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ABSTRACT: Point mutations can exert beneficial effects on proteins, including stabilization.
The stabilizing effects of mutations are typically attributed to changes in free energy and
residue interactions. However, these explanations lack detail and physical insights, which
hinder the mechanistic study of protein stabilization and prevent accurate computational 9

. . S L . . . . . . Protein sector Residue index
prediction of stabilizing mutations. Here, we investigate the physical mechanism underlying Residue fexiblly anslysis _ Residue conomiion analyis
the enhanced thermostability of a Hygromycin B phosphotransferase mutant, HphS. We find
that the unpredictable mutation A118V induces rotation of F199, allowing it to establish an l
aromatic—aromatic interaction with W235. In contrast, the predictable mutation T246A acts ] -
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through static hydrophobic interactions within the protein core. These discoveries were -~ ‘;f}—‘(@;‘? 4 &R~
accelerated by a residue-coevolution-based theory, which links mutational effects to stability- =3 374 [
associated local structures, providing valuable guidance for mechanistic exploration. The
established workflow will benefit the development of accurate stability prediction programs
and can be used to mine a protein stability database for undiscovered physical mechanisms.
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Bl INTRODUCTION

Engineering protein stability is crucial for a wide range of
applications, from developing biocatalysts to designing ther-
apeutics.'~ In general, the stabilization afforded by beneficial
mutations can be explained by the changes in free energy and
residue interactions caused by the mutations.”* However, these
explanations are usually not detailed and rarely take into account
protein dynamics. This hinders the exploration of protein
folding and the development of high-precision stability

may deepen our mechanistic understanding of stabilizing effects
afforded by mutations.

To boost the potential of MDS in studying protein
stabilization, we propose to use protein sector analysis'> as a
preprocessing step to identify stability-associated residue
networks for MDS analysis. This residue-coevolution-based
analysis divides residues into sectors (residue groups) based on
the similarity of coevolutionary features. It allows definition of
residue clusters which are most likely associated with protein
stability and has been successfully applied to suggest targets for

prediction programs.’ To advance the study of protein folding
and stability prediction, in-depth physical insights into protein
stabilization are required.

Molecular dynamics simulation (MDS) is a promising tool to
understand the physical mechanisms of protein stabilization
because it describes the atomic movements of proteins using
empirical potentials.” MDS can reveal the dynamic process by
which spatially distant mutations exert nonadditive stabilizing
effects.” The basic readout of MDS is protein backbone
flexibility, which helps uncover targets for stability engineering,”
based on the observation that high flexibility often associates
with low stability.'® Coupling flexibility analysis with free-energy
calculations, researchers reveal mutation-induced low-energy
conformations in protein mutants, explaining their stabilizing
effects from the perspective of global and secondary structure
"'71% These analyses are often computationally intense
(us scale for global motions). In contrast, ns-scale MDS can
already describe residue dynamics.'* By analyzing the dynamic
behavior of residues influenced by amino acid mutations, we
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stability engineering.'® By combining residue-coevolution with
simulation analyses, researchers have identified interfacial
residues that maintain the stability of protein complexes'” and
designed protein scaffolds with robust stability and function.'®
These results suggest that the combination of protein sector
analysis and MDS could be promising in studying protein
stabilization.

In this work, we combined protein sector analysis and MDS to
study stabilization mechanisms using a thermostable mutant of
Hygromycin-B 4-O-kinase (Hph'”) as the target protein. This
mutant, called thS,ZO was isolated in a directed evolution
experiment and improved the thermotolerance of Hph by
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approximately 16 °C. It contains five amino acid substitutions:
D20G, A118V, S225P, Q226L, and T246A. We focus on HphS
because not all of its stabilizing mutations can be easily
predicted, even a dominant stabilizing mutation, A118V. Thus,
we aim to provide a theoretical understanding of the
stabilization mechanism of HphS from a protein dynamic
perspective.

Assisted by protein sector analysis, we defined the sparse
residue networks surrounding the two dominant stabilizing
mutations of HphS and used this information to guide MDS
analysis. Through timeline-energy comparisons, we revealed key
residue interactions influenced by A118V and T246A and
further investigated their roles in stabilizing Hph$ via mutational
and dynamic analyses. Our findings suggest that the T246A
mutation induces the formation of a hydrophobic network
within the protein core, enhancing the connection between a-
helices 6 and 7. The A118V mutation induces residue movement
of F199, followed by the establishment of an aromatic—aromatic
interaction between F199 and W23S5 of a-helix 6. This dynamic
change cannot be identified based upon static structural analysis.
This work demonstrates a workflow for concentrated MDS
focusing on stability-associated local structures to underlie the
effects of point mutations on stability.

