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Abstract: Chondroitin sulfate (CS) is widely used across the world as a nutraceutical and pharma-
ceutical. Its high demand and potential limitations in current methods of extraction call for an alter-
native method of production. This review highlights glycosaminoglycan’s structure, its medical sig-
nificance, animal extraction source, and the disadvantages of the extraction process. We cover alter-
native production strategies for CS and its precursor, chondroitin. We highlight chemical synthesis,
chemoenzymatic synthesis, and extensively discuss how strains have been successfully metaboli-
cally engineered to synthesize chondroitin and chondroitin sulfate. We present microbial engineer-
ing as the best option for modern chondroitin and CS production. We also explore the biosynthetic
pathway for chondroitin production in multiple microbes such as Escherichia coli, Bacillus subtilis,
and Corynebacterium glutamicum. Lastly, we outline how the manipulation of pathway genes has led
to the biosynthesis of chondroitin derivatives.

Keywords: chondroitin sulfate; extraction; oligosaccharides; microbial synthesis; chondroitin;
biosynthetic pathway

1. Introduction

Chondroitin and chondroitin sulfate (CS) are linear polysaccharides with biological,
pharmaceutical, and commercial significance. Despite their growing market and range of
uses, a slew of known hazards and drawbacks besets the extractive production of these
compounds from animal sources [1]. In 1988, Rodriguez, Jann, and Jann [2] reported that
wild-type E. coli O5:K4:H4 produces a polysaccharide highly similar to chondroitin. Since
then, the microbial synthesis of chondroitin and related compounds has been the topic of
much research. This review summarizes the biochemistry and biosynthesis of CS, and
highlights research advancing the cell-free fermentative production of chondroitin and its
derivatives.

2. Structure and Characteristics of Chondroitin and Chondroitin Sulfates

Chondroitin sulfate is a sulfated glycosaminoglycan (GAG) that serves a plethora of
structural and signaling roles in the body. The core of the polymer chain, unsulfated chon-
droitin, consists of alternating N-acetyl galactosamine (GalNAc) and glucuronic acid
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(GlcA) monomers, joined by a 3-1,3 and a 3-1,4 linker (Figure 1). Chain elongation pro-
duces a uniform repeating structure, but a combination of acetylases, epimerases, and sul-
fotransferases perform non-uniform modifications, leading to a diverse mix of com-
pounds with unique structural and bioactive properties.
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Figure 1. Structures of common natural sulfation patterns. In dermatan sulfate (DS or CS-B), the
stereochemistry of the carbon marked C* is inverted.

Sulfate groups can be added to the 4’ and 6" hydroxyl groups of the N-acetyl galac-
tosamine and the 2’ position of the glucuronic acid. Sulfation at the 4’ and 6’ positions are
the most common in humans, and yield CS-A and CS-C, respectively. Disulfation at 2" and
6' gives CS-D, and 4',6' disulfated chondroitin is CS-E. Dermatan sulfate epimerase flips
the stereochemistry of the carboxylic acid group on glucuronic acid, converting it to idu-
ronic acid (IdoA). The altered GAG containing IdoA and GalNAc residues is called der-
matan sulfate (DS), formerly CS-B. The extent of IdoA substitution of DS ranges from a
few percent to nearly complete. Such sulfation patterns, frequently described as sulfation
“codes”, are critical to recognition by associated proteins. Benito-Arenas et. al. created a
small library of CSs to test the hypothesis that zeta potential can predict the affinity of
interaction between differentially sulfated CS and key growth factors. Increasing charge
did not directly correlate to stronger interactions [3]. This supports the sulfation code
premise, where the location of sulfation and epimerization on the subunits modifies the
local conformation, internal mobility, and surface charge of the polymer, guiding interac-
tions with target proteins. Distribution of sulfation within the chain may also be im-
portant, as interactions between CS and proteins are now thought to rely on surface charge
and intermediate-length structural motifs rather than average degree of sulfation for the
entire polysaccharide [4,5]. This challenges earlier work predicated on the idea that charge
alone was the governing parameter of GAG-protein interactions [6]. The variability in sul-
fation patterns creates difficulty in disambiguating CSs analytically and determining the
biological significance of their heterogeneous modifications. Unfortunately, the flexibility
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of CS means that computing its binding mechanism and molecular dynamics is exception-
ally difficult [7].

