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ABSTRACT Understanding the aspects that contribute to improving proteins’ biochemical properties is of high relevance for
protein engineering. Properties such as the catalytic rate, thermal stability, and thermal resistance are crucial for applying en-
zymes in the industry. Different interactions can influence those biochemical properties of an enzyme. Among them, the surface
charge-charge interactions have been a target of particular attention. In this study, we employ the Tanford-Kirkwood solvent
accessibility model using the Monte Carlo algorithm (TKSA-MC) to predict possible interactions that could improve stability
and catalytic rate of a WT xylanase (XynAWT) and its M6 xylanase (XynAM6) mutant. The modeling prediction indicates that
mutating from a lysine in position 99 to a glutamic acid (K99E) favors the native state stabilization in both xylanases. Our lab
results showed that mutated xylanases had their thermotolerance and catalytic rate increased, which conferred higher proces-
sivity of delignified sugarcane bagasse. The TKSA-MC approach employed here is presented as an efficient computational-
based design strategy that can be applied to improve the thermal resistance of enzymes with industrial and biotechnological
applications.
SIGNIFICANCE To perform protein engineering and design optimized enzymes is a challenging task. Understanding the
balance of several interactions acting within the enzyme can help select good mutants. Based on a first-principles
electrostatic optimization approach, the Tanford-Kirkwood solvent accessibility model using the Monte Carlo algorithm
(TKSA-MC) method suggests residues substitutions to reform the enzyme interactions in its native conformation. Mutation
candidates indicated by the TKSA-MC web server were investigated in a wet lab. The results corroborate with the
predictions and indicate that TKSA-MC can be a powerful tool for designing more thermal stable and active enzymes.
INTRODUCTION

The biochemical properties of proteins depend on the bal-
ance of several interactions. The knowledge of principles
that govern these interactions is fundamental to designing
optimized proteins for industrial and biotechnological pur-
poses (1–4). Among these interactions, the charge-charge
interplay within a protein is crucial for stabilizing the native
state (5–10). Solution conditions, such as salt concentration
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and pH, also tend to influence protein stability significantly.
The optimum balance between electrostatic effects can lead
the protein to a more thermal stable state (11–15).

Over the years, the quest for novel enzymes with biotech-
nological application potential has involved various comple-
mentary approaches. These strategies include mining
enzyme variants from microorganisms living in extreme
conditions (extremophiles) (16) and mimicking evolution
in the laboratory by employing directed enzyme evolution
(17,18) to develop more stable and resistant enzyme variants
for industrial purposes (19–21). Recently, the application of
bioinformatics tools and physical modeling has been incor-
porated as a rational strategy for predicting optimizing mu-
tations (4,22,23). To predict the free-energy change upon
mutations using computational approaches is a nontrivial
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Computation design of xylanases
challenge (4). Optimization of the protein charge-charge in-
teractions has shown to be an effective method for thermal
stability improvement (24). Makhatadze and co-workers
investigated the optimization of electrostatic interactions
via directed mutations presenting an increase of thermal sta-
bility for different proteins (25,26). The methodology calcu-
lates the electrostatic energy contribution for each ionizable
residue using the Tanford-Kirkwood solvent accessibility
model (TKSA) (27–30). The method indicates a few resi-
dues to be mutated to increase the thermal stability of pro-
teins. The criteria follow residues contributing to positive
energy (destabilizing interactions) with exposed to solvent
(solvent-accessible surface area greater than 50%). The
choice for mutating a residue exposed to the solvent is to
avoid modifying the protein three-dimensional (3D) struc-
ture drastically. Recently, our group implemented this meth-
odology as a webtool using the Metropolis Monte Carlo
algorithm (TKSA-MC) (31). This approach speeds up the
sampling of the different protonation states of each ioniz-
able residue in the investigated protein. The TKSA-MC al-
lows us now to explore more complex systems. One of the
advantages of optimizing the protein charge-charge interac-
tions is suggesting mutations based on pH and salt concen-
tration conditions that the system requires. Even though
many successful cases employing this methodology were re-
ported, there is a lack of studies regarding this application in
a more complex system such as bigger enzymes or protein
complexes.

