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Enzyme thermostability is an important parameter for estimating its industrial value.
However, most naturally produced enzymes are incapable of meeting the industrial
thermostability requirements. Software programs can be utilized to predict protein
thermostability. Despite the fast-growing number of programs designed for this
purpose; few provide reliable applicability because they do not account for
thermodynamic weaknesses. Aspartic proteases are widely used in industrial
processing; however, their thermostability is not able to meet the large-scale
production requirements. In this study, through analyzing structural characteristics and
modifying thermostability using prediction software programs, we improved the
thermostability of pepsin, a representative aspartic protease. Based on the structural
characteristics of pepsin and the experimental results of mutations predicted by several
energy-based prediction software programs, it was found that the majority of pepsin’s
thermodynamic weaknesses lie on its flexible regions on the surface. Using computational
design, mutations were made based on the predicted sites of thermodynamic weakness.
As a result, the half-lives of mutants D52N and S129A at 70°C were increased by 200.0
and 66.3%, respectively. Our work demonstrated that in the effort of improving protein
thermostability, identification of structural weaknesses with the help of computational
design, could efficiently improve the accuracy of protein rational design.

Keywords: thermostability, aspartic protease, prediction software programs, structural weakness, site-specific
mutagenesis

INTRODUCTION

Enzymes, as catalytic biological macromolecules, have the advantages of high efficiency and low
pollution. They are competitive alternatives to chemical catalysts and are widely used in food,
medicine, biofuel, and other industries [1–3]. Industrial processes usually need to be performed in
extreme environments. For example, processing at high temperatures accelerates reactions, increases
substrate utilization, and reduces the risk of microbial contamination [4]. However, high
temperatures can easily destroy the enzyme structure, resulting in a loss of its catalytic activity.
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Therefore, thermostability is an important parameter for
measuring the industrial value of enzymes. Traditional
methods for enzyme thermostability modification include
directed evolution, ancestral stabilization, and site-directed
mutagenesis based on structure prediction. However, owing to
their unpredictability and long-range effects, mutants with
improved thermostability are not readily obtained [5, 6]. With
the development of structural and computational biology, protein
structures can be obtained efficiently through experimental
determination and computational prediction [7–10]. In recent
years, based on protein structure and energy function, the
prediction of mutations stabilizing the folded protein structure
has improved considerably. Several methods based on structures,
sequences, and other characteristics have been developed to
predict protein stability, including machine learning, and
physical, statistical, and empirical potentials [11–16]. These
methods provide a clear ranking of mutations, but are not
widely used in the design of enzymes for enhanced
thermostability. This is primarily due to the optimization of
prediction software programs based on a specific potential or
structural feature, i.e., if these characteristics are not the weakest
points responsible for poor stability, thermostability
improvement due to mutagenesis may not be significant, and
may result in the destruction of protein structure and lead to
contradictory results. Therefore, it is necessary to analyze the
structural characteristics of enzymes and consider
thermodynamic structural weaknesses as a guide for rapid
screening. Here, we selected an important enzyme, pepsin, to
conduct a systematic test of conventional stability prediction
software programs.

Aspartic proteases are a large class of proteases widely used in
food, fermentation, pharmaceutical, and other industries [17, 18].
However, the poor thermostability of most natural aspartic
proteases hinders their large-scale industrial applications,
making the improvement of their thermostability crucial.
Traditional methods, such as site-directed mutagenesis based
on comparison of the amino acid sequence with a more
thermostable, homologous counterpart, have achieved good
results in the modification of other proteases [19–21].
However, these methods are not suitable for aspartic proteases
due to their low sequence identity across different species [22].
Improving thermostability by enhancing resistance to
autocatalysis was successful in aspartic protease, but the result
of single point mutation increased by only 53.0% [23]. Therefore,
the feasibility of improving the thermostability of aspartic
proteases using traditional methods is fairly low. Aspartic
proteases have the advantages of having a clear structure and
catalytic mechanism, making it more suitable to adopt a
computational design strategy. However, few studies have been
conducted on improving the thermostability of aspartic proteases
using prediction software programs. This is primarily owing to a
lack of a thermodynamic structural weakness guide, as it is
difficult to predict mutations with improved thermostability
quickly and accurately by relying solely on the energy function.

