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A B S T R A C T

Heparin, a glycosaminoglycan, is a stable source of carbon that supports the growth of microorganisms in the 
human intestine. It is also a commonly used anticoagulant drug in clinical practice, with significant 
therapeutic effects. Low molecular weight heparin (LMWH) is a highly active low molecular weight fragment 
obtained via enzymatic reaction or the chemical degradation of heparin. LMWH has been applied globally in 
the prevention and treatment of venous thromboembolism in thrombosis patients. Simultaneously, as a 
potential prebiotic, because of its low molecular weight, LMWH can be well degraded by the gut microbiota 
to maintain intestinal balance. Enzymatic heparin degradation has recently emerged as a viable disposal 
method for LMWH preparation; however, only very few benchmark enzymes have been thoroughly described 
and subjected to protein engineering to improve their properties over the past few years. The 
commercialization of enzymes will require the development of robustly engineered enzymes that meet the 
demands of industrial processes. Herein, we report a rational protein engineering strategy that includes 
molecular dynamic simulations of flexible amino acid mutations and disulfide bond screening. Several 
Bacteroides thetaiotaomicron heparanase I (Bt-HepI) mutants were obtained and screened for high thermal 
stability. We obtained the Bt-HepID204C/K208C/H189W/Q198R variant, which features a stabilized protein surface 
structure, with a 1.3-fold increase in catalytic constant/michaelis-menten constant (kcat/Km), a 2.44-fold 
increase in thermal stability at 50 ℃ , and a 1.8-fold decrease in the average molecular weight of LMWH 
produced at 40 ℃ compared with that seen with Bt-HepIWT. Our study establishes a strategy to engineer 
thermostable HepI to underpin its industrial applications.

© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.　Introduction

Heparin, a member of the glycosaminoglycan family, is an acidic 
mucopolysaccharide composed of repeating units of iduronic and 

glucuronic acid disaccharides[1]. Heparin can specifically bind to 
antithrombin to exert its anticoagulant function[2-5]. Commercial 
heparin is primarily extracted from the mucosa of the bovine lung 
and porcine small intestine currently[6]. The extracted heparin has a 
complex structure and several crucial biological functions and is 
generally used clinically for the treatment of thrombosis, 
cardiovascular disease, and other diseases[7-8]. It also serves as a stable 
carbon source for the host intestine, can effectively regulate the 
structure of intestinal flora, and has potential prebiotic functions[9]. 
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Low molecular weight heparin (LMWH) is a small heparin fraction 
produced by heparin cleavage, which has a reduced ability to bind 
proteins or cells but significantly increased anticoagulant activity. 
LMWH has various advantages over heparin, such as higher 
utilization, longer half-life, and fewer side effects[10-11]. In addition, 
the low molecular weight of LMWH allows, it to be better degraded 
by gut microbes, which helps maintain intestinal homeostasis. 
Therefore, the methods for preparing LMWH are important. 
Physical, chemical, biological, and synthetic approaches are 
currently being used to prepare LMWH. In recent years, biological 
enzymatic catalysis has emerged as a potentially attractive alternative 
to more traditionally cleaved heparin strategies, because of its 
advantages, including mild conditions, high selectivity, and 
low pollution.

Heparinase I (HepI) is a class of polysaccharide cleaving enzymes 
capable of cleaving heparin to prepare LMWH. HepI is found in a 
wide range of sources, primarily in Flavobacterium heparinum and 
Bacteroides[12]. Recent studies have shown that human gut 
microorganisms can effectively degrade heparin[13-14], with Bacteroides 
being the major contributor[15]. Other studies have reported the 
isolation of highly active HepI from Bacteroides eggerthii and 
Bacteroides cellulosilyticus[16-17]. These studies focused only on the 
activity of HepI, ignoring its thermal stability. The crystal structure of 
HepI from Bacteroides thetaiotaomicron (Bt-HepI) has been widely 
studied, and its specific degradation mechanism has been resolved[18]. 
The unique catalytic properties of Bt-HepI make it an attractive 
candidate as a biocatalyst for LMWH preparation. Unfortunately, the 
wild-type enzyme has low thermostability[19], suggesting that bio-
transformations must be performed at ambient temperatures far below 
the temperature. This compromises heparin deconstruction rates and 
decreases the storage time of the enzyme. To address these 
limitations, improvements in HepI stability have been achieved using 
a variety of rational engineering approaches[20]. One study 
documented the improved thermal stability of HepI using the fused 
maltose binding protein (MBP). The authors also reported that 
stability was improved by mutating the C297 site, which was used to 
inhibit dimerization[19].

Thus far, there have been few reports on the thermal stability of 
HepI. In contrast, experimental optimization of enzymes using 
rational protein engineering typically offers a more comprehensive 
approach to the enzyme engineering[21-24], and molecular dynamics 
simulations (MDs) have demonstrated the flexible region of the 
enzyme. The root mean square deviation (RMSD) is an important 
parameter that reflects the flexibility of the protein residues[25]. The 
higher the root mean square fluctuation (RMSF) value of the residue 
higher the degree of freedom. The flexible region consists of 
residues with high RMSF values. Disulfide bonds play a crucial role 
in protein folding and stability, stabilizing the structure and regulating 
the activity of proteins[26-29]. Structure-based design methods used to 
form disulfide bonds in proteins to improve protein stability have 
achieved considerable success in biopharmaceutical and industrial 
applications[30]. Here, based on the reported crystal structure of Bt-HepI, 
we developed a rational protein engineering strategy to obtain 
Bt-HepI mutants with remarkably enhanced thermal stability and 
improved heparin degradation ability. The findings should help 
expand the applications of Bt-HepI in human pharmaceutical and 
food industries.

