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activity is one of the most significant challenges in biotechnology.
Most conventional strategies used to engineer enzymes involve ~ 1o
selecting mutations to increase their thermostability. Determining ol
good criteria for choosing these substitutions continues to be a f
challenge. In this work, we combine bioinformatics, electrostatic

analysis, and molecular dynamics to predict beneficial mutations ~ Wild-type 2@ a
that may improve the thermostability of XynA from Bacillus ou ne
subtilis. First, the Tanford—Kirkwood surface accessibility method Lﬁs’xg Agzi‘z:ﬁ'sﬁzd

is used to characterize each ionizable residue contribution to the

protein native state stability. Residues identified to be destabilizing

were mutated with the corresponding residues determined by the consensus or ancestral sequences at the same locations. Five
mutants (K99T/N151D, K99T, S31R, N151D, and K154A) were investigated and compared with 12 control mutants derived from
experimental approaches from the literature. Molecular dynamics results show that the mutants exhibited folding temperatures in the
order K99T > K99T/N151D > S31R > N151D > WT > K154A. The combined approaches employed provide an effective strategy
for low-cost enzyme optimization needed for large-scale biotechnological and medical applications.
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—
[
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1. INTRODUCTION ratory approaches, accelerate the protein design and make the
protein suitable for different applications.”

Despite recent advances in protein engineering, it remains a
challenging process to discover beneficial mutations. In this
work, we explore different techniques to improve the
thermostability of XynA from Bacillus subtilis. Xylanases are
enzymes that catalyze the hydrolysis of the f-1,4 glycosidic
linkages of xylans, present in many plant cell walls.” XynA was

Advances in protein engineering contribute to a vast and
growing number of biotechnology applications. These
applications include DNA manipulation, disease treatment,
natural and pharmaceutical compound synthesis, and many
others. In particular, the bioenergy industry has adopted
enzymes for the hydrolysis of lignocellulosic biomass to

produce soluble sugars that undergo a fermentation process for chosen for our study due to the availability of experimental
bioethanol production.’ Improving the thermostability of these data in the literature regarding its thermostability and mutant
enzymes would allow them to work longer under the variants; therefore, it is a great test system for our theoretical
conditions prescribed by the biomass degradation process. design approach. We propose to perform rational residue
Moreover, the ability to use high temperatures for such substitution by combining several existing theoretical tools:
procedures might not only reduce microbial contamination but electrostatic analysis, ancestral sequence reconstruction strat-
also improve reaction rates.” There are several strategies for egy, and consensus sequence strategy. First, the Tanford—
improving the thermostability of enzymes. Directed evolution, Kirkwood surface accessibility—Monte Carlo (TKSA—MC)®
for example, mimics the natural evolution cycle under specific method is used to identify candidate residues in the wild-type
laboratory conditions to guide the proteins toward adapting to

the new environments through natural selection.” In rational Received: February 10, 2021

design, the prediction of mutations is based on known Revised:  April 10, 2021

information about the enzyme sequence and/or structure. By Published: April 22, 2021

using such information, computational analyses are performed
to suggests good candidates to be used in synthetic work.
These computational techniques, combined with wet-labo-

© 2021 American Chemical Society https://doi.org/10.1021/acs.jpcb.1c01253

W ACS Publications 4359 J. Phys. Chem. B 2021, 125, 4359-4367


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khoa+Ngo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+Bruno+da+Silva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vitor+B.+P.+Leite"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vini%CC%81cius+G.+Contessoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+N.+Onuchic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.1c01253&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01253?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01253?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01253?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01253?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01253?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/17?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/17?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/17?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/17?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c01253?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

