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Abstract
Objective To establish a temperature-induced chitosanase bacterial cell surface display system to
produce chitooligosaccharides (COSs) e�ciently for industrial applications.

Results Temperature-inducible chitosanase CSN46A bacterial surface display systems containing one or
two copies of ice nucleation protein (InaQ-N) as anchoring motifs were successfully constructed on the
basis of Escherichia coli and named as InaQ-N-CSN46A and 2InaQ-N-CSN46A. The speci�c enzyme
activity of 2InaQ-N-CSN46A reached 886.33±0.81 U/g cell dry weight, which was 45.6% higher than that
of InaQ-N-CSN46A. However, few proteins were detected in 2InaQ-N-CSN46A hydrolysis system.
Therefore, 2InaQ-N-CSN46A had higher hydrolysis e�ciency and stability than InaQ-N-CSN46A. GPC
revealed that under the optimum enzymatic hydrolysis temperature, the �nal products were mainly
chitobiose and chitotriose. Chitopentaose accumulated (77.62%) when the hydrolysis temperature
reached 60 ℃. FTIR and NMR analysis demonstrated that the structures of the two hydrolysis products
were consistent with those of COSs.

Conclusions In this study, chitosanase was expressed on the surfaces of E. coli by increasing induction
temperature, and chitosan was hydrolysed directly without enzyme puri�cation steps. This study provided
a novel strategy for industrial COSs production.

Introduction
Chitooligosaccharides (COSs) are partially hydrolysed and deacetylated products of chitin/chitosan with
low polymerisation degree (DP). They are composed of N-acetyl-D-glucosamine and D-glucosamine
(GlcN) linked by β-1,4-glycosidic bonds (Muanprasat and Chatsudthipong 2017). In contrast to
chitin/chitosan, COSs are water soluble and exhibit various biological activities, including antibacterial,
antioxidant, anti-in�ammatory, and antitumour activities (Kunanusornchai et al. 2016; Shi et al. 2019).
Therefore, COSs have various potential applications in health food, medicine, cosmetics, agriculture and
other areas.

Chitosanases (EC 3.2.1.132) are capable of catalysing the hydrolysis of the β-1,4-glycosidic bonds of
chitosan. They have received considerable attention due to their potential applications in various �elds.
One of their most promising applications is the hydrolysis of chitosan into bioactive COS products.
Chitosanases are divided into seven glycoside hydrolase (GH) families, namely, families 3, 5, 7, 8, 46, 75
and 80, in accordance with amino acid sequence similarity. Family GH46 chitosanases from
Streptomyces (Dubeau et al. 2011) and Bacillus (Fukamizo et al. 2005) with high catalytic capacity (Luo
et al. 2020) have been well studied. Crude or puri�ed chitosanases are still used for the production of
COSs (Sinha et al. 2016; Sun et al. 2015). However, given that the processes for preparing recombinant
chitosanases and COS products are complicated and costly, achieving the large-scale industrial
production of COSs is almost impossible.
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The GH46 chitosanase from Bacillus subtilis 168 strain is an endonuclease that acts on the reductive
terminal of chitosan to produce COSs with various DPs (Yang et al. 2020). In this study, the GH46
chitosanase (named CSN46A) was displayed on the surface of Escherichia coli BL21 (DE3) cells by using
one and two copies of the N-terminal domain of ice nucleation protein (InaQ-N) as the anchoring motif.
The enzymatic hydrolysis processes of those two temperature-induced CSN46A surface display systems
were analysed and compared. This study provided a new platform for the industrial production of COSs
via recombinant enzymes.

Materials And Methods
Strains, media, plasmids and chemical reagents

The E. coli strains DH5α, BL21 (DE3), MF106 (containing the plasmid pMF006 with csn46A gene
insertion) and MF107 (containing the plasmid pMF007 with inaQ-N gene insertion) were stored in our
laboratory. Luria Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast extract and 10 g/L NaCl) containing
60 µg/mL kanamycin was used for E. coli MF006 cultivation. LB medium with 100 µg/mL ampicillin
(Amp) was used to cultivate E. coli MF007, MB100, MB101 and MB102. All plasmids used in this study
are listed in Supplementary Table 1.

