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Heparan sulfate (HS), is a glycosaminoglycan (GAG) involved in various biological processes, including blood
coagulation, wound healing and embryonic development. HS 3-O-sulfotransferases (3-OST), which transfer the
sulfo group to the 3-hydroxyl group of certain glucosamine residues, is a key enzyme in the biosynthesis of a
number of biologically important HS chains. The 3-OST-1 isoform is one of the 7 known 3-OST isoforms and is
important for the biosynthesis of anticoagulant HS chains. In this study, we cloned 3-OST-1 from the rat brain by
reverse transcription-polymerase chain reaction (RT-PCR). After codon optimization and removal of the signal
peptide, the recombinant plasmid was transformed into Escherichia coli BL21 (DE3) to obtain a His tagged-3-OST1 fusion protein. SDS-PAGE analysis showed that the expressed 3-OST-1 was mainly found in inclusion bodies.
The 3-OST-1 was puriﬁed by Ni aﬃnity column and refolded by dialysis. The activity of obtained 3-OST-1 was
0.04 U/mL with a speciﬁc activity of 0.55 U/mg after renaturation. Furthermore, a co-expressed recombinant
plasmid pET-28a-3-OST-1 with the chaperone expression system (pGro7) was constructed and transferred to E.
coli BL21 (DE3) to co-express recombinant strain E. coli BL21 (DE3)/pET-28a-3-OST-1 + pGro7. The soluble
expression of 3-OST-1 was signiﬁcantly improved in the co-expressed recombinant strain, with enzyme activity
reaching 0.06 U/mL and having a speciﬁc activity of 0.83 U/mg. N-sulfo, N-acetylheparosan (NSNAH) was
modiﬁed by the recombinant expressed 3-OST-1 and the product was conﬁrmed by 1H NMR showing the sulfo
group was successfully transferred to NSNAH.

1. Introduction
Heparan sulfate (HS) plays a key role in a variety of important
biological processes including virus infection, regulation of blood coagulation, embryonic development, inﬂammation, tumor growth inhibition [1–5]. HS and heparin is made up of repeating disaccharide
units of consisting of glucosamine and glucuronic acid residues. In
biosynthesis, heparosan is formed by alternately adding glucosamine
and glucuronic acid to the non-reducing end of the chain [6]. Subsequently, this high-molecular heparosan is modiﬁed by a series of enzymatic reactions, including N-deacetylation, N-sulfation [7], glucuronic acid C5 epimerization, and O-sulfation at diﬀerent positions
and to diﬀerent levels [8]. Due to the incompleteness of these modiﬁcations, the synthesized HS polysaccharides also have diﬀerent
structures. The interactions of HS with diﬀerent proteins depend on the
sites and O-sulfation levels of the polysaccharide chains [9]. In recent
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years, many studies have shown that HS and its derivatives play important roles in virus infection [10,11]. A HS chain containing a 3-Osulfo-D-glucosamine residue was found to bind to viral glycoprotein D
protein and block the interaction between HSV-1 virus and cell surface
proteoglycans [12]. In addition, 3-O-sulfo group containing HS chain
can bind to antithrombin III, HSV-1 glycoprotein D, ﬁbroblast growth
factor/receptor (FGF/FGFR) [13,14] and has a role in ovulation [15].
HS 3-O-sulfotransferases (3-OST) catalyzes the transfer of sulfo
groups to the 3-hydroxyl group of certain glucosamine residues. The 3OST gene has been cloned from endothelial cells of newborn mice and
human umbilical vein endothelial cells, and the 3-OST enzyme was
heterologously expressed [16]. The structure of HS is altered spatiotemporally for regulating plenty of biological activities in the developing brain including the proliferation of neuronal progenitors, extension of axons and formation of dendrites [17]. These sulfotransferases
including 3-OST were important in the signaling of several HS-binding
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proteins in the mouse brain [17]. There is no report on the heterologously expression of 3-OST gene from cells of rat brain. Although the
genome of mice is more closely related to human genome than rat's,
research on heterologous expression of 3-OST gene from rat brain cell
would enrich the knowledge on structure and functions of sulfotransferases from diverse source. Additionally, the 3-OST from rat brain
cell may supply one more potential selection to be a tool enzyme for
heparin preparation from heparosan. Among the 7 isoforms of 3-OST
[18], 3-OST-1 is the rate-limiting enzyme, controlling cellular production of the critical active structure [19]. Therefore, 3-OST-1 was selected for cloning and expressing in E. coli in our current study. Codon
optimization was performed for the 3-OST-1 gene and the signal peptide was removed to achieve eﬃcient heterologous expression of the
target protein. Codon selection and distribution is one of the factors
that aﬀect the eﬃcient heterologously expression of genes. Optimizing
the codon sequence on exogenous genes could improve heterologous
protein expression. While signal peptides of eukaryotes are expressed in
prokaryotes, most of these do not have secretive function, and are always fused with the target protein, aﬀecting the correct folding and
function of the target protein [20].
In this paper, to achieve eﬀectively heterologous expression of the
exogenous protein in E. coli, the 3-OST-1 gene was inserted into the Histagged pET-28a expression plasmid, which contains a strong promoter
of T7 Lac capable of rapidly and stably transcribing downstream genes
under the action of the host bacterial with T7 RNA polymerase. At the
same time, the His-tag carried by the vector helps purify the His-tag
fused target protein. Finally, the enzyme activity, of the protein obtained, was measured using a 3′-phosphoadenosine-5′-phosphosulfate
(PAPS) regeneration system [21]. 1H NMR spectrum was conducted to
conﬁrm that 3-OST-1 could successfully transfer a sulfo group to the
speciﬁc site of the substrate N-sulfo, N-acetylheparosan (NSNAH).