sequence to be mutated. Then, the residues suitable for
mutation are identified and later mutated with the correspond-
ing residue in the ancestral and consensus sequences (SI text
and Figure S1). The ancestral sequence can be reconstructed
via statistical techniques that help to infer the most statistically
probable amino acid sequence of each node on the
phylogenetic tree.” Using each of the strategies individually
can be daunting since each of them still involves a degree of
trial and error to select and test beneficial mutations. For
example, in the consensus protein design, only 50% of
conserved residues are responsible for improved stability
while the remaining residues are either neutral or destabiliz-
ing." Depending on the complexity of the data used for
ancestral and consensus sequence construction, the two may
significantly differ from the sequence of interest, making it even
more of a challenge to determine an efficient way to proceed
with mutation selection. With the novel combination of
strategies presented here, it is possible to reduce the
randomness in selecting mutations by first identifying which
residue is most suitable to be replaced, and second, by directly
replacing those residues with those theoretically predicted to
be beneficial. Studies have suggested that over deep evolu-
tionary time, the native state stability of proteins tends to
decrease.”'® Therefore, restoring some ancestral residues in
the reconstructed proteins might help to stabilize their extant
counterparts.2 In the consensus design strategy, the consensus
residues are simply those with the highest frequency of
occurrence at individual positions in the multiple sequence
alignment of extant homologues. The rationale is that residues
that are highly conserved through millions of years of evolution
are likely to hold the key to the thermodynamic stability and
catalytic activity of the protein.'’ If those residues are not
already present in the protein of interest, then by restoring
them we can potentially produce mutants with higher
thermostability and activity than for the wild-type counterpart.
In the last step, molecular dynamics simulations were carried
out to explore the mutation effects on the protein folding and
stability.

2. METHODS

2.1. Selection of Eligible Mutations Based on the
Consensus and Ancestral Sequences. By accessing the
Protein Data Bank (http://rcsb.org),'” we obtained the
FASTA sequence and the tertiary structures of XynA using
PDB ID 1XXN." A search was then performed using the basic
local alignment search tool (BLAST) to look for putative
GH11s and other homologous protein sequences. The
consensus sequence was generated using the consensus finder
web server with a set of homologous proteins."” The same set
of homologues is used to compute a phylogenetic tree in
PhyloBayes, a Bayesian Monte Carlo Markov Chain (MCMC)
sampler.'* Finally, using the FastML web server, the sequence
alignment and the consensus tree were used to reconstruct the
ancestral sequences of all corresponding proteins. The
ModWeb server was used to predict the tertiary structures of
the wild-type (WT) protein and of the ancestral and the
consensus models.'> Afterward, the TKSA-MC server was used
to evaluate the electrostatic free-energy contribution of each
polar-charged residue in the WT native state at a specific pH
and temperature.'® This is achieved by calculating protein
charge—charge interactions via the Tanford—Kirkwood surface
accessibility model combined with the Monte Carlo method
for sampling different protein protonation states.

Destabilizing residues that are candidates to be replaced
must fulfill two criteria: first, they must present unfavorable
energy values, AG,, > 0, and second, their side chains must be
exposed to the solvent with a solvent-accessible surface area
(SASA) ratio of >50%. There is a strong correlation between
the heat capacity variation (AC,) and ASASA."” The AC,
variation affects the protein free-energy profile (AG) and the
melting temperature (T,,). The criterion is adopted to avoid
significant changes in the protein ACP.18 It is then expected
that the selected mutation will contribute to only a slight
variation of the protein structure and will not drastically
change the protein hydrophobic core. The ancestral, the
consensus, and the wild-type sequences were aligned together.
Residues identified to be electrostatically destabilizing by the
TKSA-MC method were replaced with those found at the
same positions in the ancestral or consensus sequences.
However, the method application was expanded, and the
mutations are not limited only to destabilizing residues: If a
charged residue appears in either the ancestral or the
consensus sequence while the residue at the same position in
the WT is uncharged, then the uncharged residue is replaced
with the charged one. After the mutant structures were
modeled, the TKSA-MC method was also applied to optimize
the electrostatics and to determine whether the mutation is
stabilizing. Five mutants were created (K99T/N151D, K99T,
S31R, N151D, and KI154A), and their structures were
predicted using the ModWeb server.'” Figure 1 presents the
ID and 3D structures of XynA and highlights the mutated
residues on the basis of the criteria presented in the
methodology.