B MATERIALS AND METHODS

Strains, Plasmids, and Growth Conditions. All primers,
strains, and plasmids used in this study are listed in Table Sé6.
Escherichia coli strain Trans1 T1 (TransGen Biotech) and BL21
(DE3) were utilized for cloning and protein purification,
respectively. Unless otherwise indicated, all strains were grown
at 37 °C with shaking (220 rpm) in LB-Lennox medium (10 g/L
tryptone, S g/L yeast extract, S g/L NaCl) supplemented with
kanamycin (50 pg/mL). Various mutants of hphS (on plasmid
pET28b-6his-sumo-hphS) were created using QuikChange Site-
directed Mutagenesis.

Protein Expression and Purification. For protein
expression, overnight cultures of E. coli BL21 (DE3) cells
harboring a pET28b-based vector were diluted into 600 mL of
LB-Lennox medium and grown at 37 °C until an ODg, of 0.6
was reached. The cytoplasmic expression of HphS mutants was
induced by 0.4 mM isopropyl 5-p-thiogalactoside (IPTG). The
culture was grown further at 16 °C for ~16 h with shaking (220
rpm). After centrifugation at 4 °C for 30 min, the cell pellet was
resuspended in chilled lysis buffer (20 mM Tris, pH 7.4, 150 mM
NaCl, $ mM MgCl,), supplemented with a 1X protein inhibitor
cocktail (Sigma).

For protein purification, the cells were mechanically disrupted
at 700 bar and the lysate was cleared through centrifugation
(10,000g) at 4 °C for 1 h. The supernatant was incubated with
1.5 mL of His-Tag purification resin (Roche) at 4 °C for 2 h with
gentle rotation. The resin was washed with chilled lysis buffer
and resuspended in 10 mL of lysis buffer. To remove the 6His-
SUMO tag, protease ULP1 was added for on-resin digestion,
and the mixture was incubated at 4 °C for 4 h with gentle
rotation. HphS mutants were collected in the flow-through,
concentrated by diafiltration (Amicon Ultra-15, Millipore) and
stored at —80 °C. Protein purity and concentration were
determined by SDS-PAGE analysis and absorption at 280 nm,
respectively.

Differential Scanning Fluorimetry. For thermally in-
duced protein unfolding and aggregation, various HphS mutants
were diluted in protein purification buffer (25 mM Tris, pH 7.4,
150 mM NaCl, S mM MgCl,) to a final concentration of 1 mg/

mL and then filled in glass capillaries (Nanotemper) by the
siphon effect. The protein-loaded capillaries were placed in the
Prometheus NT.48 instrument (Nanotemper) and subjected to
a thermal gradient from 20 to 80 °C (heating rate of 1 °C/min).
The tryptophan and tyrosine fluorescence (at 330 and 350 nm)
and light scattering (at 385 nm) were monitored continuously.
The ratio of fluorescent signals at 330 and 350 nm (F5o/Fi30)
and light scattering signals were normalized to the range 0—
100% to represent the percentages of unfolded and aggregated
proteins, respectively (Figure S1).

Protein Sector Analysis. The multiple sequence alignment
(MSA) of Hph contains 1272 sequences (rows) and 341 residue
positions (columns). At residue position i (j), we labeled the
substitution event that mutates the amino acid in row k to thatin
row I as X (Xjyy). These two substitution events can be scored
using the BLOSUMSO21 substitution matrix to obtain the
respective substitution scores. Considering substitution events
between all rows, the residue correlation coefficient r;;
(representing coevolutlonary signal between positions i and j)
can be calculated with eq 1'°

/ (qv,-)]]
(1)

Xy (Xj) is the substitution score between rows k and [ at
position i (j). (X;) ({X;)) is the mean of all substitution scores at
position i (), and o; (6) is the standard deviation. M is the
number of MSA sequences. The correlation coefficients r;; were
calculated with the MATLAB code, and the resulting values
were used to build an RCA matrix of size 341 X 341 (341 is the
residue number of Hph). After eigen-decomposition of the RCA
matrix, 341 eigenvalues (1, 45, 43, ..., A34;) and 341 eigenvectors
(V1) Yy V3 «y U341) were generated. The eigenvalues are ranked
by magnitude and correspond to the order of eigenvectors. Each
eigenvector also contains 341 vector values. See Figure S3 for a
schematic representation.

