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Abstract

To improve the thermostability of the lipase (r27RCL) from Rhizopus chinensis through rational design, a newly introduced
buried disulfide bond F223C/G247C was proved to be beneficial to thermostability. Interestingly, F223C/G247C was also
found to improve the alkali tolerance of the lipase. Subsequently, six other thermostabilizing mutations from our previous
work were integrated into the mutant F223C/G247C, leading to a thermo-alkali-stable mutant m32. Compared to the wild-
type lipase, the associative effect of the beneficial mutations showed significant improvements on the thermostability of m32,
with a 74.7-fold increase in half-life at 60 °C, a 21.2 °C higher T538 value and a 10 °C elevation in optimum temperature. The
mutated m32 was also found stable at pH 9.0-10.0. Furthermore, the molecular dynamics simulations of m32 indicated that
its rigidity was enhanced due to the decreased solvent-accessible surface area, a newly formed salt bridge, and the increased

AAG values.
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Introduction

Lipases (triacylglycerol lipase EC.3.1.1.3) are a class of
enzymes that can catalyze the long-chain triglyceride
hydrolysis, ester synthesis, and ester exchange reactions.
Owing to their high catalytic efficiency and environmen-
tal friendliness, lipases have found important applications
in various industries including food, oil, pharmaceuticals,
paper, leather, detergent, and cosmetics [1]. Rhizopus sp.
is one of the most important lipase producers [2]. The high
sn-1, 3-positional specificity, enantioselectivity, and activ-
ity in non-aqueous media of Rhizopus lipases are the most
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desirable characters for the industrial applications [2].
However, most Rhizopus lipases are mesophilic and exhibit
low thermostability [3]. Thus, endeavors have always been
pursued to improve their thermostability, for even slight
improvement can save huge costs during the manufacturing
processes [4, 5].

The thermostability of the enzyme is mainly affected
by salt bridge, hydrogen bond, hydrophobic stacking, and
disulfide bond. Among these, disulfide bond is one of the
most important interactions to stabilize the enzyme struc-
ture [6], which can reduce the conformational entropy of
the unfolded state of protein, and provide an increase in
the stabilization of the folded protein conformation [7,
8]. It has been reported that each native disulfide bond
provided an increase of 2.3-5.2 kcal/mol for the stability
of a protein [9]. Most of the stabilizing disulfide bond
mutations were bridged between longer loop lengths
(between 25 and 75 residues) and involved in the regions
with higher flexibility (as assessed by the B-factor of the
residues) [10, 11]. Disulfide by Design 2.0 (DbD2) is a
web-based program to calculate the y° torsion angle and
angle of all residue pairs, and assessed for the potential
formation of a disulfide bond, assuming that the residues
were mutated to cysteine. This approach has proved very
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powerful and successful in improving thermostability of
industrial enzymes [12].

In our previous studies, the lipase (127RCL) from Rhiz-
opus chinensis CCTCC M201021 was highly expressed
in Pichia pastrois [2, 13, 14], and great efforts have been
put to improve its thermostability. First, directed evolu-
tion (two rounds error-prone PCR and two rounds DNA
shuffling) was applied to engineer r27RCL, and a vari-
ant called S4-3 containing five mutations with 23 times
longer half-life at 65 °C was obtained [15]. Subsequently,
a surface disulfide bond was introduced to the lipase [16].
Thereafter, the predicted thermal unstable points were
mutated and generated a mutant with a 41.7-fold increase
in half-life at 60 °C and a 15.8 °C increase in T;g [17].

Herein, our goal was to further improve the thermo-
stability of r27RCL. The potential buried disulfide bonds
formed in r27RCL were selected and evaluated through
the DbD2 program, together with the combination of ther-
mostabilizing mutations reported in our previous stud-
ies, for better enhancement of the lipase thermostability.
Moreover, molecular dynamic (MD) simulations were
conducted to explore the mechanism of increased protein
stability upon mutations. The root-mean-square deviation
(RMSD), the root-mean-square fluctuation (RMSF), the
radius of gyration (R,) and the solvent-accessible surface
area (SASA), as well as the secondary structure change of
mutant, and the formation of salt bridges and H-bonds of
r27RCL and m32 were analyzed at 313 K, while the AAG
values of r27RCL and m32 were determined at 313 K and
343 K.