2.　Materials and methods

2.1　Materials

Escherichia coli DH5α and BL21 (DE3) were obtained from our 
laboratory culture collection. The gene encoding Bt-HepI was codon 
optimized and commercially synthesized by GENEWIZ Co., Ltd. 
(Suzhou, China), and then cloned into the BamH I and Xho I sites of 
the pE-SUMO vector. Heparin sodium salt (185 U/mg) was 
purchased from Sangong Shanghai (China). 2× Phanta Max Master 
Mix DNA Polymerase was purchased from Vazyme Biotechnology 
Co., Ltd. (Nanjing, China). His GraviTrap TALON was purchased 
from GE Healthcare (Little Chalfont, UK). All other reagents were 
purchased from Sinopharm Group Chemical Reagent Co., Ltd. 
(Shanghai, China).

2.2　MDs and flexible virtual mutation screening

The 3-dimensional structure of Bt-HepI was obtained from the 
Protein Data Bank (PDB ID: 3ikw). The three-dimensional structures 
of mutants were determined using PyMOL software simulation 
according to the Bt-HepI structure. MDs of Bt-HepI were performed 
using Amber16 software under 333 K and 100 ns conditions. To fix 
the protein with a force of 3 000 kcal/(mol∙Å2), the solution was first 
optimized using the steepest descent method with 2 000 steps and the 
conjugate gradient method with 2 000 steps. To optimize the side 
chains, atoms in the backbone structure of the protein were fixed at a 
force of 500 kcal/(mol ∙ Å2). Overall optimization was performed 
without any restrictions on the entire system. In an MDs a heating 
stage was used to steadily increase the temperature over 50 ps from 
0 K to 300 K. Next, a constant number, pressure, and temperature 
simulation was performed for 100 ps at 300 K. Constant temperature 
and volume simulations were performed for 50 ns, and the bonds 
involving hydrogen atoms were optimized using SHAKE. Amber16 
was used to construct an electronic library of thermostable HepI 
mutants based on the RMSF and D-stability values.

2.3　Disulfide bond screening

Disulfide bond scanning of the Bt-HepI (3ikw) was performed to 
construct an electronic library of mutations using the disulfide scan 
module of Amber16 MOE. Unary quadratic optimization in 
LowMode was used to scan for mutations. LowModeMD was used to 
search the conformational space of the mutants. The LowModeMD 
search method, with an MD run of approximately 1 ps at a constant 
temperature, was followed by whole-atom energy minimization to 
generate mutant conformations. The results were saved in the 
output database when the conformations results satisfied the 
requirements of the energetic and geometric criteria. To accelerate 
MDs, atoms over 4.5 Å were labeled as inert, and the number of 
iterations was limited to 50. The conformation of each complex 
mutation was limited to 5. Finally, the mutant stabilities were 
determined. Based on the D-stability values of the HepI mutants, 
D-stability < −5 kcal/mol was used as the screening criterion to 
construct an electronic library. The Pymol software program was used 
to screen for unreasonable mutants in electronic libraries.
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2.4　Protein preparation

The Bt-HepI gene was amplified through polymerase chain 
reaction (PCR) using a synthesized gene with codon optimization for 
expression in E. coli as a template. The nucleotide sequence 
corresponding to the signal peptide was removed from the synthetic 
DNA. The amplified product was subcloned into the pE-SUMO 
expression vector, and the pE-SUMO-Bt-HepI plasmid was 
transformed into E. coli BL21 (DE3) cells for growth at 37 ℃ in 
fresh Luria-Bertani medium containing 50 μg/mL kanamycin. After 
inducing protein expression by adding 0.6 mmol/L isopropyl 
β-D-1-thiogalactopyranoside, the culture was further incubated for 
12 h at 25 ℃. The cells were harvested by centrifugation at 8 000 × g 
for 5 min at room temperature. The cell pellet was resuspended in 
Tris-HCl buffer (20 mmol/L Tris, 200 mmol/L NaCl, and 5 mmol/L 
CaCl2 at pH 7.4) and disrupted by repeated ultrasonication (300 W for 
3 s, stop for 4 s) for 10 min. The cell debris was removed by 
centrifugation at 12 000 × g for 30 min at 4 ℃. The supernatant was 
applied to a Ni-Trap metal chelate column (GE Healthcare). The 
column was washed with 10 mL of buffer (50 mmol/L Tris, 
300 mmol/L NaCl, 5 mmol/L CaCl2, and 50 mmol/L imidazole, pH 7.4) 
to remove impurities. The target protein was purified by adding 
3−5 mL of elution buffer (50 mmol/L Tris, 300 mmol/L NaCl, 
10 mmol/L CaCl2, and 150 mmol/L imidazole at pH 7.4) to the 
column. Protein purity and the level of Bt-HepI expression were 
confirmed using sodium dodecyl sulfate polyacrylamide gel 
electrophoresis. SDS-PAGE was used to assess the level of Bt-HepI 
expression, and the Bradford assay was performed to determine the 
protein concentration[31].

Site-directed mutagenesis of the Bt-HepI gene was performed via 
PCR using pE-SUMO-Bt-HepI as a template and the Vazyme Quick 
Change kit. The mutated genes were subjected to DNA sequencing 
using GeneWise Biotechnology Co., Ltd. (China). The correct 
mutants were transformed into E. coli BL21 (DE3) cells for protein 
expression. The primer sequences used in site-directed mutagenesis 
are listed in Table 1.