In this study, we first performed an in-depth analysis of the
structural characteristics of pepsin, a typical aspartic protease,
and predicted possible thermodynamic weaknesses. By

systematically testing a variety of software programs, we found
that mutations with good prediction scores were not associated
with thermodynamic weakness and performed poorly during
experimental verification. The major structural area of
weakness in pepsin was determined to be the flexible regions
on its surface. Several mutations were identified based on this
structural weakness. Among them, two excellent mutants, D52N
and S129A, were obtained, and their half-lives at 70°C were found
to increase by 200.0 and 66.3%, respectively. Our analysis showed
that the guide of thermodynamic structural weakness promotes
fast and accurate thermostability design using prediction software
programs.

MATERIALS AND METHODS

Strains, Reagents, and Chemicals
The pPIC9K plasmid and Pichia pastoris GS115 (Invitrogen,
Carlsbad, CA, United States) were used for subcloning and
overexpression. Escherichia coli DH5α (Weidi Biotechnology
Co., Ltd., Shanghai, China) was used for gene cloning and
DNA sequencing. Plasmid pPIC9K-pepsinogen was previously
constructed and stored in our laboratory. Primers for mutation
construction were synthesized by Ruimian Biotech Co., Ltd.
(Shanghai, China). Plasmid Extraction and Gel/PCR
Purification Kits were purchased from TOROIVD (BVI,
United Kingdom). The Seamless Cloning Kit was purchased
from Beyotime Biotechnology (Shanghai, China). All enzymes
used in the experiments were supplied by Thermo Scientific
(Waltham, MA, United States). The bovine hemoglobin
substrate was purchased from Maokang Biotech Co., Ltd.
(Shanghai, China). All other chemicals were of analytical grade
and are commercially available.

Site-Directed Mutagenesis
Site-directed mutagenesis was performed using the Seamless
Cloning Kit according to the manufacturer’s instructions, with
the plasmid pPIC9K-pepsinogen (with a C-terminal His-tag) as
the template. The primers used for mutagenesis are listed in
Supplementary Table S1. Subsequently, the seamless cloning
products were transformed into E. coli DH5α cells. Recombinant
plasmid construction was confirmed by DNA sequencing. They
were then linearized with SalI, and transformed into P. pastoris
GS115 competent cells through electroporation. Positive clones
were screened using minimal dextrose (MD) plates, their activity
was demonstrated using skimmilk plates, and confirmed by DNA
sequencing.

Heterologous Expression and Purification
Positive clones were fermented as previously described [24].
Cultures were centrifuged at 8000 ×g for 10 min at 4°C and
crudely purified by the slow addition of ammonium sulfate until
80% saturation was achieved. After overnight dialysis against TE
buffer (20 mMTris-HCl, 500 mMNaCl, pH 7.5) at 4°C, the crude
samples were purified using a HisTrap HP affinity column
(General Electric Company, Boston, MA, United States). The
fractions containing pepsinogen were pooled and dialyzed against
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the TE buffer, then activated by adding 0.9 M HCl to adjust the
pH to ∼2 and subsequently incubated at 25°C for 10 min. The
prosegment was removed using Centricon filtration units with a
10 kDa molecular mass cutoff (Millipore, Boston, MA,
United States). All samples were stored in 20 mM sodium
acetate (pH 5.3) and analyzed using 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE,
Coomassie Brilliant Blue R250-stained). Finally, the
concentration of recombinant pepsin was measured using a
BCA protein quantificationkit (Yeasen Biotech Co., Ltd.,
Shanghai, China).

Enzymatic Activity and Kinetic Assays
The proteolytic activities of pepsin and its variants were
determined by measuring the amount of exposed tyrosine
residues during hydrolysis in 100 mM sodium citrate buffer
(pH 2.0), with 1% bovine hemoglobin as the substrate. A
mixture containing 0.5 ml of 1% bovine hemoglobin and
0.5 ml of appropriately diluted recombinant proteins was
incubated at 60°C for 10 min. The reactions were terminated
by adding 1.0 ml of 0.4 M trichloroacetic acid (TCA). Exposed
tyrosine residues were quantified by incubating reactions
containing 0.5 ml of the filtered supernatant, 2.5 ml of 0.4 M
sodium carbonate solution, and 0.5 ml of Folin’s phenol reagent
at 40°C for 20 min and then measuring absorbance at 680 nm.
Control samples were treated in a similar manner, but TCA was
added before adding the enzyme.