Fig. 1. PCR product of rat 3-OST-1. Lane 1, DNA marker; Lane 2 and 3, PCR
fragment.

2. Materials and methods
2.1. Animals, strains, plasmids, enzymes and reagents
The Wistar Rats were purchased from the China National Laboratory
Animal Resource Center (Shanghai, China).
The E. coli DH5α, E. coli TransB (DE3) and E. coli BL21 (DE3) were
purchased from TransGen Biotech. The pMD-19-T vector and pMAL-c2X
were obtained from TAKARA and Beijing Dingguo Biotechnology
(China), respectively. The plasmid pET-28a and pet 20 b were obtained
from Sangon Biotech (Shanghai, China) and the plasmid pGro7 was
obtained from TAKARA.
The reagents for PCR were purchased from Sigma (St. Louis, MO).
The oligonucleotide primers were synthesized from Sangon Biotech
(Shanghai, China). Ni-NTA Seﬁnose™ Resin Kit was purchased from
Sangon Biotech. The NSNAH were prepared in our laboratory.
2.2. RT-PCR
The HS3-OST-1 sequence was obtained from Genebank (the accession number was NM_053391.1). Based on the sequence, two speciﬁc
primers, which contained Bam H I and Hin d III restriction enzyme sites,
were synthesized. The total RNA of the Wistar rat brain was extracted,
and cDNA was synthetized as described previously. 3-OST-1 from the
Wistar rat brain was cloned by RT-PCR.
The PCR products were connected to the pMD-19-T vector. E. coli
DH5α was used for the propagation of recombinant plasmids. The
competent DH5α cells were transformed with cloning vector pMD-19-T
by white and blue screening. Recombinants were sequenced by
Introversion (Shanghai) to verify the correct nucleotide sequencing.
2.3. Codon optimization
After sequencing, the rare codons of the sequence were analyzed

Fig. 2. Expression of 3-OST-1 via E. coli TransB (DE3)/pET-20b-3-OST-1 (Lane
1-4) and E. coli BL21 (DE3)/pET-28a-3-OST-1 (Lane 5–8). M: Protein markers;
Lane 1 and 5: Un-induced total cell protein; Lane 2 and 6:Total cell protein
induced by 1 mM IPTG; Lane 3 and 7: Supernatant induced by 1 mM IPTG; Lane
4 and 8: Precipitate induced by 1 mM IPTG.