Most N-acetyl galactosamine residues in natural CS are sulfated, giving CS a strong
anionic charge and hydrophilic character. CS in common animal sources has a molecular
weight of around 50-100 kDa [8]. The electrostatic repulsion of sulfate and carboxylate
groups within the CS chain make CS mostly incompressible and too inflexible to take on
a globular conformation. Instead, CS chains tend to form matrices. CS’s ability to form
incompressible matrices, hydrophilicity, and long chains that increase its viscosity make
it an excellent lubricating agent, well suited for its critical role in joint cartilage. Because
of its polyanionic character, CS interacts with Ca?, Sr?*, and Mg?* [9-11]. The calcium com-
plex, and likely the other cations, is coordinated between the carboxylate and sulfate func-
tional groups [9]. While CS can exist independently, it is often O-linked to serine residues
of proteins via a tetrasaccharide linker.

Sulfation patterns differ across species, as well as with the age and health of individ-
uals. In humans, knee cartilage contains roughly equal proportions of 45 and 6S chon-
droitin in childhood, but 6S predominates (> 80%) by mid to late adulthood [12]. Sulfation
patterns also change in most cancerous cells relative to healthy cells [13], as do the cells’
response to the presence of CS [14]. Among common terrestrial sources of commercial
CS—cows, pigs, and chickens—the degree of sulfation is quite similar, but the chain
lengths and 45:6S ratios differ noticeably between species [15]. CS from sharks and skates
tends to have a longer chain length, higher charge density, and more 2S sulfation than
terrestrial sources [14]. Besides cartilaginous fish, bony fish [16] and shellfish [17] also
contain CS.

Several prokaryotes produce chondroitin or chondroitin-like polysaccharides in their
extracellular capsules. E. coli O5:K4:H4 produces fructosylated chondroitin [2], and Pas-
teurella multocida type F synthesizes unsulfated chondroitin [18]. Two other bacterial path-
ogens, Pseudomonas aeruginosa serotype O6 [19] and Yersinia enterocolitica serotype O8 [20],
express at least one enzyme directly involved in chondroitin biosynthesis. More recently,
a functional chondroitin synthase was discovered in Chlorobium phaeobacteroides, an unre-
lated, nonpathogenic green sulfur bacteria [21]. Another group surveyed 40 freshwater
bacterial strains and found polysaccharides sensitive to chondroitinase AC II in biofilms
produced by Exiguobacterium indicum All and Lysinibacillus sp. C13 [22]. More bacterial
sources of chondroitin and its derivatives likely await discovery.

Purification and extraction processes for commercial CS introduce further, mostly
undesirable variability. The conditions of the extraction process shorten CS chains. Sup-
pliers have deliberately adulterated CS with sugars [14], and a variety of potential adul-
terants could mimic CS in common analytical assays 2'. Residual proteins often present
may be allergenic and the known immunogen keratan sulfate also contaminates most
commercial preparations in small amounts. N. Volpi reviews the hazards associated with
naturally sourced CS in greater detail 2'.

3. Medical Significance of CS

CS garners interest as a pharmaceutical and nutraceutical compound due to its many
roles within the body. Human cartilage contains much CS, which contributes to cartilage’s
resistance and elasticity. CS is the most abundant GAG in bone, where it coordinates os-
teoblast attachment and aids in bone mineralization and repair. Axonal growth and neural
development are also directed by CS [23], and CS may also influence angiogenesis [24].
The CD 44 glycoprotein receptor enables receptor-mediated endocytosis of CS [25], allow-
ing it to enter cells and interact with target proteins. CS has at least 827 protein partners
in its interactome, 26% of which do not interact with any other GAGs [26]. CS downregu-
lates MAP kinase, p38, Erk 1/2, and Wnt/p-catenin signaling [27]. CS also has antioxidant
activity, and it inhibits inflammation [28] by reducing IL-6 and prostaglandin elicited by
IL-1p [8].
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Much research concerning CS focuses on its potential in the treatment of disease, es-
pecially osteoarthritis (OA), which is expected to become increasingly common as average
age and obesity prevalence rise throughout much of the globe. CS sulfation patterns
change in patients with OA [29]. As mentioned, CS mitigates the inflammatory effects of
IL-1B, a cytokine implicated in arthritis. CS also downregulates extracellular matrix-de-
grading enzymes [30]. CS has anticoagulant activity [31], and complexed CS-Ca? can im-
prove bone density as a treatment for osteoporosis [32]. The current pharmaceutical ap-
plications of CS have been thoroughly reviewed [33]. Another review [34] highlights CS’s
applications in tissue scaffolding and drug delivery. An encapsulating layer of CS protects
sensitive compounds such as enzymes and growth factors and improves their solubility.
A similar approach has been used to coat plasmid DNA for uptake in gene therapy appli-
cations [34]. The continued development of therapeutics suggests a growing market for

CS.

