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A B S T R A C T

Enzymes have demonstrated their capacity to acquire thermostability with precise single-residue mutations. We
developed a methodology to propose and evaluate stabilizing salt-bridge interactions into the structure of lac-
case. This oxidoreductase folds into three similar and interacting immunoglobulin-like domains. We identified
structural positions prone to strengthen interdomain contacts with a single salt bridge. Ten mutated enzymes
were modeled, along with positive and negative controls. We evaluated the mutated structures at three tem-
peratures, with 153 molecular dynamics simulations. Results demonstrated that a computational methodology
combining triplicates of molecular dynamics, Poisson-Boltzmann electrostatics and clustering based in principal
component analysis, is robust and reliable. Arginine mutants were better than lysine to confer thermostability,
and the results indicated that the complex network of interactions in a protein structure requires this type of
combined approach to assess the effects of mutations.

1. Introduction

Structure is crucial for biological function. Both experimental and
computational efforts have been performed in order to propose muta-
tions to enhance stability of protein molecules. This improved stability
allows the use of mutated protein molecules in technological applica-
tions where conditions are far from the natural environment of the
bioactive molecule. Analysis of enzymes from mesophilic and thermo-
philic organisms has identified several general contributors to struc-
tural stabilization [1]. For example, some contributors are larger hy-
drophobic cores [2,3], additional polar interactions including hydrogen
bonding [4–6], structural rigidity [7,8], glycosylation [2,4], and fre-
quently an increased number of salt bridges [9–12]. With respect to
computational efforts, molecular dynamics simulations (MD) and force
field energy-calculations are two of the most frequently used tools in
the search for thermostability, since the former allows estimation of the

structural effects of potentially relevant mutations and the latter is a
comparative criterion to contrast the mutant with the wildtype struc-
ture [13,14].

The inclusion of salt bridges in proteins is one of the strategies to
enhance thermostability. Salt bridges are interactions between residues
supporting opposite charges that are close enough (< 4 Å) to experi-
ence the attraction. These interactions are relevant for thermostable
proteins because they represent plausible modifications that can be
done on the surface of the protein to increase rigidity and decrease free
energy [15]. They can be studied by experimental approaches like pKa
perturbation and mutant productions. In the former case, the relative
free energy gained or lost when ionizable groups are protonated is
followed by an atom-resolution technique such as NMR. With mutant
species, the coupling free energy between interacting charges is ob-
tained by a double mutant cycle [16]. Force field energy, Poisson-
Boltzmann calculations or molecular dynamics simulations, alone or in
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combination are some of the computational approaches to understand
the effect of salt bridges over proteins [17,18]. Force fields evaluate the
energy based on the atom coordinates of a structure; Poisson Boltz-
mann-based simulation uses a more complex electrostatic model with
different dielectric constants for protein and solvent at each simulation
temperature; and MD follows the effect of a new salt bridge over the
original protein structure [19]. Addition of a salt bridge to a protein is
reasonably expected to be a stabilizing interaction, but in the complex
environment of the protein, it could result in neutral or negative effects.
A robust and sensible method to predict when salt bridges will result in
protein stability is a relevant goal in protein design.

Laccases are oxidoreductases used by some organisms like fungi to
degrade the polyphenolic structure of lignin in wood as part of its di-
gestion. Also, plants and other organisms use laccases in anabolic
pathways to synthesize phenolic metabolites. These enzymes are widely
used in industrial processes which require strong oxidative reactions
like fabric color treatments, biomass processing for biofuel production,
bioremediation of wastes in water and soils, etc. [20–24] and also for
biosynthesis in vitro [25]. These usages require laccase activity over a
wide range of salinity, pH and temperature. The molecular geometry of
this group of enzymes is composed of three structural domains which
share a common cupredoxin-like topology [26] similar to an im-
munoglobulin fold. This fold is formed by a beta sandwich composed by
8–12 antiparallel strands, with a complex connectivity going from one
of the sheets to the other and a significant and well defined hydro-
phobic core [27]. Only the C-terminus structural domain maintains its
capacity to shelter a copper ion, while the arrangement of the three
domains forms a new binding site for a complex structure of three
copper ions coordinated to eight histidine residues coming from the
first and last domains. This assembly makes interdomain interactions
crucial to maintaining copper binding and thus its oxidoreductase ac-
tivity.

In this work, we propose a methodology to evaluate structural sta-
bility induced by mutations which produce ion pairs, isolated from
other contributors to stability. The methodology centers on the analysis
of data from MD simulations to get molecular information [28]. Laccase
was used as a test case due to its importance in industrial and biological
processes and also because of its three-domain structure. Since each
domain is a well-packed structure, we tested the effect of interdomain
salt bridges induced by point mutations in the energetics of the mutant
structures and compared them with structures used as positive and
negative controls.