The initial reaction rates of recombinant proteins were also
determined at 60°C and a pH of 2.0, using 0.5–10.0 mg ml−1

bovine hemoglobin as the substrate. Kinetic parameters (Km, kcat,
and Vmax) were obtained by fitting the initial data to the
Michaelis–Menten nonlinear regression equation in the Origin
9.0 software (Origin Lab Corporation).

Half-Life Analysis
To evaluate thermostability, the half-lives (t1/2) of pepsin and its
mutants were measured at 65°C and 70°C. Recombinant
proteins were appropriately diluted with 100 mM sodium
citrate buffer (pH 2.0) and pre-incubated at 65°C and 70°C.
Samples were taken at regular intervals, and the residual
activities measured at 60°C and pH 2.0, as described in
Enzymatic Activity and Kinetic Assays. Initial activity,
before pre-incubation, was set to 100%.

Molecular Dynamics Simulation
The crystal structure of pepsin was obtained from the Protein
Data Bank (PDB: 4PEP), and all the crystal waters were removed.
The structures of the mutants were prepared using Discovery
Studio 2019. The Leap module of AMBER18 was used to fill the
missing atoms. The parameters were generated using the
AMBER14SB force field. The protein was placed in a TIP3P
water box with 12 Å buffer, and counter ions were added to
neutralize the system. The steepest descent and conjugate
gradient methods were used to optimize the structure. The
entire system was subsequently heated to 310 K and the
protein was constrained to 10 kcal/(mol Å2). The SHAKE
algorithm was employed to constrain chemical bonds

involving hydrogen atoms [25]. Finally, simulations were run
for 100 ns.

Statistical Analyses
All statistical analyses were performed using Origin 9.0 software,
with values expressed as the mean ± standard error of the mean.
A one-sample Student’s t-test was used to compare the mutant
and wild-type means. Statistical significance was set at p < 0.05.
For comparisons between the wild-type and mutants, *represents
p < 0.05, **represents p < 0.01, and ***represents p < 0.001.

RESULTS

Analysis of Catalytic Mechanism, Structural
Characteristics, and Stability Weaknesses
of Pepsin
Members of the aspartic protease family have a similar catalytic
mechanism. A nucleophile is formed from a water general-base
activated by Asp215, which subsequently attacks the carbonyl
oxygen of the scissile bond to form a gem diol of a tetrahedral
intermediate with Asp32. The proton transfer from Asp215 to the
leaving group is coupled with the regeneration of the proton of
Asp32 [26]. Finally, the peptide bond is broken. Thus, the
catalytic dyad composed of Asp32 and Asp215 is crucial for
the catalysis of pepsin. Two key points need to be avoided in the
thermostability design.

Many aspartic proteases have been reported to have similar
three-dimensional structures. For simplicity, the pepsin structure
can be divided into three regions: N-lobe, C-lobe, and connecting
domain (Figure 1). The N-lobe is made up of a series of ß-strands
that are folded into three layers of orthogonal packing: sheets IV,
VI, andII.The C-lobe has two orthogonal packing sheets, VII and
III, and a rather separate sheet V [27]. Several a-helices and loops

FIGURE 1 | Structural analysis of pepsin. Pepsin is divided into three
regions: N-lobe, C-lobe, and connecting domain. In the N-lobe, ß-strands can
be divided into three layers: sheets IV (magenta), VI (cyan), and II (blue) that are
orthogonally packed. In the C-lobe, ß-strands can be divided into two
orthogonal packing sheets, VII (grey) and III (purpleblue), and a rather separate
sheet V (orange). The connecting domain is composed of a six-stranded
antiparallel interdomain ß-sheet (yellow). Other secondary structures,
a-helices and loops are shown in red and green. The catalytic dyad is
represented by sticks.
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are also present in both lobes. The connecting domain is
comprised mainly of a six-stranded antiparallel interdomain ß-
sheet connecting the N-lobe and the C-lobe to form the
catalytic dyad.

Structural analysis revealed that the three ß-sheets in the
N-lobe form a continuous hydrophobic region, and the a-helix
near the connecting domain and adjacent loops cap the
hydrophobic core, further stabilizing the structure. Similarly, a
hydrophobic core is formed in the C-lobe, and the connecting
domain simultaneously interacts internally with the N- and C-
lobes [27]. The loops in pepsin are mainly ß-turns or ß-hairpins
that connect ß-strands. We speculated that pepsin may possess
two thermodynamic structural weaknesses: the relatively loose
internal hydrophobic packing and the high flexibility of the
surface a-helices and loops that are not part of the
hydrophobic cores. Therefore, there are two strategies for
improving the thermostability of pepsin: 1) designing ß-
strands that directly improve the interaction between ß-sheets
or ß-strands, and 2) designing a-helices or loops on the surface to
reduce local disorder.