Materials and methods
Plasmid, strains, cultures, and reagents

The restriction enzymes (Sal I, Dpn I), PrimeSTAR GXL
DNA polymerase, Tag DNA polymerase, plasmid miniprep
kit, and agarose gel DNA purification were supplied by
Takara (Dalian, China). The expression plasmid pPIC9K and
protein expression host strain P. pastoris GS115 (His™ Mut™)
were purchased from Invitrogen Company. Escherichia coli
JM109 was used for plasmid amplification, and HPLC-
purified DNA primers were purchased from Sangon Biotech
(Shanghai, China). Recombinant plasmid pPIC9K-r27RCL
was constructed by Yu et al.[8]. Yeast growth medium YPD/
BMGY, yeast screening medium MD, and lipase induction
medium BMMY were prepared according to “P. pastoris
expression Kit” (Pichia Multi-Copy Expression Kit, ver-
sion A, Invitrogen BV, The Netherlands). All chemicals
were of analytical grade or higher quality and purchased
from Sigma.
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Production of r27RCL variants by rational design
of interior disulfide bond

The crystal structure of r27RCL (PDB: 4L3W) at 2.2 A
resolution [18] was resolved and used DbD2 online (https
:/lcptweb.cpt.wayne.edu/DbD2/index.php) [12] to predict
its potential disulfide bonds under the calculated condition
with bond energy (5° angle) around 4+ 97 (+ 30). Within all
candidates, those disulfide bonds located within 3—5 A dis-
tance from the molecular surface, but not within the range
of 6-8 A from the central amino acid S172 of the lipase
catalytic triad (S172-H284-D231), were our research tar-
gets. PYMOL software was used to analyze the location of
the mutations, and those with obvious irrational structures
were discarded. If different substitutions were predicted to
form disulfide bonds with a certain amino acid, the one with
a larger B-factor value was selected.

Construction of the variants

Mutations were performed by whole-plasmid PCR using
pPICOK-r27RCL as the template and the primers have been
listed in Table S1. The 25 pL reaction mixture included 1/5
volume of PrimeSTAR GLX polymerase buffer, 25 ng tem-
plate, 125 ng of each primer, 100 pM of each dNTP, and 1
U of PrimeSTAR GLX polymerase. PCR conditions were as
follows: 95 °C for 3 min; 95 °C for 20 s, 54-59 °C for 1 min,
72 °C for 11 min, 20 cycles in total, and then 72 °C for
10 min. PCR products were digested by 10 U Dpn I at 37 °C
for 30 min to eliminate the template plasmid. The digested
product was transformed into E. coli JM109 competent cells
for nick repair and plasmid amplification. After sequenc-
ing, Sal I-linearized mutated plasmids were transformed to
P. pastoris GS115 competent cells by electroporation, and
then incubated in a selective MD plate at 28 °C for 48 h. The
positive variants were detected through PCR amplification of
genomic DNA with the primers of 5’AOX/3'AOX.

Expression and purification of the lipase variants

The positive variants were inoculated into 25 mL BMGY
medium and incubated at 28 °C to reach an ODg, of 2-6.
Then, the cells were centrifuged and re-suspended in
100 mL BMMY medium, with supplemental addition of
1% (v/v) methanol to the medium every 24 h to induce
expression. After 84 h induction, the medium was cen-
trifuged at 7000 X g for 30 min and the histidine-tagged
mutant lipase in the supernatant was subjected to the
0.22 pm syringe filters and the Nickle-affinity column (Ni
Sepharose 6 Fast Flow) chromatography connected to an
AKTA purifier (GE Co., Ltd). Subsequently, the purified
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lipase was concentrated by ultrafiltration through a 10-kDa
membrane (Millipore, USA) and analyzed by SDS-PAGE.
The purified lipase was desalinized and dissolved in stor-
age buffer (150 mM NacCl, 25 mM Tris—HCI, pH 8.0, 10%
glycerol), followed by storing at — 20 °C for further use
within one month.

Property characterization of lipase

Lipase activity assay was carried on emulsified p-nitro-
phenyl butyrate (pNPB) [19] at the optimum tempera-
ture and pH, while the product was detected at 410 nm
using a UV-Vis spectrophotometer. One unit of enzyme
was defined as the amount of enzyme releasing 1 pmol
of p-nitrophenol per minute under the assay conditions.
The optimal temperature was determined by measuring
the enzyme activity at pH 8.0 under various temperatures
from 30 °C to 60 °C using pNPB as the substrate. The
optimum reaction pH was calculated at pH values from
5.0 to 10.0 at the optimum temperature. For pH stabil-
ity, the lipase was incubated in different 50 mM buffers,
including phosphate buffer (pH 6.0-7.5), Tris—HCI buffer
(pH 8.0-9.0), carbonate buffer (pH 9.5-10.0), and sodium
carbonate sodium hydroxide buffer (pH 10.5-11.0) at room
temperature for 60 min, and then the residual activity was
measured and represented as a percentage of the initial
activity. To determine the thermostability of each vari-
ant, the purified lipases were incubated at 25-70 °C for
30 min, followed by cooling in the ice bath for 20 min and
equilibration at room temperature for 5 min. Then, their
residual activities were measured and represented as a per-
centage of the initial activity. Thermostability, represented
as T538 values, was defined as the temperature at which the
enzyme remained 50% of its activity after 30 min of heat
treatment. Then, the half-lives of variants were detected
by calculating the thermal denaturation time at which
lipase lost 50% catalytic activity at 60 °C, 65 °C or 70 °C.
The Circular Dichroism (CD) spectra were recorded at
wavelengths from 190 to 260 nm at a speed of 60 nm per
min, using Xe lamp (100 W) and 1 mm path length quartz
cuvette, while the spectrum of a buffer blank was sub-
tracted. To construct the melting curves and determine the
melting temperature (7,,) of mutants, samples were heated
at 1 °C per min from 20 °C to 80 °C and the CD ellipticity
signal at 220 nm, which showed the maximal change with
temperature, was monitored. The lipase concentration used
in the CD analysis was 0.4 +0.05 mg/mL. Kinetic param-
eters of variants toward pNPB (10-100 mM) hydrolysis
reaction were determined at their optimum conditions, and
non-linear regression software was used for the calculation
of kinetic parameters [20].