For instance, an interesting and crucial system is the xy-
lanase belonging to glycoside hydrolase family 11 (GH11).
GH11 enzymes are a notoriously abundant family in plant
cell-wall-degrading microorganisms. These enzymes are
mainly involved in xylan degradation, which is the major
hemicellulosic polysaccharide (32). The usage of GH11 en-
zymes is essential in different biotechnological areas, espe-
cially for the successful implementation of sugar-based
biorefinery processes. In previous studies (17,18), directed
evolution techniques were used to improve the thermal sta-
bility of the xylanase GH11 from Bacillus subtilis (XynA).
Two generations of random mutant libraries generated by
error-prone PCR coupled with a single generation of DNA
shuffling produced a series of mutant proteins with
increasing thermostability. All mutations were located at
the surface of these enzymes, suggesting that the decrease
in the DCp includes effects arising from the protein-solvent
interface.

Herein, the TKSA-MC approach was employed to select
mutations for optimizing the electrostatic interactions on the
surface of WT xylanase (XynAWT) and its M6 xylanase
(XynAM6) variant (XynAWT with six mutations—Q7H,
S22P, T44A, I51V, I107L, and S179C—generated by
directed enzyme evolution (17,18)). From an enzyme engi-
neering perspective, electrostatic interactions affect enzyme
activity in different ways, such as its thermal stability Tm,
catalytic rate, thermotolerance, and processivity of deligni-
fied sugarcane. However, the direct correspondence between
electrostatic contributions and these enzyme parameters is
unclear. Nevertheless, electrostatic interaction optimization
of the native state is expected to improve enzyme functional
parameters, and it can be a valuable approach in enzyme
improvement.

The TKSA-MC simulations predicted the mutation of
lysine in position 99 (K99) as a potential candidate to be
mutated and optimize both xylanases. As a validation, we
performed different wet-lab experiments, including thermal
stability studies, lignocellulosic biomass saccharification,
and functional assays. To the best of our knowledge, these
are the biggest proteins investigated so far using the
TKSA-MC approach.
MATERIALS AND METHODS

Proteins

The structural coordinates of XynAWT (PDB: 1XXN) were extracted from

the Protein Data Bank (PDB; https://www.rcsb.org). XynAWT is composed

of 185 amino acid residues, with 23 of them ionizable, having its 3D struc-

ture organized as an a-helix and two twisted b-sheets forming a jellyroll

fold (Fig. 1). The M6 xylanase (XynAM6) has six mutations—Q7H,

S22P, T44A, I51V, I107L, and S179C (17,18,35)—and had its tridimen-

sional model built using Modeler software (36).
Computational analysis

Tanford-Kirkwood (TK) is a continuum electrostatic model that considers

the protein as a sphere with low dielectric constant ( 3p) and radius b (28).

A solvent accessibility correction of each ionizable residue was introduced

in the TKmodel by Shire and co-workers to adjust cavities and the interface

between the solvent and the protein (29). Including this correction, the

method is named the TKSA model (29,37,38). The electrostatic interaction

energy U between charged groups i and j is given by

Uij ¼ e2
�
Aij � Bij

2b

Cij

2a

��
1� SAij

�
; (1)

where e is the elementary charge; a is the radius of ionic exclusion; and Aij,

Bij, and Cij are parameters calculated via the analytical solution of the TK

model, which are functions of the distance between the residues i and j, the

dielectric constants, and the salt concentration. SAij is the average of the sur-

face accessibility of the pair of residues (29,30,38). After the calculation of

the electrostatic energy between all ionizable residue pairs (39,40), the free

energy DGN of all possible protonation states of the protein in its native

state is calculated by

DGNðcÞ ¼ RTðln 10Þ
Xn

i¼ 1

ðqi þ xiÞpKa;ref;i

þ 1

2

Xn

i;j¼ 1

Uijðqi þ xiÞ
�
qj þ xj

�
; (2)

where R is the ideal gas constant, T is the temperature, i and j are the indexes

of the ionizable residues, n is the number of ionizable residues, q is the

charge of the residue in its deprotonated state, x is 0 or 1 depending on

the protonation state, and pKa, ref is the reference pKa-value. The pKa, ref-

values are 3.6 for the C-terminus, 4.0 for aspartic acid, 4.5 for glutamic
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FIGURE 1 The 3D structure of the WT xylanase (XynAWT; PDB: 1XXN) built using Chimera software (33). Highlighted is the mutation K99E investi-