2. Methods

2.1. Modeling and analysis

Homology modeling of wild-type and the 11 mutants of Trametes
versicolor (Tv) laccase (See Table 1 and Fig. S1 in the Supplementary
data) was performed with the Molecular Operating Environment
package (MOE, www.chemcomp.com) [29] using PDB file 1GYC as a
template. We initially started with 33 Trametes versicolor single-point
mutants able to potentially form interdomain salt bridges. All of them
were then energy minimized yielding 10 of them with energies below
that of the wtTv laccase structure. The eleventh mutant (E142A) was
generated as a negative control by a single-point mutant removing an
existing interdomain salt-bridge. On the other hand, as a positive con-
trol, the wildtype β-glucosidase was taken from PDB file 2O9P, and its
H62R thermostable mutant was also modeled with MOE. Another po-
sitive control was built from wildtype Bacillus subtilis laccase and its two
mutants (E188K/R) were modeled using Modeller [30] package, with
CotA laccase PDB ID:1GSK used as a template. Interface contacts were
estimated with the PDBsum server (www.ebi.ac.uk/pdbsum) [31]. The
acronyms used throughout this work are summarized in the Table S1 in
the Supplementary data.

2.2. System setup and simulation protocols

All molecular dynamics simulations were performed using
NAMD2.7 package [32] and CHARMm (toppar C22/CMAP parameters)
[33] with a time step of 1 fs. Bonded hydrogen atoms were constrained
with SHAKE algorithm as implemented in NAMD2.7. Long-range elec-
trostatics was treated with Ewald particle mesh model. A 10-Å switch
and 12-Å cutoff for non-bonded interactions were used, as employed for
parameterization, and the non-bonded list was updated every 25 steps.
Periodic boundary conditions with isotropic molecule-based scaling
were applied. Berendsen temperature coupling method [34] was used
to efficiently couple the system to a thermal bath and maintain the
system close to the target temperature to approximate the simulation to
an isothermal-isobaric ensemble.

In every one of the 17 structures studied, the system was built with
CHARMM-GUI (http://www.charmm-gui.org/) [35]. All systems were
solvated with TIP3P water in a rectangular box that extended to at least
1 nm between the protein and the edge of the box involving about 24
thousand water molecules, in a physiological solution of KCl
(0.15 mol L−1, Table S2). Basic and acid residues were protonated at
pH = 7.0 on each of our models and simulations. All crystallographic
waters from PDB files were conserved.

Previous to each MD simulation all solvated systems were energy
minimized with NAMD2.7 with 50,000 steps of conjugate gradient al-
gorithm. MD runs were carried out to simulate 20–30 ns, and con-
sistently only the last 5 ns of each simulation were used for analysis
[36,37], storing snapshots every ps. A total of 153 runs were performed,
counted as 17 different species (eleven mutants of Trametes versicolor
laccase, two mutants CotA of Bacillus subtilis laccase and one of β-glu-
cosidase, and the three corresponding wildtype structures). For each of
the mutant structures and all three wild-type reference structures, we
carried out MD simulations at 298.15 K, by triplicate [38]. Similar si-
mulations were performed at 323.15 K and 348.15 K, also by triplicate.
In short, we performed nine runs (three for each temperature) on each
of the 17 structures (3 wt and 14 mutants) for a total of 153 in-
dependent simulations.

2.3. MM/PBSA approach

The free energies of wild-type Trametes versicolor laccase (wtTv),
Bacillus subtilis laccase (wtBs), bacterial β-glucosidase B (wtβglu) and
their mutants were calculated with the MM/PBSA methodology [38]
using CHARMm (version 35b2). Briefly, the free energy of each con-
formation sampled from MD simulation is expressed as a potential of
mean force W. It is calculated as the sum of the intramolecular energy of
the protein (U) and a solvation free energy term that is further split in
polar ( G ,polar electrostatic) and nonpolar ( G ,nonpolar hydrophobic)
terms [39], described in the Eq. (1).

= + +W U(r , , r ) G (r , , r ) G (r , , r )1 n
polar

1 n
nonpolar

1 n (1)

All structures were previously energy-minimized to remove high
energy spots, like van der Waals clashes, with all atoms in the structure
unrestrained. Then a more accurate solvent model (the generalized
Born solvent-accessible model) was used in order to reduce artifacts
caused by the missing solvent. The entropy of the protein is neglected
altogether here based on the assumption frequently made that the en-
tropy of similar compact conformations is practically the same [39,40].
Since we deal in this work with changes due to single-point mutant
structures, their comparative change is expected to be small. The polar
energy ( G )polar has been computed according to the Poisson-Boltzmann
theoretical framework as the difference in free energy for a hypothetical
charging process of the solute in vacuo and in ionic solvent. Grid spacing
was set to 0.5 Å, and the longest linear dimension of the grid was ex-
tended to at least 20% beyond the protein. Parse radii were employed
for all atoms [41]. Pauling van der Waals radii by ions were used
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according to the force field. The value of the exterior dielectric constant
was set according to the run temperature (78.54 at 298.15 K, 69.94 at
323.15 K and 62.69 at 348.15 K), and the solute dielectric constant was
set to 2.0 in the three temperatures [42]. The same-type of ions and salt
concentration were used for each DM run. Non-polar solvation energy
( G )nonpolar is proportional to the solvent-accessible surface area (SASA)

= +G SASAnonpolar , where the surface tension coefficient γ has
been taken equal to 0.00542 kcal (mol−1 Å−2) and β = 0.92 kcal mol−1

[43]. Note that MM/PBSA free energies reported hereafter are ex-
tremely large because they are given relative to a non-physical re-
ference state, but the relevant figures for our work rely on comparative
analysis between a wild-type and a mutant species, turning irrelevant
the reference state, and yielding reasonable energy amounts.