Chitosan (average molecular weight [Mw] = 198.3 ± 2.8 kDa, degree of deacetylation ≥ 80%) prepared
from shrimp and crab shells were purchased from Givaudan Chemical Products Co., Ltd. (Zhengzhou,
China). COS standards (GlcN, [GlcN]3 and [GlcN]5) were purchased from Cool Chemical Technology Co.,
Ltd. (Beijing, China). Polyethylene glycol (PEG) standards (Mw = 410 000, 237 000, 148 000, 48 000, 23
800, 12 600, 6950 and 1400 Da) were obtained from PSS Polymer Standards Service Gmbh (Mainz,
Germany). Protein molecular weight markers (ranging from 10 kDa to 180 kDa) were purchased from
YEASEN Biotech (Shanghai, China).

Cloning of inaQ-N and csn46A genes

All PCR primers used in this study are listed in Supplementary Table 2. The gene fragment inaQ-N
(525 bp, GenBank: EU360731.1) was ampli�ed via PCR by using the plasmid pMF007 from E. coli MF007
as the template and P1 and P2 as primer pairs. The plasmid pMF006 from E. coli MF006 containing
csn46A (729 bp, GenBank: CP019663.1) was used as the template for csn46A ampli�cation through PCR
with primers P3 and P4. The ampli�ed inaQ-N and csn46A fragments were �rst inserted into the vector
pMD18-T to obtain the recombinant plasmids pMD18-inaQ-N and pMD18-csn46A, respectively. Then, the
two recombinant plasmids were transformed into E. coli DH5α and veri�ed by sequencing.

Recombinant plasmid construction and fusion protein expression

The pro�les of the expression vector (pBLMVL2) and recombinant plasmids (pBM101 and pBM102) are
shown in Fig. 1a. The plasmids pBLMVL2, pMD18-inaQ-N and pMD18-csn46A were digested with the
restriction endonucleases EcoR I/BamH I, EcoR I/Bgl II and Bgl II/BamH I at 37 ℃ for 1 h, respectively.
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The digested pBLMVL2, inaQ-N and csn46A fragments were ligated by using a DNA ligation kit at 16 ℃
for 30 min, and the recombinant plasmid pBM101 was constructed. The plasmid pBM101 was
transformed into E. coli BL21 (DE3) and veri�ed by sequencing. The transformed strain was named
recombinant strain MB101.

The gene fragment inaQ-N was subcloned through PCR by using plasmid pBM101 as the template and
P5 and P2 as the primer pairs. Firstly, inaQ-N was inserted into pMD18-T, and the constructed plasmid
was digested by BamH I and Bgl II. Then, the inaQ-N fragment was ligated into plasmid pBM101 with the
digested Bgl . Finally, the recombinant plasmid pBM102 with two copies of inaQ-N was constructed. The
plasmid pBM102 was transformed into E. coli BL21 (DE3), and the recombinant strain MB102 was
constructed as previously described.

The vector pBLMVL2 containing the PL promoter was used to express recombinant protein (Wen et al.
2003). The recombinant strains MB101 and MB102 were inoculated into LB liquid medium containing
100 µg/mL Amp and incubated at 37 ℃ and 200 rpm overnight. Then, 1 mL of culture was transferred
into 100 mL of fresh LB medium containing 100 µg/mL Amp and incubated under the same condition
until it reached the OD600 of 0.6–0.8. Then, the temperature was increased to 42 ℃ and the culture was
continuously incubated for 4 h. The expression analysis of recombinant proteins was performed via
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) (Guo et al. 2019). E. coli BL21
(DE3) was used as a negative control.

Assay of displayed chitosanase activity

Displayed chitosanase activity was determined by using the 3,5-dinitrosalicylic acid (DNS) method
(Fukuda et al. 2014) with some modi�cations. The recombinant strains, which were cultured and induced
as described above, were collected through centrifugation at 8000 × g for 2 min at 4 ℃. Cells
(approximately 25 mg of dry weight) were washed with PBS three times and resuspended in 1 mL of PBS.
The reaction mixture consisted of 5 mL of CSN46A display cell suspension and 45 mL of 1% (w/v)
chitosan solution (dissolved in 1% acetic acid solution with the pH adjusted to 5.5). The reaction was
carried out at 55 ℃ for 5 h with stirring at 800 rpm, and 1 mL samples were taken at 1 h intervals. Then,
the cells were removed through centrifugation at 8000 × g for 5 min. A total of 500 µL of supernatant was
mixed with 500 µL of DNS solution and heated at 100 ℃ for 5 min. The absorbance of the sample was
measured at 540 nm. A standard curve was constructed on the basis of 1.0–5.0 mM D-glucosamine
hydrochloride. One unit of chitosanase activity was de�ned as the amount of dry cell weight that released
1 µmol of D-glucosamine-equivalent reducing sugars per min within 60 min of reaction conditions.