Top-ranked eigenvalues and eigenvectors contain effective
coevolutionary signals. The eigenvectors (v,, v3, 1) were used as
the parameters to assign protein sectors because they can
reconstitute an RCA matrix containing principle coevolutionary
features (Figure S4, top right). The value of v; was not used
because its signals may arise from residue conservation in
different protein families rather than coevolution.">'® The
eigen-decomposition and reconstitution of the RCA matrix were
performed by functions in R base.

Only residues that show effective coevolutionary signals were
included in the protein sector analysis. To remove residues with
weak signals, we set thresholds using value distribution of
random eigenvectors (v,, v3, v,). These random eigenvectors
were eigen-decomposed from 10 mock RCA matrices, which
were built with 10 randomized MSAs (shuffling the order of
amino acids at each residue position). The random values of
eigenvector v,, v and v, were individually plotted as a
histogram and fitted by normal distributions (Figure SS5). For a
residue with weak coevolutionary signals, its eigenvector values
all fall within the boundary of the three normal distributions.
Finally, protein sectors were assigned to 230 Hph residues with
effective coevolutionary signals using k-mean clustering (R
package “factoextra”). The separation of sector residues was
examined using a three-dimension scatter plot (Figure 2A).
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Molecular Dynamics Simulation (MDS). MDSs were
performed on crystal structures™ of Hph WT (PDB ID: 3w0s)
and HphS (PDB ID: 3wOn) using the Amber ff/99SB-ILDN*’
force field with GROMACS™ 2020.1. The PDB files were
cleaned by removing water and ligands. The protein was placed
in a cubic box with a minimal distance of 20 A from the edges of
the box. The box was filled with water molecules (SPC model)
to create a solvent environment. Then a small portion of water
molecules were replaced by 21 and 20 Na* ions to neutralize the
charges of Hph WT and HphS, respectively. About 120 water
molecules were further replaced by Na* and Cl™ ions to create a
150 mM NaCl environment. Energy minimization was achieved
by using the steepest descent algorithm (stop when maximum
force <10 kJ/mol, <50,000 steps). LINCS algorithm was applied
to constraint H-bonds. The system was first equilibrated in the
NVT ensemble (constant atom number N, volume V, and
temperature T) for 100 ps to gradually increase the simulation
temperature to 410 K and further equilibrated in the NPT
ensemble (constant atom number N, pressure P, and temper-
ature T) for 1 ns to equilibrate the pressure at 1 bar. In the NPT
ensemble, temperature was regulated using a velocity rescaling
thermostat™ with a coupling constant of 0.1 ps, and pressure was
regulated using the Parrinello—Rahman approach®® with a
coupling constant of 2.0 ps. Finally, productive MDSs were run
in the NPT ensemble for 30 ns at a simulation temperature of
410 K, with trajectory frames recorded every 5 ps.

The MDS of 410 K was used for dynamic analyses because it
can effectively discriminate between the differences in dynamics
between Hph WT and HphS, compared with the MDS of 310 K
(Figure S7). The temperature of 410 K did not cause large
conformational changes within the ns-scale simulation, as
evidenced by secondary structure integrity and residue contact
pattern (Figures S8 and S9).

Analysis of MDS Trajectories. Python module MDAnal-
ysis”” was used for root mean square deviation (RMSD) and
root mean square fluctuation (RMSF) analysis. The RMSD and
RMSFE were calculated from backbone atoms and Ca of
individual residues, respectively, with the initial structure of
MDS set as the reference for calculations. The average values of
RMSD and RMSF from two independent simulations were used
to represent the global protein and individual residue flexibility,
respectively (Figure S7).

In each MDS trajectory, the protein structures were output at
a 0.0S ns interval using MDAnalysis to generate 601 PDB files
for subsequent timeline trace and violin plot analyses.