2.5　Determination of enzyme activity, enzymatic properties, 
kinetic parameters, and thermostability of HepI

HepI activity was measured at 232 nm[32]. Heparin was used as 
the substrate in the reaction, which was performed at 30 ℃ for 10 min 
in a reaction buffer comprised of 25 g/L of heparin, 50 mmol/L 

CH3COONa, and 5 mmol/L Ca(CH3COO)2 at pH 7.4 (pH adjusted to 
7.4 using HCl). A ultraviolet (UV) spectrophotometer was used to 
detect the absorption of heparin at 232 nm. A molar extinction 
coefficient of 3 800 L/(mol∙cm) was used to calculate heparin 
activity. The amount of enzyme required to catalyze the conversion of 
1 μmoL of substrate to product per minute under optimal reaction 
conditions is designated as 1 international unit (IU).

The optimal pH of the enzyme was measured by determining its 
activity at pH ranging from 4 to 12 (pH 4−6, citrate buffer; pH 6−8, 
phosphate buffer; pH 8−12, Tris-HCl). Enzyme activity at the 
optimum pH was defined as 100%, and the relative enzyme activity 
of HepI was determined. Enzyme activity was measured at 25, 30, 35, 
40, 45, 50, and 55 ℃ to determine the optimum reaction temperature. 
Enzyme activity at the optimum temperature was defined as 100%, 
and the relative enzyme activity of HepI was determined.

The kinetic parameters of Bt-HepI (michaelis-menten (Km), 
maximum velocity (Vmax), catalytic constant (kcat), and kcat/Km) were 
determined at optimum pH and temperature. The reaction buffer 
comprised 25 g/L heparin, 50 mmol/L CH3COONa, and 5 mmol/L 
Ca(CH3COO)2 at pH 7.4 (pH adjusted to 7.4 using HCl). The reaction 
time was 10 min. Eadie-Hofstee plots were used for calculating the 
Km and Vmax values. The half-life (t1/2) of purified wild-type and 
mutant Bt-HepI was determined by incubation at 40 and 50 ℃ for 
different durations. The enzyme activity before incubation was 
defined as 100%.

2.6　Preparation and mass spectrometry analysis of LMWH

The protocol for the LMWH preparation using both wild-type and 
mutant enzymes was performed as follows. In the enzyme digestion 
process for sample preparation, heparin 50 mg was dissolved in 
500 µL of 50 mmol/L Tris-HCl (containing 10 mmol/L CaCl2, pH 7.4) 
and added to 4 IU of purified HepI in a water bath at 40 ℃ for 12 h. 
The enzyme was inactivated by boiling in a water bath at 100 ℃ and 
centrifuging to obtain the supernatant. The supernatant was amended 
with sodium chloride to a final concentration of 2.5% and, 1.4 times 
ethanol (m/m), and left at 4 ℃ for 24 h. After 24 h of centrifugation, 
the precipitate was dried, and the enzyme digestion product was 
obtained. Degraded LMWH was analyzed using an oligosaccharide 
time-of-flight mass spectrometry[33]. A steel target plate was used, the 
matrix solution contained 2,5-dihydroxy benzoic acid (20 mg/L, 
30 ℃ dissolved), and 1 mmol/L NaCl as the matrix additive. The 
sample was dissolved in 30% acetonitrile (1 mg/mL). The analyzed 

Table 1
Oligonucleotide primer pairs used to construct the mutant enzymes.

Sample No.

1

2

3

4

5

Amino acid change

Q198R

K247W

H189W

D204C

K208C

Primer sequencesa

5′-CTGGATAAGCGGGGCAACCCGGTTAAGGACAAGAATG-3′
5′-CGGGTTGCCCCGCTTATCCAGGCGTGCAACTTTCTC-3′

5′-AGCGATCGCTGGTGGCTGACCGATAAAGACGACCGTTG-3′
5′-GGTCAGCCACCAGCGATCGCTGTTGGCTTTGATGTAG-3′

5′-ACGTTGGCTGGGAGAAAGTTGCACGCCTGGATAAGC-3′
5′-CAACTTTCTCCCAGCCAACGTTCTTTTTAAAAAAGG-3′

5′-CCGGTTAAGTGCAAGAATGGCAAGCCGGTGTATAAAG-3′
5′-GCCATTCTTGCACTTAACCGGGTTGCCCTGCTTATC-3′

5′-AAGAATGGCTGCCCGGTGTATAAAGCAGGCAAGCCG-3′
5′-ATACACCGGGCAGCCATTCTTGTCCTTAACCGGGTTG-3′

Note: aBase changes in the relevant triplets are shown in bold.
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sample solution contained 1 μL of sample solution and 1 μL of matrix 
solution and was naturally dried on the sample target.

2.7　Potency testing of enzymatic digestion products

The anti-factor Xa (FXa) and anti-factor IIa (FIIa) activities of 
LMWH were determined using a protocol from the European 
Pharmacopoeia[34]. This method determines the ability of the sample 
to inhibit factors Xa and IIa by comparing the in vitro antithrombin 
activity of the sample with the LMWH standard. The reaction was 
performed on a microplate reader. The samples were successively 
mixed with the R1, R2, and R3 (buffers in the kit). The reaction was 
terminated by adding a citric acid solution; absorbance was measured 
at 405 nm[35].

2.8　Statistical analysis

Bt-HepI and heparin were molecularly docked using the 
AutoDock software. PyMOL was used to create all structure maps 

(hppt://www.pymol.org)[36]. Three parallel runs of the tests were 
conducted. The results are presented as the mean ± standard 
deviation. Statistical analyses were performed using t-tests.