Gel permeation chromatography analysis

The Mws and distribution of products were analysed through gel permeation chromatography (GPC) by
using a Waters Alliance e2695 high-performance liquid chromatography (HPLC) system with a Waters
2414 refractive index detector (Waters Co., Ltd., USA). The chromatographic columns were Waters
Ultrahydrogel™ 1000, 250 and 120 (7.8 × 300 mm) columns connected in series to a Waters
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Ultrahydrogel™ 6 × 40 mm guard column. Brie�y, the recombinant strains and reaction mixture were
prepared as described above. The reaction was performed at 55 ℃ and 60 ℃ for 180 min at 800 rpm.
Samples for GPC analysis were �ltered through a 0.22 µm microporous membrane. The GPC conditions
were as follows: the columns and detector were kept at 28 °C; the injection volume was set at 50 µL and
0.2 M CH3COOH-0.1 M CH3COONa solution (pH 5.5) was used as the mobile phase with a �ow rate of
0.8 mL/min and a run time of 36.5 min. The PEG standards were used to construct the standard curve of
molecular weights. The COS standards (GlcN, [GlcN]3 and [GlcN]5) were used to analyse the retention
times of the reaction samples.

Puri�cation and protein analysis of hydrolysis products

After the reaction, the pH of the supernatant was adjusted to 7.0 to precipitate residual chitosan. Then,
COSs were extracted via the selective precipitation of methanol and acetone (Doan et al. 2020). Brie�y,
methanol (at a ratio of 9/1 [v/v]) was added to the supernatant to precipitate the remaining high-
molecular weight chitosan. The precipitate was further removed through centrifugation at 9000 × g for
30 min. The rotary evaporator was used to condense the supernatant to 1/10 of its original volume. The
COSs were obtained by adding acetone (at a ratio of 9/1 [v/v]) into the supernatant and centrifugation at
9000 rpm for 30 min. Finally, the COS samples were collected through freezing-drying for 48 h at -55 ℃.

The protein concentrations in hydrolysis products were determined through the Bradford method
(Bradford 1976) with bovine serum albumin to construct the standard curve.

Fourier transform infrared spectroscopy and nuclear magnetic resonance analysis of hydrolysis products

The Fourier transform infrared spectroscopy (FTIR) analysis of the hydrolysis products was performed
with a Nicolet NexuS470 instrument (Nicolet Instrument, Thermo Co., Madison, WI, USA) in accordance
with a previously described method (Zhang et al. 2020). Samples that had been dried to a constant
weight were mixed with KBr to prepare the KBr pellet and scanned at the wavenumber range of 4000 − 
400 cm− 1 with the resolution of 4.0 cm− 1.

For nuclear magnetic resonance (NMR) analysis, COSs (~ 50 mg) samples were dissolved in D2O

(99.99%). 1H-NMR and 13C-NMR spectra were collected with an AVANCE III 500 MHz (BRUKER,
Switzerland) spectrometer in reference to a previously described method (Muley et al. 2018).

Statistical analysis
All the experiments were conducted three times. Data were shown as the mean ± standard deviation of
three parallel experiments (N = 3) with the standard deviation always less than 5%.

Results
Construction and expression of the fusion proteins InaQ-N-CSN46A and 2InaQ-N-CSN46A
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The recombinant strains MB101 and MB102 were cultured at 37 ℃ and induced at 42 ℃. The
expression of the two fusion proteins InaQ-N-CSN46A and 2InaQ-N-CSN46A were identi�ed via SDS-
PAGE. The results showed that InaQ-N-CSN46A and 2InaQ-N-CSN46A were successfully expressed in E.
coli BL21 (DE3) with molecular weights of 46 and 65 kDa, respectively (Fig. 1b). The results were
consistent with the predicted molecular weights of the fusion proteins.

Chitosanase activities of the surface-display proteins InaQ-N-CSN46A and 2InaQ-N-CSN46A

The speci�c enzyme activities of the surface-display proteins InaQ-N-CSN46A and 2InaQ-N-CSN46A were
measured within 5 h of reaction (Fig. 1c). The activities of InaQ-N-CSN46A and 2InaQ-N-CSN46A
gradually increased during the �rst 3 h of the reaction and reached the maximum at 3 h. Then, the
enzyme activities of the two display fusion proteins declined. However, the speci�c enzyme activity of
2InaQ-N-CSN46A was higher than that of InaQ-N-CSN46A during the 5 h of measurement. The highest
speci�c enzyme activity of 2InaQ-N-CSN46A was 886.33 ± 0.81 U/g cell dry weight, which had increased
by 45.6% compared with that of InaQ-N-CSN46A. By contrast, no enzyme activity was detected in the
control strain that harboured plasmid pBLMVL2.

