decrease of ATP concentration is not linear suggesting that ATP is more favorable to react
with the unknown protein. The optimized condition for biosynthesizing PAPS has been
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determined for biotransformation study discussed in Section 7.2.2. The clear crude cell
lysate mixture will be diluted 4 fold and then combining with 450 µM ATP, 100 mM
Na2SO4, 10 mM MgCl2 and 10 mM LiCl.
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7.

BIOTRANSFORMATION AND METABOLIC ENGINEERING

OF PRODUCING CHONDROITIN SULFATE
7.1.

Introduction

7.1.1. Chondroitin sulfate biosynthesis in eukaryotes
In eukaryotes, chondroitin sulfate (CS) is presented in the form of proteoglycans
as CSPGs, which are widely distributed on the cell surface and within the pericellular
spaces. The biosynthesis of CS takes place in the Golgi compartment and the
endoplasmic reticulum consists and three major steps. First, the linkage region as
GlcAβ1-3Galβ1-3Galβ1-4Xylβ1-O-Ser is assembled, initiating CS synthesis. This
linkage region is covalently attached to the specific serine residues in various core
proteins [120]–[122]. This initial step of biosynthesis is achieved through the sequential
stepwise enzymatic addition of monosaccharide units. Linage region biosynthesis
involves xylosyltransferase adding a single xylose, β-1, 4 galactosyltransferase I and β-1,
3-galactosyltransferase II adding two galactose and β-1, 3-glucuronyltransferase I adding
a single glucuronic acid [121]. After the completion of tetrasaccharide linkage region,
biosynthesis a single GalNAc residue is transferred through the action of GalNAc
transferase I, then chondroitin polymerization is initiated by the repetitive addition of
GalNAc and GlcA residues through the action of chondroitin synthases [84]. Once the
polymerization completed, final chondroitin backbone modification takes place through
the action of various sulfotransferases (Section 3 and Section 4) and in the case of
dermatan sulfate (DS) the action of a C-5 epimerases. The overall scheme is presented in
Figure 44. In chondroitin sulfate synthesis, C4ST and C6ST catalyze the 4-O sulfation
and 6-O sulfation from chondroitin to the monosulfated. A unit and C unit. For dermatan
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sulfate synthesis, the glucuronyl C5 epimerase first converts chondroitin to dermatan
followed by the action of various dermatan sulfotransferase. Dermatan 4-sulfotransferase
(D4ST) serves as the sulfotransferase that specifically converts dermatan to dermatan
sulfate A [121]. The action of this enzyme also protect against the reversible C-5
epimerase from converting the L-ido configuration of the IdoA from epimerizing back the
D-Gluco configuration [84], [123], [124]. The GalNAc 4S-6ST and UST are the last
steps in completing the chondroitin sulfate synthesis that covert monosulfated
disaccharide structures to the disulfated disaccharides structures [121].

Figure 44. Schematic diagram of chondroitin sulfate biosynthesis. The letter type unit represents
different type of disaccharide with specific sulfation pattern. The O unit is the chondroitin [121]

When sulfation occurs in the Golgi compartment, 3'-phosphoadenosine-5'phosphosulfate (PAPS) is continually synthesized in the cytosol by the bifunctional
PAPS synthase [125]. A portion of the biosynthesized PAPS is consumed in sulfation of
hormones and xenobiotics that takes place in the cytosol. The remaining PAPS is
transported to the lumen of the Golgi apparatus for use in CS biosynthesis. Only one
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PAPS transporter, located in the Golgi membrane has been characterized so far [126].
The PAPS transporter is a homodimer in which two subunits, containing their own
independent active sites, form a single functional region [126]. It is believed that the
PAPS transporter is an antiporter and does not require ATP hydrolysis or a proton
gradient to transport PAPS across the Golgi membrane [126]. PAPS transporters have
also been found in most of the eukaryotic cells including plant cells and yeast [127]. A
mitochondrial PAPS transporter has also been reported in Saccharomyces cerevisiae and
this transporter has been was successfully overexpressed in bacteria [127].
7.1.2. Achieving chondroitin sulfate biosynthesis with bioengineered E. coli
In prokaryotes, the chondroitin biosynthesis is completely different than that
observed in eukaryotes. Chondroitin is biosynthesized as capsular polysaccharide and is
not a PG, linked to a core protein. The chondroitin biosynthesis pathway in prokaryote is
described in detail in Section 2.1.2. In brief, chondroitin is assembled in the cytoplasm of
the bacteria. Then, a CMP-Kdo linkage region is attached to the reducing end of the
polysaccharide, initiating transport relocating the chondroitin polysaccharide to the outer
membrane.
One or more sulfotransferases and a PAPS synthesis pathway need to be
introduced to achieve CS biosynthesis in a bacteria. In the current work, two approaches
were undertaken to prepare a bioengineered CS. The first, involved a biotransformation
method as shown in Figure 45 A. Three individual strains, that responsible for each
component biosynthesis were separately cultured and processed and then combined into a
one-pot reaction. Using this approach, the maximum production of chondroitin both
intracellular and extracellular was ~200 mg/l (section 2). This level of CS production was
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tunable by switching plasmid configuration. A functional soluble form of 4-Osulfotransferase was expressed at ~6 mg/l affording a ~80% conversion of chondroitin to
CS-A (section 3). The maximum level of PAPS production reached 1 mM and depended
on the amount of added ATP and sodium sulfate (Section 6). By combining all three
components,