4. Alternate Methods for CS Production

Most CS is produced from the cartilage of cows, pigs, chicken, or marine organisms
[35,36]. It is chemically extracted through an arduous procedure which involves a large
amount of environmentally hazardous materials [37]. Typically, cartilaginous tissues of
the aforementioned animals are digested with proteinase (e.g., papain or pronase) to lib-
erate solubilized CS with other GAG contaminants [38]. This mixture goes through differ-
ent fractionation technics such as, precipitation with ethanol or quaternary ammonium
compounds, anion exchange chromatography with linear salt gradient elution or gel per-
meation chromatography to produce pure CS. Selective enzymatic removal might be nec-
essary in the case of later two purification processes [39]. This type of extraction is prone
to contamination with viruses and prions, and it faces scale-up issues. Moreover, the re-
cent trend of vegetarianism and religious beliefs call for non-animal sourcing of CS. Fully
synthetic biological production approach can be a better alternative to unsustainable ex-
tractive traditional manufacturing.

5. Chemical Synthesis, Chemoenzymatic Synthesis and Bioengineering of CS

In the last decade, the typical synthetic approach for CS revolves around the produc-
tion of structurally defined CS and their derivatives in sufficient purity and quantity for
potential biological applications. The commonly applied synthesis strategies follow che-
moenzymatic synthesis or semi synthesis and total synthesis. Chemoenzymatic synthesis
or semi synthesis starts from purified chondroitin sulfate oligosaccharide acceptor ob-
tained from natural sources, whereas a total synthesis approach generally starts from com-
mercially available monosaccharidic building blocks of chondroitin sulfate [40].

CS backbone contains the repeating disaccharide unit of [— 4)-p-D-GlcA-(1 — 3)-p3-
D-GalNAc-(1 — ], which is synthesized using an enzyme-based method [41]. Addition-
ally, a recombinant Escherichia coli-derived truncated, soluble version of PmCS (Pasterulla
multocida chondroitin synthase) (residues 1-704) has been reported to catalyze the enzy-
matic repetitive addition of sugars from UDP-GalNAc and UDP-GIcUA to chondroitin
oligosaccharide acceptors in vitro [42]. Another group reported a chemoenzymatic strat-
egy for the one-pot synthesis of homogenous CH polymers in a stepwise manner [43].
This strategy combined stepwise oligosaccharides synthesis with one-pot synchronized
CH polymerization; a chondroitin trisaccharide generated from stepwise synthetic route
was confirmed to be the minimal and necessary acceptor for in vitro synthesis of well-
defined CH polymers.

Furthermore, G Vessella et al. has been able to chemically modify bacterial-derived
chondroitin to contain 25, 3S, and 2,3diS sulfation patterns [44]. 3S sulfation has not been
observed in natural CS. Another group recently used N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS) chemistry to cou-
ple lysine to CS. Subsequent crosslinking created a polymer scaffolding for bone growth
that was more biocompatible and mineralization-promoting than the unmodified CS [45].
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Total synthesis can be achieved by pre- and post-glycosylation oxidation strategies.
They differ in the way which GlcA and GalNAc attach to form the repeating disaccharide
unit of CS. Higher glycosylation efficiency and stereoselectivity has been reported with
post glycosylation-oxidation strategy in contrast with the traditional pre glycosylation-
oxidation strategy for construction of CS-E [46]. However, entirely synthetic chemical
methods are strenuous, involve repetitive steps and prone to occurrence of undesirable
isomers which can complicate the downstream purification of homogeneous CS, hereby,
resulting in poor yields.

6. Current CS Sources and Market

Animal cartilage (bovine, porcine [47], chicken [48], shark [49], and other marine spe-
cies) is still the only dietary source of chondroitin, although it can be synthesized from its
glucosamine precursor. Commercially available forms of chondroitin sulfate include bo-
vine cartilage and shark cartilage. The global chondroitin sulfate market was USD 1729.38
million in 2020 and it is poised to grow at a CAGR (compound annual growth rate) of
almost 16.35% during 20202027 [50]. China is the largest producer (10,200 MT in 2015),
with a market share of 79%, and it consumed 900 MT of chondroitin sulfate in 2015. The
United States is a major importer of chondroitin sulfate, consuming 61% of the market
share in 2015; 60% of Chinese exports went to the United States [51].