Hydrolytic properties of displayed chitosanase

The Mw and distribution of the hydrolysates were analysed through GPC. Brie�y, the surface-display
proteins InaQ-N-CSN46A and 2InaQ-N-CSN46A showed high chitosan hydrolysis activities at 55 ℃ and
60 ℃ (Fig. 2). At the reaction temperature of 55 ℃ (Fig. 2a and c), chitosan was hydrolysed in the �rst
30 min of reaction into products with Mws that mainly ranged from 1.0 kDa to 11.0 kDa. The products
(Mws between 1.0 and 11.0 kDa) were further degraded during 30 min to 60 min of the reaction.
Chitobiose and chitotriose ([GlcN]3) accumulated rapidly. Then, the hydrolysis rates of residual chitosan
with high Mws were reduced during 60 min to 120 min of the reaction. The �nal products after 180 min of
reaction were mainly chitobiose and chitotriose. The enzyme activity at 60 ℃ was lower than that at 55
℃. The major �nal products were chitotriose (Fig. 2b and d, 180 min).

The chitosan substrate with high Mw was degraded rapidly, and chitobiose and chitotriose were
accumulated in a short time at the optimum temperature (55 ℃). However, when the reaction
temperature was increased to 60 ℃, the degradation of high-molecular-weight chitosan decelerated. This
effect resulted in the gradual accumulation of chitotriose. Moreover, chitopentaose ([GlcN]5) accumulated
during the beginning of enzymatic hydrolysis (Fig. 2a, c and d, 30 min) and then was gradually
hydrolysed after 90 min of reaction at 55 ℃ but chitopentaose was continuously observed during the
reaction at 60 °C (Fig. 2b and d). This result demonstrated that COSs with Mws above 1000 Da could be
accumulated by the chitosanase surface display system when the reaction temperature was increased to
a high level. In addition, the surface display protein 2InaQ-N-CSN46A showed higher enzymatic hydrolysis
e�ciency than InaQ-N-CSN46A (Fig. 2b and d). The standard curve of Mw for chitosan with high
molecular weights was constructed by using PEG standards. The retention times of GlcN, (GlcN)3, and
(GlcN)5 in GPC analysis were 36.267, 34.217, and 33.251 min, respectively (Fig. 3a).
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Hydrolysis products analysis

GPC analysis (Fig. 3a, b and c) revealed that the �nal hydrolysates of the two surface display proteins
InaQ-N-CSN46A and 2InaQ-N-CSN46A were chitobiose and chitotriose. Glucosamine was not detected in
accordance with the GPC results for COSs standards. The protein concentration in the hydrolysate of
2InaQ-N-CSN46A (0.008 ± 0.001 mg/mL) was lower than that of InaQ-N-CSN46A (0.015 ± 0.001 mg/mL).
Moreover, the COSs in the �nal hydrolysates were puri�ed. The protein contents in the hydrolysis products
of InaQ-N-CSN46A (designated as COS1) and 2InaQ-N-CSN46A (designated as COS2) were 1.31% ±
0.01% (g/g) and 0.06% ± 0.02% (g/g), respectively. This result indicated that increasing the copies of the
anchoring motif InaQ-N could enhance the binding capability of the fusion protein.

FTIR analysis of COS1 and COS2

The FTIR spectra of COS1 and COS2 are shown in Fig. 3d. The important absorbance peaks of hydrolysis
products from InaQ-N-CSN46A and 2InaQ-N-CSN46A were consistent with those of COSs. The peak at
3420.62 cm− 1 was attributed to O–H and N–H stretching vibrations, and the stretching vibration
absorbance peak of C–H appeared at approximately 2927.41 and 2884.02 cm− 1. The characteristic
peaks at 1651.73, 1596.77 and 1381.75 cm− 1 were assigned to the stretching vibration of C = O (amide I),
the N–H bending of amide II and the absorption band of amide III, respectively (Liu et al. 2014).
Additionally, the bands observed at 1155.15 and 1091.03 cm− 1 were attributed to the stretching vibration
of the asymmetric oxygen bridge C–O–C and the stretching vibration of C–O, respectively. The band at
896.25 cm− 1 was assigned to the β (1→4) glycoside linkage.