2.4. Cluster energy approach

The ensemble of snapshots obtained from an MD simulation in
principle approximates to a thermodynamic ensemble. Theoretical and
numerical inaccuracies of both MD and PBSA methodologies, however,
lead to some fluctuations in the computed MM/PBSA energy. The
cluster energy approach proposed by Schulten K. et al. [44] was applied
to gather representative states and filter some outlier structures. The
principal component analysis approach was developed to reveal the
most important motions in wildtype and mutant enzymes according to
the protocol established by Sengupta et al. [45]. A conformational
search is carried out through cartesian Principal Component Analysis
(PCA) by generating clusters of all the snapshots that are close struc-
turally to each other in an RMSD cutoff of 2.4 Å using Carma Software
[46]. The effectiveness of principal component analysis (PCA) is a
widely established technique for finding global and correlated motions
in atomic simulations develop by MD simulations [47,48]. This study
was carried out using the first three principal components generated
through Carma, obtaining the most populated clusters, the RMSD cutoff
used as a measure of the center of each cluster was 2.4 Å. The prob-
ability distribution between the first two principal components was
made on the alpha carbon atoms. The free energy (ΔG) is calculated
according to Eq. (2), assuming a Boltzmann distribution of previously
obtained populations [46].

=G k Tln P
Pb

max (2)

In the Eq. (2), kb is Boltzmann’s constant, T the temperature in
absolute units, and P over Pmax is the ratio between the probability
obtained from the distribution of the first two principal components
and the maximum probability, respectively [46].

All simulations were performed at the LANCAD (Laboratorio
Nacional de Cómputo de Alto Desempeño) at the Laboratorio de
Supercómputo y Visualización en Paralelo (LSVP), from the
Universidad Autónoma Metropolitana, Unidad Iztapalapa (UAM-I,
Mexico). The analysis was performed using scripts written in home with
CHARMm version 35b2 and Simulaid programs [33,49]. Visual analysis
of protein structures was carried out using VMD [50]. The copper ions
on the active site of laccase enzyme were modeled declaring and using
collective variables (COLVAR module [51]) on NAMD, and their
parameters were taken from Lowell W. et al. [52]. The general flow
chart of the methodology is depicted in the Supplementary Fig. S1.

3. Results and discussion

For homology modeling, we used the 519 aa sequence of Trametes
versicolor fungal laccase from gene lac1 as expressed by Lopez et al.
[53], with GenBank accession number AY049725.1. Homologous
sequences from the Protein Data Bank were searched with BLAST,
and 1GYC was located. Although 1GYC lacks the first 20 residues of
AY049725.1, in the rest of its sequence it is a closely-related
homolog, with 97% identity also from T. versicolor fungus, and with
no indels in the sequence alignment. Homology model building was
based on the 499 aa of 1GYC as a template, replacing 15 residues on
it (Supplementary Table S3): ten of them on external sites, three
conservative changes in the interior of the first two domains, and two
conservative and correlated changes in the interdomain region of
these two domains. The overall RMS distance of alpha carbons be-
tween 1GYC and the homology model (wtTv) of our sequence was
0.4 Å, indicative that side chain replacements produced no sig-
nificant structural changes.

Table 1
Description of enzyme mutants of wtTv (11 mutants), wtBs (2 mutants), and wtβglu (1 mutant).

Mutant Partner Mutation location Partner location Interacting domains and line colors in
Fig. 1B

Mutants of wtTv A184D ARG22 β-turn connecting sheet C and D 2nd strand of sheet A B:A
orange, right

A184R ASP18 β-harping between 1st and 2nd strands in
sheet A

B:A
gray, right

A497D LYS59 14th helix β-turn between 1st helix and 2nd strand in
sheet B

C:A
black/white, right

A71K ASP444 β-turn connecting 2nd strand in sheet B and
helix two

γ-turn between 6th strand in sheet B and 4th
strand in sheet G

A:C
pink, leftA71R

A88K ASP498 β-turn between 2nd helix and 4th strand in
sheet A

14th helix A:C
cyan, rightA88R

G175R ASP18 between 2nd strand in sheet C and 5th
strands in sheet D

β-harping 1st and 2nd strands in sheet A B:A
light green, right

L158R ASP23 β-harping between 1st and 2nd strands in
sheet C

2nd strand in sheet A B:A
magenta, right

L308E ASP136 β-turn between 7th helix and 1st strand in
sheet E

16th helix C:A
purple, left

E142A# ARG37 5th helix 1st strand in sheet B B:A
green, left

Mutant of wtBs E188K* ASP14 GLU61 1st and 4th strand of sheet A
E188R*

Mutant of wtβglu H62R* GLU429 4th helix last strand in sheet D

Mutant and partner residues constitute salt-bridge interactions. Negative and positive control mutants were identified by # and *, respectively. Color code for lines in
Figs. 1 and 3 are given in the last column. Location of these positions with respect to secondary structure elements can be followed in Fig. 3. Right or left indicate the
localization of the color line in Fig. 1B.
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3.1. Mutant design