Selection of Thermostability Predicting
Software Programs andMutation Screening
Principles
To investigate correlations between computational design
software programs and structural characteristics, we selected
several thermostability prediction software programs with
successful cases and with varying principles. PoPMuSiC is a
web server that predicts folding free energy changes (ΔΔG)
caused by single-site mutations in proteins. ΔΔG is a linear
combination of statistical potentials, considering the amino acid
type, torsion angles defining the backbone conformation, and
solvent accessibility. ΔΔG< 0 indicates that the mutant is more
stable than the wild-type. The thermostability of multiple
proteins has been improved using the PoPMuSiC algorithm
[9, 28, 29]. HoTMuSiC is a computational tool that uses an
artificial neural network to predict the change in melting
temperature ΔTm, upon the introduction of single-point
mutations, based on the imperfect correlation of
thermodynamics and thermal stabilities [30]. ΔTm > 0
indicates that the mutants are more stable than the wild-
type. Enzyme thermal stability system (ETSS) is an enzyme
redesign protocol that improves stability based on the TK-SA
model calculation and surface charge–charge interaction
analysis protocol [31, 32]. Charged amino acids are
computed using the ETSS and residues with ΔGqq > 0 are
deemed unstable for the given protein and considered to be
uncharged or oppositely charged amino acid mutations. ETSS is
effective at improving the thermostability of many enzymes [33,
34]. DeepDDG is a neural network-based method used to
predict changes in protein stability resulting from single-
point mutations. ΔΔG> 0 indicates that the mutant is more
stable than the wild-type. The neural network was trained on the
largest dataset of experimentally determined stability data from
various sources, and it predicted stability changes based on the
three-dimensional structure of a protein. This algorithm gave

Pearson correlation coefficients of 0.48–0.56 for three
independent test sets, outperforming 11 other methods [35].
Fireprot is a web server developed by Musil et al., which
integrates 16 computing tools, including Clustal ω, Rosetta,
and FoldX [36]. The algorithm combines energy- and evolution-
based approaches to predict stable mutations. Prior to virtual
mutation, correlation and conserved analyses are performed to
exclude important residues. Surprisingly, the phylogenetic
analysis enabled the identification of mutations stabilized by
entropy, which could not be predicted by force field
calculations [36].

We chose the above-mentioned representative and unique
software programs. By analyzing the successful cases of these
software programs, mutations were found in a-helices, ß-strands,
and loops distributed in the interior and surface of proteins, thus
meeting the requirements of our analysis of thermodynamic
weaknesses. Among these software programs, PoPMuSiC,
HoTMuSiC, ETSS, and DeepDDG provided mutation
rankings. Based on the highest-ranking batch and the principle
of scattered mutation points, we selected four mutations
predicted by each software program for follow-up
experimental verification. The top 20 mutations predicted by
PoPMuSiC, HoTMuSiC, ETSS, and DeepDDG are shown in
Supplementary Tables S2–S5 to assist with explaining the
screening principles. The number of mutations given by
Fireprot was limited; thus all mutations were selected for
further experiments.

Thermostability Detection of Mutations
Designed Based on Energy From Multiple
Software Programs
Based on the screening described above, 34 single-site mutants
were constructed and transformed into P. pastoris for expression,
using the pPIC9K-pepsinogen plasmid as the template. The
mutants predicted based on energy (from PoPMuSiC,
HoTMuSiC, ETSS, DeepDDG, and Fireprot-Energy) were
tested as a set. To rapidly screen the mutants, we used crude
enzyme to measure thermostability. One unit of enzyme activity
was defined as the amount of enzyme required to hydrolyze
bovine hemoglobin toproduce 1 μg tyrosine per minute at 60°C
and pH 2.0. HCl (0.9 M) was added to the fermentation broth
supernatants and the pH was adjusted to 2.0, to convert
pepsinogen into pepsin. The acidified fermentation broths
were incubated at 65°C for 3 min and then cooled on ice.
Changes in enzyme activity before and after incubation were
measured to reflect the thermostability of recombinant
proteins. Enzyme activity before incubation was plotted at
100%. The results are shown in Figure 2A. Apart from the
mutations selected by energy-based Fireprot, some mutants
predicted by PoPMuSiC, HoTMuSiC, ETSS, and DeepDDG
resulted in complete loss of enzyme activity before incubation.
These occurred mainly at Gly85, Asp87, Gly102, and Arg315.
The remaining mutants did not improve pepsin
thermostability. These results indicate that the energy-based
mutants were not associated with the thermodynamic
weakness of pepsin, and some were located on critical
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pepsin residues, resulting in the collapse of the
hydrophobic cores.