gated in this work, indicating how exposed the residue side chain is to the solvent. The M6 variant residues (Q7, S22, T44, I51, I107, and S179) are also

presented in the structure. The letters indicate the region where the mutation occurred (34). To see this figure in color, go online.
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acid, 6.3 for histidine, 7.5 for the N-terminus, 10.6 for lysine, and 12.0 for

arginine. The probability of the protein assumes a particular protonation

state is given by

rNðcÞ ¼
1

ZN

exp

�
� DGNðcÞ

RT
� nðcÞðln 10ÞpH

�
; (3)

where ZN is the partition function of the protein in its native state and n is the

number of ionizable residues in the protonation state c. The mean of the

electrostatic energy Wqq is calculated over all protonation state and

weighted by rN(c):

�
Wqq

	 ¼
X
c

"
1

2

Xn

i;j¼ 1

Uijðqi þ xiÞ
�
qj þ xj

�#
rNðcÞ (4)

The contribution of the electrostatic free energy DGqq can be calculated

approximately by the negative of Eq. 4, i.e., DGqq z �hWqqi (40). The

electrostatic free energy DGqq was performed using the TKSA-MC web

server (http://tksamc.df.ibilce.unesp.br; (31)). It must be stressed that the

TKSA-MC addresses only the electrostatic contributions to the free energy,

which means entropic contributions are not considered. Currently, there is

no reliable method to estimate entropic changes upon mutations or, equiv-

alently, to evaluate the changes in specific heat, which would be required to

predict Gibbs free-energy changes fully (25,41). However, because charge-

charge and charge-solvent interactions play a fundamental role in thermo-

dynamic stability, the TKSA-MC method serves as a guiding tool to probe

potential mutations in protein engineering.
Heterologous expression

The genes encoding XynAWT, XynAM6, and their mutants were codon opti-

mized for expression inEscherichia coli cells and synthesized (GenScript, Pis-

cataway, NJ). The sequences were further subcloned into the pET-28a(þ)

vector (Novagen,Gibbstown,NJ)with anN-terminalHis-tag.The constructed

vectorswere then inserted intoE. coliBL21 (DE3)-competent cells (Novagen)
2174 Biophysical Journal 120, 2172–2180, June 1, 2021
by heat shock for protein production. The transformed cells were cultured in

Luria-Bertani medium (m v�1: 1.0% tryptone, 0.5% yeast extract, and 1.0%

NaCl) containing 30 mg mL�1 kanamycin. The cultures were grown at

37�C, 250 rpm until the optical density at 600 nm reached a value of 0.6–

0.8. The protein expression was induced by 0.5 mM isopropyl b-D-1-thioga-

lactopyranoside and cultivated for 4 h at 37�C. The cells were harvested by

centrifugation at 7500� g (4�C) using a JLA-9.1000 rotor in an Avanti J-25
centrifuge (Beckman Coulter, Brea, CA). Pellets were resuspended in a min-

imal volume of ice-cold buffer A (20 mM imidazole, 300 mMNaCl, 25 mM

sodium phosphate buffer (pH 7.4)) and stored at �20�C.
Purification using affinity chromatography

For enzymepurification, eachpelletwas treatedwith lysozyme (0.5mgmL�1)

and phenylmethanesulfonyl fluoride protease inhibitor (1 mM) at room tem-

perature for 20 min, followed by 18 cycles of sonication on ice (10 s pulse

on/10 s pulse off) using 30% of the total device (Vibra-Cell; Sonics, Newton,

CT) capacity. The cell lysate obtained was centrifuged at 13,000 � g for

30 min at 4�C. The supernatant was filtered through a 0.45 mm membrane

and injected onto a 5 mL HisTrap HP column (GE Healthcare, Waukesha,

WI) previously equilibratedwith bufferA coupled to an ÄKTApurifier system

(GE Healthcare). Elution of recombinant enzymes was performed by slowly

increasing the concentration (v v�1) of buffer B (500 mM imidazole,

300 mM NaCl, 25 mM sodium phosphate buffer (pH 7.4)) on mobile phase.