Each one of the three domains in laccase chain (designated from
now on as A, B, and C) has a similar compact immunoglobulin-like fold,
composed of a beta sandwich and loops of variable length, with several
of them connecting strands of different sheets (Fig. 1). This fold has
been named as cupredoxin-like and is characterized in the CATH su-
perfamily 2.60.40.420 with more than 2200 domains known [54]. Due
to its complex topology and tight packing, this type of domain is dif-
ficult to unfold; therefore to propose the location of potentially stabi-
lizing salt-bridges, we focused our analysis on the interdomain contacts
of laccase. So, we compared the domain-domain contacts in laccase
with interdomain or interchain interfaces of similar size proteins. For
example, those between papain left and right domains (9PAP), between
the C- and N-termini domains of human complement D (5MT4), and
also with the interchain contacts in triosephosphate isomerase (7TIM)
homodimer (Supplementary Table S4). Comparatively, T. versicolor
laccase interdomains present a reduced number of hydrogen bonds and
non-bonded contacts when compared with the other molecules, espe-
cially in comparison with other thermotolerant and thermostable lac-
cases. The structural characteristics of the wtTv laccase along with the
idea that even partial disruption of interdomain contacts ineludibly
would affect activity, led us to propose that one of the best sites for
introducing stabilizing salt-bridges would be between contiguous side
chains from different domains. Care was also taken to avoid alteration
of the oxidoreductase due to the introduction of the new salt-bridge
interactions, so they were proposed on the surface of the enzyme far
from the multicopper site and also from the water channel where water
molecules produced during catalytic cycles are released [55].

To propose the location of the stabilizing salt bridges, we analyzed
the wtTv structure to identify acid or basic residues in the structure,
adjacent to an electrically neutral side chain in a contiguous domain.
Table 1 shows a list of single point mutations of those electrically
neutral residues able to produce salt bridges with potential stabilizing
effect on interdomain interactions. In this work we propose and studied
a total of 10 mutations creating salt bridges (color lines in Fig. 1), along
with four reference structures to be used to validate our results; one of
them was a mutation which deletes an already existing interdomain
salt-bridge in T. versicolor laccase (E142A), as a negative control
(Fig. 1). In contrast, as positive controls we also studied three salt-
bridge mutants reported to induce thermostability: one in bacterial β-
glucosidase (H62R) increasing denaturation temperature in about
3.0 °C [56,57] and two in Bacillus sp. laccase (E188K and E188R).
During analysis, each control mutant was compared to its corre-
sponding wild-type structure, denoted herein as wtTv, wtβglu and wtBs,
respectively. Regarding the wtBs mutants, the increased thermal sta-
bility of laccase from Bacillus HR03 was found by site-directed point
mutations of E188 replacing this residue two times by two positive
residues (Lys and Arg). The E188K variant was stabilized by 5 °C, while
E188R mutation showed a moderate stability improvement compared
to the wtBs [58].

3.2. Molecular dynamics simulations

Starting from wtTv structure, we constructed all 11 mutants (10
potentially stabilizing and the negative control) by homology modeling.
The Bacillus subtilis wild-type and its mutants E188K and E188R were
built using Modeller [30] utilizing as template CotA laccase, with PDB

Fig. 1. Structure of T. versicolor laccase. A. Depiction of wtTv domains represented with large ellipses, and the schematic location of copper ions shown by brown
spheres. Lines correspond to the salt bridges generated by single point mutations (see Table 1 for full-color code). Since two different salt bridges occur in the same
place with A71R and A71K mutations, they are represented by the same pink line, as well as A88R and A88K by the same cyan line, so only 8 lines appear for the 10
salt bridges studied. The deleted salt bridge in the negative-control mutation E142A is also depicted (green). B. Ribbon structure of wtTv showing the location of all
salt bridges introduced, shown as a color line joining the α-carbons of participating residues. The salt bridge deleted in the negative control is also shown as a green
line at left.
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code 1GSK. Also, we used the crystallographic structure of wtβglu re-
ported in the PDB (code 2O9P) and modeled its thermostable H62R
mutant. The simulations on all 17 structures (14 mutants and 3 wt re-
ferences, Table 1) required up to 10 ns to reach stability, and most of
our runs were 20 ns long. All runs were carried out at pH 7.0 with an
ionic strength of KCl 0.15 mol L−1. Fig. 2 shows a typical RMSD evo-
lution on time of alpha carbons for the nine runs of A71R mutant of T.
versicolor laccase, it shows the typical process to attain thermal equili-
brium of the system. The equivalent figures for wild-type species and
the rest of the mutant structures are included as Supporting information
(Supplementary Figs. S2–S5). To allow for proper equilibration and to
test the steadiness of simulations, some MD simulations were allowed to
run more than 20 ns, finding a stable behavior. The entire set of 153 MD
runs sums more than 3.1 μs of MD simulation. To be consistent in the
data collection from the runs, in all cases only the last 5 ns of simulation
were used for further analysis, comprising 5000 snapshots at 1 ps in-
tervals for each simulation. Remarkably, the intensity of RMSD fluc-
tuations during simulations, like those shown for A71R in Fig. 2, were
somewhat higher than we expected, and also higher than those ob-
tained for wtβglu and also for its H62R mutant. This behavior was
consistent with the runs for all laccase mutants (108 in total), but in our
experience, it is worth analyzing its origin as indicative of structural
information [59]. We compared the amplitude of RMSD and fluctua-
tions in the equilibrium region of the DM with the equivalent reported
for other systems (dimeric or multimeric proteins) and laccases simu-
lations [4,60]. Since laccase is structurally organized in packed do-
mains, it is expected that its RMSD values approach those from the
relative movement of chains in multimeric proteins [61–64]. Since we
did not use fixed copper atoms but used a tethering scheme by COLVAR
(see Methods) we diagnosed a less packed structure in the internal in-
terdomain region of the laccase structure, attributed to higher fluc-
tuation in simulations of this enzyme, both from T. versicolor and B.
subtilis and from other previously published MD simulations of laccases
[4,60]. Noteworthy, this comparative analysis of MD trajectories gave
us indirect confidence in the equilibrium conditions of the runs ana-
lyzed in this work.