Generation of a thermostable combinatorial variant
m32

The combinatorial variant m32 contained mutations of
S85C/Q145C/F223C/G247C/S142A/D217V/Q239F/S250Y
was generated by the recombination of beneficial muta-
tions including S85C/Q145C (by DbD2) [16] and S142A/
D217V/Q239F/S250Y (by FoldX) [17]. Their primers have
been shown in Table S2. After expression in P. pastoris, the
enzyme properties of the purified m32 were characterized.

Molecular dynamic simulation

The protein sequence of mutant m32 was uploaded to the
Swiss-Model protein automated modeling program for
three-dimensional structure generation based on the crys-
tal structure of 4L3W [21]. All simulations were performed
with GROMACS 2019.3 simulation software (Www.groma
cs.org) [22], using the Gromos 54A7forcefeld [23]. Each
system was solvated with explicit solvent SPC/E water mol-
ecules in a cubic box which left a 1.2 nm distance around
the solute. Several Na* cations were added to neutralize
the systems. Each simulation was performed for 100 ns
at 313 K using a time step of 2 fs with periodic boundary
conditions. The steepest descent method was used to mini-
mize the energy. Long-range electrostatic effects were han-
dled using PME and the system was weakly coupled to an
external bath using Berendsen’s method [24, 25]. H-bonds
were constrained with LINCS [26]. GROMACS built-in
tools and VMD 1.9.3 [27] were used to analyze the RMSD,
the RMSF, the Rg and the SASA, the secondary structure
changes, the intermolecular interactions (salt bridge and
H-bond), and the AAG of lipase structure during MD trajec-
tory. Structure visualizations were performed using VMD.

Results and discussion

Rational design of buried disulfide bonds
of the lipase

R. chinensis lipase r27RCL contains 296 amino acids, form-
ing nine a-helices and eight B-sheets in the secondary struc-
ture. There naturally existed seven cysteines in its protein
sequence form three disulfide bonds (C56—-C295, C67-C70,
and C262-C271) in the structure, which play an important
role in the correct folding and structural stabilization of
r27RCL.

Based on algorithms created for disulfide identification
in protein fold recognition method, DbD2 has been suc-
cessfully applied for disulfide bond prediction [12]. For
r27RCL, twenty potential disulfide bonds were found to
meet the conformational criteria by this prediction method.

@ Springer


http://www.gromacs.org
http://www.gromacs.org

1022

Journal of Industrial Microbiology & Biotechnology (2020) 47:1019-1030

It is well known that heat denaturation of protein begins
from the enzyme surface [28, 29]. In our previous study, we
designed some potential disulfide bonds on the surface of
r27RCL and screened out S85C-Q145C for the improvement
of the lipase thermostability without the damage of lipase
catalytic activity [16]. However, the mutations buried in the
lipase structure have higher possibilities to affect the proper-
ties of the lipase of different aspects, such as thermostability,
catalytic ability, stereoselectivity, substrate specificity, and
the tolerance to severe pH conditions. Therefore, we focused
on the potential buried disulfide bond inside of the enzyme
structure in the current study. On one hand, we continued to
seek the mutation sites capable of stabilizing lipase. On the
other hand, we intended to investigate whether the forma-
tion of the buried disulfide bonds affects other properties of
lipase. Thus, the predicted disulfide bond situated within
3-5A depth from the lipase molecular surface and more
than 6-8 A away from the catalytic triads was the target.
According to this rule, we selected five pairs of disulfide

bond mutations from a total of 20 potential disulfide bonds
predicted by DbD?2 for further research (Table 1 and Fig. 1).

Preliminary screening of the variants for improved
thermostability

The mutants introduced with additional disulfide bonds
were subjected to heat treatment at 55 °C for 30 min as a
preliminary screening. The mutated lipases were diluted to
0.125+0.025 pg/mL and subjected to the enzymatic activ-
ity assay. The residual activity of 127RCL was defined as
100%, and the residual activities of different mutants were
compared with that of r27RCL (Table 1). Among the five
mutants, two (m17/18 and m19/20) exhibited increased
residual activity, whereas the left three (m15/16, m21/22,
and m23/24) showed lower residual activities than that
of r27RCL after thermal inactivation. The specific activi-
ties of m15/16, m21/22, and m23/24 were also decreased
after mutation. Meanwhile, m19/20 showed a very slight