chondroitin

biosynthesis,

PAPS

biosynthesis

and

sulfotransferase

biosynthesis, in vitro biosynthesis of chondroitin 4 sulfate (CS-A) can be achieved. The
limiting factor in CS production was the sulfotransferase production. The low soluble
protein concentration of C4ST results in a low conversion efficiency.
The second approach examined relied on metabolic engineering (Figure 45, B). In
this approach, all the necessary genes were introduced into the single E. coli strain.
Relying on a sole or multiple carbon, nitrogen and sulfur sources, an individual bacteria
cell could then represent a small reactor equipped with all the necessary machinery for
biosynthesizing CS. The resulting cell pellet would be harvested and the final CS product
would be collected. Both E. coli BL21 and E. coli K4 possess the ability to biosynthesize
chondroitin. The missing pieces in these E. coli strains are the sulfotransferases and a
sufficient quantity of PAPS to support CS biosynthesis. The environment inside is the
cell is highly unpredictable and there is no in situ assay monitor the reaction. Therefore,
the metabolic engineering of CS production poses a considerable challenge.
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Figure 45. Illustration of the designs of achieving bioengineered chondroitin sulfate. A) The
biotransformation scheme that combines chondroitin from E. coli K4 or BL21Star™ (DE3),
sulfotransferase from the expression of C4ST-1 and PAPS from three different strains B) The
metabolic engineering scheme with in vivo synthesis of chondroitin, PAPS and soluble
sulfotransferase

7.2.

Methods and materials for biotransformation approach

7.2.1. Culture medium, strains and plasmids
The AMM medium described in Section 2.2.1 was used for the production of
chondroitin in E. coli BL21 Star™ (DE3) carrying pETM6_PFAC.

M9 medium

supplemented with FeSO4 as describe in Section 3.2.1, was used for the expression of
C4ST-1 in E. coli BL21 Star™ (DE3) carrying pET32LIC_C4ST. LB medium was used
for expressing PAPS related enzymes in E. coli BL21 Star™ (DE3) carrying
pETM6_PSPK. All media were supplemented with ampicillin (80 µg/ml). The plasmids
and strains used in this study are listed in Table 18.
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Table 18. Strains and plasmids used in the biotransformation study

Strain/Plasmid

Description

Source/reference

General cloning host

Invitrogen

ompT hsdT hsdS (rBmB) gal(DE3)

Novagen

T7 promoter, ColE1 ori. AmpR with the genes in
the order of kfoF, kfoA and kfoC in pseudo-operon
configuration for chondroitin biosynthesis
pET32LIC carrying the chondroitin 4
sulfotransferase, isoform 1
pETM6 carrying genes in the order of ATPS, PPA
and APSK in pseudo-operon configuration

Section 2.2.2.

Strain
DH5α
BL21Star™ (DE3)
Plasmid
pETM6_PFAC
pET32LIC_C4ST
pETM6_PSPK

Section 3.2.2
Section 6.2.1

7.2.2. Chondroitin biotransformation reaction setup
Bacteria used for chondroitin, sulfotransferase and PAPS biosynthesis were
cultured independently. The detailed experiment methods were described in Section 2.2,
Section 3.2 and Section 6.2. All the experimental steps were unless otherwise indicated
performed on ice. Once the cell culturing in each shake flask was completed, cell pellets
were harvested by centrifugation at 4 °C and re-suspended in the cold MES buffer (50
mM, pH = 7) at volumes designed in Table 19. The biotransformation was carried out by
combining chondroitin cell pellet, sulfotransferase cell pellet and the cell pellet
containing the PAPS synthetic enzymes together in the optimized designated properties.
The cell pellets were collected by centrifugation and it was re-suspended in the ice-cold
MES buffer supplement with either 100 mM NaSO4 or 100 mM NaSO4 and 10 mM ATP
sodium in designed reaction volume. The mixture was then sonicated and the supernatant
was collected by centrifugation.
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Table 19. Conditions for biotransformation processing

