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N

-acetyl heparosan is the precursor
for the biosynthesis of the important anticoagulant drug heparin. The
Escherichia coli K5 capsular heparosan
polysaccharide provides a promising precursor for in vitro chemoenzymatic production of bioengineered heparin. This
article explores the improvements of
heparosan production for bioengineered
heparin by fermentation process engineering and genetic engineering.
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Heparosan is an acidic polysaccharide
natural product. It is comprised of a
[(→4) β-D-glucuronic acid (GlcA) (1→4)
N-acetyl-α-D-glucosamine
(GlcNAc)
(1→)]n repeating disaccharide unit (Fig.
1A). In eukaryotes, heparosan is the precursor polysaccharide in the biosynthesis
of heparin and heparan sulfate, biologically
important molecules that are involved in
blood anticoagulation, viral and bacterial
infection and entry, angiogenesis, inflammation, cancer and development.1,2
Heparin (Fig. 1B), a widely used
anticoagulant polysaccharide drug biosynthesized through a heparosan intermediate, is currently produced from
porcine intestine extract.1,3 The animal
source production of heparin is associated with several drawbacks, and its risk
is evidenced by the heparin contamination crisis in 2008.3 The contamination
crisis caused acute side effects in patients,
as a result of an adulterant determined to
be another similar polysaccharide, oversulfated chondroitin sulfate (OSCS).4,5
The in vitro chemoenzymatic synthesis
of anticoagulant heparin-like polysaccharide from heparosan has shown promise
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as an alternative approach to produce
heparin from non-animal source.6-9
Therefore, the production of heparosan
is the first step in making bioengineered
heparin.10
Heparosan is biosynthesized as a polysaccharide capsule in bacteria including
Escherichia coli K5 and Pasteurella multicida.11-13 While the heparosan produced by
P. multicida is usually of high molecular
weight ~200–300 KDa,14 the Escherichia
coli K5 heparosan is closer to the size of
heparin, with an average molecular weight
of 10 KDa to 20 KDa.9,10,15 For this reason, we chose Escherichia coli K5 as our
bacterial strain for further study. The
K5 heparosan polysaccharide, comprises
the Escherichia coli capsule and acts as
molecular camouflage, rendering reduced
immunogenicity11,12 because of its identical structure to mammalian heparosan,
the biosynthetic precursor of heparin
and heparan sulfate. The initiation of K5
heparosan synthesis reportedly involves
2-keto-3-deoxyoctulosonic acid.16 K5 heparosan is then elongated through the alternate action of the glycotransferases KfiA
and KfiC that add GlcNAc and GlcA
to the non-reducing end of the growing
polysaccharide chain.17,18 The synthesis
of heparosan chain may be coupled or at
least correlated to the transportation of
heparosan to the cell surface.19-22 The heparosan export pathway involves six proteins: KpsC, KpsD, KpsE, KpsM, KpsS
and KpsT.20-22 The synthesized K5 heparosan chain is believed to be anchored to
the cell surface through lipid substitution
at the reducing end of the polysaccharide
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Figure 1. (A) The structure of heparosan disaccharide unit. (B) The structures of the major and
minor variable repeating disaccharides comprising heparin where X = SO3- or H and Y = SO3- or
COCH3.

Figure 2. Time course of dry cell weight (g/L) and heparosan concentration in the fermentation
supernatant (g/L) during the fermentation in a 20 L fermentor.

to a phosphatidic acid molecule in the
outer membrane of Escherichia coli.23
Fermentation yield and heparosan
chain size are major factors that need to be
taken into consideration in order to produce heparosan as a precursor for bioengineered heparin. In our previous study, we
have increased the Escherichia coli K5 heparosan fermentation yield and productivity, and extensively studied the structure
and molecular weight of the heparosan
produced.10 High cell density culturing
of Escherichia coli using an exponential
feeding strategy, can afford up to 15 g/L
heparosan at a productivity of 0.4 g/L*h.