To guide the follow-up design, we analyzed the positions of the
above mutations to confirm the structural weakness of pepsin. As
shown in Figure 2B, Ala66 and Asp159 are on loops, Tyr114 and

Gln232 are on a-helices, and the remaining mutation sites are on
ß-strands. Thr28, Gly85, Asp87, Asp96, and Gly102 are located
on the three ß-sheets of the N-lobe, which are stacked
orthogonally to form hydrophobic cores; Asp3, Glu4, Arg315,
and Lys319 are located on the closely packed ß-sheet in the

FIGURE 2 | Thermostability results and analyses of positions of the set of mutations predicted using various energy-based software programs. (A) Software
programs’ parameters and relative activities of single-point mutations after incubation at 65°C for 3 min. Data are mean ± s.e.m. ***p < 0.001, **p < 0.01, *p < 0.05. Data
are from three independent experiments. (B) Positions of mutations on the pepsin structure. a indicates that the activity of the original crude enzyme is too low to be
measured.
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connecting domain; Thr222, Thr261, Thr283, and Tyr309 are
located in the orthogonally packed ß-sheets in the C-lobe. The
a-helices where Tyr114 and Gln232 are located are also close to
hydrophobic cores; the Gln232 side chain is oriented towards the
protein, and Tyr114 is an aromatic amino acid. Thus, most of the
mutations are located on or near hydrophobic cores, and changes
in hydrophobic cores can easily cause enzyme inactivation [37].
The results showed that pepsin’s hydrophobic cores were tightly
packed, and were not the major thermodynamic structural
weakness of the enzyme. Mutations in the compact region can
have long-range effects. Therefore, when further strengthening
the internal packing, mutations in the ß-strands and a-helices
involving hydrophobic cores lead to enzyme inactivation.
Although the computational design results showed that the
overall energy of these mutants was greatly reduced, the
probability of protein structure destruction was very high.
Thus, mutations on ß-strands or inside a-helices are not
suitable and mutations guided by the real structural
weaknesses—flexible regions on the surface of pepsin—need to
be selected.

Detection of Thermostable Mutants
Predicted by Fireprot Based on Evolution
Fireprot also identified 10 mutations based on evolution
(Table 1). As mentioned above, mutations on tightly packed
sheets and a-helices are less feasible, and surface a-helices and
loops are the main thermodynamic weakness points of pepsin.
Thus, we initially analyzed the positions of these 10 mutations. As
shown in Figure 3A, E65Q is on the orthogonally packed ß-sheet
of the N-lobe, L167F is on the tightly packed ß-sheet of the
connecting domain, D200N is on the ß-turn of the C-lobe, L140M
and W141M are on the a-helix, which is part of the hydrophobic
core, and the other five mutations are on the loops or a-helices on
the surface of pepsin. Thus, A24P, D52N, Q55R, S129A, and
S270P mutants were set as the experimental group, and E65Q,
L140M, W141M, L167F, and D200N were set as the control
group. As described above, we measured the thermostability of

the crude enzymes, the results of which are shown in Figure 3B.
The wild-type pepsin retained 32.4% of its original activity after
incubation for 3 min at 65°C. Among the mutants in the
experimental group, the thermostabilities of A24P, D52N,
E65Q, and S129A were significantly improved, with D52N and
S129A retaining 75.4 and 63.5% of their initial activity,
respectively. Only S270P showed a slight decrease in
thermostability. The thermostability of mutants in the control
group decreased, particularly L140M and W141M. The results
indicate that the above strategy of being guided by the
thermodynamic weakness of pepsin can rapidly and
effortlessly guide mutant design.

Mutants A24P, D52N, E65Q, and S129A, which had improved
thermostability, were purified (Supplementary Figure S1). The
thick band around 35 kDa is unglycosylated pepsin, and the fuzzy
fine band above it is O-glycosylated pepsin, both of which are
consistent with previous reports. Glycosylation is used to enhance
the thermostability of proteins, and Yoshimasu et al. confirmed
that the thermostability of O-glycosylated pepsin was improved

TABLE 1 | Single-point mutations predicted by Fireprot based on evolution.