and the codons were optimized by Synbio Technology (Suzhou).
2.4. Expression of 3-OST-1 gene
The gene with optimized codons was inserted into the pET-28a
vector. The recombinant vector was transferred into E. coli BL21 (DE3)
using heat transfer method. The transformant colony, E. coli BL21
(DE3)/pET-28a-3-OST-1, was screened on medium containing 50 mg/L
kanamycin. The transformant was inoculated into 50 mL LB medium
containing 50 mg/L kanamycin and incubated at 37 °C and 180 rpm.
After overnight culture, the broth was inoculated into fresh LB medium
containing 50 mg/L kanamycin. When the OD600 of the broth reached
0.6, 1 mM IPTG was added to induce the express of 3-OST-1 by the
recombinant strain cultured at 22 °C and 180 rpm.
The induced host cells were harvested by centrifugation at
8000 rpm for 20 min at 4 °C. After washing, binding buﬀer (25 mM Trisbase, 500 mM NaCl and 10 mM imidazole, pH 8.0) was used to suspend
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concentration change in a PAPS regeneration system using photometric
absorbance measurements at 400 nm, which is the maximum of the
absorbance peak for PNP [22]. In the PAPS regeneration system, the
soluble 3-OST-1 incubated at 37 °C with NSNAH, p-nitrophenylsulfate
(PNPS), arylsulfotransferase IV (AST-IV), and 3′-phosphoadenosine 5′phosphate (PAP) to transfer the sulfo group from PNPS to NSNAH, resulting in the PNP production. The enzyme activity of 3-OST-1 was
deﬁned as the amount of enzyme required to catalyze the formation of
1 μmol PNP in the condition of 1 min at 37 °C and pH 7.
2.7. Sulfation of NSNAH using recombinant 3-OST-1
Fig. 3. Renaturation of 3-OST-1 expressed in E. coli BL21 (DE3)/pET-28a-3OST-1. M: markers; Lane 1: Non-induced total cell protein; Lane 2: Total cell
protein after induced by 1 mM IPTG; Lane 3: Supernatant protein after induced
by 1 mM IPTG; Lane 4: Precipitate after induced by 1 mM IPTG; Lane 5:
Precipitate after induced by 1 mM IPTG and using renaturation.

the bacterial cells. The suspensions were transferred to 25 mL beaker
within an ultrasonic cell disintegrator (VCX500, Sonics & Materials,
Inc., USA) operated at 500 W (3 s interval time, 3 s ultrasonic time) for a
total of 3 min. All suspensions were kept in an ice bath during the ultrasonic process to prevent heating. SDS-PAGE was used to identify the
target protein with the fragmentized liquid as total proteins, the supernatant as soluble proteins and sediment as insoluble proteins.
2.5. Protein renaturation
Dialysis was used for the renaturation. The dialysate was initially
modiﬁed with 6 M urea, and then 1.5 L of renaturation solution (25 mM
Tris-base, 500 mM NaCl and 10 mM imidazole, pH 8.0) was added at a
rate of 0.8 mL/min to reduce the urea content in the dialysate.

The experimental group contained 20 mg NSNAH, 8 mL PNPS
(10 mM), 5 mL AST-IV (1 mg/mL), and 5 mL 3-OST-1 enzyme solution.
The control group was the same as the experimental group but contained no NSNAH. Both groups were incubated in 37 °C for 5 min before
2 mL PAP (300 μM) was added. Then, OD400 value of two groups was
determined in every 10 min, until OD400 value would not change. All
samples were boiled for 5 min to stop reaction, and then ﬁltered to
remove precipitated proteins. After dialysis, concentration, and freezedrying, the product 3-sulfo, N-sulfo, N-acetylheparosan (NSNA3SHp)
was obtained.
2.8. NMR spectroscopy of NSNA3SHp
Polysaccharide (20 mg) was co-evaporated with deuterium oxide
(99.9%) twice before dissolving in 0.5 mL deuterium oxide (99.9%).
NMR spectrum was recorded at a Bruker AVANCE III 600 MHz at 25 °C.
The spectral width was 8012.8 Hz. The relaxation delay was 1 s. The
pulse angle was 45°. The acquisition time was 2.045 s. The number of
scans was 32.
3. Results

