
Heparin, an anticoagulant and
antithrombotic drug, has been used widely and
has aroused increasing interest in anticancer and
anti- inflammation therapies. Until now commercial
heparin has been extracted from animal tissues
resulting in complex purification procedures
because of viral and prionic contamination risks
and high costs. Therefore, it is becoming more
attractive to produce bioengineered heparin by
microbial fermentation.

Heparosan, a capsular polysaccharide
(CPS) obtained from the fermentation of
Escherichia coli K5 or Pasteurella multicida1, 2, is
constituted of alternating -N-acetyl--
glucosamine [GlcNAc] and -D-glucuronic acid
[GlcA], which is identical to animal-derived heparin
in backbone structure. Thus, heparosan can be

used as the key precursor for the preparation of
bioengineered heparin and heparan sulfate.

Many strains of Escherichia coli exhibit
favorable tolerance to adverse environmental
stresses. When exposed to the environmental
stresses, the property of microorganisms will
change, including production of stress-responding
metabolites, harbor of resistance plasmid, and
synthesis of protective surface appendages. CPSs
are important surface structures necessary for
bacterial survival, and protect bacterial cells from
adverse environments associated with desiccation,
osmotic or oxidative stresses, confer resistance to
antimicrobial compounds, and aid in the evasion
of the host immune response3,4. Clearly, CPSs are
definitely among the most important defense
mechanisms for microorganism under the stresses
and capsular production is a protective means of
cells to survive under stress. The expression of
CPS has been shown to be influenced by culture
conditions and nutrient composition of the growth
medium5. The presence of sugar and salt in media
stimulates exopolysaccharide colanic acid
production in Aeromonas salmonicida6. This
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study aims to evaluate the effect of environmental
stresses, including organic reagent stress, osmotic
stress, heavy metal stress, and oxidative stress,
on heparosan biosynthesis by E. coli K5.

MATERIALS  AND METHODS

Microorganism and heparosan production
E. coli K5 was kindly supplied by

Professor Jian Liu (The University of North
Carolina at Chapel Hill) and E. coli KT was the
engineered strain which had waaR gene deletion
in E. coli K5. The cultivation steps used in this
study were followed by the culture method of Wang
using E. coli K5 7.
Determination method of biomass

E. coli K5 cells were harvested from broth
by centrifuge at 12,000 × g for 30 min (Sorvall
biofuge Stratos, Thermo SCIENTIFIC, USA). The
cells was washed by physiological saline twice,
and dried to constant weight under 60°C. Finally, it
was weighed.
Crude extract of heparosan polysaccharide

Five milliliter of the supernatant of E. coli
K5 fermentation broth was sampled and mixed with
three-time volumes of ethanol, and then stored at
4! overnight in an explosion-proof freezer for
completely precipitation of heparosan. The
precipitate was harvested by centrifuge at 12,000
× g for 15 min and dissolved in 5mL distilled water
after the ethanol was volatilized completely. Then
the heparosan concentration was determined by
the sulfuric acid-carbazole method.
Determination of heparosan concentration

Heparosan is composed of equimolar
amounts of N-acetyl--glucosamineand and D-
glucuronic acid, which D-glucuronic acid can be
determined by the sulfuric acid-carbazole method8.
A standard curve between the concentration of D-
glucuronic acid and OD

530
 was first established

with a detection range of 10-50 µg/mL of D-
glucuronic acid. From the standard curve, a linear
fitting equation was obtained as Y=0.0173X+0.0052
(R2=0.9999), in which X axis was the concentration
of D-glucuronic acid and Y axis was its absorbance
at 530 nm.
Organic solvents stress

Organic solvents stress method setting
and the range of concentration setting were used
following the method as described by Gupta

et al.,9.  E. coli K5 and KT were inoculated in 250
mL flasks containing 30 mL LB medium and
incubated for 18h at 37 °C and 200 rpm. Then,
ethanol, formamide, and hexane with a
concentration of 2, 3, and 4% (v/v), were added
respectively. The flasks were sealed with butyl
rubber stoppers to prevent organic solvents from
evaporation and incubate at 37 °C and 200 rpm for
3 h. Meanwhile, 5 mL broth were withdrawn and
centrifuged at 10,000 × g for 5 min. The precipitate
was washed by sterile saline twice, and then
suspended in 5 mL sterile saline as inoculum for
fermentation in the glucose-defined medium. The
experiments were in triplicate with a control that
without organic solvents not be treated.

RESULTS AND DISCUSSION

Effect of exogenous amino acids on heparosan
production of E. coli K5

Generally, amino acids are necessary to
microorganisms in a concentration range of 0.01 g/
L-0.1 g/L. Methionine and Glycine were first
selected and added to glucose-defined medium at
concentrations of  0.0 g/L, 0.1g/L, 0.2 g/L, 0.3 g/L,
0.4 g/L, 0.5 g/L, and 0.6 g/L, respectively. Then, E.
coli K5 was inoculated and incubated at 37 °C for
24 h before the biomass and heparosan yield were
determined. As shown in Fig 1A and B, heparosan
biosynthesis of E. coli K5 was sensitive to Met
and Gly, while Met and Gly showed a small effect
on E. coli K5 growth. A suitable concentration of
Met was beneficial to the synthesis of heparosan
by E. coli K5. When 0.3 g/L Met was added, the
maximum heparosan yield reached 270.25 µg/mL,
which increased by 53.2% compared to that of the
control. While the additional concentration of Met
was above 0.3g/L, heparosan yield restrained. The
addition of Gly exhibited the similar results. When
0.3 g/L Gly was added, the maximum heparosan
yield increased by 56.5%. These results suggested
that the low concentration of exogenous amino
acids were favorable to E. coli K5, which were the
essential components of enzymes in heparosan
synthesis.
SnCl