Table 1 The specific activity

. o Mutants Sites Specific activity (U/mg) Residual activity (%)

and the residual activity of the

mutant lipases 27RCL - 651.0+12.5 100.0+1.83
ml5/16 A36C/V259C 410.8+19.2 447+1.43
ml7/18 F223C/G247C 591.4+189 178.5+3.41
m19/20 A133C/F212C 407.8+13.2 106.6+0.26
m21/22 G182C/M199C 161.6+23.2 86.5+1.53
m23/24 V216C/P246C 260.7+6.2 30.8+2.05
m32 F223C/G247C/S85C/Q145C/ 598.0+15.9 -

S142A/D217V/Q239F/S250Y

The disulfide bond mutants were subjected to the heat treatment at 55 °C for 30 min. The residual activity
of r27RCL was defined as 100%, and the residual activities of different mutants were compared with that of
r27RCL

()

Fig. 1 Three-dimensional structures prior (a) and after (b) muta-
tion of all evaluated buried disulfide bonds in the lipase molecular.
The catalytic triad (S172-H284-D231) are shown in green; The short
a-helix, called the “lid” region, is shown in yellow; The five evalu-
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(b)

ated disulfide bonds were shown in red (A133C/F212C), in orange
(V216C/P246C), in blue (F223C/G247C), in pink (G182C/1199C),
and in violet (A36C/V259C)
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improvement in thermostability but a 37.4% decline in the
specific activity. Thus, we selected m17/18 as the target for
further research, which retained 90.8% catalytic activity and
a 1.78-fold increase in residual activity after heat treatment.
The SDS-PAGE of the purified r27RCL and m17/18 has
been shown in Fig. S1.

The thermostability and enzymatic property
of m17/18

The effects of temperature on the activity and the stability of
the variant m17/18 were determined. As shown in Fig. 2a,
r27RCL and m17/18 both exhibited their maximal activities
at 40 °C. The wild-type r27RCL lost half of its activity when
the temperature was elevated to higher than 45 °C, whereas
the mutant m17/18 maintained > 60% activity at 50 °C. Their
thermostabilities were examined after 30 min heat incuba-
tion at temperature ranges from 25 °C to 70 °C (Fig. 2b). For
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Fig.2 Effect of temperature and pH on the activity and the stabil-
ity of 127RCL, m17/18, and m32. a The optimum temperature. The
activity of r27RCL was determined at 30-65 °C and pH 8.0, and the
activity of m17/18 and m32 was determined at 30-65 °C and pH
9.0 using pNPB as the substrate; b The temperature stabilities of
r27RCL, m17/18 and m32 were determined at 40 °C/pH 8.0, 40 °C/
pH 9.0, and 50 °C/pH 9.0, respectively, after incubation for 30 min
at temperatures of 25 to 70 °C; ¢ The optimum pH. The activity of

r27RCL, it maintained > 50% activity below 45 °C, sharply
declined at 50 °C, with quick and complete inactivation.
However, m17/18 retained > 60% and 30% activities, respec-
tively, after heat incubations at 50 °C and 55 °C for 30 min,
but it was completely inactivated when the temperature was
elevated to 60 °C.

As shown in Table 2, the half-life of the mutant m17/18
at 60 °C was enhanced by 19.1-fold (16.2 min), compared
to the wild type (0.85 min), and represented a great increase
in ng of 8.5 °C over the wild type. The T, value of m17/18
was 3.9 °C higher than that of r27RCL (Table 2, Fig. S2b).

Thereafter, the effects of pH on the activity and the stabil-
ity of m17/18 were determined. Both r27RCL and m17/18
were alkaline lipases, and r27RCL had an optimum pH of
8.0 (Fig. 2c), while mutant m17/18 lifted its optimum pH
value to 9.0. Moreover, m17/18 had a broader catalytic range
(under which condition > 50% catalytic ability remained)
from pH 7.0 to 10.0 compared to that of r27RCL (pH 7.5 to
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r27RCL and m17/18 was determined at pH 6.0-10.0 and 40 °C,
and the activity of m32 was determined at pH 6.0-10.0 and 50 °C;
d The pH stabilities of 127RCL, m17/18 and m32 were determined
at 40 °C/pH 8.0, 40 °C/pH 9.0, and 50 °C/pH 9.0, respectively,
after being incubated in pH 6.0 — 11.0 50 mM buffers for 60 min.
Error bars indicated the standard deviation of three biological repli-
cates
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Table 2 Half-lives, 72% and T : o . o . o o o o
> 450 m t,, (min,60 ‘C t,» (min,65 C t,, (min,70 'C 730 °C AT °C Tm (C
of r27RCL, m17/18, and m32 e ) hin ) el ) T (© (cc)so( ) ©
r27RCL 0.85 - 45.0 - 43.5
ml7/18 16.20 - 53.5 8.5 47.4
m32 63.50 56.50 7.50 66.2 21.2 55.0

Table 3 Kinetic parameters of r27RCL, m17/18, and m32 using
PpNPB as the substrate

Enzyme K., (mmol/L) ko 57H kead Koy
(L*mol~"*s7")

r27RCL 0.194+0.021 1.27+0.41 6.54%10°

ml17/18 0.375+0.020 0.85+0.27 2.26%10°

m32 0.291+0.024 0.86+0.16 2.95%10°

9.5). At pH 10.0, the wild type was completely inactivated,
whereas m17/18 retained > 30% catalytic activity. As shown
in Fig. 2d, m17/18 represented remarkably enhanced alkali
tolerance, with > 80% residual activity retained after incuba-
tion at pH 10.0 for 30 min. These results indicated that the
buried disulfide bond exerted great impacts on both thermo-
stability and alkali tolerance.