In traditional exponential feeding, active
feedback is absent on the nutritional status of the culture, and there are risks of
overfeeding glucose, resulting in the accumulation of toxic byproducts such as acetate, preventing the culture to growing to
higher cell density.24,25 In a 20 L fermentor
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with a 15 L working volume, a pH-stat
feeding strategy was utilized with culture
pH served as a feedback indicator of the
nutritional status of the culture. The culture pH rises when the principal carbon
substrate becomes depleted, mainly as a
result of the increase in the concentration
of ammonium.24,26 The feeding pump is
turned on only when pH rises above 6.8
to avoid overfeeding. The cell growth and
heparosan production courses are presented in Figure 2.
While the K5 heparosan yield and
productivity have been significantly
increased through fermentation process
engineering, it might still be possible
to increase heparosan yield and specific
productivity through metabolic engineering approaches. The proposed K5
heparosan biosynthetic pathway is presented in Figure 3. Heparosan building
blocks GlcA and GlcNAc are used in the
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form of UDP-GlcA and UDP-GlcNAc,
respectively. The UDP sugers are derived
from glucose-6-phosphate. In UDP-GlcA
biosynthesis, glucose-6-phosphate is first
converted to glucose-1-phosphate, from
which cell wall polysaccharide is also synthesized. The reaction of glucose-1-phosphate with UTP yields UDP-glucose. The
subsequent conversion of UDP-glucose
to UDP-GlcA is catalyzed by the UDPglucose dehydrogenase, which is encoded
by the gene KfiD in the K5 capsule gene
cluster.27,28 In UDP-GlcNAc biosynthesis glucose-6-phosphate is converted to
fructose-6-phosphate. Aminotransferase
catalyzes the amino group transfer from
glutamine to fructose-6-phosphate. Acetyl
group transfer by an acetyltransferase
forms N-acetylglucosamine-6-phosphate,
which is an energy consuming step.29 A
mutase then rearranges the phosphate
group to form N-acetylglucosamine-1phosphate, and reaction with UTP affords
UDP-GlcNAc. The glycotransferase
enzymes are encoded by the genes KfiA
and KfiC in the K5 capsular gene cluster.
These enzymes add GlcNAc and GlcA
alternatively to elongate the heparosan
chain at the non-reducing end. Two moles
of ATP are consumed in two glucokinase
reactions to provide a phosphorylated
hexose precursor for each branch of the
pathway and the other two moles of ATP
are utilized to regenerate the donor species
UTP. Thus, in this process, a total of 4
mol of ATP are consumed to produce 1
mol of heparosan disaccharide repeating
unit. Two moles of NADH are generated
from the oxidation reaction catalyzed by
UDP-glucose dehydrogenase for each one
mole of heparosan disaccharide synthesized. NADH can be oxidized to provide
energy. The heparosan biosynthetic pathway shares some common components
with the cell wall biosynthetic pathway in
Escherichia coli, as glucose-1-phosphate is
also a precursor in cell wall polysaccharide
synthesis and UDP-GlcNAc serves as a
peptidoglycan building block.
In the heparosan biosynthesis pathway,
the oxidation reaction of UDP-glucose
to UDP-GlcA, catalyzed by UDPglucose dehydrogenase is thought to be
the rate limiting step.27 This assumption
is based on mammalian glycosaminoglycan biosynthesis, which is regulated
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Figure 3. Biosynthesis pathway for heparosan production in Escherichia coli K5 strain.