For energy analysis of residue interactions, the interaction
energy was calculated using Rosetta Energy Function 2015
(REF15) for each PDB file. The energy values were plotted
against the simulation time to generate timeline-energy traces
(Figures 3, S12, S13). For measurement of Cf} distances (Figure
S11), the distances of paired CfJ atoms were calculated using the
calcDistance() function in the Python module ProDy.” For
measurement of dihedral angles of residue F199 (Figure 4B), the
angle phi or psi was calculated using the Dihedral() function in
MDAnalysis. The four atoms defining angle phi are: C'**—
N'—Ca'*—C'’, while angle psi is defined by: N'”—Ca'*—
C19_N200

Alchemical Free-Energy Calculations. The free-energy
calculation was performed on folded structures of Hph WT and
HphS using the Amber ff99SB-ILDN force field with
GROMACS 2021.4. The equilibration run is similar to the
MDS workflow, with the differences described below. Mutations
in HphS were created using pmx’’ with a single topology

approach. The single topology can describe the state transition
of the mutated amino acid using a parameter A. A represents a
certain path for the transformation between the wild-type state
(represented by A = 0) and the mutated state (represented by A =
1). The wild-type Hph protein (4 = 0) was placed in a 150 mM
NaCl environment, with a buffer width of 15 A from the edge of
the cubic box. The system was first equilibrated in an NPT
ensemble for 1 ns, at a simulation temperature of 298 K and a
pressure of 1 bar. The equilibration run lasted 10 ns in the NPT
ensemble. The simulation trajectory was output at 0.1 ns
intervals to generate 100 snapshot structures. The mutated Hph
protein (4 = 1) was simulated using the same process.

Alchemical transformations for the forward (4: 0 — 1) and
backward directions (4: 1 — 0) were performed with 100
snapshot structures separately, using the non-equilibration run.
The free-energy difference AGy,gq for the folded structure is
calculated by Bennett acceptance ratio (BAR) estimator,’" after
using thermodynamic integration to collect work values for the
forward and backward transformations. The AG.4eq Was
collected from the tripeptide database of pmx (http://pmx.
mpibpc.mpg.de/tripeptide.html) which uses an ACE-GXG-
NME tripeptide (X stands for mutated residue, G stands for
amino acid glycine, ACE: acetylation at N-terminus. NME: N-
methylation at C-terminus) to approximate the unfolded state of
Hph protein. AGgygeq and AGpg14.4 Tepresent the free-energy
difference between the mutated and the wild-type states under
folded and unfolded structures, respectively (Figure S1SA).
Finally, the difference in folding free energy between Hph and
the Hph mutant (AAGyy) is calculated by AAGyy = AGygeq —
AGunfolded'

Computational Prediction of Stability Effects. The
change in protein stability upon point mutations is predicted
using a change in folding free energy AA Gyy, with negative and
positive values corresponding to stabilizing and destabilizing
effects, respectively.

AAGyy is defined with egs 2 and 3

AGUN = GN(Native) - GU(Unfold) (2)

AAGUN = AGUN(mutant) - AGUN(wild-type) (3)

The crystal structures of Hph WT (PDB ID: 3w0s) and Hph$
(PDB ID: 3w0n) were used for computational predictions.

Prediction by Rosetta. Initially, the Hph WT/Hph$
structures were ener§y-minimized using the FastRelax()
protocol in Pyrosetta® 4.0. The energy-minimized structure
was saved as a PDB file, serving as the start structure for
computational mutations. Then, point mutations were achieved
using the mutate residue() function. Finally, the folding free
energies AGyy of Hph WT/Hph$ and mutants were calculated
using REF1S, and the resulting AGyy was used to calculate
AAGyy. The above steps, beginning from RastRelax(), were
repeated 100 times to calculate averages and standard deviations
of AAGyy-