2.2. Non-Native Potential Addition to the Structure-
Based Ca Model. The protein folding process was
investigated in the wild type and the mutants of XynA by
molecular dynamics employing the Ca structure-based model
(SBM-Ca) with the addition of non-native potentials. The
amino acids of the protein in the SBM-Ca are represented by a
single bead located in the a-carbon position.””** The
contribution of the SBM-Ca potential is given by the first
five terms in eq 1, and the last term corresponds to the non-
native potential that accounts for the electrostatic interactions
among all charged residues. This approach has been widely
used in systems that take into account fixed charge.”>*’
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In the SBM-Ca potential, parameters r, 6, and ¢ represent
the distance between two subsequent residues and the angles
formed by three and four subsequent residues of the protein,
respectively. All SBM parameters are obtained from the native
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Figure 1. Cartoon representation (A—C) and primary sequence (D)
of the wild-type xylanase structure with PDB ID 1XXN. (A) The gray
beads correspond to the mutations predicted by TKSA and their
structures created by the ModWeb server. (B) The blue beads are the
residues with energy favorable to stabilizing the protein, AG,, < 0.
(C) The red and blue beads are the residues with unfavorable energy,
Aqu > 0, with SASA > 50% and SASA < 50%, respectively. (D) The
primary sequence of xylanase with gray and red arrows indicating the
bead positions represented in A and B.

structure. r; represents the distance between two noncovalent
beads, and d;; is the distance between two beads in the native
structure. The contact map is determined by the shadow
contact map algorithm.”® The last term in the SBM-Ca
potential represents the nonspecific repulsion to all residue
pairs which are not in contact in the native structure. The
strength of the bonds, angles, and dihedral angles is described
by €,, €4 and €, respectively, and parameters €, = 100ec, €y =
20€g, €, = €¢, and exc = €c in which € is equal to 1 unit (in
reduced units).

The electrostatic interactions are considered by adding point
charges at beads,”””*" which represent the acidic/basic
residues (ie., histidine, lysine, and arginine are positively
charged; glutamic acid and aspartic acid are negatively
charged). Two charged amino acids interact via the last term
in eq 1, in which Kqogaie = 332 keal A/(mol €2),%” g; and g;
are residue charges i and j, €x = 80 is the dielectric constant,
and « is the inverse of the Debye length.”>*’

2.3. Simulation Details. Simulations were performed
using the GROMACS (version 2019.2) molecular dynamic
package.’”* All files necessary to perform structure-based
simulations were obtained from the SMOG web server.”
The Berendsen thermostat algorithm36 was employed to
maintain coupling to an external bath with a relaxation of 1
ps. The proteins were initialized in an open random
configuration and simulated over 2.5 X 10° steps (250 ns),
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and this process was repeated for five simulations. The
configurations were saved every 4000 stc;gps. The replica
exchange molecular dynamics (REMD)*”*° technique was
employed to allow systems with similar potential energies to
sample conformations at different temperatures, thus over-
coming energy barriers on the potential surface to better
sample the energy landscape. For each protein model, 12
replicas were set to run in a temperature range exponentially
distributed around an estimated folding temperature obtained
from preliminary testing. The reaction coordinate used to
follow the folding events is based on the fraction of the native
contacts (Q). A native contact is formed when the distance
between two residues with indices i and j, where j > i + 3, is
less than 1.2d;, where dj; is such a distance in the folded state.
The thermodynamic free-energy profile for each mutant was
obtained using the weighted histogram analysis method
(WHAM) after combining multiple simulations for a range
of different temperatures. By combining all the three
approaches (electrostatics analysis, ancestral sequence recon-
struction approach, and the consensus sequence approach) as
demonstrated in Figure 2, we are able to identify residues
suitable for mutations to increase the enzyme thermostability.