by UDP-glucose dehydrogenase activity.27 However, when dehydrogenase
was overexpressed in the Escherichia coli
K5 in an expectation that higher level
of UDP-glucose dehydrogenase in the
Escherichia coli cell would increase the
heparosan synthesis, heparosan productivity decreased and the heparosan chain
length unchanged.27 Overexpression of
UDPGDH, while resulting in an increase
in UDP-GlcA, may also decrease the
pool of glucose 6-phosphate, reducing fructose 6-phosphate, a precursor of
UDP-GlcNAc, thus, reducing the rate
of K5 biosynthesis initiation, a step that
involves the addition of GlcNAc to a
membrane acceptor. Another effect of a
reduced UDP-GlcNAc pool is a decrease
in chain elongation rate, as UDP-GlcNAc
becomes rate-limiting for the KfiA transferase. It is also possible that an imbalance in the UDP-GlcNAc and UDP-GlcA
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concentration may directly interfere with
the chain-elongation process. Previous
studies in mammalian heparin biosynthesis have demonstrate that the relative proportions of UDP-GlcNAc and UDP-GlcA
impact the rate of heparin polymerization
and its chain length.27,30
A successful metabolic engineering
strategy needs to balance the two branches
of the heparosan biosynthesis pathway,
in that an imbalanced supply of UDPGlcNAc and UDP-GlcA is likely to have
a negative effect on the heparosan production. Also, since the heparosan biosynthesis pathway shares common steps with
the Escherichia coli cell wall biosynthesis,
an increase in the mass flow to the production of heparosan will likely to cause
the decreased mass flow to cell wall biosynthesis. Bacteria cell wall accounts for
a large proportion of the cell dry weight.
Thus, it is likely that there is a relatively
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large reservoir pool of the synthetic pathway components for cell wall synthesis.
Minimally, cells must have the capacity
to replenish the supply of the components
of cell wall synthesis needed to support
rapid cell growth. Thus, cells must have
a large pool of UDP-GlcNAc. Assuming
the UDP-GlcA pool is balanced with the
large supply of UDP-GlcNAc, as required
for the efficient synthesis of the heparosan
capsule, the UDP-GlcA pool in the cell
may also be abundant. In summary, cellular levels of UDP-GlcA and UDP-GlcNAc
are probably not limiting in heparosan
biosynthesis. It is more likely that the
levels and activities of the two glycotransferases, KfiA and KfiC, limit the production of the heparosan. The measurement
of intracellular UDP-GlcA and UDPGlcNAc concentration, the KfiA and
KfiC enzymatic activities, and a metabolic
flux analysis may be needed to address the
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validity of this hypothesis. A balanced
overexpression of KfiA and KfiC enzymes
may be effective for increasing heparosan
production. In this approach, some of the
mass flux would be pulled from cell wall
synthesis towards heparosan production.
The limitation would be a decreased cell
growth, as the result of a decreased cell
wall synthesis. Thus, an increase in specific productivity of heparosan might be
accompanied by reduced cell culture density and lower overall productivity.
Another strategy to increase K5 heparosan specific productivity is to increase
the heparosan shedding from the cell surface into the medium. K5 polysaccharide
is believed to be retained on the cell surface
through lipid substitution at the reducing
end of the polysaccharide to a phosphatidic
acid molecule in the outer membrane.16,23
Heparosan present in the culture supernatant apparently results from either the
lability of the phosphodiester linkage or
the action of a K5 lyase that breaks down
the heparosan chain.23,31,32 A mutation on
the gene responsible for synthesizing the
phosphodiester linkage might increase the
concentration of heparosan in the culture
supernatant. Unfortunately, the enzyme
responsible for the phosphodiester synthesis and the genes encoding the enzyme are
unknown. Moreover, it is still not completely clear that heparosan is retained on
the cell surface through the phosphodiester bond, as some data suggests the polymer chain may be retained at the surface
through ionic and other interactions.33 A
transposon mutagenesis study, demonstrated that a mutation in the WaaR gene
had an effect on the cell surface retention
of K5 heparosan, increasing its content in
the culture supernatant from 33–77%.34
The WaaR protein is related to the lipopolysaccharide outer core biosynthesis,
and its impact on heparosan retention suggests that interactions between the outer
core and the heparosan capsule are important in maintaining the overall cell surface
architecture.34 A mutant strain could be
valuable the commercial production of
heparosan.