Prediction by FoldX. Initially, the Hph WT/HphS structures
were optimized to deal with bad torsion angles or Van der Waals’
clashes using the RepairPDB module in FoldX®® 5.0. Then, the
mutation list was generated by a python script. Finally, stability
effects of the listed mutations were predicted using the
BuildModel module in FoldX. Each mutant was predicted
fifteen times (numberOfRuns = 15), following the default
setting (pH = 7, temperature = 298 K, ion strength = 0.05S M) to
calculate averages and standard deviations of AAGyy.
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Figure 1. Correlation plots of predicted and experimental stability effects of reverse mutations on HphS. Changes in folding free energy (AAGyy)
upon reverse mutagenesis of HphS, predicted by Rosetta, FoldX, and MAESTRO, plotted against experimentally determined AT, or AT,,, values.
AGUN = Gnative - Gunfo]ded! AAGUN = AGUN(mutant) - AGUN (Hphs)- TOP; ATrn = Tm(mutant) - Tm(thS); Bottom, ATagg = Tagg(mutant) - Tagg(thS)' Triangles,
single-reverse mutants. Circles, double-reverse mutants. Blue line, linear regression fitting. Cor, Pearson correlation coeflicient. Values of AT, and

AT,

are the average of two independent measurements. The data sources are summarized in Tables S2 and S3.

Prediction by MAESTRO. Stability effects of mutations on
Hph WT/HphS were predicted using established protocols in
MAESTRO”* 1.2.35 (command line version). Point mutations
were manually specified in the option (--evalmut). The AAGyy
was calculated using default settings (pH = 7, configuration file =
config.xml).

B RESULTS AND DISCUSSION

We used three popular computational programs to predict the
stabilizing effect of HphS mutations. These programs include
Rosetta, FoldX, and MAESTRO, based on empirical force field,
statistical potential, and machine learning, respectively.”™*
Changes in folding free energy (AAGyy) were obtained to
assess the stabilizing effect of each mutation within HphS, with
negative values corresponding to stabilizing mutations. Only
FoldX predicted four mutations to have a stabilizing effect
(Table S1). The other two programs predicted zero stabilizing
mutations, and Rosetta even predicted that A118V and S225P
would have strong destabilizing effects. In addition, T246A was
consistently predicted as a neutral mutation (Table S1),
although it is a mutation repeatedly identified in the first
round of directed evolution experiments to obtain Hphs.*’
Because the current methods are more accurate in predicting
destabilizing mutations,”® we wonder whether the effects of
HphS mutations could be better predicted in the reverse
direction (HphS to Hph WT).

In predictions for five single-reverse mutations and their
pairwise combinations (ten double-reverse mutations), Rosetta,
FoldX, and MAESTRO predicted four, five, and two
destabilizing mutations, respectively (Table S2). Contrary to
the predictions of forward mutations, Rosetta and MAESTRO
predicted that reverse mutation A246T had the strongest

25742

destabilizing effect. In addition, Rosetta and FoldX considered
that the effects of single-reverse mutations were additive (Table
S2).

To verify the predictions, we experimentally determined the
destabilizing effects of various reverse mutations by differential
scanning fluorimetry”” with decreases in the melting temper-

ature T, and the aggregation temperature Tagg indicating
destabilizing mutations (Figure S1). T, and T,, are the

temperatures at which approximately 50% proteins in the
population unfold and aggregate, respectively. We found that the
single-reverse mutants A246T, V118A, and L226Q_exhibited
AT, values of —10.31, —5.83, and —1.33 °C, respectively (Table
S3). Similarly, the AT, values of these mutants were —10.17,
—5.87, and —1.09 °C, respectively. The double-reverse mutants
exhibited additive effects of the single-reverse mutants (Figure
S2). In conclusion, A118V and T246A are the dominant
mutations driving HphS stabilization, as their reverse mutations
largely destabilize HphS.

We plotted the predicted stability parameters against
measured thermostability values to evaluate the accuracy of
computational predictions for the reverse mutations (Figure 1).
Rosetta and MAESTRO successfully predicted the destabilizing
effect of A246T, showing a good correlation between
experimental and predicted values, while FoldX failed to predict
the strong destabilizing effects of A246T and V118A mutations.
For Rosetta, V118A was also not quantitively predicted to have
dominant destabilizing effects. As two of the three computa-
tional programs failed to accurately predict the effect of V1184,
we next delved into the physical mechanisms behind HphS
mutations.

Previous research has indicated that the driving force for
Hphs stabilization is hydrophobic interactions.”” In the Hph$
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Figure 2. Identification of two sparse residue networks which are associated with HphS stabilization. (A) 3-D scatter plot of Hph residues in the space
defined by 3 principal eigenvectors. Each dot represents one residue (341 total), colored according to protein sector assignment. NA, no assignment.