O e 6 0 6

o Sruct Replace
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Figure 2. Outline of steps taken for the rational selection of mutants.
The process starts by obtaining the amino acid sequences and
predicting the corresponding tertiary structures. With this informa-
tion, the ancestral and consensus sequences are reconstructed. Next,
electrostatic interactions are optimized using the TKSA-MC web
server to determine destabilizing residues in the WT to serve as
candidates to be experimentally mutated. After mutating the
destabilizing residues, the mutant structures are predicted and their
thermostability is verified by a simulation of the folding process. *As a
possible expansion of application in the case of proteins absent of
electrostatically destabilizing residues, step 4 may also include
mutating uncharged residues in the WT with charged residues
located in the ancestral and consensus sequence at the same locations.
The resulting mutants are then considered for further analysis if they
display more favorable AG,, than does the WT per TKSA-MC results.

3. RESULTS AND DISCUSSION

3.1. Mutant Selection and AG,, Analysis. First, the
consensus sequence was generated by the consensus-finder
web server using the closest 2000 homologous proteins.
Evolution can introduce new pathways and add roughness to
the energy landscape. Since independent pathways are not
highly conserved, constructing a consensus of homologues
removes them and smoothes the energy landscape.” To
reconstruct the ancestral sequence, the same sequences were
imported into Jalview®’ and aligned using MAFFT.*
Sequences with 95% redundancy or that were significantly
longer or shorter than the WT sequence were also selectively
removed. The remaining sequences were realigned with
MAFFT and fed to Gblock'' to further eliminate regions
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Figure 3. Sample usage of electrostatics analysis to identify candidate residues to be mutated by using the TKSA-MC web server. (A—C)
Generated 3D structures of the XynA WT variant and the S31R and K99T/N151D mutants, respectively. (D—F) TKSA-MC results of the
corresponding structures above them, indicating the charge—charge energy contribution of each ionizable residue to the native state stability when

compared to the unfolded state. Red bars represent destabilizing residues with unfavorable energy values AG

>

0 = 0. These residues, when mutated,

might help stabilize the protein. Bars that have unfavorable energy values but have SASA < 50% are not candidates to be replaced and remain blue.

with weak phylogenetic links. The resulting segments were
imported into ProtTest' to determine the best-fitting evolu-
tionary model prior to MCMC sampling.”> With all of the
necessary information, the ancestral reconstruction process
could commence. The sequences were imported into
PhyloBayes, and two MCMC chains were set to run in parallel,
regularly probing for convergence. After 4000 cycles, 10% of
the initial trees were discarded as burn-in, and the remaining
trees were then used to compute averages. Only trees with a
posterior consensus of 0.70 or higher in each node are
considered in the final consensus tree. Finally, using the
FastML web server,” the sequence alignment and the
consensus tree were used to reconstruct the ancestral
sequences of all corresponding proteins. For the next step,
the TKSA-MC method was performed on the WT with pH
and temperature parameters set at 6.0 and 328 K, respectively,
to evaluate the interaction energy among the charges of each
ionizable residue in the protein. The values for pH and
temperature were chosen because they have been exper-
imentally verified to be optimal for XynA.'® The mutants were
selected on the basis of the TKSA-MC results, as shown in
Figure 3. (See Figures S2—S4 in the SI.) Residues D11, K99,
K135, and K154 were found to destabilize the native structure
by having Aqu > 0 with SASA > 50%. Although D11 and
K135 are candidates to be mutated and increase the protein
thermostability, they are not explored because ancestral and
consensus sequences have identical residues at 11 and 135
locations. Electrostatics optimization using the TKSA-MC is
essential for optimization under different pH and temperature
conditions. These features make the method versatile enough
to be used for a variety of applications. After aligning all three
sequences (WT, ancestral, and consensus) using MAFFT,
candidate residues in the WT were mutated with other
residues found in the same locations in the ancestral or
consensus sequences. The 3D structures of all mutants were
generated using ModWeb."” (See the RMSD in Table S1 and
the structures Figure SS in the SI.) Another essential aspect to
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consider is to perform the mutation to improve thermostability
while maintaining catalytic activity. The strategy includes
locating the enzyme activity site and avoiding mutations in that
region. The protein—ligand binding site was predicted using
the COACH web server.”*® The mutants selected and the
reasons behind their selection are as follows:

e S31R: R appeared only in the ancestral sequence but
nowhere else at the same location in the multiple
sequence alignment (MSA).