Kinetic parameters were further measured for r27RCL
and m17/18 from their initial reaction rates. The k /K,
value of m17/18 was 3.53-fold lower than that of r27RCL
(Table 3). This result revealed that m17/18 had a weaker
affinity to the substrate of pNPB and a slower reaction rate
compared to that of 127RCL. The distance between F223C/
G247C to the catalytic triads was about 9 A; however, it still
affected the substrate affinity and the k_, value, improving
the thermostability at the expense of catalytic efficiency of
the lipase.

As demonstrated in this study, the newly added disulfide
bond of F223C/G247C was buried within the lipase mol-
ecule and displayed dramatic impacts both on thermostabil-
ity and alkali tolerance. The disulfide bond F223C-G247C
situates within 3-5 A deep from the surface, not very deep
in the lipase molecule, and about 8 A away from the lipase
triad. The result was in agreement with the notion that the
buried disulfide bonds were more likely to be located fairly
close to the protein surface with a depth of 3-5 A [11]. The
disulfide bond F223C-G247C situates at the loop connecting
the 9th p-sheet and the loop between the 10th f-sheet and the
4th n-random coil [18]. The crosslinking between two loops
through the disulfide bond F223C-G247C contributed to the
increased thermostability by reducing the conformational
entropy of the unfolded state [8]. Another possible explana-
tion was that the backbone atoms in the regions containing
the respective mutated sites moved closer, which greatly
increased the overall packing of lipase [30, 31]. Similar

@ Springer

effects were observed in the case of disulfide bond mutants
of Bacillus xylanase [32] and barnase [33]. Besides ther-
mostability, F223C/Q247C also led to better alkali toler-
ance. The increased overall packing and rigidity of the lipase
structure might also contribute to the better alkali tolerance
of the mutant. Among five predicted disulfide bond muta-
tions, four (A36C/V259C, A133C/F212C, G182C/1199C,
and V216C/P246C) showed destabilization effects on the
lipase. The disulfide bond prediction accuracy is also low in
other reports. For example, only four out of 16 lytic polysac-
charide monooxygenase variants with additional disulfide
bonds predicted by MODiP and DbD displayed improved
thermostability [34]. The rest four disulfide bond mutations
showed destabilization effects of lipase mainly due to the
atypical stereochemical features or the loss of existing inter-
actions. A good stereochemistry of the introduced disulfide
was indeed essential since the atypical stereochemical fea-
tures can lead to higher strain energy, which can offset the
stabilizing effect of the disulfide cross-linking [35]. Moreo-
ver, the loss of existing interactions after substituting with
cysteine, and the introduction of unfavorable steric contacts
can also have a destabilizing effect [36].

Generation of a thermostable variant
by combinatorial mutagenesis and the property
analysis

To further enhance the thermostability of the lipase, we
integrated six other beneficial mutations, including a pair
of surface disulfide bond sites (S85C/Q145C) [16] and four
mutations (S142A/D217V/Q239F/S250Y) [17] to m17/18
(F223C/G247C), and generated a mutant named m32 (S85C/
Q145C/F223C/G24C/S142A/S250Y/Q239F/D217V). In our
previous work, we reported that the addition of a disulfide
bond S85C/Q145C on the surface of r27RCL was very effi-
cient in stabilizing the lipase structure at higher tempera-
tures, neither compromising catalytic ability nor changing
the pH optimum and pH stability of the lipase [16]. Four
beneficial single-point mutations (S142A/D217V/Q239F/
S250Y) in r27RCL were screened out through a rational
design approach of FoldX. By combining these four muta-
tions, the variant exhibited a 5 °C increase in T, and
15.8 °C elevation in T3) compared to that of r27RCL, with-
out compromising its enzyme activity [17].
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First, m32 was expressed in P. pastoris and purified. The
SDS-PAGE of the purified m32 has been shown in Fig.
S1. The specific activity of m32 was comparable to that of
m17/18, reaching 598 U/mg (Table 1). As shown in Fig. 2a,
m32 exhibited a 10 C higher T, value (50 C) compared to
that of 127RCL (40 ‘C). Subsequently, m32 also displayed
significantly increased thermostability from 25 °C to 70 'C
(Fig. 2b). It retained nearly 90% activity after heat incuba-
tion at 50 °C for 30 min, whereas the wild type had already
completely inactivated. At higher temperatures, m32 still
showed great thermo-tolerance and retained about 85%,
80%, 60%, and 30% activity after 30 min heat incubation at
557, 60 C, 65 °C, and 70 °C, respectively.