The K5 lyase might also be useful
to enhance the heparosan release from
the cell surface. K5 lyase is produced by
Escherichia coli bacterial phage, and cleaves
heparosan chain through a β-elimination
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mechanism.31 The lyase gene is integrated
into the Escherichia coli K5 DNA.15 An
overexpression of the lyase might increase
the heparosan concentration in the culture
supernatant by cutting heparosan chains
from the cell surface. However, the action
of lyase can adversely impact the molecular weight of heparosan and introduces a
double bond into the non-reducing end of
the heparosan chain. If the goal of heparosan production is to prepare a precursor for bioengineered generic heparin, an
alteration in polysaccharide molecular
weight and the introduction of unnatural unsaturated saccharide residue are an
unwelcome result of this approach.
Heparin chain size plays a critical role in
mediating its binding to proteins in blood
anticoagulation. Thus, the chain size of
the heparosan precursor is a critical property. Understanding how the heparosan
chain is terminated in biosynthesis would
be helpful in developing methods to control heparosan chain size. Unfortunately,
there are limited data on the chain termination mechanism, and it is not clear
how the heparosan chain length is controlled by Escherichia coli. The ratio of
UDP-GlcA and UDP-GlcNAc and chain
polymerization rate appear to be dominant factors in the control of chain length
in mammalian heparin biosynthesis, suggesting that the same factors might play a
role in Escherichia coli.30
Instead of using biosynthesis to control
heparosan chain length, it might be possible to exert catabolic control using K5
lyase. Previous studies have shown that
the activity of K5 lyase expressed by the
Escherichia coli was affected by growth
media and culture conditions.10,15,32
However, the mechanism to control the
lyase expression is not clear. It seems the
lyase is present throughout the entire time
course of the fermentation. An improved
Escherichia coli strain with controllable K5
lyase expression might result in heparosan
of more defined chain size. The first step
would be to delete the K5 lyase gene, which
is integrated into the K5 Escherichia coli
genome, and to construct an inducer controlled expression vector. Previous studies
have shown that the K5 lyase exist in both
an intracellular form and an extracellular
form.15,32 This suggests that Escherichia
coli has the machinery to export the
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lyase to the extracellular space. A new K5
expression system would be needed that
would first allow the Escherichia coli cells
to grow to certain cell density required for
the production of large amount of heparosan. Subsequent addition of an inducer
would result in the expression of K5 lyase
and the culture would enter a phase for
chain size modulation, which could then
be terminated through the deactivation of
K5 lyase once the desired heparosan chain
size was obtain.
The second problem with the use of
K5 lyase for heparosan molecular weight
control is the undesirable introduction of
a double bond in the non-reducing end of
heparosan chain. This double bond needs
to be removed to prepare a bioengineered
heparin. While this double bond can be
eliminated from heparosan by deleting the
gene of K5 lyase from the K5 Escherichia
coli genome, this would result in a decrease
of heparosan in the culture supernatant
and an increase in heparosan chain size.
While it is possible to control chain size
and remove the unsaturated sugar from
heparosan by chemical methods using
hydrogen peroxide or ozone,36 metabolic
engineering offers an alternative solution.
The double bond can also be removed
with Δ4,5-glycuronidase, an unusual
enzyme that hydrolyzes the unsaturated Δ4,5 uronic acid at the nonreducing end of polysaccharides.37 This gene,
from Flavobacterium heparinum, has been
recombinantly expressed in Escherichia
coli.37 This enzyme could be used to directly
treat heparosan to remove its unsaturated
non-reducing end. Alternatively, the gene
for this enzyme could be introduced into
the same controllable lyase expression system mentioned above. So that as the K5
lyase acts to release heparosan into the
culture medium, the Δ4,5-glycuronidase
removes the unsaturated sugar unit from
the released heparosan. This would need
an expression system that can secret the
active enzyme into extracellular space
so to gain contact with the extracellular
heparosan.38,39 Moreover, the induction of
lyase expression should use an Escherichia
coli metabolizable inducer to terminate
the lyase expression before stopping Δ4,5glycuronidase expression, leaving enough
time for Δ4,5-glycuronidase to remove all
unsaturated sugar unit from the heparosan.
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In conclusion, a combination of fermentation process engineering and strain
improvement by genetic engineering and
metabolic engineering may represent an
excellent strategy to afford heparosan with
ideal structural properties and in excellent
yields for use as a precursor for bioengineered heparin production.
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