K154A: A appeared in both the ancestral and consensus

sequences at the same location in the MSA.

K99T: T appeared in both the ancestral and consensus
sequences at the same location in the MSA.

N151D: D appeared in both the ancestral and consensus
sequences at the same location in the MSA. N is
uncharged, and N151D exhibits a lower AG, than does
the WT.

K99T/N151D: We combined the previous two point
mutations after simulations revealed that both K99T and
N151D were stabilizing,

3.2. Molecular Dynamics Simulations with SBM-Ca
Models. Simulations were performed in GROMACS** using
SBM-Ca models, and the thermodynamic properties of all
mutants and the WT are displayed in Figure 4. Four mutants
exhibited higher folding temperatures than the WT variant,
while one exhibited slightly lower folding temperature. Twelve
control mutants obtained from experiments were also
simulated to validate the simulation results of the new
mutants. The folding temperature, Ty, for each model was
obtained by the peak of its heat capacity, C,. In Figure 5A, the
changes in the folding temperature displayed a significant
improvement over the WT (see Figure S6 in the SI). The
K99T mutation displays the highest folding temperature,
making this mutation most likely viable for processes that
require higher temperatures. Higher T is associated with an
increase in the native state free-energy stabilization, as shown
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Figure 4. Thermodynamic parameters obtained from simulations for
all mutants. K99T and K154A were obtained by mutating an
electrostatically destabilizing residue in the WT, identified through
optimizing electrostatic interactions using the TKSA-MC method,
with a residue located in the ancestral or consensus sequence at the
same location. S31R and NI1S1D were obtained by mutating an
uncharged residue in the WT with a charged residue located in the
ancestral and consensus sequence at the same location and exhibit
lower AG,. than the WT (AGg.. = —72.22 and —91.07 kJ/mol,
respectively, compared to —72.03 kJ/mol for the WT). K99T/N151D
was obtained by mutating an electrostatically destabilizing residue and
an uncharged residue in the WT with residues located in the ancestral
and consensus sequence at the same locations and was found to
exhibit lower AG, than the WT (AGy,. = —82.08 vs —72.03 kJ/mol,
respectively).

in Figure SB. The Q region from 0 to 0.2 is used to calculate
the free energy of the protein unfolded conformations, Q = 0.2
to 0.8 for the transition state and Q = 0.8 or above for the

native state. Therefore, the lower the free-energy minimum of
the native state, the more stable the protein and consequently
the more difficult for the protein to unfold. The substantial
decrease in the native state free energy of the mutants relative
to the wild type indicates that mutants S31R and K99T were
successfully stabilized (Figure S7 in the SI). Therefore, there is
a direct connection between the native state free energy and
the folding temperature. The results reveal that the mutants
stabilized the native state of the protein, allowing them to
maintain the catalytic activity at higher temperatures compared
to the WT. The mutants’ folding temperatures obtained using
the approach outlined in this paper were compared against the
mutants’ folding temperatures investigated by wet-laboratory
experiments (Q7H/G13R/1107L, Q7H/G13R/S22P/S179C,
Q7H/S22P, Q7H, Q7H/VIS0A, S22P, GI3R, S31Y,'°
$179C,* N181R, N32D, S22E/N32D, NS4E, S27E, and
S22E**). Two control mutants were also intentionally
destabilized by mutating the most electrostatically stabilizing
residue identified in the TKSA-MC result with a random
residue of the opposite charge (D106K and DIO6R). As
predicted, these two mutants were observed to exhibit a lower
T than the WT, as shown in Figure 4. Both mutations D106R
and D106K are responsible for a significant unfavorable change
in the electrostatic free energy. The values go from —47.91 and
—35.53 kJ/mol for D106R and D106K, respectively, to —72.03
kJ/mol for the WT. However, both mutations only decreased
the stability of the WT by a small amount. This can be
attributed to the fact that the mutated proteins form more
native contacts (685 and 683 contacts for D106R and D106K,
respectively, compared to 679 contacts for the native WT).
The formation of new native contacts slightly offsets the loss of
stability due to unfavorable electrostatic changes, resulting in a
small decrease in both mutants’ stability.”*>"