(B) Violin plots compare residue flexibility between protein sectors. The residue flexibility is indicated by B-factors

** or calculated by Gaussian

Network Model.*® Red dots and bars denote mean = standard deviation, individual data points are shown. *P < 0.05, **P < 0.01, ***P < 0.001, n.s.,
not significant, one-way ANOVA test (Tukey method, R package “multcomp”). (C) Top: diagram shows the distribution of residues from sector-1 and
-4 on Hph primary and secondary structures (@, a-helix as cylinder; 3, f-strand as arrow). Yellow ball, residue 118 and 246. Bottom: location of sparse
residue network at position 118 (left) and 246 (right). Residues within the network belong to protein sector-1 (blue) or -4 (green) and are within 5 A
of at least one atom of residue 118 or 246. Side chains of the network residues are shown as stick representations.

structure, both residues 118 and 246 are surrounded by
hydrophobic residues. However, the stability effect at position
118 was not as predictable as at position 246 (Figure 1). This
indicates that there may be additional factors contributing to the
stabilizing effect of A118V.

To investigate this further, we used protein sector analysis to
determine protein sectors associated with Hph stability. The
stability-associated sectors bridge the mutational effect of
AL118V to its surrounding residue network and further to the
stability-associated local structure, providing insights that are
not typically available through empirical structure analysis.

We performed protein sector analysis using an established
workflow'® (Figures $3—S5). Briefly, the workflow uses MSA of
the Hph sequence to build a coevolutionary matrix, extracts
coevolutionary features of each residue from the matrix, and
classifies residues based on the similarity of coevolutionary
features (see Materials and Methods for details). We divided
Hph residues into six protein sectors (Figure 2A). Each sector
displayed unique spatial features within the Hph tertiary
structure (Figure S6). Residues of the same sector form spatially
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interconnected networks that link to specific functions,'
including protein stability.

We propose that stability-related sectors are likely to contain
residues with low flexibility. Because in many cases, enzyme
thermostability is relevant to the reduced flexibility of the
polypeptide chain,®® and this relevance can be quantitatively
analyzed by flexibility indices.'"” Through analyzing the
experimental (B-factors™) and predicted (Gaussian Network
Model*’) flexibility indices of Hph residues, we identified that
residues from sector-1 and sector-4 were significantly less
flexible than residues from other sectors (Figure 2B). In the Hph
structure, residues from sector-1 and -4 are buried within the
protein core, while residues from other sectors are close to the
protein surface (Figure S6). Based on these findings, we
hypothesized that protein sector-1 and -4 are associated with
Hph stability.

We used residues from sector-1 and -4 that are spatially
proximal to residues 118 and 246 (within 5 A) to build the
residue networks. As a result, we obtained two sparse residue
networks, comprising residues (L72, P114, M119, F199, 1211,
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Figure 3. Comparison of residue interactions within the sparse residue networks between Hph WT and HphS. The 1nteract10n energies for residue

pairs at positions 246 (A) and 118 (C). The interaction energies were calculated by Rosetta Energy Function 2015:”

% Van Der Waals (VDW)

attraction (green), solvation energy (blue), electrostatic potential (magenta). Results are the average of two independent simulations at the simulation
temperature of 410 K. Changes in residue interactions at positions 246 (B) and 118 (D) after T246A and A118V mutations.

V214) for position 118 and residues (1232, F233, R236, Y248,
E250, R251) for position 246 (Figure 2C). These sparse residue
networks bridged residues 118 and 246 to stability-associated
local structures, which aided subsequent MDS analyses.

We performed MDS to investigate how A118V and T246A
mutations stabilize the protein by influencing residue dynamics
in the sparse residue networks. We used an elevated simulation
temperature to speed up the simulation process (Figures S7—
S9). We plotted residue interaction energies against simulation
time to generate energy traces (Figure 3A,C), with low-energy
values indicating favorable interactions. By comparing the
energy traces of HphS and Hph WT, we expected to determine
the differences in dynamics of the network residues after
mutations.