2.6. Determination of enzymatic activity

3.1. 3-OST-1 gene clone and codon optimization for expression in E. coli

At the end of refolding, the soluble recombinant protein was in the
supernatant. The His-tagged 3-OST-1 was puriﬁed by Ni column with
Tris-HCl buﬀer (pH 8.0, containing 10 mM imidazole) as binding buﬀer
and Tris-HCl buﬀer (pH 8.0, containing 250 mM imidazole) as elution
buﬀer. The elution buﬀer was collected and the activity of the soluble 3OST-was determined.
Enzyme activity was determined by the p-nitrophenol (PNP)

The total RNA was extracted from the brain of Wistar rats, and the
concentration of RNA was determined using a BioTeke ND5000 ultraviolet spectrophotometer. The concentration of RNA was 369.6 ng/μL
and its OD260/OD280 was about 1.93. The resulting RNA was subjected
to RT-PCR. The length of 3-OST-1 gene by PCR is same as that of Rattus
norvegicus (936 bp) reported in NCBI (Fig. 1). The PCR products were
sequenced by Qingke biological technology limited company

Fig. 4. 3D structure modeling (A) and hydrophobic amino acids distribution (B, Red) of 3-OST-1. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the Web version of this article.)
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Fig. 6. Expression of 3-OST-1 by E. coli BL21 (DE3)/pET-28a-3-OST-1 (Lane
1–5) and E. coli BL21 (DE3)/pET-28a-3-OST-1 + pGro7 (Lane 6–10). M: Protein
Markers; Lane 1, 6: Non-induced total cell protein; Lane 2, 7: Total cell protein
after induced by 1 mM IPTG; Lane 3, 8: Supernatant after induced by 1 mM
IPTG; Lane 4, 9: Cell precipitate after induced by 1 mM IPTG; Lane 5, 10: After
puriﬁed by Ni-NTA column of 3, 8.
Table 1
Puriﬁcation for 3-OST-1 target protein.
Strains/plasmid

Enzyme
sample

Protein
concentration
(mg/L)

3-OST-1
concentration
(U/mL)

3-OST-1
Speciﬁc
activity
(U/mg)

E. coli BL21
(DE3)/pET28a-3-OST-1
E. coli BL21
(DE3)/pET28a-3-OST1 + pGro7

Crude
Ni-NTA
puriﬁed
Crude
Ni-NTA
puriﬁed

620
36

0.03
0.01

0.05
0.28

911
69

0.04
0.06

0.04
0.87

(Hangzhou, China) and analyzed by DNAMAN software. The gene sequences of 3-OST-1 were compared to that of Rattus norvegicus (GenBank accession number: NO. NM_053391.1), shown in Fig. S1, and
indicated 99% homology with 5 base diﬀerences. Furthermore, a total
of 15 rare codons were found in the 936 nucleotides of 3-OST-1 gene.
The codons of 3-OST-1 gene required optimization to eliminate the
inﬂuence of the rare codon on the expression in E. coli. The eukaryotic
signal peptide, the sequence of signal peptide in 3-OST-1 was not suitable for secretion from prokaryotic cells and could result in reduced
activity, so it was deleted. Codon optimization and signal peptide sequence deletion of 3-OST-1 were carried out by Synbio Technology
(Nanjing, China). The ﬁnal optimized sequence is shown in Fig. S2 and
submitted to Genbank with an accession number (MH137253).
3.2. The expression of 3-OST-1 gene in E. coli BL21 (DE3)/pET-28a-3OST-1 and E. coli TransB (DE3)/pET-20b-3-OST-1

Fig. 5. Eﬀect of initial protein concentration (A), glycerol (B), and polyethylene
glycol (C) on refolding rate of 3-OST-1.