3.　Results

3.1　Workflow for the directed evolution of a HepI

In this study, we adopted 2 strategies to improve the thermal 
stability of Bt-HepI. The first method involved a virtual mutation of 
the flexible region in Bt-HepI through MDs to screen for potential 
mutation sites. In addition, a virtual mutation of disulfide bonds 
was performed on Bt-HepI to increase the disulfide bond to increase 
the heat stability. Fig. 1 shows the workflow for the directed evolution 
of the designed HepI. The workflow progressed from the initial molecular 
docking of enzyme and substrate to MDs and virtual mutation 
screening of disulfide bonds to identify key amino acid residues affecting 
the thermal stability of HepI, to the construction and experimental 
validation of various mutants. The structural simulation was followed 
by experimental verification and regression to structural analysis.

Fig. 1　Crystal structure of the existing HepI was overlaid while molecularly docking it to the heparin to determine the substrate binding pocket (active center 
region) of the enzyme. MDs of HepI were performed using Amber16 to identify amino acid residues associated with thermal stability. Virtual mutation screening 

of HepI using the Residue and Disulfide modules of Amber16 identidied mutations in key amino acid residues for functional validation via high temperature 
thermal stability experiments.
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3.2　Rational design strategy for enhanced thermal stability

To obtain highly active and thermally stable Bt-HepI, MD flexibility 
disulfide bonding analyses were performed. The selected flexible 
areas include positions 70−80, 180−225, and 320−330 (Fig. 2A). As 
amino acids 70−80 were very close to the catalytic center, the flexible 
region containing amino acids 70−80 was deemed unsuitable for the 
mutation to avoid any effects on the enzyme activity. The flexible 
areas of residues 180−225 and 320−330 were considered the best 
residues for the mutation (Fig. 2B). The top 20 structural positions of 
the screened flexible mutant amino acid sites and mutation energy are 
shown in Figs. 2C-D. A simulated screening of the disulfide bonds 
was performed to avoid the active site of the enzyme. The structural 
position of the disulfide bond mutation site top 9 is shown in Fig. S1. 
After further analysis and excluding of the active center, only 4 disulfide 
bond mutation sites remained (P283C/D286C, S141C/G236C, 
P201C/P209C, and D204C/D208C), as shown in Fig. 3.

3.3　 Analysis of relative enzyme activity, expression of 
mutants, and sequence analyse

Enzyme activity was measured for the 20 single-point mutants 
and four disulfide bond mutants screened. The mutants H189W, 
Q198R, K247W, and D204C/K208C did not show a significant 

decrease in enzyme activity compared with that seen with the wild 
type (Figs. 4A-B). H189W, Q198R, and D204C/K208C showed 
higher enzyme activity than the wild-type, and mutant K247W showed 
lower activity than the wild-type. Therefore, we subsequently 
selected the, H189W, Q198R and D204C/K208C mutation sites, for 
combinatorial mutagenesis (H189W/Q198R, H189W/D204C/K208C, 
Q198R/D204C/K208C and H189WQ198R/D204C/K208C) to obtain 
highly active and thermally stable HepI. Eight mutants of Bt-HepI 
expressed soluble enzymes (Fig. 4C). The activities of these enzymes 
were determined, as shown in Fig. 4D. Compared with the wild-type, 
the enzyme activity of 7 mutants remained unchanged or was significantly 
increased. Bt-HepIK247W was an exception and exhibited, decreased 
activity. The sequences of the Bt-HepI and polysaccharide lyase 
family 13 enzymes were compared and analyzed, and 5 beneficial 
mutation sites were also determined. The 5 sites that were experimentally 
mutated are marked by the 5-pointed stars (Fig. S2). Except for amino 
acid residue 208, other residues were highly conserved among all 
investigated enzymes. The total yield, total enzyme activity, and 
specific enzyme activity of wild-type and mutant Bt-HepI enzymes were 
determined (30 ℃ , reaction buffer comprised of 25 g/L of heparin, 
50 mmol/L CH3COONa, and 5 mmol/L Ca(CH3COO)2 at pH 7.4). The 
expression levels of all the mutants remained consistent compared 
with that seen with the wild type and did not differ significantly. 
However, mutants D204C/K208C and D204C/K208C/H189W/

Fig. 2　Molecular dynamics simulation and virtual mutation screening of HepI. (A) RMSF calculations using Amber16 were used to determine the flexibility of 
the protein regions by comparing the framework conformation with the average conformation and the RMSD size of each amino acid. The 3 regions with better 
flexibility were residues 70−80, 180−225 and 320−330. (B) Spatial display of flexible regions. The redder and thicker the line, the greater flexibility of the area. 
The more flexible areas are the 3 dashed. (C) Mutation energy analysis of the top 20 loci of single point virtual mutations. (D) The top 20 structural positions of 

flexible mutant amino acid sites were screened. Amino acid residues are indicated using globular structures.
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Q198R had significantly higher specific enzyme activities than the wild 
type (Table 2). This occurs probably because the wild-type enzyme 
loses more of its catalytic activity at the assay temperature conditions.