Within the sparse residue network at position 246, we
observed a downshift of solvation energy traces (representing
hydrophobic interaction) between 1232—A246, R236—A246,
and F233—A246 to varying degrees, upon comparison with
energy traces of T246 (Figure 3A). This suggests that the
hydrophobic interactions of 1232 and F233 with residue 246 are
enhanced after the T246A mutation. For R236, it is unlikely that
the downshift of solvation energy between it and A246 is due to
direct hydrophobic interactions between the two residues, as its
side chain is hydrophilic. Instead, we speculate that nearby
hydrophobic effects may be responsible, specifically the
enhanced hydrophobic interactions between 1232—A246 and
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F233—A246, as R236 is spatially close to these two residues
(Figure 3B). In other words, the downshift of solvation energy
between R236—A246 reflected the enhanced hydrophobicity of
the region surrounding A246.

The above analysis does not consider the disruption of side-
chain H-bond caused by the T246A mutation. To investigate
this further, we compared the mutation-induced changes in H-
bond and hydrophobic energies of residue 246. We found that
Hph T246 can establish a side-chain H-bond using its hydroxyl
group as H-bond donor (main-chain O atom of M242 as H-
bond acceptor). This side-chain H-bond exhibited discrete
signals during the MDS process (Figure S10A). Loss of the side-
chain H-bond due to the T246A mutation resulted in an average
AGypong of 0.40 kcal/mol, indicating a destabilizing effect. In
contrast, hydrophobic interactions of HphS A246 exhibited
consistent improvement during MDS, represented by a
AGggyation of —2.38 kcal/mol (Figure S10B). Comparing
between AGypong and AGggaion the T246A mutation may
produce a net stabilizing effect.

Subsequently, we used energy trace comparison to infer the
stabilizing effect of A118V. Compared with the energy traces at
position 246, which showed continuous lines, the energy traces
at position 118 were intermittent, suggesting that interactions
with residue 118 are dynamic. In the case of HphS V118—F199
interaction, the energy traces exhibited zero signals beginning
from the middle of the timeline (Figure 3C), indicating the loss
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Figure 4. Rotation of F199 side chain and the established interaction between F199—W23S in HphS. (A) Local structures show side-chain orientations
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student’s t-test.

of residue interaction. Unexpectedly, the interactions between
HphS V118 and other hydrophobic residues did not improve
after the A118V mutation. We speculated that the increased
side-chain volume of residue 118 after mutation could have a
steric hindrance effect, which could prevent it from interacting
more strongly with other hydrophobic residues. Alternatively, it
is possible that the hydrophobic residues that interact with V118
are not positioned in a way that would allow for increased
interaction with the larger valine side chain. Therefore, we
hypothesized that the stabilizing effect of A118V is derived from
the residue movement of F199 (Figure 3D).

We analyzed the movements of F199 by examining the
distribution of Cf distance. Following the A118V mutation, we
observed that F199 moved away from residue 118 and exhibited
a broad Cp distance distribution, indicating strong residue
dynamics (Figure S11B). In contrast, prior to the A118V
mutation, F199 did not exhibit such strong dynamics. F199 is
located at the loop region between a-helices 5 and 6 and is
adjacent to a-helix 6 within the tertiary structure (Figure 3D).
This loop region and a-helix 6 are rich in residues from stability-
associated sectors (Figure 2C). We reasoned that if the
movement of F199 establishes interactions with a-helix 6, it
may exert a stabilizing effect by connecting two stability-
associated local structures.

The aromatic side chain of F199 is able to establish aromatic—
aromatic interactions, which can contribute to maintaining

protein stability by connecting secondary elements.” To verify
the role of F199 in maintaining HphS thermostability, we
performed a mutagenesis experiment and found that the F1I99A
and F199V mutations caused significant decreases in HphS T,
with values of —15.9 and —12.1 °C, respectively (Table S4).
Notably, a-helix 6 contains four aromatic residues. By scanning
the energy traces between these residues and F199, we observed
that HphS F199—W235 exhibited energy signals beginning from
the middle of the timeline (Figure S12), indicating the
establishment of residue interaction.