Fermentation volume (ml)
Pellet resuspend volume (ml)

Chondroitin
strain
25
25

C4ST-1
strain
1000
30

PAPS
strain
50
10

The solution was incubated at 37 °C overnight. After the reaction was complete,
the mixture was heated to 90 °C for 10 minutes and then centrifuged to precipitate any
insoluble material. The precipitated was recovered and was re-suspended in 2 M NaCl to
release any polysaccharide from the insoluble protein and again centrifuged. The
supernatant was combined with previously collected supernatant and the resulting clear
solution was applied to 3 kDa centrifugal filters (Amicon Ultra-0.5 ml) for desalting and
concentrating. The retentate was submitted for LC-MS disaccharide analysis. The method
used in sample preparation for LC-MS analysis is described in Section 3.2.6.
7.2.3. Chondroitin biotransformation enzyme immobilization study
In protein immobilization studies, the harvested cell pellet was collected and
resuspended in Tris buffer (50 mM Tris-HCL, 500 mM NaCl, pH = 7). Following
homogenizing, the cell suspension mixture was sonicated and the supernatant was
collected by centrifugation. Ni-NTA resin (1 ml, Thermo) was packed into a bio-spin
chromatography column (Bio-Rad) and equilibrated with Tris buffer. The column was
kept at 4 °C while the supernatant containing the target enzymes was passed through the
resin. This step was repeated for three times. Then the column was then washed with four
column volumes of Tris buffer to remove any proteins showing nonspecific binding.
Finally, the resin was resuspended in 1 ml MES buffer that had been cooled to 4 °C.

7.3 .

Chondroitin biotransformation results and discussion
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7.3.1. Chondroitin biotransformation in one-pot reaction
The previous sections demonstrated that chondroitin, sulfotransferase C4ST and
PAPS can be successfully synthesized and purified from recombinant strains of E.coli
BL21 Star™ (DE3). The optimal strains have been selected and their maximum yield for
each have been quantified and are listed in Table 20. Each of three components needs to
achieve a certain target concentration within a reaction (Table 20) to perform a
biotransformation system that is capable of achieving 80% conversion of chondroitin to
CS-A.
Table 20. Summary of the chondroitin, C4ST and PAPS culturing condition and maximum yield

Component

Culturing conditions

Chondroitin

AMM, 37°C to 30°C

C4ST-1

M9, 37°C to 22°C

PAPS

LB, 37°C to 22°C,
with Na2SO4
supplement
LB, 37°C to 22°C,
with Na2SO4 and ATP
sodium supplement

Genetic
component
pETM6_PFAC
pET32LIC_C4
ST-1
pETM6_PSPK
pETM6_PSPK

Yield
18
mg/(L*OD)
~10 mg/l
~0.009
mM

Biotransformation
concentration
0.1 mg/l
1 mg/ml
0.14 mM

1 mM

The activity of C4ST and concentration of PAPS were the major limiting factors
in the biotransformation. The first biotransformation trial was conducted in 1 ml system
using the proportions listed in Table 21. However, no conversion of chondroitin to CS-A
was achieved in this trial and no PAPS formation was detected with either
supplementation with Na2SO4 or with Na2SO4 and ATP sodium. The remaining C4ST-1
cell pellet was lysed and purified to verify the enzyme activity to troubleshoot this
process. The overall yield of active protein was consistent with previously reported data.
The PAPS synthesis strain pellet, from the same batch of the biotransformation, was also
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prepared as described in Section 6.2.3. The amount of PAPS obtained was consistent with
that previously described. These experiments confirmed that the expected levels of PAPS
related enzymes and C4ST were obtained in the biotransformation experiments.
Table 21. The designed proportions of chondroitin, C4ST-1 and PAPS in the biotransformation
system