To further validate that our results correspond to a reasonable de-
scription of the molecular system, we compared the RMS-fluctuations at
three different temperatures for each amino acid of wtTv, averaged in
three independent replicas, with the experimental B-factor in 1GYC
(Fig. 3). Also, we submitted all laccase mutants to the Elastic Network
Model, as implemented in elNémo server (http://www.sciences.univ-
nantes.fr/elnemo) [65], to have an independent estimation of the local
chain flexibility as predicted B-factor (Fig. S6). We found a satisfactory
qualitative correlation between data from computational and experi-
mental sources and our simulation, at the three simulated temperatures.
We also observed repeatability in our results; and as expected, higher
fluctuations were observed with higher temperature. It is evident from
this figure that the first two domains have most of the highest fluctu-
ating regions, which occur mainly in loop regions connecting secondary
structure elements. Most of the potential stabilizing interactions are
located precisely between these two domains. Also, it can be seen that
copper ions are located in relatively rigid segments.

3.3. Salt-bridge stabilization

With the aim of estimating the effect of mutations, MM/PBSA energy
was calculated for each of the 5000 snapshots collected during the last
5 ns of the simulations (Fig. 4). This procedure was also performed for
each of the three replicas in each of the runs. All traces in Fig. 4 show
fluctuations around a constant value, although they did not reach pre-
cisely the same average energy value, as a consequence of the random
assignment of velocities inherent to MD simulations. This is a typical
result of MD indices when replicas of the same molecular system and
simulation parameters are performed as has been previously described
[30,66]. However, MM/PBSA energies for A71R at 348.15 K (red hues in
Fig. 4) tend to be higher than those from simulations at 298.15 K (blue
hues) with intermediate values for the middle temperature. This com-
parative result is similar in all simulations for wt and mutant species and
shows that during simulations at higher temperatures interactions are
somewhat weaker than at lower temperature, due to a broader structural
fluctuation. To compare the structural stability of mutants respect to

Fig. 2. Alpha carbon RMSD of molecular dynamics simulations of A71R mutant. Blue, yellow and red hues correspond to triplicated runs at 298.15, 323.15 and
348.15 K, respectively. Equivalent figures for the rest of the mutants and the wildtype structures are included in the Supporting information as Figs. S2–S5. All runs
were carried out at pH 7.0 and 0.15 mol L−1 of KCl.
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wildtype, the set of 15,000 energy values from each triplicate of MD
simulations was averaged at each temperature, and the average from the
respective wildtype MD runs was subtracted (i.e., wtTv, and also wtBs
and wtβglu for the positive controls). Energy differences are presented in
Fig. 5 for the ten different mutants and for the positive and negative
controls (Table S5). Negative values denote a stabilized structure with
respect to the wt reference, while positive results indicate that the mu-
tation affected its molecular environment in a destabilizing way. As ex-
pected for positive control, wtβglu and wtBs are stabilized by H62R,
E188K, and E188R mutations respectively. On the other hand, the E142A
negative control for laccase is destabilized. Interestingly mutations of
wtTv show a variety of behaviors. Several of the salt bridges demon-
strated were destabilizing, and most mutations incorporating arginine
residues were the most promising to confer thermostabilization.

Further analysis of these results showed that averaging data from
three different runs might mask some of the effects, such as fluctuation
of data and divergence between runs presented in Fig. 4. Also, averaged
data in Fig. 5 for 323.15 K (yellow points) are not intermediate respect
to the extreme temperatures. Results from these two figures encouraged
us to find a different mode of data analysis. Exploring details of the
snapshots obtained during the runs, and comparing mutant to wildtype
conformations, made evident that some common structural character-
istics were repeatedly visited during simulations. To gather and classify
such structural features, the set of structures collected during each re-
plica of MD simulations was submitted to a clustering algorithm. The
wtTv, wtBs laccases and β-glucosidase are composed of 7495, 8090 and
7052 atoms (N), respectively, about half of them are hydrogen atoms
restricted by the SHAKE algorithm, so during dynamics simulations,

Fig. 3. Local fluctuation of wtTv during MD simulations. Comparisons of RMS fluctuations in simulations to B-factors from crystallized laccase (green line) are
represented for the three runs averaged at 298.15 (blue), 323.15 (yellow) and 348.15 K (red). Residues interacting with copper ions are shown on the x axis with a
brown circle. The extent of domains A, B and C are indicated with the bar in blue, red and yellow, respectively. Along with this bar, color lines describe the studied
salt bridge interactions, with the same color code of Table 1 and Fig. 1. At the bottom, secondary structure elements along the wtTv sequence are shown: beta strands
with magenta arrows and helices in white. An equivalent comparison of our MD simulations to fluctuations calculated by elNémo is shown in Fig. S6 of Supple-
mentary data.