Mutation by Fireprot
based on evolution

BTC by majority BTC by ratio FoldX kcal/mol

A24P Y N −1.34
D52N Y Y −0.92
Q55R Y Y −0.97
E65Q N Y −0.19
S129A Y N −0.43
L140M T N −0.48
W141M Y N −0.70
L167F Y N −1.36
D200N Y Y −0.54
S270P Y Y −2.16

BTC is the abbreviation of Back-to-consensus analysis. BTC by majority means the
mutations on the positions where the consensus residue frequency is at least 50%. BTC
by ratio means the mutations on the positions where the consensus residue frequency is
more than 40% and is at least five times more than the wild-type residue. Y means yes, N
means no.

FIGURE 3 | Analysis of the positions and thermostability results of
mutations predicted using Fireprot based on evolution. (A) Positions of
mutations on the pepsin structure. (B) Relative activities of mutants after
incubation at 65°C for 3 min. Data are mean ± s.e.m. ***p < 0.001,
**p < 0.01, *p < 0.05. Data are from three independent experiments.
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[24]. Therefore, it was retained in the experiment. The half-lives
(t1/2) at 65°C and 70°C were measured and 1% bovine hemoglobin
was used as the substrate to determine changes in thermostability
(Table 2). The t1/2 values of A24P and Q55R at 65°C and 70°C
were slightly improved. The t1/2 of S129A at 65°C and 70°C
increased by 55.6 and 66.3%, respectively, while that of D52N at
65°C and 70°C increased by 308.1 and 200.0%, respectively.

The activities of the mutants D52N and S129A were
determined at pH 2.0 and 60°C, using 1% bovine hemoglobin
as the substrate. The kinetic parameters were also measured
under these conditions using gradient concentrations of bovine
hemoglobin (Supplementary Figure S3). As shown in Table 3,
compared with the wild-type, the activities of the D52N and
S129A mutants decreased by 31.8 and 23.3%, respectively. The
Km values of D52N and S129A were 2.12 ± 0.05 and 1.40 ±
0.09 mg ml−1, 130.4 and 52.2% lower than that of the wild-
type, respectively. Thus, although kcat values improved, the kcat
and kcat/Km values of D52N and S129Amutants decreased by 37.0
and 27.0%, respectively.

Structural and Mechanistic Analysis of
Mutations
Dynamic simulation analysis was performed to explore the
mechanism of the effect of mutations on the thermostability
of pepsin and its mutants. Single-point mutations D52N and
S129A were introduced into the crystal structure of pepsin using
Discovery Studio 2019, and a stable structure was obtained
through a 100 ns MD simulation. The root mean squared
deviations (RMSDs) of the protein backbones are shown in
Supplementary Figure S2. The RMSD of the wild-type and the
D52N and S129A substituted structures were approximately
2.5 Å, 1.5 Å, and 1.5 Å, respectively, indicating that the three
systemsare stable, and that D52N and S129A are more stable
than the wild-type. A snapshot was extracted from each of the

three stable structures for structural analysis (Figure 4). The
D52N substitution was located on the a-helix on the protein
surface, and formed hydrogen bonds with Leu48 and Ala49,
making the a-helix more stable and improving structural
rigidity. The S129A substitution was located in a loop on the
protein surface. The replacement of Ser with Ala promoted
the hydrophobic packing of Pro126, Gly132, Ala133, and
Pro135, making this region more stable.

Furthermore, isotropic temperature factors (B-factors) of the
three systems in the last 10 ns of the simulation were calculated to
measure the residue fluctuations relative to their mean positions.
As shown in Figure 4, we found that the D52N substitution
reduced the flexibility of position 52, and the flexibility of Leu48
and Ala49 also decreased, but to varying degrees. After S129A
substitution, the flexibility of position 129 decreased, and the
flexibility of Pro126, Gly132, and Pro135 of the residues forming
the hydrophobic packing decreased by different degrees, with the
biggest decrease being noted in Pro126 and Pro135.