The recombinant plasmid with the optimized target fragment pET28a-3-OST- 1 was transformed into E. coli BL21 (DE3) to express the
target protein. The ﬁnal recombinant strain E. coli BL21 (DE3)/pET28a-3-OST-1 could express 3-OST-1 after IPTG induction, as conﬁrmed
by SDS-PAGE (Fig. 2, Lane 5–8). The yield of 3-OST-1 signiﬁcantly
increased after IPTG induction (Lane 6 and 8).
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Meanwhile, the optimized target fragment was also inserted into the
pET-20 b plasmid, which had a signal peptide sequence to construct a
recombinant plasmid pET-20b-3-OST-1. After transferring the plasmid
into the host cells, a recombinant strain E. coli TransB (DE3)/pET-20b3-OST-1 was successfully constructed. The expression of 3-OST-1 after
IPTG induction was also detected (Fig. 2, Lane 2 and 4). However, only
a small amount of 3-OST-1 was present in the supernatant of E. coli
TransB (DE3)/pET-20b-3-OST-I or E. coli BL21 (DE3)/pET-28a-3-OST-1
(Lane 3 and 7). Most of the 3-OST-1was present in an inactive form in
inclusion bodies (Lane 4 and 8). The expected molecular mass of the
fusion protein was 37.7 kDa via DNAMAN software analysis. After
analysis via UN-SCAN-IT gel 6.1 software, the molecular weight of
target band protein on SDS-PAGE was 37.8 kDa, suggesting the target
protein was3-OST-1.
Renaturation was necessary to refold the target protein to obtain the
active 3-OST-1. The renaturation process included denaturation, puriﬁcation, and dialysis. The protein was successfully refolded during
dialysis (Fig. 3, Lane 5). The three-dimensional structure of 3-OST-1
and distribution of hydrophobic amino acid residues was analyzed to
reveal the structure of protein and mechanism of inclusion bodies formation, according to previously described methods [23]. The results
(Fig. 4) showed that there are a large number of hydrophobic residues
on the surface of the protein (Fig. 4B) that may result in the diﬃculty
increasing for correct folding into the soluble protein.
In the refolding process, diﬀerent initial concentrations of inclusion
bodies resulted in varying degrees of precipitation by aﬀecting its refolding rate (Fig. 5A). As the initial protein concentration increased, the
refolding rate decreased. However, to balance the refolding eﬃciency,
an initial inclusion body concentration of 0.08 mg/mL was selected in
subsequent experiments. Diﬀerent concentrations of glycerol [24] and
polyethylene glycol [25] were added to reduce the precipitation and
aggregation of proteins to further improve the refolding rate. The results are shown in Fig. 5B and C.
The enzyme activity of refolded HS3-OST-1 was detected by PAPS
regeneration system. We found that the refolding conditions showed no
signiﬁcant eﬀect on enzyme activity. After puriﬁcation by Ni column,
the protein concentration was 75.3 μg/mL, the enzyme activity was
0.04 U/mL with a speciﬁc enzyme activity of 0.53 U/mg.
3.3. Increased 3-OST-1 soluble expression by E. coli BL21 (DE3)/pET-28a3-OST- 1 + pGro7
The recombinant strain E. coli TransB (DE3)/pET-20b-3-OST-1
showed that there was no signiﬁcantly increase of 3-OST-1 expression
level when compared to E. coli BL21 (DE3)/pET-28a-3-OST-1.
Therefore, the co-expression of recombinant plasmid pET-28a-3-OST-1
with the chaperone expression system (pGro7) was constructed. The 3OST-1 soluble expression was signiﬁcantly improved by the co-expression by recombinant strain E. coli BL21 (DE3)/pET-28a-3-OST1 + pGro7 (Fig. 6, Lane 8 and Lane 10), with enzyme activity reaching
0.06 U/mL and the speciﬁc activity reaching 0.87 U/mg (Table 1). The
eﬀect of temperature, arabinose concentration, and IPTG concentration
on the 3-OST-1 expression in E. coli BL21 (DE3)/pET-28a-3-OST1 + pGro7 were evaluated (Fig. 7).
3.4. 3-O-sulfo modiﬁcation of NSNAH by 3-OST-1

Fig. 7. Eﬀect of inducing temperature (A), Arabinose (B), and IPTG (C) concentration on the expression of E. coli BL21 (DE3)/pET-28a-3-OST-1 + pGro7
induced puriﬁed by Ni-NTA column.

The 3-O-sulfo modiﬁcation of NSNAH was performed to verify the
function of the 3-OST-1 protein which is expressed by E. coli BL21
(DE3)/pET-28a-3-OST-1 + pGro7. In this experiment, 20 mg NSNAH
was used. After dialysis, concentration and freeze-drying, a total of
17.8 mg NSNA3SHp was obtained corresponding to a recovery rate of
89.1%. The 1H -NMR of NSNA3SHp and NSNAH are shown in Fig. 8.
The results show that GlcNS3S H1 peak was observed at 5.52 ppm and
GlcNS3S H3 peak was observed at 3.82 ppm, indicating that NSNA3SHp
had been successfully prepared.
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Fig. 8. 1H NMR spectra comparison of the NSNAH (blank) and NSNA3SHp (red). (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the Web version of this article.)