Fig. 4. A. Time evolution of electrostatic energy for the A71R mutant. Blue, yellow and red hues correspond to the three replicas of runs at 298.15, 323.15 and
348.15 K, respectively, as in Fig. 2. Equivalent figures for the rest of the structures are included in the Supporting information (Fig. S7–S10). Although energies are
calculated with respect to an arbitrary reference state, this state becomes irrelevant when canceled by subtraction of wt to a mutant structure. B. Example of
clustering of one of the runs of A71R. Vertical and horizontal axes are the two most significant principal-components, determined from structural characteristics of
the 5000 snapshots taken from one of the three MD simulations for this mutant. Dark blue colors represent the higher population of structures. In this case, the set of
snapshots was classified into three main groups of similar structures, or clusters.
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only half of the atoms of the proteins were actually free to move in-
dependently. The 3 (N/2) degrees of structural freedom were trans-
formed by a principal components analysis, and the two most re-
presentative abstract eigenvectors (or abstract principal components)
were used to classify the similar structures from each of the 153 runs,
into typically two or three clusters (Fig. 4B). Therefore, each cluster is
formed by a set of similar structures from an MD simulation with sig-
nificant divergences to those in other clusters of the same run. An ar-
chetypal structure for every cluster is selected, representing all the
structures of that set. Then the energy and conformation of all arche-
types of mutant clusters were compared to each one from its wildtype
clusters. Differences in energy between mutant and wildtype archetypal
structures, as well as the RMSD between them, are plotted in Fig. 6, at
the three different temperatures assayed (filled points). Each of these
points is the comparison between the representative structure of a
cluster for a mutant and that of a cluster from its corresponding wild-
type structure.

3.4. Mutant structures are similar to their wt

From the complex set of data collected at 298.15 K shown in Fig. 6A
we can identify the yellow points corresponding to the positive control
of H62R mutant of β-glucosidase respect to wtβglu. They segregate at
the lower left zone of the diagram, (low RMSD values) meaning that
mutation in this enzyme stabilized the structure (as reported experi-
mentally) and did not cause significant changes in its structure. Re-
garding the other positive controls, clusters from E188K, E188R mu-
tants of Bs-laccase were compared to those of wtBs. The E188K and
E188R clusters have a behavior similar to H62R mutation; the points
corresponding to the two Bs-laccase mutants are located mainly in the
negative energy zone, too. However, the structure of Lys mutant shows
an RMSD closer to wild-type enzyme compared to Arg mutant. The
positions of E188K, E188R, and H62R in the negative energy zone
signify that mutations stabilized the structures of wtBs and wtβglu re-
spectively, as expected for positive control. The negative control points
(green) are located mainly at right, as a result of a significant structural
perturbation caused by the mutation. Its position above the zero energy
line is a consequence of the loss of a salt bridge, thus destabilizing the
structure. The average RMSD values are 1.46, 1.53, 1.31 and 1.69 Å for

H62R, E188R, E188K, and E142A controls at 298 K, respectively; while
differences in energy are −154 ( ± 105), −144 ( ± 124), −253
( ± 93) and +47 ( ± 61) kcal/mol, for positive controls and negative
controls. Although Lys mutant of wtBs have a stabilizing behavior, it is
of lower magnitude than in the Arg mutant. The rest of the filled points
corresponds to cluster-comparison results from the remaining 10 Tv-
laccase mutants. Cluster data collation in Fig. 6 is accessible on Table
S6. Blue points are closer to the yellow ones showing a stabilizing be-
havior for most of the mutants introducing an arginine residue. In
contrast, cyan points are nearer the negative control indicating that
lysine is not stabilizing the structure. Red points correspond to mutants
introducing acid side chains, and show intermediate positions. The
right panel presents the averages calculated from all the points of the
same mutant, representing an alternative view of the same relative
distribution. It is interesting to note that some of the charged residues
introduced in wtTv laccase resulted in destabilizing salt bridges. This
type of destabilizing charged residue has been reported for other lac-
case mutants, for example replacing an aspartate side chain for a pro-
line promotes stabilization of the structure [67].