Sample
No.
1
2
3
4
5
6
7
8
9

Chondroitin

C4ST-1

PAPS

1
1
1
1
1
1
1
1
1

20
20
20
40
40
40
60
60
60

10
20
30
10
20
30
10
20
30

The biotransformation samples were submitted for LC-MS determination of
PAPS. No PAPS had been formed in the biotransformation system even with addition of
ATP sodium and Na2SO4, ingredients that had been previously shown to result in a high
PAPS concentration. Two hypothesis were formulated to explain these observations. The
first hypothesis is that the PAPS generated was degraded in the biotransformation system
as it was formed. Not only PAPS was not detected in the biotransformation samples, but
also the supplemented ATP disappeared. Experiments were next designed in which
different concentrations of PAPS were spiked into a biotransformation system that
excluded chondroitin, to test this hypothesis. We found that the PAPS concentration
measured at was below the actual spiked-in amount. However, there was no obvious
decrease in PAPS concentrations during a period of time follow its initial drop,
suggesting that there was no enzymatic reaction continuously degrading PAPS. We
suspected instead that the high intracellular protein concentration might cause ion
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suppression in the MS detector, causing the initial drop in PAPS concentration. A similar
result was obtained for the experiment in which chondroitin was spiked-in. Therefore, we
concluded that PAPS was not being degraded, disproving our first hypothesis for
explaining the reason for the low level of PAPS synthesis.
Our second hypothesis to explain the low level of PAPS was that the ATP was
degraded in the biotransformation system so that the PAPS synthesis reaction did not
occur. The biotransformation system contained at least 40% pellet from the C4ST-1
strain. This excess amounts of irrelevant proteins present in the C4ST-1 strain cell pellet
might present that were able to degrade the ATP. This hypothesis was supported by the
“Screening for the optimal protein and ATP concentration for PAPS biosynthesis” study
discussed in Section 6.3.4. We had shown that lower crude cell lysate proteins
concentration in the PAPS in vitro reaction system resulted in a higher yield of PAPS.
We suspected that certain proteins in E. coli BL21 Star™ (DE3) might degrade or act to
consume ATP. This finding posed great challenges for developing method for the
biotransformation of chondroitin to CS-A. Since the overall yield and activity of the
C4ST-1 was quite low. A concentrated cell pellet was required to reach the desired level
of sulfotransferase activity. This suggested that a one-pot biotransformation is still not
feasible to convert chondroitin.
Additional

efforts

in

protein

engineering

might

improve

the

overall

sulfotransferase activity. Moreover, an enzyme immobilization strategy might also be
able to improve the biotransformation system. Following the experimental methods
described in Section 7.2.3, C4ST-1 was immobilized onto the Ni-NTA resin removing
the non-target proteins that potentially consume ATP. The biotransformation system
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experiment was carried out by using 100 µL Ni-NTA resin with crude cell lyse from the
chondroitin and PAPS strain cell pellet in proportions of 1:10, 1:20 and 1:30 at a final
volume of 1 ml supplemented with ATP and Na2SO4. However, again no chondroitin
conversion was observed from the LC-MS assay. The PAPS and chondroitin
concentrations were again consistent with previously reported data. A control experiment
using a purified, active C4ST-1 applied to the Ni-NTA resin was performed to
troubleshoot the cause of the failure of this biotransformation experiment. No conversion
was detected in the control experiment suggesting that the immobilized protein might
have different enzyme folded state compared to the protein in the elution fraction.
Differences in the folded state of the enzyme might result in differences in enzyme
activity.
7.3.2. Chondroitin partial biotransformation
Some conclusion can be made from these biotransformation studies. The yield of
active sulfotransferase is low requiring higher concentrations of cell pellet, unfortunately,
this results in reduced PAPS synthesis resulting from ATP degradation. In addition,
C4ST bound to Ni-NTA resin does not show any activity. A third approach using a
partial biotransformation was designed that relies on BL21 Star™ (DE3) co-transforming
with both chondroitin biosynthesis and C4ST-1 plasmid. The required PAPS is
synthesized and purified using a separate system. This partial-biotransformation approach
balances C4ST-1 activity and chondroitin levels while minimizing the amount of
intercellular proteins present. The LC-MS disaccharide result of the partial
biotransformation system is presented in Figure 46.

116

Figure 46. LC-MS disaccharide analysis of the semi-biotransformation. A) The disaccharide
standard B) Negative control. The cell lysate of the BL21 Star™ (DE3) harboring pCDM4_PCAF
and pET32LIC_C4ST C) The cell lysate of the BL21 Star™ (DE3) harboring pCDM4_PCAF and
pET32LIC_C4ST with feeding of 5 mM PAPS D) The cell lysate of the BL21 Star™ (DE3) harboring
pCDM4_PCAF and pET32LIC_C4ST with feeding of 2.5 mM PAPS. The red arrow point at the
location for CS dpΔ4S

This partial-biotransformation represents the first time that chondroitin sulfate
was synthesized using bacterial expression system. This approach was capable of
converting chondroitin to CS-A at ~6% using 5 mM PAPS. The conversion was ~3%
when the added concentration of PAPS was decreased to 2.5 mM. Increasing the added
concentration of PAPS improved the chondroitin conversion suggesting that a much
higher PAPS concentration might afford full biotransformation of chondroitin to CS-A.
However, the results for chondroitin conversion were significantly lower than previously
observed using purified C4ST when chondroitin was converted to >80% CS-A. The
concentration of PAPS required to achieve high biotransformation conversion was much
greater than that observed in the purified system. It is possible that the high protein
concentrations inhibit catalysis preventing efficient utilization of PAPS. Although the
chondroitin biosynthesis pathway was combined with sulfotransferase expression in a
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single biotransformation in which non-target intracellular protein concentration was
decreased, the target sulfotransferase concentration remained the same. The overall yield
and activity of C4ST-1 must be improved to further increase the overall conversion.