2
 stress

Based on our previous studies, SnCl
2
 was

chosen and added to glucose-defined medium with
concentrations of 0.005 g/L, 0.010 g/L, 0.015 g/L,
0.020 g/L, 0.030 g/L, 0.040 g/L, 0.050 g/L, 0.080 g/L,
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and 0.100 g/L, respectively. The glucose-defined
medium without SnCl

2
 was as the control.

Afterwards, E. coli K5 was inoculated and cultured
at 37 °C and 200 rpm for 24 h. Then, heparosan
production of E. coli K5 was determined (Fig. 2).
The cells’ survival was not significantly influenced
by the presence of SnCl

2
 in the fermentation media,

while heparosan production of E. coli K5 was
improved. The yield of heparosan increased by
12.0% compared tp the control, when 0.020 g/L
SnCl

2
 was added.

 
This also indicates that CPS plays

a role in protecting E. coli K5 from metal stress.
Salt stress

To obtain further insight into the effect
of the stresses on heparosan biosynthesis by
E.coli K5, the fermentation experiments of E. coli
KT exposed to the salt stress were performed, which
was proved to be not influenced on heparosan
biosynthesis10. E. coli K5 and E. coli KT were
incubated with NaCl at concentrations of 0, 4, 8,
12, 16, and 20 g/L to mesure the growth and

production of heparosan (Fig 3A and B). It was
observed that the growth of E. coli K5 and KT
was not significantly influenced and the heparosan
yield decreased due to the salt perturbations. E.
coli showed good tolerance in the long-term
exposure to salt stress, this is similar to that already
reported11-14. However, heparosan yield decreased
significantly. E. coli KT showed steadier than E.
coli K5, which might be due to waaR gene deletion.

Fig. 1. Effect of methionine (A) and glycine (B) on the growth and heparosan yield of E. coli K5

Fig. 2. Effects of SnCl
2
 on the growth

and heparosan yield of E. coli K5
Fig. 3. Effects of NaCl on the growth and

heparosan yield of E. coli K5 (A) and E. coli KT (B)
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Organic solvents stress
Organic solvents can destroy microbial

cell membrane structure and affect its function,
which result in restraining or killing
microorganisms. However, it is reported that
microorganisms can enhance extracellular
polysaccharides secretion to improve strain
resistance to organic solvents15. The effect of
organic solvents on E. coli K5 and KT were
studied. Addition of different concentrations of
ethanol, formamide, and hexane showed (Fig. 4A)
different effect on the growth of E. coli K5. K5

exhibited a high tolerance to ethanol and formamide
stresses and heparosan production was enhanced.
While, hexane restrained strongly the cell growth
and heparosan synthesis (data was not shown).
The similar results were found in E. coli KT. The
heparosan production of E. coli KT was restrained
under the treatment of hexane (Fig. 4B). The yield
of heparosan increased by 29.38% in E. coli K5
under 2% ethanol stress, while increased by 51.96%
on E. coli KT under 3% ethanol stress. Both E.
coli K5 and KT were inhibited under hexane stress.

Fig. 4. Effects of organic solvents on the growth and heparosan yield of E. coli K5 (A) and E. coli KT (B)

Fig.5. Effects of H
2
O

2
 on the production of heparosan by E. coli K5 (A) and E. coli KT (B)

Oxidative stress
Cells under oxidative stress display

various dysfunctions due to the damages caused
by reactive oxygen species to lipid, protein, and
DNA16. Under oxidative stress, E. coli O157:H7
W6-13 showed the high tolerance to H

2
O

2 
stress17.

E. coli K5 and KT was incubated in the presence
of H

2
O

2
 at concentrations of 0 µmol/L, 10 µmol/L,

20 µmol/L, 30 µmol/L, 40 µmol/L, and 50 µmol/L, at
37 °C and 200 rpm for 24 h to detecte the growth
and heparosan production of E. coli. No
significantly change of the growth of E. coli K5
and KT were measured under H

2
O

2 
stress (Fig. 5A

and B). Exposed to H
2
O

2
, heparosan biosynthesis

of E. coli K5 was affected less than that of E. coli
KT. The yield of heparosan of K5 decreased by
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12.64% under 50 µmol/L of H
2
O

2
 stress. While the

yield of heparosan of KT decreased by 46.15%
under 10 µmol/L of H

2
O

2
 stress. It also indicated

that waaR gene was favorable to heparosan
synthesis of E. coli K5 under oxidative stress.

CONCLUSIONS

As a result of long-term exposure to
environmental stresses, E. coli K5 and KT showed
high tolerant to some environmental stresses.
These results are attributed to the presence of CPS
which significantly reduced their susceptibility and
heparosan production was stimulated under some
stresses. However, iIt was not clear how heparosan
assists the cells of E. coli K5 and KT to survive
and growth under these stresses.
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