3.5. Basic residues in wtTv

We designed two pairs of mutants where an arginine or a lysine is
inserted in the same position: one pair is A71R and A71K, and the other
is A88R and A88K. Although arginine is slightly larger than lysine, the
distance from the alpha carbon to the center of the positive electric
charge is almost the same. Nevertheless, strong divergences were
aroused in the stabilizing effect in each pair. This is graphically seen in
Fig. 6A where mutants with arginine residues (blue) are systematically
situated in lower energy regions than mutants where lysine was in-
serted (cyan). This same behavior is observed at the three temperatures
studied. Arginine side chains showed a higher probability of stabilizing
electrostatic-interactions than lysine during the MD simulation. Com-
parative analysis of cluster-representing structures from MD simula-
tions demonstrates that the distance to the partner in the salt bridge is
smaller than in the case of arginine than in lysine and shows lower
fluctuations (Fig. 7). Although the same formal charges are involved in
each of these salt bridges, it has been experimentally demonstrated by
mass spectrometry that charge density is a significant factor for domain

Fig. 5. Stabilizing effect of mutants. Average energy from simulations of mutants with respect to the average energy from their corresponding wildtype structure.
Each mutation is represented at the three temperatures studied 298.15 (blue), 323.15 (yellow) and 348.15 K (red), and includes snapshot averages over the three
replicas of MD simulations. E142A corresponds to a negative control on wtTv. E188K and E188R correspond to positive controls on wtBs, and H62R to a positive
control of wtβglu.
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or subunit dissociation [68]. This report is in clear agreement with our
comparative results between the punctual charge of the amino group of
the lysine side chain and the resonant dispersed charge in the guani-
dinium group in arginine. Water seems to compete for the electric
charge more in lysine than in arginine (Supplementary Fig. S11). Our
MD simulations also show that surface arginine side-chains are better
contributors to stability. This differential behavior has been reported

before in experimental studies where arginine residues are preferred
[67]. Also, genomic studies have demonstrated that salt bridges formed
with arginine are preferred in most cases to generate thermostable
enzymes [69]. Nevertheless, there are also some reports where the in-
troduction of a lysine residue in a specific site of laccase is better than
arginine in the same position [69–73], so generalization has some ex-
ceptions.

Fig. 6. Energetic and structural comparison of clusters. Left. Each point corresponds to a comparison between the archetypal structure of a cluster from a mutant and
one of its corresponding wild-type structures. The vertical axis is the energy difference between the representative structures of the pair of clusters compared, while
the horizontal axis is their structural difference expressed as RMSD. Each color stands for one type of residues incorporated by single mutation to form a salt bridge:
arginine (blue), aspartic or glutamic acid (red), lysine (cyan). Positive and negative controls are shown in yellow and green respectively. Shadowed points are the
three leftmost comparisons for each mutant (lowest RMSD, the most similar mutant to wt structures) and they are shown isolated in Fig. 8. Also, empty points
represent comparisons between clusters but respect to others of the same mutant instead of comparing to wildtype clusters (see text). Right. Energy and structural
differences for each mutant were averaged from data shown at left. Error bars correspond to one standard deviation from the mean. From top to bottom, the results
display runs at A) 298.15, B) 323.15 and C) 348.15 K, respectively.
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3.6. Comparison of the same structures in wtTv

As another internal validation of our MD data, each cluster for a
particular structure (mutant or wildtype) was compared against the rest of
the clusters for the same structure. In Fig. 6 left, these data are presented
as empty points. For the sake of simplicity, only data from both wildtype
structures and H62R, A88R and A88K mutants are shown, but they are
representative of behaviors of the whole set of comparisons. The set of
empty points at energy-difference values near to zero circled at the left of
Fig. 6, corresponding to the cluster comparison of a structure with respect
to the rest of the clusters of the same MD run. As expected, all cluster-
representative structures compared are similar, as is reflected by low
RMSD values. The energy differences are small when compared to the rest
of the points in the picture, meaning that no strong fluctuations are found
inside the same MD run, in agreement with data from Fig. 4. Other empty
points can be found dispersed in the graph, where they also correspond to
cluster comparisons of the same wt or mutant structure but in this case
from different MD runs. For example, those circled in the middle of the
graph. Again, energies are typically low respect to mutant-wt comparisons
(filled points) but somewhat higher than those from the same MD run. The
same result is found with their RMSD values, since variability in the
structure is a consequence of different seeds and initial velocities in each
triplicate simulation, which makes each simulation unique. During the
length of the simulations, each run visits different nearby parts of the
conformational space. The use of clustering allows identifying

representative or archetypal structures for each region of the conforma-
tional space and reduces noise from structural and energetic fluctuations
inside the cluster. From the analysis of all these empty- and filled-points in
Fig. 6 we can state that despite fluctuations in an MD simulation run, or
among their triplicates, differences in energy between mutant and wild-
type structures are higher and thus significant. Moreover, structural di-
vergence caused by mutations is moderate or similar to that observed for
clusters from the same species, except for points above 3 Å, where no
empty symbols are found. These latter points correspond to the significant
effect of the disruption of a salt bridge in the negative control (green) and
for most of the salt bridges introduced with lysine side chains (cyan).

3.7. Effect of temperature

When these scatter diagrams (Fig. 6) are compared at the three
different temperatures studied in the MD runs, a similar grouping of
data is obtained. This qualitative similarity concedes high robustness to
our methodology since each temperature corresponds to independent
simulations of 14 mutants ran by triplicate and 3 wildtype structures
(two laccases and one β-glucosidase) also ran three times. Again, the
snapshots of the last 5 ns of every mutant runs were clustered and
compared respect to wildtype clusters. Averaged RMSD values increase
with temperature, while energy tends to be less positive (more stabi-
lizing) in agreement with the proposals of Jelesarov et al. [71].