The effects of pH on the activity and stability of m32
were subsequently measured. The pH,, of m32 was lifted
from 8.0 of the wild type to 9.0, which was identical to that
of m17/18 (Fig. 2c). As mentioned above, m17/18 processed
broader catalytic range (from pH 7.0 to 10.0), while m32
remained in a similar catalytic range from pH 7.5 to 9.0
with r27RCL, indicating that the introduction of other ben-
eficial mutations narrowed the catalytic range of m17/18
(Fig. 2¢). However, m32 possessed a greater alkali tolerance
than m17/18. m32 remained > 70% activity after incubation
for 30 min from pH 7.0 to 10.0. 127RCL was most stable
at pH 8.0; however, m32 preferred pH 9.0-10.0 (Fig. 2d).
The pH,, and pH stability of m32 were identical to that
of m17/18, revealing that the property of m32 was greatly
affected by the newly introduced disulfide bond of F223C/
G247C.

As shown in Fig. 3, the thermal inactivation of m32 and
r27RCL was characterized by incubation at 60 °C, 65 °C,
and 70 °C. The curves of r27RCL at each temperature were
much steeper than those of m32. r27RCL lost 100% enzyme
activity after heat treatment at 60 °C and 65 °C for 10 min;
however, mutant m32 retained > 50% and 40% residual activ-
ity after undergoing thermal inactivation at 60-65 °C for
60 min (Fig. 3a, b). At 70 °C, r27RCL was denatured very

fast and lost 100% of its activity after 2.5 min, whereas, m32
retained half of its activity after 7.5 min, and even 10% after
20 min heat treatment (Fig. 3c). Table 2 showed that m32
exhibited a significant increase (74.7-fold) of its half-life
(63.5 min) at 60 °C and a 21.2 °C higher T value (66.2 °C),
compared to those of r27RCL. At 65 °C and 70 °C, the half-
lives of m32 reached 56.5 min and 7.5 min, respectively. The
T,, value of m32 was 11.5 °C higher than that of 127RCL
(Table 2, Fig. S2b). The significantly enhanced thermosta-
bility of m32 proved the beneficial associative effect of the
combination of multiple beneficial mutations.

As for the kinetic properties, the mutant m32 exhibited
2.22-fold lower k_, /K, value than that of r27RCL (Table 3).
The mutation of F223C/G247C can probably be the major
cause of the decrease of catalytic efficiency of m32, since
other six mutations in m32 were located more than 13 A
away from the catalytic triad with minimum effects on the
catalytic efficiency. In addition, the newly added six muta-
tions brought a slight increase of catalytic efficiency of m32,
compared with m17/18.

The associative effect of eight mutations

The integrated strategy in this study, including FoldX, MD,
and disulfide bond design to generate four beneficial single-
point mutations and two pairs of disulfide bonds, appeared to
be a very efficient and universal way to further enhance the
thermostability of the lipase without laborious work.

The obtained final mutant m32 showed greatly improved
thermostability and alkali tolerance, indicating the sig-
nificant associative effect of these beneficial mutations.
Table 4 summarized the enzymatic properties of m32 and
its individual mutation, demonstrating that the desirable
lipase property of m32 was inherited from these mutations.
In summary, m32 was presented as a thermos-alkali-stable
mutant, and these desirable properties endowed it with great
potential in industrial applications.

() 60 °C (b) 65 °C () 70 °C
1004 —=—r27RCL 1004 —=—I27RCL 1004 —=—I27RCL
—e—m32 —e—m32 —e—m32
< 804 g 80 ;\i 804
2 2 2
E 604 5 60 ; 60
=
® s S
o 401 ® 404 2 404
> = =
g & &
S 204 s 204 3 204
o 14 14
0 0 ol
T T T y ; T y T T T T T T y T T T v T
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 5 10 15 20
Time (min) Time (min) Time (min)

Fig.3 The thermostability of r27RCL and m32 after heat-treat-
ment at 60 C (a), 65 (b), and 70 ‘C (¢) for different times. The
residual activity of r27RCL was measured at 40 C and pH 8.0,

and the residual activity of m32 was measured at 50 ‘C and pH 9.0.
Error bars indicated the standard deviation of three biological repli-
cates
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Table 4 The comparisons of

Tty 729, and pH,, of the Variants Z"OCP; t,» (min, 60 C) T3 (C) PHop

r27RCL and all variants
r27RCL 40.0 0.85 45.0 8.0
S142A 40.0 3.90 49.1 8.0
S250Y 40.0 4.50 50.5 8.0
Q239F 40.0 6.50 51.0 8.0
D217V 45.0 12.30 52.2 8.0
S85C/Q145C 40.0 3.85 49.2 8.0
(m17/18) F223C/G247C 40.0 16.20 53.5 9.0
S142A/S250Y/Q239F/D217V 45.0 35.50 60.8 8.0
S85C/Q145C/F223C/G247C 45.0 29.25 59.2 9.0
(m32)S142A/S250Y/Q239F/D217V/ 50.0 63.50 66.2 9.0