3.4　 Analysis of Bt-HepI mutants for enzymatic properties, 
thermal stability, and enzyme kinetics

We determined the optimal reaction temperature and pH for each 
mutant by comparing relative activities at various temperatures and 
pH levels (Fig. S3). The optimum reaction pH for Bt-HepIWT, 
Bt-HepIK247W, Bt-HepID204C/K208C, and BtHepID204C/K208C/H189W was the 
same (pH 8). When His was mutated to Trp, increasing acidity, the 
optimal pH of Bt-HepIH189W changed from pH 8 to pH 7. As Arg is a 
basic amino acid, when Q198 was mutated to R198, the optimal pH of 
the mutants (Bt-HepIQ198R, Bt-HepIH189W/Q198R, Bt-HepID204C/K208C/Q198R, 
Bt-HepID204C/K208C/H189W/Q198R) changed from pH 8 to pH 9. The 
optimum reaction temperature of Bt-HepIWT, Bt-HepID204C/K208C, and 
Bt-HepIK247W were 40 ℃ , whereas the optimal reaction temperature 
for the remaining mutants is 40−45 ℃. Overall, mutations in amino 
acid residues altered the flexibility of the enzyme and increased its 
rigidity, leading to a higher optimal reaction temperature.

To confirm the thermostability of the mutants, their half-life at 40 
and 50 ℃ were measured. The optimal temperature for Bt-HepI was 
40 ℃ . Thus, 50 ℃ was a relatively high temperature for Bt-HepI. 
Bt-HepIWT lost half its enzymatic activity at 50 ℃ in a short time. The 
half-life of each mutant was significantly higher than that of 
Bt-HepIWT, indicating that these mutations improved the thermal 
stability of Bt-HepI (Figs. 5A-B). Compared with the wild-type enzyme, 
the half-life of 8 Bt-HepI mutants (Bt-HepIQ198R, Bt-HepIK247W, 
Bt-HepIH189W, Bt-HepID204C/K208C, Bt-HepIH189W/Q198R, Bt-HepID204C/K208C/H189W, 
Bt-HepID204C/K208C/Q198R, and Bt-HepID204C/K208C/K208C/H189W/Q198R) 
increased by 30.55%, 14.63%, 31.39%, 51.61%, 56.61%, 74.07%, 
80.77%, and 104.35% at 40 ℃ and, 61.03%, 30.82%, 72.21%, 
101.32%, 103.32%, 113.75%, 122.81%, and 143.5% at 50 ℃ , 
respectively.

We attempted to identify mutations that would improve the 
thermal stability of Bt-HepI by using mutation sites that were not in 
the active region of the enzyme. The enzyme kinetic constant and 
half-life of each mutant were determined to identify the best mutant 
(Table 3). The catalytic constant of Bt-HepIK247W was 17.9% higher 
than that of the wild-type, and the Km values of the other mutants 
were lower, indicating the enhanced binding ability of the mutants to 

Fig. 3　Schematic structure of the four disulfide bond mutation sites outside the active center of HepI. (A) Fours pairs of structural positions of disulfide-bonded 
mutant amino acid sites were screened, amino acid residues are indicated using globular structures. (B) Mutation energy analysis of the top 20 loci of single point 

virtual mutations. (C-F) Disulfide bond between the amino acid residues at positions (C) 236 and 141, (D) 201 and 209, (F) 204 and 208, 283 and 286.
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the substrate, except for Bt-HepIK247W. In addition, the kcat of all 

Bt-HepI mutants, except Bt-HepIK247W, was significantly higher than 

that of Bt-HepIWT. The Bt-HepI mutants were similar to Bt-HepIWT for 

all evaluated parameters. Therefore, the mutants improved the 

thermal stability of the enzyme and increased its catalytic efficiency.

3.5　Structural analysis of mutants

To investigate the effects of amino acid mutations on thermal stability, 
spatial three-dimensional structures of Bt-HepIQ198R, Bt-HepIK247W, 
Bt-HepIH189W, and Bt-HepID204C/K208C were systematically analyzed. 
Fig. 5C shows the structural analysis results for Bt-HepIQ198R. When 
Q198 was mutated to R198, the side-chain aromatic nucleus extended 
away from the protein. By creating cation-stacking contacts with the 
protonated amino ion of the nearby K197, this stretched aromatic 
nucleus exhibited a conjugated effect that further stabilized this 
flexible area and increased the heat stability of the mutant. Structural 
analysis of Bt-HepIK247W, in which K247 was mutated to W247, 
revealed a conjugated effect via the formation of π-π stacking 
interactions, which improved the thermal stability of this mutant. 
Spatially, W247 and Y273 were aligned, exerting a conjugated effect 
via π-π stacking interactions because of, the aromatic nuclei in both 
molecules. In the spatial structure analysis of Bt-HepIH189W with H189 
mutated to W189, a side-chain aromatic nucleus appeared above 
K184, which had a conjugation effect by forming cation-π stacking 
interactions between the protonated amino ions of K184. The 

Fig. 4　Comparison of mutation energy and enzyme activity of mutants. Expression of wild-type and mutant proteins was analyzed using 12% SDS-PAGE gels 
stained with Kaomas Brilliant Blue R-250. (A-B) Comparison of the activity of single point mutations (top 20) and disulfide bond mutations. The enzyme activity 
of the wild-type enzyme was considered 100%. Mutants H189W, Q198R and D204C/K208C had higher activity than the wild type, and K247 had slightly lower 

activity than the wild type. (C) Lane M: protein marker; Lanes 1 and 2: recombinant strains with empty plasmid and wild-type enzyme without induction, 
respectively. Lanes 3-11: wild-type Bt-HepI and Q198R, K247W, H189W, D204C/K208C, H189W/Q198R, D204C/K208C/H189W, D204C/K208C/Q198R, and 

D204C/K208C/H189W/Q198R Bt-HepI mutants produced by inducing recombinant bacteria. The Bt-HepI protein band was approximately 55 kDa. Sample 
volume of 25 µL/well. (D) Relative enzyme activity analysis of the mutants. The enzyme activity of the wild-type enzyme was considered 100%. All experiments 

comprised 3 parallel groups for SD analysis. ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.000 1.