NMR spectroscopy analysis of COS1 and COS2

NMR spectroscopy was performed for the structural characterisation of COS1 and COS2. The results
showed that the structures of COS1 and COS2 were consistent with those of COSs (Fig. 4). In the 1H-NMR
spectrum (Fig. 4a and b), the chemical shift at δ 4.71 ppm was the peak of D2O; the alpha of the reducing
end of the COS was at δ 5.34 ppm; the signal at δ 2.94 ppm was attributed to H2 from the GlcN unit (C2);
signals in the range of δ 3.3 ppm to δ 4.0 ppm corresponded to H3–H6 and the other minor peaks might
be caused by impurities. The 13C-NMR spectra are shown in Fig. 4c and d. The anomeric C1 of the sugar
ring caused resonance at approximately δ 99.17 ppm. The carbon chemical shifts of C2, C3, C4, C5 and
C6 in the sugar ring were δ 56.37, δ 69.93, δ 77.17, δ 75.11 and δ 60.39 ppm, respectively (Li et al. 2016).

Discussion
In this study, the surface display proteins InaQ-N-CSN46A and 2InaQ-N-CSN46A showed high hydrolysis
e�ciencies for high-molecular-weight chitosan at 55 ℃ and 60 ℃. The �nal products were chitobiose
and chitotriose without observable glucosamine. These results were consistent with previous �ndings
showing that CSN46A is an endo-type chitosanase (Han et al. 2020; Yang et al. 2020).
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The results of speci�c enzyme activities suggested that the enzyme activity of 2InaQ-N-CSN46A was
signi�cantly higher than that of InaQ-N-CSN46A (Figs. 1 and 2). In addition, the protein concentrations of
the �nal hydrolysates and products of 2InaQ-N-CSN46A were lower than those of InaQ-N-CSN46A. These
results con�rmed the �ndings of our previous study (Li et al. 2009), which showed that increasing the
InaQ-N domain copy numbers exerts a synergistic effect. This approach could signi�cantly improve the
activity and stability of surface-displayed fusion proteins. Therefore, 2InaQ-N-CSN46A was the superior
choice for COS production given its high enzyme activity and reduced protein contamination.

Many microbial species can produce chitosanases (Liu et al. 2020). However, their chitosanase
expression e�ciency is low, and separation and puri�cation in these systems are di�cult. Therefore, the
heterogeneous expression of various sources of chitosanases in different expression systems was
selected to signi�cantly increase the production of chitosanases via induction and puri�cation steps. For
example, the production of B. subtilis HD145 chitosanase in Pichia pastoris has a high yield of 7.2 × 106

U/L (Kang et al. 2012). Nevertheless, the complex puri�cation steps required for the enzyme and
hydrolysate COSs are the major obstacles to the industrial production of COSs. A chitosanase from B.
subtilis ATCC 23857 was anchored to the cell surface of Lactobacillus plantarum under induction with
25 ng/mL IP-673, a peptide pheromone (Nguyen et al. 2016). The chitosanase activities obtained with
this system reached the highest value of 1360 U/g cell dry weight. However, the addition of peptide
pheromones for chitosanase expression is unsuitable for large-scale industrial production. In this study,
surface-displayed chitosanase could be expressed by increasing the induction temperature and
hydrolysing the substrate chitosan directly without complicated enzyme puri�cation steps. Moreover,
simple steps, such as centrifugation or �ltration, could be used to remove the chitosanase-displaying
bacteria easily. This approach facilitated obtaining COSs with high purity and guaranteed the application
of the system in various �elds, such as medicine, food and cosmetics.

COSs with DPs from 5 to 8 (Mws ranging from 1000 and 1600 Da) are expected to be used in medicine
and functional foods due to their high biological activity (Dong et al. 2015; Kuroiwa et al. 2009). However,
the �nal hydrolysates are mainly chitobiose and chitotriose for endo-type chitosanases or glucosamine
for exo-type chitosanases. Although COSs with high DPs can be detected during hydrolysis, few studies
have detected their proportions in hydrolysates (Ma et al. 2020; Yang et al. 2019). The present study
found that chitopentaose accumulated during hydrolysis. The highest proportion of chitopentaose at 60
℃ (77.62%) was higher than that at 55 ℃ (62.08%). This result indicated that although COSs with Mws
between 1000 and 1600 Da were the intermediate products of chitosanase hydrolysis, they could be
obtained by precisely controlling the enzymatic reaction time under a relatively high temperature.