7. Microbial Synthesis of Chondroitin and Chondroitin Sulfate

Chondroitin sulfate is still widely produced through animal extraction, and the ex-
tensive disadvantages of that process have already been discussed. There are many alter-
natives to chondroitin production such as microbial engineering, chemical or chemoen-
zymatic synthesis, and so on. Microbial engineering emerges as the best alternative
method of the GAGs production because chemical synthesis has drawbacks such as chal-
lenging and multiple steps, toxic byproducts, and undefined products [52]. Likewise, che-
moenzymatic synthesis has its own disadvantages such as the requirement of expensive
enzymes and pure components [53]. Microbial engineering is less complicated, chemically
defined, relatively cheap, poses little to no negative environmental effects, and provides
less chances for disease transfer [54,55]. Microbial biosynthesis of these GAGs comes with
its own challenges such as endogenous toxins in certain strains and noncompetitive yield.

The three earliest microbial sources of chondroitin were Escherichia coli K4, Avibacte-
rium paragallinarum genotype 1, and Pasteurella multocida type F [42,56,57]. These patho-
genic bacteria are known for their ability to naturally synthesize the sugars needed for
chondroitin synthesis UDP-GalNAc and UDP-GIcA as part of their cell wall peptidogly-
can. These bacteria only make the unsulfated chondroitin backbone, except Escherichia coli
K4, which makes a fructosylated version of the GAG [57]. Efforts to microbially synthesize
CS has led to the study of the genes involved in the CPS biosynthesis and have elucidated
new ways to microbially synthesize CS such as optimizing its pathway, introducing new
enzymes, overexpressing genes, introducing new promoters, etc. The genes involved in
Escherichia coli K4 CPS biosynthesis are called the group II k antigen due to their CPS
structure [58]. These group II k antigen genes are divided into three regions. While the
conserved region I and III genes are responsible for CPS export, region Il genes are re-
sponsible for CPS sugars synthesis [59]. Region II contains seven genes named kfoA to
kfoG, as well as an insertion IS2 gene [60]. Most of their functions have been identified.
This extensive knowledge on the genes required for chondroitin production has enabled
metabolic engineering in other bacteria for the biosynthesis of unsulfated chondroitin. In
E. coli K4, the pathway for its capsular polysaccharide synthesis has been well established.
All the genes and enzymes for creating chondroitin are naturally present in the strain Fig-
ure 2.
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Figure 2. The biosynthetic pathways for chondroitin production in E. coli K4. Enzymes used in E.
coli K4 and others are shown in green. Enzyme names used in Bacillus subtilis are shown in purple
and enzyme names used in Corynebacterium glutamicum are shown in blue (created with BioRen-
der.com).

Multiple bacterial strains have been used to make different types of chondroitin sul-
fate with varying yields. The most common strain used is E. coli K4 because it already
contains the required chondroitin backbone. Both shake flasks and fermentation methods
have been used to synthesize unsulfated chondroitin in E. coli K4 strain [61-63]. Most ef-
forts to synthesize unsulfated chondroitin in E. coli K4 strain begin with deleting the chro-
mosomal kfoE gene responsible for the fructosylation of chondroitin [57,64]. Another ave-
nue of increasing unsulfated chondroitin in E. coli K4 involved the overexpression of RfaH,
a gene that controls expression of the polysaccharide biosynthesis genes kfoC and kfoA.
The overexpression of this gene resulted in a final yield of 5.3 g/L [65]. Likewise, kfoF was
overexpressed, and this led to increased polymer size as well as increased molecular
weight of unsulfated chondroitin [66]. Other E. coli strains such as BL21 have also been
used to produce unsulfated chondroitin. In a study, genes from K4 were introduced into
the non-pathogenic E. coli BL21 StarTM (DE3) strain. The ePathBrick vectors were used to
express the kfoC, kfoA, and kfoF allowing 213 mg/L in a shake flask and 2.4 g/L in a biore-
actor [59]. This study shows that E. coli K4 does not have to be the only source of unsul-
fated chondroitin. Since the genes required for chondroitin production are known, they
have been cloned into another strain or even another type of bacteria. This was conducted
in Bacillus subtilis [67] where kfoC and kfoA from E. coli K4 were cloned and expressed along
with the endogenous kfoF also known as tuaD in Bacillus subtilis [68]. This resulted in titer
as high as 5.22 g/L. Likewise, in Corynebacterium glutamicum, kfoC and kfoA from E. coli K4
were cloned and expressed along with the endogenous kfoF also known as ugdA in a C.
glutamicum lactate dehydrogenase (Idh) deficient host [69]. This resulted in titers as high
as 1.91 g/L. Chondroitin and CS have also been biosynthesized in engineered yeast. In P.
pastoris, the chondroitin synthesis pathway was created by cloning three exogenous genes,
namely kfoC and kfoA from Escherichia coli K4 and tuaD from B. subtilis. C4ST was also
cloned to achieve sulfation and ATP sulfurylase and APS kinase to improve PAPS supply
[62]. This provided final titer of 2.1 g L1 of CS-A. Similarly, a completely animal-free syn-
thesis of CS-A was carried out using metabolically engineered E. coli and P. pastoris to
express chondroitin-4-O-sulfotransferase (C4ST). C4ST catalyzes the sulfation of position-
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4 of the N-acetyl-D-galactosamine (GalNAc) residue in unsulfated chondroitin [70]. The
same group later devised a strategy to accumulate 3'-phosphoadenosine-5"-phosphosul-
fate (PAPS), the universal sulfate donor, in engineered E. coli [71] which led to the discov-
ery of first complete, one-step biosynthesis of structurally homogeneous CS-A, where an
intracellular production rate of ~27 pg/g dry-cell-weight with about 96% sulfation of di-
saccharides was observed [54]. All these are summarized in Table 1.