Table 2
Enzyme activity and yield of wild type Bt-HepI and mutants.

Enzyme

Wild-type

Q198R

K247W

H189W

D204C/K208C

H189W/Q198R

D204C/K208C/H189W

D204C/K208C/Q198R

D204C/K208C/H189W/Q198R

TP (mg/mL)

0.31 ± 0.02

0.41 ± 0.04

0.29 ± 0.01

0.32 ± 0.03

0.42 ± 0.06

0.33 ± 0.07

0.30 ± 0.02

0.36 ± 0.05

0.39 ± 0.04

TEA (IU/mL)

62.0 ± 1.4

85.0 ± 2.7

45.0 ± 1.9

61.0 ± 3.2

93.0 ± 3.9

66.0 ± 2.7

64.0 ± 1.3

75.0 ± 2.0

90.0 ± 3.1

SA (IU/mg)

200.0 ± 8.3

206.0 ± 10.2

157.0 ± 5.6

190.0 ± 6.3

222.0 ± 7.5*

198.0 ± 5.7

212.0 ± 6.3

209.0 ± 5.4

230.0 ± 4.9**

Note: TP, total protein; TEA, total enzyme activity; SA, specific activity. Significant 
differences are compared with wild-type, *P < 0.05, **P < 0.01.
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Bt-HepIH189W improved the thermal stability of the enzyme for the 

same reason as the Bt-HepIQ198R. Structural analysis showed that in 

Bt-HepID204C/K208C, disulfide bonds formed at positions 204 and 

208, which markedly affected the thermal stability of this mutant. 

Residues C204 and C208 formed disulfide and hydrogen bonds 

with D206 and G207. The co-action of disulfide and hydrogen bonds 

led to a more stable and flexible region in Bt-HepID204C/K208C. Based on 

these results, the combined mutation had a more pronounced effect than a 

single point mutation. The catalytic efficiency of all mutants remained the 

same or was increased compared with that of the wild-type enzyme 

Fig. 5　Structure of Bt-HepI wild-type and mutant enzymes, and catalytic efficiency and half-life analysis. Temperatures of (A) 40 ℃ and (B) 50 ℃ were used. 
The initial enzyme activity of different Bt-HepI mutants was set to 100%, and the enzyme activity at different treatment times was compared to obtain the 

remaining activity. The thermal stability of the best mutant (D204C/K208C/H189W/Q198R) was significantly higher than that of the wild type. The half-life at 
40 and 50 ℃ were 2.04 and 2.44 times higher than those of the wild type, respectively. Three independent experiments were performed in parallel for each data 
set. Statistical analyses and graphing were performed. (C) In the H189W mutant, when H189 mutated to W189, a side-chain aromatic nucleus presented above 
K184, producing a conjugated effect by forming cation-π stacking interactions between the protonated amino ions of K184. In the Q198R mutant, when Q198 

mutated to R198, a side chain aromatic nucleus extended away from the protein, with a conjugated effect because of the induction of a cation-π stacking 
interaction with the protonated amino ion of the adjacent K197. In the K247W mutant, when K247 mutated to W247, a conjugated effect occurred because of the 

induction of a π-π stacking interaction, which improved the thermal stability of this mutant. K247W and Y273 correspond spatially, thereby having a conjugated effect 
by forming π-π stacking interactions as they both have aromatic nuclei. In the D204C/K208C mutant, the mutant forms a disulfide bond at positions 204 and 208. 
Residues C204 and C208 form a disulfide bond and, hydrogen bonds with D206 and G207. The co-action of the disulfide and hydrogen bonds makes this flexible 

region more stable in the D204C/K208C mutant. (D) Fold increase in catalytic efficiency and 50 ℃ half-life of the mutant compared with that of wild-type.

Table 3
Kinetic parameters and stability properties of wild type Bt-HepI and mutants.

Enzyme

Wild-type

Q198R

K247W

H189W

D204C/K208C

H189W/Q198R

D204C/K208C/H189W

D204C/K208C/Q198R

D204C/K208C/H189W/Q198R

K
m

 (mmol/L)

0.16 ± 0.02

0.16 ± 0.03

0.19 ± 0.04

0.16 ± 0.01

0.16 ± 0.02

0.15 ± 0.03

0.15 ± 0.01

0.15 ± 0.02

0.14 ± 0.02

V
max 

(mmol/(L∙min))

0.20 ± 0.04

0.21 ± 0.05

0.19 ± 0.06

0.22 ± 0.03

0.23 ± 0.02

0.21 ± 0.04

0.24 ± 0.03

0.24 ± 0.04

0.25 ± 0.03

k
cat

 (s−1)

78.0 ± 4.9

83.0 ± 6.3

78.0 ± 5.1

87.0 ± 4.6

82.0 ± 6.7

88.0 ± 7.1

92.0 ± 5.3

93.0 ± 6.3

93.0 ± 4.7

k
cat

/K
m

 (L/(mmol∙s))

486 ± 16

520 ± 18

409 ± 23

543 ± 18

511 ± 24

589 ± 28

612 ± 31

618 ± 29

667 ± 28

t
1/2

 (40 ℃) (min)

147.0 ± 1.2

193.0 ± 1.3

169.0 ± 1.0

194.0 ± 1.3

224.0 ± 2.3

231.0 ± 1.6

257.0 ± 1.7

267.0 ± 1.8

301.0 ± 1.5

t
1/2

 (50 ℃) (min)

6.6 ± 0.3

10.7 ± 0.5

8.7 ± 0.2

11.4 ± 0.7

13.3 ± 0.4

13.5 ± 0.4

14.2 ± 0.7

14.8 ± 0.6

16.1 ± 0.5
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(Fig. 5D). However, the half-life of the mutants at 50 ℃ were 
significantly higher. The most significant improvement in thermal 
stability was observed for Bt-HepID204C/K208C/H189W/Q198R.