Affinity chromatography samples considered pure by 12% SDS-PAGE verifi-

cation were pooled and concentrated by ultrafiltration on Amicon Ultra

Centrifugal Filter (Millipore, Burlington, MA) with 10 kDa pores. The con-

centration of the purified enzymes was estimated by ultraviolet absorbance

at 280nmusing aNanodrop device (ThermoFisher Scientific,Waltham,MA).
Biochemical parameters of recombinant
xylanases

The optimum pH was evaluated using xylan from Beechwood (Sigma-Al-

drich, St. Louis, MO) in a pH range 3.5–9.5 at 50�C, using the following

http://tksamc.df.ibilce.unesp.br
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buffers: citric acid-sodium citrate (pH 3.5–6.5), monobasic phosphate-

dibasic phosphate (pH 7.0–8.0), tris-HCl (pH 8.5), and glycine-NaOH

(pH 9.5), at a final concentration of 0.1 M. The optimum temperature

was determined in a range of 20–80�C using the best pH of each enzyme.

All tests were carried out in 100 mL of reactions containing 50 mL of the

substrate (1.0% v v�1), 45 mL of buffer, and 5 mL of pure enzyme. The sam-

ples were incubated for 10 min, and then 100 mL of 3,5-dinitrosalicylic acid

was added and heated at 95�C for 5 min. The activity was monitored at

540 nm using an Infinite 200 PRO microplate reader (TECAN Group,

M€annedorf, Switzerland). The highest activity obtained during each exper-

iment was defined as 100% activity. The kinetic parameters were obtained

under standard conditions with a series of xylan concentrations (0.16–

25 mg mL�1). The final enzyme concentration employed was 0.019 mM

XynAWTand XynAK99E or 0.037 mMXynAM6 and XynAM6 þ K99E. Kinetic

parameters were obtained by sigmoidal fitting using Hill function (Origin

8.1 software). All enzyme assays were performed in triplicate (n ¼ 3).
Biophysical parameters of recombinant
xylanases

Circular dichroism (CD) spectra were acquired on a JASCO J-815 spec-

trometer (Jasco, Tokyo, Japan) controlled by a CDF-426S/15 Peltier tem-

perature control system using a quartz cuvette with a 1 cm pathlength.

The enzymes were prepared in 0.1 M sodium citrate buffer (pH 5.0) at a

final concentration of 0.3 mg mL�1. All spectra were obtained at 20�C in

the range 195–260 nm, with a bandwidth of 2 nm and a response time of

4 s nm�1. CD spectra were buffer subtracted and normalized to mean res-

idue ellipticity. Thermal unfolding experiments were monitored at 218 nm

in the temperature range 20–90�C with a scan rate of 1�C min�1. The

melting temperatures were determined by sigmoidal fitting using the Boltz-

mann function (Origin 8.1 software).
Thermotolerance and processivity assay of
lignocellulosic biomass

The thermotolerance was determined by measuring the half-life (t1/2) of

each enzyme, which is defined as the time that the enzyme activity declines

to half of the full activity at a specific temperature. The value of the half-life

(t1/2) was estimated by adjusting the activity data to an exponential decay

model. The thermotolerance was evaluated at a temperature 50�C at pH
FIGURE 2 Charge-charge interaction energy DGqq, in kJ , mol�1, calculated

The results are shown for XynAWT (A) and XynAK99E (B). The red bars indicate

positive energy contribution to native state stability. To see this figure in color,
5.0. The processivity assays of lignocellulosic biomass was explored using

the delignified sugarcane bagasse (DSB). The sugarcane bagasse was pre-

pared by alkaline pretreatment (130�C, 30 min, 1.5% m v�1 NaOH),

yielding a material composed of 60.5 5 1.1% cellulose, 24.1 5 0.5%

hemicellulose, 9.4 5 0.1% lignin, and 6.3 5 2.8% ash. Enzymatic hydro-

lysis reactions were performed in samples of 1.0 mL containing 5.0% dry

biomass (50 mg) and 0.2 filter paper units (FPU) g�1 of the enzyme cock-

tail, supplemented or not with 200 mg XynAWT, XynAM6, or their mutants.