S85C/Q145C/F223C/G247C

Fig.4 Substitutions in m32. The catalytic triad residues (S172-
H284-D231) are shown in green. The short a-helix, called the “lid”
region, is shown in yellow. S142A, S250Y, Q239F, and D217V were
shown in red. The disulfide bonds of S85C-Q145C and F223C-
Q247C were shown in blue and orange, respectively

Fig.5 The hydrophobic interac- (a)
tions after mutation of S142A,

S85C, and Q145C in m32. a

The hydrophilic residues before

mutation are shown in yellow;

b The hydrophobic residues are

shown in blue

@ Springer

Elucidation of thermostability mechanism
by protein modeling and B-factor analysis

Based on the crystal structure of the wild-type (PDB:
4L3W), the protein sequence of m32 was uploaded to
the Swiss-Model protein automated modeling program
for three-dimensional structure generation. As shown in
Fig. 4, except F223C/G247C, the other six substitutions
were all located on or close to the lipase surface and far
from the catalytic triad. Mutation F223C/G247C was
buried inside of the lipase and about 9 A away from the
catalytic triad.

The disulfide bond S85C-Q145C situates at the flexible
surface regions between the 2nd f-sheet and the 4th a-helix,
which is more likely to generate beneficial mutants as the
relax of the protein structure can happen without incurring a
significant energetic penalty [16]. As for the wild type, resi-
dues 85, 142, and 145 were all hydrophilic residues. After
mutation (Fig. 5), the hydrophobic interactions between
85C, 142A, and 145C and the surrounding hydrophobic

(b)
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residues of F139, L140, L86, L87, A176, A178, L179,
L180, and A181 were strengthened, along with the intro-
duced disulfide bonds, resulted in tighter packing of these
hydrophobic regions.

The B-factor is commonly used to represent residue flex-
ibility and is considered as a reliable parameter to select
appropriate residues for single-point mutation [37] or
disulfide bond mutations [34], and the residues with higher
B-factors are more likely to generate stabilizing mutations.
Herein, we visualized the B-factor distribution of r27RCL
(Fig. S3), and the top 20% most flexible residues (with
B-factor > 35) are shown in red. Among these eight muta-
tions, only two of them (residues 239 and 145) were within
the 20% flexible residues, and residue 142 was very close to
the highly flexible residue of 141 (with B-factor > 35). This
result suggested that B-factor can be used as a partial assis-
tant in selecting hot-spot, meanwhile other factors should
also be considered [38]. Since the B-factor was measured
based on the crystal state of the protein, under which tem-
perature, the protein was far from its physiological state [39],
thus, B-factor was not able to represent the dynamics of
protein residues in solution [40]. Besides, the crystal pack-
ing also affected the dynamic information extracted from
the B-factor [40].

Elucidation of thermostability mechanism by MD
simulations

To explore the effect of mutations on the structural stabil-
ity of m32, the values of RMSD, RMSF, Rg, and SASA of
m32 and r27RCL were calculated from O to 100 ns at 313 K.
RMSD is an important parameter for estimating the thermal
fluctuation of the protein conformation, which reflects the
unfolding enthalpy and entropy change of enzyme [41]. The
RMSEF represents the fluctuation of an atom relative to its
average position, and higher RMSF values mean increasing
instability of the conformation of residues/regions. Rg is
related to the structural stability of a protein, and the smaller
value of Rg marked a more stable protein structure. SASA
value represents the aggregation-related properties of a

protein, and smaller SASA values meant a tighter packed
structure of a protein. As shown in Fig. 6a, after the sud-
den increase in the first 20 ns at the beginning, the average
RMSD values were around 0.3 nm. Moreover, the values of
r27RCL from 80 to100 ns suddenly increased dramatically
and reached 0.45 nm. The sudden increase on RMSD value
of r27RCL after 80 ns might result from the flexibility of the
lid domain. Q145 is located in an alpha helix connected with
the lid domain in yellow (Fig. 5). When the disulfide bonds
between S85C and Q145C were constructed, the flexibility
of the lid domain might be constrained, leading to slightly
lowered RMSD value of m32 than that of r27RCL, and there
is no sudden change of RMSD value for m32 at the end of
MD simulation. The Rg and SASA values of r27RCL and
m32 at 313 K were evaluated to further explore the structural
stability of 127RCL and m32 (Fig. 6b, c¢). The overall Rg val-
ues of m32 were slightly lower than that of r27RCL during 5
to100 ns. The average Rg of r27RCL stayed around 1.86 nm,
and the average Rg value of m32 was 1.83 nm (Fig. 6b). The
average SASA of 127RCL was 140 nm?, while the SASA
value of m32 decreased to 133 nm? (Fig. 6¢). The decreased
Rg and SASA values of m32 indicated more tightly packed
structure of m32, according to the 100 ns simulation [42].