4. Discussion
In the past decade, an increasing number of publications reported
the heparin preparation strategy via chemical and enzymatic modiﬁcation of heparosan from E. coli K5, including both high density
fermentation and metabolic engineering modiﬁcation of K5 strain and
relative enzymes [26–33]. Both the biosynthesis of heparin and HS
require a number of diﬀerent enzymes but the ﬁnal enzymes in the
pathway, the 3-OSTs are critically involved in many of the critical
biological functions of these GAGs [9]. For example, 3-OST-1 is critically important for the introduction of the AT binding site into HS and
heparin. With the advent of bioengineered heparins and chemoenzymatically synthesized low molecular weight heparin and HS oligosaccharides, a new set of anticoagulant/antithrombotic drugs, are currently being explored [7,34]. Recently, 3-OST-1 has been used to
convert low activity bovine intestinal heparin into a high activity heparin structurally similar to commercially used porcine intestinal heparin [35]. All of these studies rely on available highly active sources of
recombinant 3-OST-1.
During past few decades, several laboratories reported the heterologous expression of 3-OST-1. A human sourced 3-OST-1 was expressed
in E. coli by codon optimization as soluble 3-OST-1 [36]. The expression
of only the catalytic domain (G48 to H311) of 3-OST-1 gene from mice
was reported in E. coli, because it is not only catalytically eﬀective region but also more hydrophilic region than the whole enzyme [23].
Bacillus subtilis and Bacillus megaterium were used a host cells to express
the 3-OST-1 gene from mice to reduce the endotoxin content [22]. The
resulting recombinant protein contained 104-105 lower endotoxin levels
than those obtained from E. coli strains. However, most 3-OST-1 expressed by Bacillus subtilis was found in inclusion bodies and the enzyme
activity (0.3 U/mg) and yield of the soluble portion was low.
In summary, in most previous reports, the gene of 3-OST-1 was from
mice and the soluble yield is not high. Additionally, it has been reported

that the activity of 3-OST-1 is diﬀerent in various tissues of mice,
among which the brain showed the highest activity as 0.07 U/μL, while
the lung and blood showed activity as 0.03 U/μL [37]. This ﬁnding
suggests that 3-OST-1 may play an important role in the brain [17,38].
The large-scale application of bioengineered heparin production also
requires the examination of various sources 3-OST-1 genes for cloning
and enhanced soluble heterologous expression in hosts such as E. coli.
The present study has succeeded in the expression of 3-OST-1 gene,
which was cloned from the brain of Wistar rats. The gene homology
reached 99% and there were 5 diﬀerent bases on comparison with the
3-OST-1 gene of Rattus norvegicus reported in NCBI. However, it was
found that the expression level of this gene in E. coli was also very low.
After codon optimization, the target protein was expressed in large
amounts, but it was mostly in the form of inclusion bodies. Refolding
conditions were optimized to obtain the active soluble protein. At
protein concentrations in inclusion bodies of 0.08 mg/mL the addition
of 5 g/L polyethylene glycol resulted in refolding percentages reaching
54.9%. The activity of the refolded protein reached 0.04 U/mL and the
speciﬁc activity was 0.55 U/mg. Further increased 3-OST-1 soluble
expression was achieved by E. coli BL21 (DE3)/pET-28a-3-OST1 + pGro7, achieving enzyme activities 0.06 U/mL with speciﬁc activities of 0.87 U/mg. In addition, the substrates before and after
modiﬁcation by 3-OST-1 were analyzed by 1H NMR showed that the 3OST-1 modiﬁed NSNAH to aﬀord NSNA3SHp.
In conclusion, 3-OST-1 from rat brain tissue could be expressed in E
coli. The soluble target protein catalyzed the sulfation of NSNAH to
obtain NSNA3SHp. The soluble expression level of active enzyme while
be improved, still requires further work.
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