The reactions were done incubated in a hybridization oven at 50�C at pH

5.0 with agitation for 24 h. The fungal enzyme cocktail used in the tests

was Celluclast (Novozymes, Krogshoejvej, Denmark). The protein concen-

tration of the fungal cocktail was estimated by the Lowry method (42) using

the DC protein kit (BioRad, Hercules, CA). The detection of total reducing

sugars was carried out using the 3,5-dinitrosalicylic acid method (43).
RESULTS AND DISCUSSION

TKSA-MC as a prediction tool to increase enzyme
native state stability

The TKSA-MC tool was used to predict mutations that
could increase the thermal stability of XynAWT and its Xy-
nAM6 variant. The quantitative analysis of electrostatic in-
teractions in the native state of these proteins was
performed at pH 5.0. Fig. 2 displays the electrostatic calcu-
lations of WT xylanase and its mutant K99E (XynAK99E).
Each vertical bar corresponds to the electrostatic free-en-
ergy (DGqq) contribution of each ionizable residue (x axis)
to enzyme stability.

XynAWT has 16 amino acids with a negative value of
DGqq, which contribute favorably to the stabilization of its
native state (Fig. 2 A). Among these 16, there are 14 residues
plus the charges of the N- and C-termini of the WT enzyme.
Moreover, three residues showed energy values close to zero
(DGqqz 0.0), and six residues had a positive value of DGqq,
contributing unfavorably to its stability. The total electro-
static free energy DGelec for the WT enzyme is �83.60 kJ
by the TKSA-MC model for each ionizable residue of XynAWT in pH 5.0.

the residues with the side chain exposed to solvent with SASAR 50% and

go online.
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, mol�1, and it was calculated as the sum of DGqq of all
ionizable groups (44–46).

The residues with positive electrostatic free-energy
values are associated with the destabilization of the protein
native state. Thus, the amino acids K95, K99, R122, R132,
K135, and K154 identified with a positive value of DGqq

were selected. Besides, another criterion used to select the
amino acid to be mutated was that it must have a side chain
exposed more than 50% to solvent (R50%). Table 1 shows
that residues K99, R122, and K154 have solvent-accessible
surface area (SASA) > 50%.

According to Table 1, the residues that follow the criteria
to be mutated are K99, R122, and K154. All three have a
positive free-energy contribution and have their side chain
exposed to solvent more than 50%. These three residues
are also highlighted in the red bars in the graph of Fig. 2
A. In this work, the residue K99 was chosen to be investi-
gated because of its more negative DGqq and higher
SASA. Residues R122 and K154 are also possible candi-
dates to be mutated to increase the enzyme thermostability,
but they are not explored in this work.

The mutation in the position K99 was performed
in silico, removing the positive charge of the lysine side
chain and inserting a glutamic acid, which is a negatively
charged residue. The choice of the mutation K99E was
made to perform a charge inversion in position 99,
removing a positive charge and inserting a negative one.
The simulation of the mutation K99E in the WT xylanase
enzyme was performed, and the electrostatic free-energy
graph bar is shown in Fig. 2 B. The DGqq of position 99
changes from 1.174 kJ , mol�1 in the WT enzyme with
the lysine to �2.584 kJ , mol�1 with the glutamic acid.
The total electrostatic free energy DGelec changes from
�83.60 to �89.65 kJ , mol�1 with the mutation K99E,
which corresponds to an increase of the electrostatic free-
energy stability in �7.25%. The effect of the mutation
K99E in DGelec was not just related to the free-energy sta-
bility in position 99 but also connected to the cooperative
effect of this charge modification in other enzyme residues,
i.e., the mutation K99E contributes to stabilizing the free-
energy contribution of different residues. The most signif-
icant energy variation due to the cooperative effect muta-
tion K99E occurs in position R132. The DGqq changes
TABLE 1 Details of the electrostatic free energy DGqq and the

SASA are presented for each residue with positiveDGqq for the

enzyme XynAWT

Residue DGqq (kJ , mol�1) SASA (%)

K95 0.633 40.11

K99a 1.174a 74.75a

R122a 0.651a 73.43a

R132 2.395 9.81

K135 0.748 46.54

K154a 0.572a 72.22a

aThe residues that follow the criteria to be mutated (K99, R122, and K154).
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from 2.395 kJ , mol�1 in the WT enzyme to �0.356 kJ
, mol�1 with the mutation K99E.