7.4 .

Methods and materials for metabolic engineering approach

7.4.1. Culture medium, strains and plasmid
The M9 medium was supplemented with FeSO4 and 50 mM Na2SO4 for use in
culturing of E. coli BL21 Star™ (DE3) and E. coli K4. The plasmids and strains used in
this study are listed in Table 22. In the case of sulfotransferase C4ST-1, the original
pET32LIC_C4ST was used since this expression system yielded the highest amount of
active enzyme. For chondroitin synthesis vector, kfoA, kfoC and kfoF were cloned into
the vector pCDM4 resulting in pCDM4_PCAF, which was similar to the pETM6 vector
but relies on different antibiotic resistance. The PAPS synthesis pathway with three genes,
ATPS, APSK and PPA were cloned into the pACM4 resulting pACM4_PSPK, which was
similar to the pETM6_PSPK but with different antibiotic resistance than pETM6 and
pCDM4.
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Table 22. Strains and plasmid used in the metabolic engineering approach

Strain/Plasmid

Description

Source/reference

DH5α

General cloning host

Invitrogen

E. coli K4

Wild-type Serotype O5:K4(L):H4

ATCC

E. coli K4_ΔkfoE

E.coli K4 with kfoE knockout

This study

E. coli K4_ΔkfoE
(DE3)
BL21Star™ (DE3)

E.coli K4 with kfoE knockout and T7 RNA
polymerase integration
ompT hsdT hsdS (rBmB) gal(DE3)

Novagen

BL21_CHS

BL21Star™ (DE3) transformed with plasmid
pCDM4_PACF, pET32LIC_C4ST and
pACM4_ PSPK
E. coli K4_ΔkfoE (DE3)transformed with
plasmid pET32LIC_C4ST and pACM4_
PSPK

This study

T7 promoter, ColE1 ori. AmpR with the
genes in the order of kfoF, kfoA and kfoC in
pseudo-operon configuration for chondroitin
biosynthesis
pET32LIC carrying the chondroitin 4
sulfotransferase, isoform 1
pETM6 carrying genes in the order of ATPS,
PPA and APSK in pseudo-operon
configuration
T7 promoter, CloDF13 ori, StrepR with the
genes in the order of kfoF, kfoA and kfoC in
pseudo-operon configuration for chondroitin
biosynthesis
T7 promoter, P15A ori, Chlor. R. PACM4
carrying genes in the order of ATPS, PPA
and APSK in pseudo-operon configuration.

Section 2.2.2

Strain

K4_CHS
Plasmid
pETM6_PFAC

pET32LIC_C4ST
pETM6_PSPK
pCDM4_PACF

pACM4_ PSPK

Section 3.2.2
Section 6.2.1
This study

This study

E. coli K4 serotype O5:K4:H4 (U141, 11307) was metabolically engineered for
the synthesis chondroitin sulfate. The fructosyltransferase encoded by kfoE was deleted
by λ red recombineering techniques [128] resulting in K4_ΔkfoE. The FRT-flanked
kanamycin resistance cassette was PCR amplified from pKD4 by deletion primers (Table
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23) with 40 nucleotides homologous regions with target gene on the genome. The PCR
product was purified by PCR cleanup kit (Cycle Pure Kit, Omega) and transformed into
the λ red recombinase expressing E. coli K4 strain by electroporation. Positive knockout
strains were screen by colony PCR and the transformed with pCP20, which expressed the
flippase recombination enzyme, to remove the antibiotics resistance marker.
Table 23. Primers used in the metabolic engineering approach