3.6　Mass spectrometry and activity determination of LMWH

To study the degradation of heparin by the mutated enzyme, we 
performed mass-spectrometry and activity measurements of the 
degradation products. A previous study demonstrated that Bt-HepI 
degrades heparin in LMWH[37]. We measured the mass spectra of the 
enzymatic hydrolysates at 40 ℃ for wild-type and mutants (Table 4). 
For specific original Mass spectrometry raw data, see Supplementary 
Material Fig. S4. Compared with the LMWH standards, the average 
molecular weight of the enzymatic digestion products of the wild-type 
and mutant H189W was higher than that required by the standard; 
however, the remaining were consistent with the standard 
(4 000−5 500 Da). The anti-FXa and anti-FIIa activities of the 
enzymatic digests determined using the chromogenic substrate 
method are shown in Table 4. The anti-FXa and anti-FIIa activities of 
the wild-type were lower than the pharmacopoeial standard 
requirements of 1.5−2.5 compared with that of LMWH, whereas the 
rest of the mutants met the requirements[38].

4.　Discussion

Many heparinases have been isolated from the gut microbiota, 
and the heparin-degrading bacterium HJ-15 was isolated from human 
feces[39]. The highly active HepI of B. cellulosilyticus has been cloned 
and expressed[17]. However, studies to improve the thermal stability of 
HepI based on its crystal structure have not been reported. Rational 
protein engineering has proven to be the most versatile and 
comprehensive strategy for engineering industrial biocatalysts. 
Therefore, the crystal structure of HepI must be thoroughly explored 
to improve its thermal stability and to modify the regions of the 
enzyme that exhibit poor stability. When designing heat-resistant 
proteins, the flexible instability regions of the proteins must be 
identified. Once weak spots are identified, further thermostability can 
be achieved by optimizing the weak spot regions[40]. However, the 
relationship between flexibility, stability, and mobility is complex. 
Many proteins in the folded state must be flexible to perform 
their functions, such as binding ligands, regulating enzyme activity, 
and interacting with macromolecules[41]. A study of polyethylene 
terephthalate (PET)-degrading enzymes identified the final 

IsPETaseS121E/D186H/R280A variant by virtual mutation screening of the 
enzyme molecule with good thermal stability[42]. A recent study 
described the addition of a pair of disulfide bonds (N233C/S282C) to 
the DuraPET enzyme to improve thermal stability[43]. This study was 
based on a virtual mutation screen of Amber16 for heat stability 
mutation site selection. We determined the flexible amino acid 
residues and disulfide bond formation sites of Bt-HepI using 
computer simulation calculations. D-stability was calculated by 
virtually screening the mutations (Figs. 2C and 3B). Compared to the 
thermal stability of the Bt-HepIWT, that of the Bt-HepID204C/K208C/H189W/Q198R 
was significantly improved (Table 3). We partitioned the flexible 
region of HepI in the simulation calculation by excluding amino acids 
at positions 70−80 of the flexible region in the active region. Amino 
acid mutations in this region may affect binding between the substrate 
and enzyme molecules, thereby affecting enzyme activity (Fig. 2B). 
Mutations in flexible amino acids on the surface of the enzyme 
molecule may also alter enzyme activity and solubility. Therefore, 
specific Bt-HepI mutants were recombinantly expressed, and their 
total enzyme activity, specific enzyme activity, and yield were 
determined (Table 2). The catalytic constant of only Bt-HepIK247W was 
higher than that of Bt-HepIWT; the Km values of the other mutants 
were lower than those of Bt-HepIWT, and the kcat values increased 
compared with those of Bt-HepIWT. These results indicate that the 
mutants had better thermal stability and activity than Bt-HepI.

Early research evaluated, the optimal temperature and pH values 
for extracting HepI from Flavobacterium heparinase. The optimal 
temperature and pH values of the wild-type and mutant Bt-HepI 
enzymes were consistent with previous findings[35]. Many studies 
have been conducted on the expression of fusion proteins and 
modifications of HepI; however, no significant changes were 
observed in the optimal temperature or pH[37,44-45]. In this study, 
mutations involved amino acid residues associated with enzyme 
thermal stability; the optimum pH and temperature of the mutants 
varied. A carboxyl group was added to Bt-HepIK247W when it mutated 
from K247 to W247, causing bias toward an acidic environment, and 
the optimum pH changed from pH 8 to pH 7. As Arg is a basic amino 
acid and tends to be stable in alkaline environments, the optimal 
reaction pH of Bt-HepIQ198R, Bt-HepIH189W/Q198R, Bt-HepID204C/K208C/Q198R, 
and Bt-HepID204C/K208C/H189W/Q198R changed from pH 8 to pH 9. The optimum 
pH of Bt-HepIH189W, Bt-HepID204C/K208C, and Bt-HepID204C/K208C/H189W did not 
differ from those of Bt-HepIWT. We assessed the structure of Bt-HepI 
to improve the thermal stability of the enzyme molecules. Compared 
with the optimum reaction temperature of Bt-HepIWT, those of 

Table 4
Determination of anticoagulant activity and molecular weight of enzymatic digestion products at 40 ℃.