The F199—W23S interaction is not observed in the static
structure, in which the side chain of F199 faces away from W235
(Figure 4A). We analyzed the details of the HphS F199—W235
interaction using timeline traces of F199 dihedral angles.
Interestingly, we observed an obvious side-chain rotation of
HphS F199, with its dihedral angles phi and psi rotated by ~150
and ~110°, respectively (Figure 4B), which turns its side chain
toward W235 (Figure 4C). In contrast, F199 does not show
side-chain rotation in Hph WT (Figure 4B,C). Before
establishing the F199—W235 interaction, F199 maintains a
7—r interaction with H196. Comparing the residue interaction
energy between F199—H196 and F199—W235 in HphS during
MDS, we observed that the energy values of F199—W235 were
significantly lower than that of F199—H196 (Figure 4D),
suggesting that the establishment of F199—W23S$ interaction
may result in a net stabilizing effect.
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The above analysis suggests that the A118V mutation exerts a
stabilizing effect by inducing F199 movement rather than by
improving hydrophobic interactions. Previous studies have
identified A71, L72, and P73 as hydrophobic residues that may
interact with HphS V118.** By scanning the energy traces
between residue 118 and residues adjacent to L72, we found that
HphS V118-A71 showed a stronger hydrophobic interaction
than Hph A118-A71 (Figure S13). However, mutation of A71 to
amino acids with high hydrophobicity (Ile, Leu, and Val)
resulted in only minimal changes in Hph$S thermostability, with
AT, < —1 °C (Table S4). While MDS suggested enhanced
hydrophobic interaction involving V118, this effect was not
significant at the experimental level. Therefore, the data support
the hypothesis that improved hydrophobic interaction is not the
primary mechanism by which the A118V mutation stabilizes
Hphs.

Ultimately, we used superimposed MDS snapshots to
illustrate the establishment process of HphS F199—W235
interaction. The A118V mutation disrupted the interaction
between residue 118 and F199, allowing F199 to rotate its side
chain, turn toward W23S5, and then establish interaction with it
(Figure S14A). The HphS F199—W23$S interaction may
stabilize the protein by maintaining low interaction energies
(Figure 4D) and connecting two stability-associated local
structures. In contrast, F199 in Hph WT had difficulty
establishing interaction with W23S because F199—A118 and
F199—H196 interactions restricted the side-chain rotation of
F199 (Figure S14B).

B CONCLUSIONS

In conclusion, protein sector analysis assisted MDS analysis by
revealing the sparse residue networks surrounding mutational
sites and residue clusters associated with protein stability. The
sparse residue network represents the first shell influenced by
mutational effects, while residue clusters represent stability-
associated local structures. The T246A mutation exerts a
stabilizing effect by interacting statically with a-helix 6, and the
stability effect of its reverse mutation was effectively predicted
using computational programs. In contrast, the A118V mutation
stabilizes HphS by inducing F199 to interact with a-helix 6 and
predicting the stability effect of its reverse mutation was
challenging. Protein sector analysis will be a valuable tool for
studying the stabilizing effects of mutations within large
proteins, as it allows attention to be focused on stability-
associated local structures.

Since our workflow identified a stabilizing mechanism that is
challenging to obtain based solely on static analysis, we
wondered whether MD-based free-energy calculation meth-
ods™* can effectively predict the stabilizing effect of A118V. To
this end, we used a vigorous MD-based method called
alchemical free-energy calculations** to predict the free-energy
changes associated with HphS mutations (Figure S15). The
difference in folding free energy between Hph WT and mutant
(AAGyy) was calculated from the free-energy difference
between the reference unfolded states (AG,.q.q) and the
free-energy difference between the native states (AGggeq)- In
the forward direction (Hph WT to HphS), alchemical free-
energy calculations correctly predicted the stabilizing effects of
A118V, Q226L, and T246A with AAGyy of —1.76, —0.96, and
—1.97 kcal/mol, respectively (Table SS). In our detailed energy
analysis, the net stabilizing effect of T246A and A118V exhibits
—1.98 keal/mol (Figure S10, comparing the solvation energy
and H-bond of residue 246) and —1.20 kcal/mol (Figure 4D,

comparing residue—residue interactions between F199—W235
and F199—H196), respectively. The results show that our in-
depth energy analysis is well consistent with alchemical free-
energy calculations. Thus, we envision that combining our
workflow and alchemical free-energy calculations will yield a
new tool that simultaneously provides accurate predictions and
physical explanations for stabilizing mutations.

This work provided a plausible explanation for the physical
mechanism of a mutation that has an unpredictable stability
effect. This explanation highlights the importance of considering
protein dynamics in improving prediction accuracy. Our
dynamic analysis was completed using a computationally light
workflow. In the future, we envision to use the established
workflow to mine the protein-stability database® for more
undiscovered physical mechanisms of protein stabilization.
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