Primer name

Sequence (5’>3’)

k4_dkfoE_F

TGCAATATGACCTTAGAAGAGATTTCTAATATGT
TAGAACAGGAGAAAAA
ACACGTCTTGAGCGATTGTG
ATATCCAGCCTTGAAAAAACGCGAACTCATCCCC
GCCATTGGAATTATAA
ACGGCTGACATGGGAATTAG
GTAGACGAACACTATGATGAATTAAAAG
GAATAGAACCAAATTCGGCCCC
ATGAGTCTGAAAGAAAAAACACAATCTCTGTTTG
CCAACGCATTTGGCTA
ATGACCATGATTACGGATTC
TCAGCACTGTCCTGCTCCTTGTGATGGTTTACAAA
CGTAAAAAGTCTCTT
CCGGCTGACATGGGAATTAG
CGGGCAATGGATTCTGGTTTC
CTGTTGTTACGCAGTTGCAGATG
CGCGCGGGGCCC
GCTTCCGGCTCGTATAATGTGTG
CGCGCG GATATC TTACGCGAACGCGAAGTCCG

k4_dKfoe_R
chk_kfoE_F
chk_kfoE_R

DELE_pETM_F
DELE_pETM_R
check_T7_F
check_T7_inside
T7_lacUV5_F
T7_lacUV5_R

Restriction
site
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
ApaI
EcorV

The lysogenization kit (Novagen Inc) was used to generate K4 (DE3) strains for
T7 expression plasmid. However, it was not successful after multiple trials following the
manufacturer’s instructions. A new gene integration method was used to integrate T7
RNA polymerase gene with lacUV5 promoter into the LacZ position in the E. coli K4
genome [129]. In brief, there are two major steps involved in the gene integration process.
First, a small fragment of “Landing-pad” with tetracycline resistant marker was PCR
amplified from pTKS/CS with 40 homologous regions with targeted integration position
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on the genome (LacZ was used for this study).The PCR product was then digested with
DpnI to remove any plasmid DNA. It was later transformed into the K4_ΔkfoE harboring
pKDRED expressing λ red recombinase by electroporation. Positive colonies were plated
and grown on a plate containing spectinomycin and tetracycline, but not on a
chloramphenicol plate. Colony PCR experiment was performed to verify the correct
integration. Secondly, the target-integrating gene was cloned into the pTKIP resulting in
pTIKP_T7RNA and then the plasmid was transformed into the K4_ΔkfoE with landing
pad integration and vector pKDRED expressing yeast restriction enzyme I-SecI. The
colonies were patched onto three LB plates containing three different antibiotics:
kanamycin 50 µg /ml, tetracycline 25 µg/ml and ampicillin 100 µg /ml. The colonies that
only grew on the kanamycin plate were selected and verified by colony PCR to verify the
integration of the RNA polymerase. This resulted in strain E. coli K4_ΔkfoE (DE3).
E. coli BL21 Star™ (DE3) was transformed with the plasmid pCDM4_PACF,
pET32LIC_C4ST and pACM4_ PSPK resulting strain BL21_CHS. The E. coli
K4_ΔkfoE (DE3) was transformed with the plasmid pET32LIC_C4ST and pACM4_
PSPK resulting strain K4_CHS. Both strains were cultivated in 20 ml M9 at 37°C with
orbital shaking until the cell optical density (OD 600) reached 0.6-0.8. The induction of
heterologous pathways expression was performed by adding 0.2 mM IPTG. The cell
culture was incubated for another 16 h at 22°C. Once the fermentation was completed,
the cell pellet was harvested and re-suspended in PBS buffer. After lyse the cell by
sonication, the clear supernatant was submitted for disaccharide analysis. The sample
preparation and LC-MS method are described in Section 3.2.6.
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7.5 .

Metabolic engineered CS biosynthesis results and discussion

7.5.1. Genetic modification of E. coli K4 strain
The K4 wide type was modified by deleting kfoE follow the experiment method
described in Section 7.5.1. The polysaccharide from both supernatant and cell lysate were
purified and characterized by 1D proton NMR. In Figure 47, the polysaccharide purified
from K4_ΔkfoE strains (Figure 47, B and C) had an identical structure compare to the
chondroitin standard (Figure 47, A). The fructose hydrogen peak was identified in Figure
47, E as indicated by red arrow. This peak was not observed from the K4_ΔkfoE strain.

Figure 47. 1D proton NMR of K4 CPS and K4_ΔkfoE CPS. A) The chondroitin standard. B) The
polysaccharide purified from K4_ΔkfoE cell pellet. C) The polysaccharide purified from the
K4_ΔkfoE supernatant. D) The polysaccharide purified from the K4 cell pellet. E) The
polysaccharide purified from the K4 supernatant

The successful integration of T7 RNA polymerase into the lacZ site in K4_ΔkfoE
genome was verified by both colony PCR and mCherry expression controlled by the T7
promoter (pETM6_mCherry). If the T7 RNA polymerase was introduced into the K4,
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the addition of IPTG will initiate expression of mChery, which is a fluorescent protein
that turns the cell into red. It appears that the K4_ΔkfoE (DE3) was a leaky system as
shown in Figure 48. The negative control as wild type K4_ΔkfoE transformed with
pETM6_mCherry did not turn red with/without IPTG addition. The K4_ΔkfoE (DE3)
strain turned red in LB plate without the supplementation of IPTG. The expression level
was different as indicated as the different intensity of red (Figure 48). Although the stain
was able to express gene controlled by the T7 promoter, the overall expression and
expression level became untunable. The possible cause may be that the T7 RNA
polymerase integration site LacZ was close to the LacI gene, which encoded a repressor
that blocked the T7 RNA polymerase expression. Once the IPTG is added, the LacI
should be inactivated and T7 RNA polymerase will be expressed. The gene deletion
process may cause damage to the LacI gene and thus the overall repression activity was
defective.