At the folding temperature, the contributions of the contact
and electrostatic interactions to the folding process were
calculated from the simulation trajectory data and are
presented in Figure 6. The contact energy function depends
on the degree of nativeness of a particular configuration. As the
number of native contacts increases, so does the contact energy
contribution. This observation comes from the model

A

Changes in C, Relative to WT

Changes in Free Energy Relative to WT

350- —— D106R —— K99T/N151D 154 —— D106R
—— K99T == WT —— K99T/N151D
—~ 300+ 1422585182267 F1%27272 2 B 18> 7 5] = 10 — Koot
T ~ ~ -
$250- N =
3 >
£200- 2 5-
t 200 g
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‘; o 0+
J 100 9
w
50- _54
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Q (Fraction of Native Contacts)

Figure S. (A) Heat capacity curve. (B) Free-energy profile as a function of the fraction of native contacts at the folding temperature of the WT.
Orange lines represent the mutant introduced as the negative control (D106R). Gray lines represent the wild type (WT). Blue and green lines
represent the most thermostable mutants (K99T/N151D and K99T, respectively) obtained using the methods described above. In A, the C, peak
of DI106R shows a lower folding temperature compared with the WT. In B, the free-energy profile shows that mutation D106R has a less stable
native state compared with the WT. In contrast, the C, of S31R and K99T has a higher folding temperature than D106R and the WT. S31R and
K99T free-energy profiles show that both mutations present a more stable native state than the WT and the D106R mutation.
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Figure 6. (A—C) Distributions of the contact energy function over reaction coordinate Q at the simulation temperature closest to the folding
temperature of D106R, WT, and K99T protein models, respectively. (D—F) Those for the electrostatic potentials.

construction and applies to the cases of D106R, WT, and
K99T shown in Figure 6A—C, respectively. On the other hand,
the electrostatic interactions are responsible for the most
significant variation in the energy plots (Figure 6D—F for
D106R, WT, and K99T, respectively) and play an essential role
in the folding process and native state stability. The energy
variations were expected once the mutants were chosen from
the TKSA-MC electrostatics optimization.® For the destabiliz-
ing mutation (D106R), the electrostatic energy contributions
increase once the protein folds to its native state. This positive
energy contribution is responsible for making the D106R
native state less stable when compared to the WT. The WT
analysis presents some variation in the electrostatic energy
between the unfolded and the folded state. The electrostatic
energy decreases during the folding process, indicating that
charge—charge interactions help the formation of the native
contacts. A similar effect is observed in the electrostatically
optimized mutation K99T. This predicted mutant presents a
decrease in the electrostatic energy in the native state
compared with the WT. This mutation favors the formation
of native state contacts with optimized electrostatic inter-
actions in the protein (Figures S8 and S9 in the SI). This
nonnative interaction optimization helps to decrease the native
state frustration, which may increase protein stability.”"*>*~>
The hydrophobic nonnative interactions contribution was also
explored in the protein folding simulations, and the results lead
to a similar optimum mutation ranking (SI text and Figure
$10—S14.)

Among the mutants, S31R was the only instance in which
the residue selected to be the substitute (R) appeared in only
the ancestral sequence but not in the consensus sequence. In
K99T, N151D, and K154A, the substituting residues appear in
both the ancestral and consensus sequences. Over time,
residues that are important to protein stability and activity tend
to be conserved to help the protein function in its respective
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biological context. Consistent with our findings, if a residue is
stabilizing in the ancestral protein, then it is likely to be
conserved throughout evolutionary time and appear in the
extant proteins. Even though most ancient proteins were highly
thermostable, the trend in thermostability is not smooth over
time as some studies have shown.'” As the protein adapts to
changes in the environment through the ages, its stability
fluctuates in response to environmental changes. For this
reason, there might not be a significant trend in stability in
recent ancestors without also accounting for even older
ancestors. Future studies could incorporate the utilizing
sequences from different ancestral nodes in the phylogenetic
tree for mutant selection to account for such fluctuations in
protein stability.