The second system evaluated was the M6 xylanase. The
theoretical approach to investigate the XynAM6 was similar
to that described for the WT enzyme. First, the electrostatic
free-energy profile was built, and then the candidate posi-
tions with side chain exposed to solvent and positive energy
contribution were selected. Fig. 3 A presents the bar graph
with the electrostatic free-energy profile.

XynAM6 has 17 ionizable groups with a negative value of
DGqq, including the charges of the N- and C-termini, which
contribute favorably to protein stability. Besides, two resi-
dues showed energy values close to 0 (DGqq z 0.0), and
seven residues were identified with DGqq > 0.0. The total
electrostatic free energy for the M6 enzyme was
�88.09 kJ , mol�1. Similar to XynAWT, the amino acids
with a positive value of DGqq (K95, K99, R122, R132,
K135, K154, and H156) were selected. The values of
DGqq and the SASA of these residues are described in Table
2.

For the M6 enzyme, three candidates were identified as
possible mutation sites: K99, R122, and K154. All of
them showed a positive electrostatic free-energy contribu-
tion and are exposed to the solvent more than 50% (Table
2). Similar to XynAWT, the position K99 was chosen to carry
out the mutations both in simulations and in experiments.
The mutation in position K99 was performed in silico,
removing the positive charge of the lysine side chain and in-
serting a negative charge with the glutamic acid. The elec-
trostatic interactions of the K99E mutation in the M6
enzyme were calculated, and Fig. 3 B shows its DGqq graph
bar. The position 99 changes from 1.062 kJ , mol�1 in the
M6 enzyme with the lysine to �2.437 kJ , mol�1 with the
glutamic acid. The total electrostatic free energy DGelec

changes from �88.09 to �93.06 kJ , mol�1 with the muta-
tion K99E, which corresponds to an increase of the electro-
static free-energy stability of �5.64%. The similar effect of
cooperativity with K99E in the WTenzyme was observed in
the M6 enzyme. The mutation K99E contributes to stabiliz-
ing the free-energy contribution of different residues, and
the most significant energy variation also occurs in the po-
sition R132. The energy changes from 2.130 kJ , mol�1

in the enzyme M6 to �0.497 kJ , mol�1 with the mutation
K99E.
The mutation K99E promotes improvements in
the catalytic rates

XynAWT, XynAM6, and their mutants were expressed in
E. coli BL21 (DE3) and purified to homogeneity by Ni2þ-af-
finity chromatography. SDS-PAGE analysis indicated that
all xylanases migrated as a single dominant band with ex-
pected molecular weights (data not shown). Both WT xyla-
nases and mutants were purified in a folded form, as
indicated by experiments monitored using CD spectroscopy



FIGURE 3 Charge-charge interaction energy DGqq, in kJ , mol�1, calculated by the TKSA-MC model for each ionizable residue of XynAM6 in pH 5.0.

The results are presented for the XynAM6 (A) and M6 enzyme with the mutation K99E XynAM6 þ K99E. The red bars indicate the residues with the side chain

exposed to solvent with SASA R 50% and positive energy contribution to native state stability. To see this figure in color, go online.
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(Fig. S1). CD analysis also showed that xylanases have a
typical b-sheet profile, with minimal molar ellipticity at
218 nm (Fig. S1), as previously reported (47). To better un-
derstand the catalytic properties of XynAK99E and
XynAM6 þ K99E mutants, we characterized the influence of
pH and temperature on enzyme activities and investigated
their kinetics parameters. As shown in Fig. 4 A, the maximal
activity plateau of the XynAK99E mutant (pH 6.0) was not
altered compared to XynAWT; however, its adaptability to
acidic pH regions was slightly expanded. For the
XynAM6 þ K99E mutant, the pH-dependent profile (pH 6.0)
was similar to its nonmutant counterpart. According to the
results of ideal temperature assays (Fig. 4 B), we found
that for all enzymes, including WT xylanases and mutants,
the optimum temperature showed no expressive differences.
XynAWT and its mutant had optimum activity at 50�C,
whereas xylanase M6 (XynAM6) and its mutant were most
active at 60�C (Fig. 4 B). On the other hand, CD analysis
showed that the mutation K99E was able to induce an in-
crease of up to 1�C in the Tm-value in both XynAWT and
XynAM6 (Fig. 4 C). An increase of Tm around 1�C is not
a significant increase in the thermostability. The theoretical
TABLE 2 Details of the electrostatic free energy DGqq and the