Figure 48. E. coli K4_ΔkfoE (DE3) harboring pETM6_mCherry on LB plate

7.5.2. Biosynthesis of chondroitin by K4_CHS and BL21_CHS
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The E. coli K4 strain has been successfully engineered for expressing gene
controlled by the T7 promoter and it synthesizes capsular polysaccharide with identical
structure to the chondroitin. However, the K4_CHS strain involving the PAPS synthesis
pathway and the sulfotransferase did not show any conversion of chondroitin to CS-A
using either the supernatant or the cell pellet. No PAPS was detected from the cell pellet
sample suggesting that the PAPS synthesis cassette was not able to enhance the E. coli
sulfate assimilation pathway and push the cell onto accumulating more PAPS. Even
though the cell was grown under high sulfate concentration M9 medium, the PAPS
reductase (cysH) may work more actively to convert PAPS to sulfite. A control
experiment was performed in K4_ΔkfoE (DE3) transformed with pET32LIC_C4ST
resulting K4_C4ST strain to troubleshoot the C4ST expression. The yield of the
sulfotransferase C4ST was much lower compared to the BL21 system. The activity and
chondroitin conversion to the CS-A for purified K4_C4ST was much lower. In the case
of the metabolic engineered K4_CHS system, besides the poor sulfotransferase
expression, the availability of PAPS is the greatest challenge in producing chondroitin
sulfate

in

platform.

microbial

…………………………………………………………………………

In the case of the BL21_CHS strain, combining chondroitin, sulfotransferase and
PAPS biosynthesis into a single organism, no CS-A was detected. As discussed in the
Section 7.3.2, the biotransformation system required a high concentration of PAPS to
achieve conversion of chondroitin to CS-A. ATP is efficiently consumed during the cell
metabolism. Therefore, no excess ATP is available to direct to the PAPS synthesis. E.
coli does not possess any PAPS transportation mechanism on its outer membrane.
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Therefore, ATP cannot be actively take up, even it was supplemented in the culture
medium.
7.5.3. Future directions for improving metabolic engineering approach
Using the current engineered bacterial system, it has not been possible to obtain
chondroitin sulfate since there is no effective method available to accomplish in vivo
PAPS synthesis. In the eukaryotic system, chondroitin sulfate and sulfotransferase are
synthesized inside Golgi and PAPS is transported from the cytosol into the Golgi. This
mechanism suggests that a membrane and periplasm associated bacterial system might be
examined. First, the PAPS transporter would need to be inserted into the outer membrane.
The recent discovery of yeast PAPS transporter suggests it may be an ideal candidate
since it has already been successfully overexpressed and purified from E. coli. Second, a
periplasm signal peptide might be fused with the current C4ST expression cassette, to
drive the sulfotransferase into the periplasm. This action might improve the C4ST folding,
thus improving both its stability and activity. Since the periplasm is a relatively small
compartment, the overall local sulfotransferase concentration will also be increased.
Additionally, the chondroitin backbone must be trapped inside the periplasm by shutting
down or downregulating the genes KpsE and KpsD. By redirecting the chondroitin and
sulfotransferase to the periplasm and transporting PAPS from the medium through an
outer membrane PAPS transporter, a promising eukaryotic-like system for chondroitin
sulfate synthesis in bacteria might be possible.
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8.

FUTURE DIRECTIONS

8.1.

Improving C4ST solubility and activity
There are two major challenges toward engineering a bacterial platform for the

production of sulfated chondroitin. The first one is the low soluble expression of the 4-Osulfotransferase and the second one is the limited accumulation of sulfo donor PAPS.
Developing a high throughput assay to screen various mutants as well as the intracellular
PAPS accumulation will be critical.
Two strategies might be applied to increase the solubility of chondroitin 4-O
sulfotransferase. Firstly, the rare codons in the Homo sapiens C4ST-1 may dramatically
decrease the overall translation of the protein in E. coli. From the preliminary analysis in
online server RaCC that mapping the rare codons for arginine, leucine, isoleucine, and
proline in E. coli, there are 11 rare codons that occurred in the sequence. Silent mutation
of selected rare codon may help to improve the overall yield of the soluble protein. The
second strategy involves the mutation of the N-terminal amino acid sequence. The current
construct including first 60 amino acids truncation may not be the optimal mutant for
expression in E. coli. Both approaches require the generation of a library of different
mutants and require a high throughput screening method. Developing such
sulfotransferase activity assay will be essential for picking the optimal mutants.
Several activity assays for PAPS-dependent O-sulfotransferase are available [130].
The enzyme activity of chondroitin 6-ST (C6ST) and chondroitin 4-ST (C4ST) have
generally been measured by radiometric activity assays that use HPLC and scintillation
counting to measure the incorporation of