Conclusion
Chitosanase bacterial surface display systems with one or two copies of InaQ-N as anchoring motifs
were developed. Recombinant proteins could be expressed under temperature induction and could be
used to hydrolyse chitosan directly and e�ciently. The �nal hydrolysates were mainly chitobiose and
chitotriose without observable glucosamine. Moreover, COSs with Mws ranging from 1000 to 1600 could
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be accumulated by controlling the reaction time under high-temperature conditions. The chitosanase
bacterial surface display system would be an ideal candidate strategy for the industrial production of
COSs because it could signi�cantly decrease production costs.
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Figure 1

The plasmids pBLMVL2, pMD18-inaQ-N and pMD18-csn46A were digested with the restriction
endonucleases EcoR I/BamH I, EcoR I/Bgl II and Bgl II/BamH I at 37 ℃ for 1 h, respectively. The digested
pBLMVL2, inaQ-N and csn46A fragments were ligated by using a DNA ligation kit at 16 ℃ for 30 min,
and the recombinant plasmid pBM101 was constructed. The plasmid pBM101 was transformed into E.
coli BL21 (DE3) and veri�ed by sequencing. The transformed strain was named recombinant strain
MB101. The results were consistent with the predicted molecular weights of the fusion proteins. The
activities of InaQ-N-CSN46A and 2InaQ-N-CSN46A gradually increased during the �rst 3 h of the reaction
and reached the maximum at 3 h. Then, the enzyme activities of the two display fusion proteins declined.
However, the speci�c enzyme activity of 2InaQ-N-CSN46A was higher than that of InaQ-N-CSN46A during
the 5 h of measurement. The highest speci�c enzyme activity of 2InaQ-N-CSN46A was 886.33 ± 0.81 U/g
cell dry weight, which had increased by 45.6% compared with that of InaQ-N-CSN46A. By contrast, no
enzyme activity was detected in the control strain that harboured plasmid pBLMVL2.
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Figure 2

At the reaction temperature of 55 ℃ (Fig. 2a and c), chitosan was hydrolysed in the �rst 30 min of
reaction into products with Mws that mainly ranged from 1.0 kDa to 11.0 kDa. The products (Mws
between 1.0 and 11.0 kDa) were further degraded during 30 min to 60 min of the reaction. Chitobiose and
chitotriose ([GlcN]3) accumulated rapidly. Then, the hydrolysis rates of residual chitosan with high Mws
were reduced during 60 min to 120 min of the reaction. The �nal products after 180 min of reaction were
mainly chitobiose and chitotriose. The enzyme activity at 60 ℃ was lower than that at 55 ℃. The major
�nal products were chitotriose



Page 14/16

Figure 3

GPC analysis (Fig. 3a, b and c) revealed that the �nal hydrolysates of the two surface display proteins
InaQ-N-CSN46A and 2InaQ-N-CSN46A were chitobiose and chitotriose. Glucosamine was not detected in
accordance with the GPC results for COSs standards. The protein concentration in the hydrolysate of
2InaQ-N-CSN46A (0.008 ± 0.001 mg/mL) was lower than that of InaQ-N-CSN46A (0.015 ± 0.001 mg/mL).
Moreover, the COSs in the �nal hydrolysates were puri�ed. The protein contents in the hydrolysis products
of InaQ-N-CSN46A (designated as COS1) and 2InaQ-N-CSN46A (designated as COS2) were 1.31% ±
0.01% (g/g) and 0.06% ± 0.02% (g/g), respectively. This result indicated that increasing the copies of the
anchoring motif InaQ-N could enhance the binding capability of the fusion protein.
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Figure 4

In the 1H-NMR spectrum (Fig. 4a and b), the chemical shift at δ 4.71 ppm was the peak of D2O; the alpha
of the reducing end of the COS was at δ 5.34 ppm; the signal at δ 2.94 ppm was attributed to H2 from the
GlcN unit (C2); signals in the range of δ 3.3 ppm to δ 4.0 ppm corresponded to H3–H6 and the other
minor peaks might be caused by impurities. The 13C-NMR spectra are shown in Fig. 4c and d. The
anomeric C1 of the sugar ring caused resonance at approximately δ 99.17 ppm. The carbon chemical
shifts of C2, C3, C4, C5 and C6 in the sugar ring were δ 56.37, δ 69.93, δ 77.17, δ 75.11 and δ 60.39 ppm,
respectively (Li et al. 2016).
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