SASA are presented for each residue with positiveDGqq for the

M6 enzyme

Residue DGqq (kJ , mol�1) SASA (%)

K95 0.491 41.31

K99a 1.062a 73.74a

R122a 0.588a 71.40a

R132 2.130 11.30

K135 0.3912 48.45

K154a 0.5386a 73.78a

H156 0.2526 31.64

aThe residues that follow the criteria to be mutated (K99, R122, and K154).
methodology employed here cannot predict how much the
melting temperature variation (DTm) due to the mutations
will be. The TKSA-MC mutation predictions lead the opti-
mized protein to a more stable native state, but other factors
need to be considered for increasing the protein melting
temperature. One of those factors is the protein DCp, which
is not trivial to predict how it changes upon mutations.
TKSA-MC suggests mutation on the protein surface to
minimize DCp changes in the protein variant (46) The ki-
netics parameters of XynAK99E and XynAM6 þ K99E mutants
were determined using xylan concentrations up to 25 mg ,
mL�1 (Fig. 4 D; Table 3). The catalytic rate (kcat) of Xy-
nAK99E (528.73 s�1) was 1.08-fold higher than XynAWT

(485.11 s�1); however, the half-saturation constant (km) of
XynAK99E (3.82 5 0.14 mg , mL�1) was relatively similar
in both xylanases (XynAWT; km¼ 3.345 0.25 mg ,mL�1).
The XynAM6 þ K99E also increased its kcat (1.27-fold)
compared to the WT counterpart (XynAM6), as well as its
km-value (1.45-fold; Fig. 4 D; Table 3). It was apparent
that the mutation K99E contributes to a moderate increase
in catalytic rates (kcat) of mutated xylanases. As illustrated,
in this study, the mutation K99E not only contributes to
slightly increasing the thermal stability of XynAWT and Xy-
nAM6 xylanases but also to improving the catalytic rates
(kcat).
XynAK99E and XynAM6 D K99E mutants showed
better thermotolerance and processivity on
pretreated lignocellulosic biomass

The prominent activity of XynAWT and XynAM6 xylanases
(17,18) under similar conditions to those used for enzymatic
hydrolysis in biorefineries led us to explore the industrial
potential of their mutants as a complement in fungal enzyme
cocktails. Initially, we access the thermal stability of these
Biophysical Journal 120, 2172–2180, June 1, 2021 2177



FIGURE 4 Experimental results presenting ef-

fects of (A) pH and (B) temperature on the activity

of XynAWT, XynAM6, and mutants. The pH influ-

ence was carried out at 50�C using variable buffers

(pH 3.5–9.5), and the temperature effect was eval-

uated from 20 to 80�C. Relative activity (%) was

calculated considering the maximal catalytic activ-

ity observed for the biological unit of the enzyme.

(C) Kinetic parameters of XynAWT, XynAM6, and

mutants were determined using xylan as substrate

under the ideal conditions of each enzyme: pH

6.0 and 50�C for XynAWT and XynAK99E and pH

6.0 and 60�C for XynAM6 and XynAM6 þ K99E.

The kinetics parameters were calculated by adjust-

ing the experimental data to the hyperbolic Mi-

chaelis-Menten equation. (D) Thermal

denaturation profiles of XynAWT, XynAM6, and

mutants. The profiles were carried out with sodium

citrate buffer (20 mM and pH 5.0) and at standard-

ized protein concentrations to 0.3 mg , mL�1. Xy-

nAWT, open red circles; e XynAK99E, solid red

circles; XynAM6, open blue squares; XynAM6 þ
K99E, solid blue squares. To see this figure in color,