Sample

LMWH

Wild-type

Q198R

K247W

H189W

D204C/K208C

H189W/Q198R

D204C/K208C/H189W

D204C/K208C/Q198R

D204C/K208C/H189W/Q198R

Anti-FXa (IU/mg)

122.0 ± 3.5

87.0 ± 7.8

118.0 ± 7.0

115.0 ± 5.7

117.0 ± 4.7

120.0 ± 3.7

116.0 ± 5.3

120.0 ± 3.0

121.0 ± 3.5

120.0 ± 4.5

Anti-FIIa (IU/mg)

48.0 ± 5.0

85.0 ± 3.6

56.0 ± 4.0

57.0 ± 5.0

55.0 ± 3.9

53.0 ± 4.9

55.0 ± 5.3

54.0 ± 2.2

55.0 ± 2.9

54.0 ± 3.0

Anti-FXa/Anti-FIIa

2.5 ± 0.2

1.0 ± 0.1

2.1 ± 0.1

2.0 ± 0.1

2.1 ± 0.2

2.3 ± 0.2

2.1 ± 0.2

2.2 ± 0.2

2.2 ± 0.1

2.2 ± 0.1

Relative molecular mass

4 428.87

8 168.03

4 589.78

4 811.84

4 723.49

4 856.97

4 679.41

4 589.78

4 592.97

4 503.95

Note: Samples were enzymatic digestion products.
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Bt-HepIQ198R, Bt-HepIH189W, Bt-HepIH189W/Q198R, Bt-HepID204C/K208C/H189W, 
Bt-HepID204C/K208C/Q198R, and Bt-HepID204C/K208C/H189W/Q198R changed from 
40 to 45 ℃ . This increase occurred because of a change in the 
flexibility of the mutant proteins, leading to a more stable structure, 
which ultimately affected the reaction temperature. In a study for the 
thermal stability of MBP-HepI, C297 was replaced by S297, and the 
total enzyme activity increased by 30.6%[19]. Currently, only the 
structure of HepI, which includes the enzyme active domain and 
region where Ca2+ binds to Bacteroides, has been investigated[18]. The 
thermal stability of HepI remains to be analyzed. Based on the structure 
of the enzyme molecule, the unstable region of HepI was identified 
through computer simulation. According to virtual mutation screening 
and active site analysis, the best mutation was rationally designed, and 
Bt-HepI mutants with high stability were produced. Based on protein 
structure, the mutant was also analyzed to improve the thermal 
stability of the enzyme.

Here, we investigated the structure of Bt-HepI to determine the 
reasons for the increased thermal stability of the mutant. π-Stacking is 
widely observed in biological macromolecular systems and often 
plays a key role in maintaining specific protein structures and 
recognizing protein-ligand interactions[46-47]. The main forms of π - π 
stacking include π - π, cation- π, anion- π, halogen bond- π and CH- π 
stacking. Three mutants, Bt-HepIQ198R, Bt-HepIK247W, and Bt-HepIH189W, 
formed cation-π and π-π stacking interactions in their local regions, 
which markedly increased the protein stability (Fig. 5C). Disulfide 
bonds force close positioning of the amino acid residues of the same 
peptide chain. Thus, the peptide chains fold rapidly and form a stable 
spatial topology. Further, hydrophobic amino acid residues surround 
the disulfide bonds, which can form a local hydrophobic center region 
to prevent water molecules from entering the peptide and disrupting the 
hydrogen bonds. Therefore, disulfide bonds are conducive to the 
formation of stable, high-level structural regions and play key roles in 
protein folding and stability[48-49]. Through virtual screening of disulfide 
bonds, we found that Bt-HepID204C/K208C exhibited high activity and 
stability. Eventually, we obtained the combinatorial mutant 
Bt-HepID204C/K208C/H189W/Q198R, whose half-life increased 2.44-fold at 50 ℃ 
compared with that of the wild-type. The mutant displayed increased 
activity in experiments. The average molecular weight of the 
enzymatic digestion products of mutant Bt-HepID204C/K208C/H189W/Q198R at 
40 ℃ was 1.8-fold lower than that of the wild type (Table 4). The 
main points of the LMWH criteria were met. The success of, our 
rational protein engineering will contribute to the improvement of HepI 
stability in the preparation of LMWH from heparin.

5.　Conclusion

We developed a Bt-HepI mutant with high thermal stability and 
high heparin degradation activity using a rational protein engineering 
strategy. Bt-HepID204C/K208C/H189W/Q198R showed substantially higher 
thermal stability and subsequently higher heparin degradation activity 
than Bt-HepIWT. Compared with that of Bt-HepIWT, the half-life of 
Bt-HepID204C/K208C/H189W/Q198R was increased by 2.04- and 2.44-fold at 
40 and 50 ℃, respectively. In addition, the kcat/Km value was 1.3-fold 
higher for Bt-HepID204C/K208C/H189W/Q198R than for Bt-HepIWT. The 
average molecular weight of the prepared LMWH was 1.8 times 
lower than that of the wild-type, which complies with international 
pharmacopoeia standards. The low thermal stability of Bt-HepI limits 
its application for heparin degradation. Thus, our results may 

contribute to the industrial production of LMWH using HepI. 
Moreover, information on protein structure can be effectively utilized 
in rational protein engineering to enhance the thermal stability of a 
target protein, showing potential for further applications.
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