The RMSF values of r27RCL and m32 at 313 K were
compared in Fig. S4. The residues 85, 142, and 145 dis-
played much lower RMSF values after mutation, while
no obvious changes were detected for the RMSF values
of the rest five residues 217, 239, 223, 247, and 250 after
mutations. However, the overall RMSF values of m32 were
much lower than that of the wild type, especially in some
highly flexible areas, including residues of S23-E32, T82-
NO1, R108-F122, E254-A257, and L285-G293. The over-
all narrowed fluctuations of m32 proved its remarkably
enhanced thermostability than that of r27RCL.

To further understand the molecular basis of the con-
formational changes in m32, we analyzed the differences
of the following parameters between r27RCL and m32,
including secondary structure, intermolecular interac-
tions (salt bridges and H-bonds), and AAG. The a-helix,
B-sheet, turn, and the coil of r27RCL and m32 during
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o
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150 ——m32

145

140

SASA (nm?)

135

130

125

v T v T
20 40 60 80 100
Time (ns)

Time (ns)

0 20 40 60 80
Time (ns)

Fig. 6 The comparison of MD simulation results of r27RCL and m32 at 313 K. a RMSD, b Rg, ¢ SASA
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100 ns MD simulations at 313 K were evaluated (Fig.
S5). Stable secondary structures represent the stabil-
ity of a protein to a certain extent. The residue numbers
included in a-helix, B-sheet, turn structures were gener-
ally stable along the 100 ns MD simulations, with a little
change exhibited. The difference of the conformational
change between m32 and r27RCL could also be proved
by the altered spectrum of m32 at wavelengths from 190
to 260 nm (Fig. S2a).

In Fig. S6, at the first 50 ns, the numbers of internal
hydrogen bonds of m32 were slightly lower than those of
r27RCL. However, from 80 to 100 nm both numbers are
relatively similar and stable during the MD simulation.

Salt bridges are very important in stabilizing protein
structure, as the buried salt bridges or those located in
hydrophobic core contributed >4 kcal/mol [43]. How-
ever, mutations in protein might destroy or introduce a
new salt bridge. Herein, we evaluated the possible nonco-
valent interactions for salt bridge formation (the distance

(a) r27RCL
Asp231-His284

Glu292-His284
-

Asp283-His228
> coEar GEaEEES e oEEES C cEne D o

Salt bridge

Glu292-His171
- oo

0 20 40 60 80
Time (ns)

100

between two expected atoms was < 3.2 A) in r27RCL and
m32 [44]. Besides distance, we also considered the stabil-
ity of salt bridges, for which distance was continuously
kept within 3.2 A. From the 100 ns trajectories shown in
Fig. 7, in addition to the common three existing salt bridges
(Asp231:His284, Glu292:His284, and Asp283:His228)
in both r27RCL and m32 structures, m32 formed an extra
salt bridge (Glu292:His171), compared to r27RCL. As
shown in Fig. 7a, the distance between residues Glu292 and
His171 in r27RCL was > 3.2 A for most of the time, which
was too weak to form a salt bridge. However, the distance
between residues Glu292 and His171 in m32 was succes-
sively <3.2 A since 40 ns (Fig. 7b), indicating the formation
of a new salt bridge between these two residues. This newly
formed salt bridge between Glu292-His171 might be a major
contribution to the thermostability of m32.

Herein, we analyzed the variations in AAG during 100 ns
of MD simulations for m32 and r27RCL at 313 K and 343 K
(Fig. 8). The changes in AG between the folded and unfolded

Fig.7 The presence of salt bridges in r27RCL (a) and m32 (b) during 100 ns MD simulations at 313 K
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(@) =0T o 27ReL 33K
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>
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Fig.8 FoldX results for r27RCL and m32. The AAG changes for the two lipase conformations along 100 ns MD simulations at 313 K (a) and

343 K (b)
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states were calculated every 10 ns within the 100 ns of MD
simulation at both 313 K and 343 K. The changes in AAG
for r27RCL and m32 revealed the tendency of m32 for
increased stability both at 313 K and 343 K, while no such
obvious tendency was found for r27RCL.

Conclusion

In this study, we generated a mutant m32 with simulta-
neously improved thermostability and alkali tolerance by
rational design, including engineering of a buried disulfide
bond and the combination of previously reported benefi-
cial mutations. The introduction of a disulfide bond F223C/
G247C within 3-5 A away from the lipase surface exhib-
ited enhanced thermostability with a 19.1-fold increase in
half-life at 60 °C and an 8.5 °C higher T2 value compared
to that of r27RCL. Most importantly, F223C/G247C simul-
taneously improved the alkali tolerance of lipase. Thereaf-
ter, we combined four beneficial mutations and a disulfide
bond on the lipase surface to F223C/G247C. The associative
effect of the beneficial mutations was so significant that the
combinatorial m32 accumulated the favorable properties
of all individual mutations, and exhibited highly increased
thermostability and alkali tolerance. MD results indicated
that the increased overall packing and rigidity of the lipase
structure contributed to the higher thermostability of the
mutant, which might be also the reason for its better alkali
tolerance. However, the mechanism of alkali tolerance of
m32 needs to be further explored in our future study through
crystal structure analysis.
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