go online.
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mutants under conditions that simulate saccharification in
biorefineries (pH 5.0 and 50�C; Fig. 5 A). The results
showed that, at 50�C, the mutated xylanases had improved
thermal stability compared to their nonmutated proteins
(Fig. 5 A). The half-life (t1/2) of mutant XynAK99E was
increased up to threefold higher than XynAWT, whereas
mutant XynAM6 þ K99E’s half-life was 1.4-fold higher than
that of its WT counterpart (Fig. 5 A). Interestingly, the mu-
tation K99E in WT xylanase (t1/2 ¼ 30.27 h) provided ther-
mal stability similar to the thermotolerant M6 xylanase
(xylanase WTwith six mutations; t1/2 ¼ 33.25 h). These re-
sults indicate that the TKSA-MC approach is a powerful
tool for the design of thermal stable enzymes. Moreover,
the mutated xylanases were also evaluated in laboratory-
scale enzymatic saccharification experiments (Fig. 5 B).
Using the XynAK99E and XynAM6 þ K99E mutants, it was
possible to observe an increase in the processivity of DSB
near 2.60- and 2.71-fold higher than Celluclast cocktail,
respectively. The Celluclast cocktail was able to release a to-
tal of 1.76 mg , mL�1, reducing sugars from the DSB at
24 h (Fig. 5 B). Besides, XynAK99E and XynAM6 þ K99E

mutants increase the yield of released sugars by 1.14- and
0.84-fold compared to their nonmutated counterparts,
TABLE 3 Kinetic parameters of XynAWT, XynAM6, andmutants

km (mg , mL�1) kcat (s
�1)

XynAWT 3.34 5 0.25 485.11 5 11.37

XynAK99E 3.82 5 0.14 528.73 5 6.31

XynAM6 5.89 5 0.22 239.83 5 3.46

XynAM6 þ K99E 8.55 5 0.33 305.91 5 5.21
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respectively. Thus, K99E appeared to play an essential
role in the thermal stability and effective processivity of
lignocellulosic biomass. Our data demonstrate that the
XynAK99E and XynAM6 þ K99E mutants have strong indus-
trial adaptability for use in biofuel and biochemical produc-
tion from lignocellulosic biomass.
CONCLUSIONS

The computational tractability of the TKSA-MC approach
has been shown to be very promising for the protein engi-
neering field. The previous results suggest that surface
charge-charge interactions can be redesigned in a rational
way to manipulate protein stability (24). Here, the applica-
tion of TKSA-MC calculation to xylanases identified muta-
tions in the lysine K99 as candidates to increase the
enzyme’s thermostability. The mutation K99E was per-
formed in the wet lab, and the results showed a nonsignifi-
cant increase in the melting temperature (DTm z 1). On
the other hand, K99E variants present better processability
of the DSB and increase the thermotolerance. In other
words, the mutated enzymes can keep the catalytic activity
for a longer time in comparison with the WT. Notwith-
standing that the electrostatics optimization performed by
TKSA-MC leads to more stable native state interactions,
our observations of the improvement of the catalytic activity
are not predictions from the methodology. We hypothesize
that the optimized enzyme has a better charge-charge inter-
action rearrangement, and the new interactions maintain the
protein in the functional state for a longer time. Despite the



FIGURE 5 Experimental results of the thermal

stability assays and saccharification of DSB. (A)

Residual activity of XynAWT, XynAM6, and mu-

tants over xylan after incubation at 50�C and pH

5.0 up to 48 h. XynAWT, open red circles; e Xy-

nAK99E, solid red circles; XynAM6, open blue

squares; XynAM6þK99E, solid blue squares. (B)

Enzymatic hydrolysis reactions in 5.0% (v v�1)

of dry biomass and 0.2 FPU g�1 of Celluclast

enzyme cocktail, supplemented or not with 200

mg , mL�1 XynAWT, XynAM6, or mutants, in so-

dium citrate buffer (50 mM and pH 5.0). The reac-

tions were done in triplicate and incubated at 50�C
with agitation during 24 h. To see this figure in co-

lor, go online.
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small gain in the melting temperature, the achieved results
illustrate the applicability of TKSA-MC as an attractive
strategy for the design of optimized enzymes for biotechno-
logical purposes. A possible way to improve this approach is
to combine it with other bioinformatics methods. One auxil-
iary candidate could be the usage of the family of homolo-
gous proteins to infer consensus and common ancestral
sequences, which, along with TKSA-MC results, may pro-
vide potential mutations to a specific target protein.
Direct-coupling analysis of residue coevolution (48) may
also convey information on critical information between
correlated mutation residues. Despite the simplicity of the
TKSA-MC approach in the way the interactions are consid-
ered and the coarse-grained approximations, the method
gives remarkably robust results (12,24,40,45). Our results
demonstrate the feasibility and applicability of this
approach for predicting good mutations based on the pH
of the system.
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