3.3. Estimations of Folding Temperatures for the
Mutant Based on Simulation Results. Both simulation and
experimental Ty values of all control mutants are known
(except for D106K and D106R in Table 1), and the two
temperature data points are plotted against each other and
then linearly fitted. Then, the predicted mutants with only
simulation results are plotted along the regression line, as
shown in Figure 7. A rough estimation of the mutants’
theoretical Tr was obtained using extrapolation and is
displayed in Table 2. Third-generation mutant Q7H/GI13R/
S22P/S179C is reported experimentally to increase the
enzyme melting temperature by 17.7 °C. The results from
simulations did not predict such considerable stabilization. The
suggestion for the predictions’ underestimation is that this
mutant is reported to make a disulfide bond between
xylanases.”®> The disulfide bond formation and interactions
between different chains are not taken into account in this
work.
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Table 1. Simulation and Experimental Ty of All Mutants and
WT

Table 2. Folding Temperature Estimations of the Tested
Mutants in Kelvin

simulation Ty (reduced experimental simulation Ty extrapolated ATy from
model units) Tr (K) rank model (reduced units) Tr (K) WT (K)
S31Y 1245819505 3322'° 1 K99T 1.24754%55017 352.6652 20.87
Q7H/GI13R/I1107L 1.245079505 344.6'° 2 K99T/N151D 1.2442%59%28 347.5702 15.77
NI8IR 1.23921990% 331.0" 3 S31R 1.2417:990%2 343.7103 11.91
S22E/N32D 1.2392+9%017 3324% 4 NISID 1.2350+4992% 333.3657 1.57
Q7H/S22P 123839001 341.8'¢ 5 WT 1.226754005% 331.8000 0.00
S22P 123837950 334.8'° 6  DI06K 1.22675950%% 320.5508 —11.25
GI3R 1.23675950% 335.4'¢ 7 KI54A 1.2267599% 320.5508 —11.25
N32D 1235019507 328.3% 8  DIO6R 1.2258+590%% 319.1613 —12.64
Q7H 1.234275%9%9 335.8'¢
Q7H/G13R/S22P/S179C 1.23427990¢2 349.5'¢
$179C 123427598 333.0" These mutations can help experimental groups to speed up the
NS4E 122927950 329.0" search for good mutations. While the enzymes’ catalytic
S27E 12292755054 328.7% activity is also worth investigating in addition to just stability,
Q7H/V150A 1.2283145058 335.1'¢ the strategy adopted and tested in this work is promising in
S22E 1.22837500% 330.6" improving the thermostability of proteins, enabling them to be
WT 1.2267:9%07 331.8,"¢ 330.4" used in processes that require higher temperatures than what

4. CONCLUSIONS

Among the variety of computational tools for designing and
performing protein engineering, we chose to combine
electrostatic analysis, ancestral, and consensus sequences
approaches to identify destabilizing residues and predict
stabilizing mutations for them. First, the TKSA-MC method
reports locations of charged residues contributing to the
destabilization of the native state. The ancestral and consensus
sequences suggest possible replacements for these destabilizing
residues. The most thermostable mutant (K99T) exhibited a
higher folding temperature than other mutants and the WT.
The set of mutations was investigated by molecular dynamics
to identify the energy contributions during the folding process
and the native state stability. The comparison of the folding
temperature of the predicted stabilizing mutations of XynA
from B. subtilis with the experimental data from the literature
corroborates this approach by combining the presented
computational strategies. The method assists in predicting
whether a mutation will increase the protein thermostability.
Other mutations that have no experimental data are presented
in the Supporting Information. Although the predictions in this
work are single mutations only, the methodology presented
here could be applied to several mutation candidates at once.

the wild type can withstand.
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