35

S from PAP35S into the glycosaminoglycan

substrates [82], [131]. Although this method is prevalent and sensitive, the multi-step
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post-processing and the high cost of PAP35S make it suitable for high throughput in situ
screening. More recent development of photometric activity assays, which utilized
coupled aryl sulfotransferase IV (AST-IV) assay and a sacrificial p-nitrophenyl sulfate
(PNPS) sulfo donor to regenerate PAPS from PAP, can be used to produce a colorimetric
sulfotransferase activity assay by measuring PNP at 400 nm. This coupled assay is more
convenient, fast and simpler than the radiometric assay, but is limited by substrate
concentration. High background from PNPS degradation compromises the assay’s
sensitivity and limits the time span of the activity measurement [130]. More sensitive
fluorimetric activity assay was developed which use the similar scheme as the
photometric assay but replace the PNPS with a fluorescent substrate such as 4methylumbelliferyl sulfate (MUS) [132] (Figure 49, B). The activity of the
sulfotransferase can be detected by unique emission at 450 nm after excitation at 360 nm
and affords a detection limit as low as picomole. Moreover, MUS can also serve as an
exogenous substrate. Therefore, the fluorimetric assay may be an ideal target for
developing high-throughput assays to screen the optimal system for in vivo production of
chondroitin sulfate. If E. coli is able to uptake up MUS, a library of sulfotransferase
mutants can be generated and transformed into the E. coli strains that are capable of
producing and accumulating chondroitin. The cell culture can be later plated on the agar
plate supplemented with MUS and the colonies with the highest fluorescence isolated, as
there should contain the optimal mutant for higher sulfotransferase activity.
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Figure 49. Proposed high throughput method. A) To screen the optimal strain for in vivo production
of chondroitin on a plate consisting library of the mutant for C4ST-1. B) The scheme for MUS
sulfotransferase assay

8.2.

Enhancing the PAPS biosynthesis
For enhancing the PAPS accumulation by the native PAPS synthesis system, both

genetic modification and media supplement optimization will need to be tested. As
discussed in Section 6, cysH is the PAPS reductase that efficiently converts PAPS to
sulfite. Therefore, knocking out cysH may help to stop the loss of PAPS and spare excess
PAPS as a substrate for the sulfation of chondroitin. PAP might be a toxic product and it
can be removed by overexpression of the phosphatase cysQ. However, this may have a
significant impact on the cysteine synthesis. One simple solution will be feeding cysteine
in the media to sustain the biological activity of cysteine to promote bacteria survival. A
recent experiment (data not shown) with E. coli K12 cysH knockout from KO collection
demonstrated that a mutant would regain its normal growth after cysteine feeding while it
lost growth completely in normal M9 media. However, cysteine feeding may not ideal
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for the PAPS accumulation. The biosynthesis pathway of cysteine includes not only
sulfide but also O-acetylserine. The N-acetylserine, which is form by spontaneous
cyclisation of O-acetylserine, is an important regulator of CysB activity. CysB is a
transcriptional regulator that activates the entire cys operon for the PAPS generation
[133]. The direct feeding of cysteine will downregulate the overall transcription of ATP
sulfurylase and APS kinase and, thus, shut off the PAPS accumulation. Therefore, cysB
needs to be further activated by feeding N-acetylserine.
A second approach involving the foreign PAPS synthesis enzyme on pETM6 may
also result in PAPS accumulation. As illustrated in section 6, the construct pETM6_PSPK
is the optimal strains for in vitro PAPS generation without ATP sodium. The major issue
for in vivo PAPS synthesis will be the sulfate uptake. One approach will be feeding Nacetylserine to up-regulate the cys operon genes CysUWA that is directly involved in the
sulfate uptake. Another approach is the overexpression of SLC26 related SulP protein
Rv1739c from Mycobacterium tuberculosis which may also increase the sulfate uptake
by E. coli [134]. Combining these two approaches should maximize the PAPS
accumulation and provide sufficient substrate for O-sulfotransferase activity.
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