Table 1. Bioengineered microbes used in the synthesis of chondroitin and its derivatives.

No. Strain Gag Type Yield Reference
1. E. coli K4 Unsulfated chondroitin 200 mg/L [61]
2. E. coli K4 Unsulfated chondroitin 14 g/L [63]
3. E. coli K4 Unsulfated chondroitin 1.74 g/L [57]
4. E. coli K4 Unsulfated chondroitin 53 g/L [65]
5. E. coli K4 Unsulfated chondroitin - [66]
6. E. coli K4 CS-A - [54]
7. E. coli K4 Fructosylated chondroitin 4.5g/L [64]
8. E. coli K4 N-glycolyl chondroitin - [72]

~27 pg/g
9. E. coli K-12 MG1655 CS-A abzftvg 6‘:’:2};1— [54]
fation

10. E. coli BL21 Star™ (DE3) Unsulfated chondroitin 24 ¢/L [59]
11. B. subtilis natto Chondroitin sulfate 237.7 mg/L [73]
12. B. subtilis Unsulfated chondroitin 522 g/L [68]
13. B. subtilis Unsulfated chondroitin 7.15g/L [67]
14. C. glutamicum Unsulfated chondroitin 191 g/L [69]
15. P. multocida Unsulfated chondroitin - [42]
16. P. pastoris CS-A 2.1 g/L. with [62]

4.0% sulfation

Despite the remarkable strides made towards chondroitin and CS biosynthesis, the
yield is still not competitive with the yield from animal-derived CS. On average, when CS
is extracted from a buffalo, about 183.28 mg/g of dried cartilage is harvested [74]. This
adds up when you consider the weight of the different cartilage types, such as the tracheal,
nasal, and joint cartilages of the buffalo. On another note, more research is required on
comparing the effectiveness of microbial CS to the animal-derived alternative. The little
research which has been carried out shows that microbial CS is more effective [75], most
likely due to its defined and controllable chemical composition. These strides in microbial
engineering have also allowed for the microbial production of chondroitin derivatives.
One chondroitin derivative with various applications is N-glycolyl chondroitin (Gc-CN)
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and N-glycolyl chondroitin sulfate (Gc-CS). This GAG is formed when the N-acetyl group
of chondroitin is replaced with a N-glycolyl group, creating repeating units of B3N-gly-
colylgalactosamine (GalNAc)-p4-glucuronic acid (GlcA) units. This GAG is found in
many animals [76] but has just recently been synthesized in bacteria. Ge-CN was synthe-
sized in E. coli K4 with a deleted kfoE gene (K4_AkfoE) by feeding the bacteria with chem-
ically synthesized N-glycolylglucosamine [72]. This modified GAG is being explored as a
potential cancer biomarker and also has some evolutionary applications. Chondbiuronan
is another chondroitin derivative synthesized in E. coli K4 and is made up of repeating
units of 33-galactose (Gal)-34-glucuronic acid [77]. It was created due to a mis-incorpora-
tion of galactose by kfoC in the absence of UDP-GalNAc. Further studies have shown that
this novel GAG could be digested by chondroitin AC lyase hyaluronidase. Chondbiu-
ronan has potential applications in more efficient drug delivery methods [77].

8. Conclusions

This paper highlights the importance of alternative chondroitin and chondroitin sul-
fate sources. We also review the new alternatives available such as chemical synthesis,
chemoenzymatic synthesis, and microbial engineering. Microbial engineering seems to be
the most popular and advantageous. Although many different bacteria and even yeast
have been engineered to produce these GAGs, more work is required to increase the yields
enough to make microbial engineering competitive with animal extraction. Additionally,
more work on comparing the effectiveness of microbially-derived CS to animal-derived
CS will support the transition from animal sourced GAGs to microbial sources of GAGs.
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