Fig. 7. Arginine compared to lysine in the same salt bridge. A. A71K mutant compared to wildtype structure from representative clusters of MD simulations. B. A71R
mutant also compared to its wildtype structure. Distances (averaged on archetypal structures of each cluster) between positive and negative formal charges are
9.1 ± 1.0 and 3.8 ± 0.3 Å, respectively. Ribbons in each panel represent the backbone of mutant (blue) and wildtype (black) structures; green side chains cor-
respond to wildtype. C and D. Comparison of A88K and A88R, similar to those of panel A. Distances between formal charges are in this case are 9.4 ± 1.0 for lysine
and 4.3 ± 0.2 Å for arginine respectively.
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3.8. Structurally similar clusters

Fig. 8 presents a data subset of Fig. 6 showing only the mutant
clusters with structures more similar to those of their wild-type (subset
data collection is available in the Supplementary Table S7). This means
that from comparisons of every cluster of each mutant respect to all
their wildtype clusters, only the three with the lowest RMS values are
presented (leftmost of the whole set of mutant-wildtype clusters). The
rationale is to study mutant-wt differences only from the most similar
conformations, thus filtering energy differences arising from structural
divergence generated during MD simulations. Here the scattering dis-
tribution is more evident, showing the points corresponding to the in-
troduced lysine-sidechains even more structurally disturbing and en-
ergetically destabilizing than the negative control. Averages at the right
of this figure correspond only to the points shown at left. Again the

pattern is qualitatively maintained at the three studied temperatures,
with higher RMSD values and more negative energies as the tempera-
ture increases. Interestingly, the three salt bridges introduced with an
acid residue (red) show a neutral or slightly disruptive effect both in
energy and in structure, with intermediate positions in diagrams of
Figs. 6 and 8 respect to arginine and lysine mutants.

4. Conclusions

Laccase was a good test case in the search for stability determinants
due to its modular structure composed of three relatively stable do-
mains. They are associated to form the active structure, with three out
of four copper ions in the interdomain regions. These characteristics
allowed us to propose and test the stabilizing effect of interdomain salt
bridges. The laccase viewed in this modular form is an excellent model

Fig. 8. Comparison of clusters of mutants most structurally similar to their wildtype. Only the three points with the lowest RMS from each mutant-wt comparison are
shown. Averages at right were recalculated for the reduced set of points.

L.D. Herrera-Zúñiga et al. Chemical Physics 517 (2019) 253–264

262



to approach the understanding of the quaternary structural stabiliza-
tion.

The methodology proposed here showed to be precise to detect and
locate positive and negative controls in extreme positions as shown in
Figs. 6 and 8. Also, the procedure demonstrated was robust, since tri-
plicated runs yielded consistent results, as well as the independent si-
mulations, ran at three different temperatures.

Concerning laccase, it is interesting to note that it is possible to
stabilize its structure with a single mutation forming an interdomain
salt bridge, as the cases of A71R or A88R. However, not every inter-
domain salt bridge succeeded to stabilize the structure. Interestingly,
mutations in the same site but introducing a different basic side chain,
lysine instead of arginine, showed an opposed effect on stability in
wtTv, as discussed in other reports of experimental and theoretical
studies [73]. On the other hand, we determined that energy estimations
form simple Coulombic electrostatics model is not sufficient to analyze
the salt bridge effects. We found that models like PBSA are required for
proper electrostatic energy estimation.

Molecular dynamics simulations are a powerful tool for structural
studies, like in the study of introducing potential stabilizing contacts.
Nevertheless, geometrical fluctuations intrinsic to this technique may
mask some comparative analyses like those of a single mutant with
respect to its wildtype structure. To surpass this inconvenience, struc-
ture classification by clustering proved to be a plausible solution to
filter fluctuations from some outlier snapshots and to assemble sets of
similar conformers. We did not include in our calculations any entropic
estimation from single mutant structures with respect to their wt
structures. These estimations augment the dispersion of results and are
small enough (about 10–20 kcal/mol) to be disregarded. Also, care
must be taken when analyzing multiple mutant systems or small pro-
teins, since a significant change in the number of atoms between mu-
tant and wt structures might introduce considerable errors.

In this work, we proposed and evaluated different interdomain salt
bridges designed with the aim to stabilize the structure of T. versicolor
laccase. A computational protocol of MD simulations was generated and
tested by triplicate runs and at three different temperatures.
Comparison of results between mutants and their corresponding wild-
type structures revealed a diversity of effects in the set of 10 mutants
proposed, two of them consistently demonstrated to be stabilizing. It
was clear that the Poisson-Boltzmann estimation of electrostatics is
preferred over Coulombic models for the utility of clustering for the
internal classification of structures in an MD simulation run. Our work
not only proposes some thermostable mutants of wtTv, but presents a
methodology developed that can be employed to further explore the
effect on the stability of new single or multiple mutants in laccases from
different species, and the additive or synergic effects of the interaction
of mutations inside a structure. Also, it can be used in other multi-do-
main enzymes and even to be extrapolated to explore stabilization be-
tween chains constituting oligomeric biomolecules.
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