DISCUSSION

Numerous breakthroughs have recently beenmade in the study of
enzyme thermostability. The structural rigidity of proteins has
been associated with their thermostability through the
comparison of mesophilic and thermophilic variants [38].
Protein engineering, which includes the introduction of
hydrogen bonds, salt bridges, and disulfide bonds to enhance
local rigidity and improve enzyme thermostability, further
confirmed this finding [39–41]. Rigidifying flexible sites is a
common strategy that seems to be similar to that employed in
our study, which involved improving the thermostability of
proteins by analyzing the flexible regions of proteins and then
rigidifying these sites. However, this strategy is associated with
some difficulties when it comes to determining the flexible
regions, for example, the crystal structure does not perfectly
reflect the flexibility of the protein in the solution, the
molecular dynamics is complex and time-consuming, and
choosing possible positions to be rigidified [42]. Therefore, as
a non-regular secondary structure with high flexibility, loops are
often chosen as potential sites for rigidification. Rigidifying loops
combined with saturation mutagenesis, proline substitutions, and
ΔΔG calculations in Rosetta have been applied to the
thermostability modifications of lipase, luciferase, and
transketolase, with the qualitative prediction accuracy of the
Rosetta program reaching 65.3% [43–45]. However, the
flexibility of some sites is critical to the catalytic activity of the

TABLE 2 | Half-life (t1/2) values of wild-type (WT) and mutant pepsin.

Enzyme t1/2 (min)

65°C 70°C

WT 3.20 ± 0.09 0.80 ± 0.03
A24P 3.42 ± 0.01* 1.14 ± 0.08*
D52N 13.06 ± 0.27*** 2.40 ± 0.03***

Q55R 3.42 ± 0.05* 1.10 ± 0.04*
S129A 4.98 ± 0.21* 1.33 ± 0.02**

Data are mean ± s.e.m. ***p < 0.001, **p < 0.01, *p < 0.05. Data are from three
independent experiments.

TABLE 3 | Kinetic analysis of wild-type pepsin and its mutants.

Specific activity
U mg−1

Km mg mL−1 Vmax μM s−1 mg−1 kcat s
−1 kcat/km mL mg−1 s−1

WT 3173 ± 73 0.92 ± 0.03 2369.97 ± 31.63 16589.81 ± 221.44 18071.43 ± 316.46
D52N 2164 ± 5*** 2.12 ± 0.03*** 3441.65 ± 66.06** 24091.55 ± 462.45** 11383.44 ± 364.13**

S129A 2433 ± 14*** 1.40 ± 0.09* 2607.35 ± 1.99*** 18265.42 ± 13.94*** 13193.22 ± 847.37*

Data are mean ± s.e.m. ***p < 0.001, **p < 0.01, *p < 0.05. Data are from three independent experiments.
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enzyme, and rigidifying will cause significant damage [46, 47]. In
our study, the loop regions were not focused on in advance.
Instead, the major thermodynamic weakness points were
determined through in-depth structural analysis and were
subsequently used as the targets to guide thermostability
design. Qualitative prediction accuracy of the computational
design with the assistance of thermodynamic weakness
reached 80.0%. Structural weaknesses, not limited to loop
regions with high flexibility, provide a more comprehensive
perspective and more potential sites. In our study, we designed
the mutant D52N, which is located on an a-helix, which may be
ignored when rigidifying flexible sites.

The conformational fluctuation of a protein increases when it is
exposed to high temperatures. High fluctuation yields reversible or
irreversible protein unfolding, leading to loss of function [48].
Therefore, regions that have fewer contacts with the surrounding
residues fluctuate significantly and can easily trigger protein
unfolding. This is why loops are often chosen as mutation sites
[45]. However, the results of agarase AgWH50C from Agarivorans
gilvus WH0801 and glucose oxidase from Aspergillus niger showed
that modification of other secondary structures within the protein
can significantly enhance thermostability, and modification of
loops is not the only option [33, 49]. Therefore, based on its
high-resolution crystal structure, pepsin is divided into
hydrophobic cores and surface covering areas. At high
temperatures, the solvation of hydrophobic cores caused by
surface fluctuations and the collapse of hydrophobic cores can
result in thermodynamic weaknesses. The surface flexible regions
were confirmed as the major points of thermodynamic weakness
and subsequently used in computational design. The results also
showed that mutants on the surface flexible regions enhanced the
thermostability of pepsin by reducing local fluctuation. We also

found that the enzyme’s reaction temperature can reflect its
structural rigidity, to a certain extent, providing some guidance
for follow-up mutation design. Pepsin is mainly composed of
orthogonally packed antiparallel ß-sheets, which are stable
enough to form hydrophobic cores, while most of the flexible
regions are located on the protein surface. The optimum reaction
temperature for pepsin was determined to be 60°C, and after
incubation at 60°C for 30 min, the enzyme still retained more
than 50% of its peak activity, indicating the rigidity of the pepsin
structure. The results of the set of mutations provided by energy-
based prediction software programs confirmed this result.
Therefore, pepsin’s rigidity implies that the flexible regions on
the surface are the major thermodynamic weakness point, and its
design is more feasible. Compared with our results, Guo et al.
generated a mutation on the surface ß-strand to increase the
thermostability of BsAPA at an optimum temperature of 75°C
[23]. Chen et al. generated a mutation on the surface a-helix to
improve the thermostability of L-rhamnose isomerase at an
optimum temperature of 85°C [50]. Mu et al. generated an
interior mutant to improve the thermostability of
glucoseoxidase via enhancing internal hydrophobic packing at
an optimum temperature of 40°C [51]. The results of these
studies are consistent with our finding that the reaction
temperature reflects structural rigidity, to a certain extent, which
assists in modifications.

The prediction software programs utilized in this study also
have a cross-linked application in enzyme thermostability. In a
study on improving the thermostability of agarase AgWH50C,
Zhang et al. used a cross-linked protocol combining PoPMuSiC,
HoTMuSiC, and ETSS, and successfully screened three mutations
with improved thermostability from seven potential mutations
[49]. This showed that combining multiple software programs

FIGURE 4 | Conformational analysis of wild-type (WT) and mutant pepsin. (A)Mutant D52N formed new hydrogen bonds with Leu48 and Ala49. The B-factors of
these residues decreased compared with the wild-type. (B)Mutant S129A promoted hydrophobic packing in the loop. The B-factors of most these residues decreased
compared with the wild-type.

Frontiers in Physics | www.frontiersin.org September 2021 | Volume 9 | Article 7552538

Zhao et al. Thermostability Modification of Pepsin

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


can effectively reduce the scope of mutations for experimentation.
However, in our study, the four mutations with improved
thermostability performed poorly in PoPMuSiC, HoTMuSiC,
and ETSS, only exhibiting positive performance in DeepDDG,
and the best mutations (D52N and S129A) were not at the top of
the list (Table 4). The linear combination of the statistical
potentials used by PoPMuSiC depends on the volume of the
wild-type and mutant amino acids [13]. The volume terms were
also considered in the standard and temperature-dependent
statistical potentials of HoTMuSiC [30]. Therefore, partial
consistency in the results is expected. However, PoPMuSiC
only considers the torsion angles defining the backbone
conformation, whereas HoTMuSiC does not consider local
structural rearrangements upon residue substitutions in the
hydrophobic cores. ETSS does not consider the pH of the
enzymatic reaction. Under the optimal pH for pepsin (2.0),
the charge of the residue changes significantly, possibly
causing errors [34]. Thus, each software program has its own
limitations, and considering the structural weaknesses of the
enzyme will be a highly appropriate choice.

Thermostability modification is an important method for
improving the industrial value of enzymes. Apart from quite
blind and inefficient directed evolution, there have been many
successful cases in the past decade involving local minor
modifications such as introducing non-covalent or covalent
interactions, increasing proline levels, or deleting glycine
through protein engineering [52]. However, it is still difficult to
accurately determine the regions and residues to be modified.
Although thermostability prediction software programs can
identify a clear mutation, their accuracy and effectiveness are
poor and they therefore have low applicability [53]. By
improving the thermostability of pepsin, we showed that
thermodynamic weakness combined with rational design guided
by prediction software programs can solve the difficulties involved
in identifying the regions and the replacement residues, thus
improving the accuracy of rational thermostable protein design.
However, we must recognize that while we effectively and

accurately obtained mutants with improved thermostability,
assisted by the thermodynamic weakness of pepsin, in-depth
structural analysis was based on high-resolution protein
structure, which is a challenge for structure determination and
prediction. The types and structures of enzymes vary, and the
identification of thermodynamic weaknesses in different enzyme
families requires comprehensive research. It is also necessary to
develop systematic testing methods and trial-and-error
experiments. Decreased activity of mutants with improved
thermostability is the common activity-stability trade-off in
enzyme design [54]. This needs to be addressed through
additional research. Nevertheless, our research provides an
effective method for modifying enzyme thermostability.
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