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ARTICLE INFO ABSTRACT

Keywords: IL37 plays important roles in the regulation of innate immunity and its oligomeric status is critical to these

IL37 roles. In its monomeric state, IL37 can effectively inhibit the inflammatory response of IL18 by binding to

Molecular dynamics simulations IL18Ra, a capacity lost in its dimeric form, underlining the pivotal role of the oligomeric status of IL37 in

SDtlgtl)(ielrity its anti-inflammatory action. Until now, two IL37 dimer structures have been deposited in PDB, reflecting

In silico protein engineering a substantial difference in their dimer interfaces. Given this discrepancy, we analyzed the PDB structures of
the IL37 dimer (PDB IDs: 6ncu, 5hnl) along with a AF2-multimer prediction by molecular dynamics (MD)
simulations. Results showed that the 5hnl and AF2-predicted dimers have the same interface and stably
maintained their conformations throughout simulations, while the recent IL37 dimer (PDB ID: 6ncu) with a
different interface did not, proposing a possible issue with the recent IL37 dimer structure (6ncu). Next, focusing
on the stable dimer structures, we have identified five critical positions of V71/Y85/186/E89/S114, three new
positions compared to the literature, that would reduce dimer stability without affecting the monomer structure.
Two quintuple mutants were tested by MD simulations and showed partial or complete dissociation of the dimer.
Overall, the insights gained from this study reinforce the validity of the 5hnl and AF2 multimer structures, while
also advancing our understanding of the IL37 dimer interface through the generation of monomer-locked IL37
variants.

1. Introduction

Members of the interleukin-1 (IL1) family are involved in the regu-
lation of innate immunity and inflammation [1]. Although this cytokine
family is primarily associated with pro-inflammatory functions, certain
members have been identified to play anti-inflammatory roles [2,3].
IL37 stands out among the anti-inflammatory members of the IL1 family
because it competes with IL18 to bind to the IL18 receptor @ (IL18Ra)
[1]. Binding of IL37 to IL18Ra recruits a different co-receptor named
IL1R8 (SIGIRR) to the binary complex rather than IL18Rp, leading to
blockage of the inflammatory response of IL18 [4,5]. Given these criti-
cal functions, IL37 has been recognized as a fundamental factor in the
regulation of innate immunity [6].

IL37 can form a homodimer structure [6], which has been shown to
attenuate its anti-inflammatory effect, probably through a steric effect
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blocking its interaction with IL18Ra [7]. In other words, the monomeric
form of IL37 exhibits greater efficacy in inhibiting inflammation com-
pared with the dimeric form [6]. This perspective consolidates the
importance of the dimer structure and dimer interface of IL37 for the
design of IL37-based therapeutics. The current literature on the IL37
dimer interface is well established, with multiple studies strongly sup-
porting the validity of a symmetric interface lined by residues D73, K83,
and Y85 [5,6,8,9].

There are two IL37 structures in PDB and both were annotated as
homodimers. The first structure (PDB ID: 5hnl) covers residues 46 to
218 [6], while the recent structure (PDB ID: 6ncu) covers a slightly
more compact region that includes residues 53 to 206 [5]. IL37 in both
PDB structures has a f-trefoil fold with 12 g-strands and 3 a-helices [6].
Despite well-established knowledge of the IL37 dimer interface [5,6,8,
9], the 6ncu structure does not form the well-recognized head-to-head

E-mail addresses: sbelkaya@bilkent.edu.tr (S. Belkaya), emel.timucin@acibadem.edu.tr (E. Timucin).

! Equal contribution.

https://doi.org/10.1016/j.csbj.2024.04.037

Received 20 February 2024; Received in revised form 7 April 2024; Accepted 14 April 2024

Available online 22 April 2024

2001-0370/© 2024 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/csbj
mailto:sbelkaya@bilkent.edu.tr
mailto:emel.timucin@acibadem.edu.tr
https://doi.org/10.1016/j.csbj.2024.04.037
https://doi.org/10.1016/j.csbj.2024.04.037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2024.04.037&domain=pdf
http://creativecommons.org/licenses/by/4.0/

1. Sardag, Z.S. Duvenci, S. Belkaya et al.

dimer, instead, it has a dimer interface formed by asymmetric regions
of IL37 subunits.

IL37 engineering strategies aimed at developing variants with
decreased dimerization potential and increased monomer stability
hold promise as potential avenues for designing IL37-based anti-
inflammatory therapeutics [6]. Three key mutations, namely Y85A
and D73K/A, have been identified as effective in inhibiting inflam-
mation [8], attributed to their capacity to disrupt the dimeric form
[5,6]. However, these monomer-locked variants have been reported to
have limited therapeutic applications because of their small size and
short half-lives [8,10]. Furthermore, two of these variations are ala-
nine substitutions, which is arguably perceived as the best substitution
to test the functional impact of a mutation [11-13]. However, system-
atic investigation of large-scale mutagenesis libraries addressed that
charged or polar amino acids are often better at disrupting intermolec-
ular interactions than alanine [14]. Thus, we noted that the potential
of these critical positions has not been fully explored, reflecting the
possibility of a better substitution than alanine for the Y85 and D73
positions. Overall, recognizing the importance of the IL37 dimer and
monomer structures in the design of anti-inflammatory therapies [5,6],
we utilized a computational design approach to assess the impact of
site-saturation mutagenesis on the stability of both monomer and dimer
structures of IL37.

Building on the success of computational methods in revealing the
structural basis of inflammation in other IL1 family members [15],
this study utilizes both molecular dynamics (MD) simulations and AF2-
multimer calculations to shed light on the structure and dynamics of
the IL37 dimer. Our study extensively investigated the IL37 dimer struc-
tures using MD simulations. We observed that the 6ncu dimer structure
was not stable in MD simulations and repeatedly underwent immedi-
ate disruption of the crystal interface. Furthermore, the AF2-multimer
predicted IL37 dimer adopted the identical interface with the 5hnl
homodimer. Through extensive analysis of the Shnl dimer, we have
identified promising positions of IL37 that would destabilize the dimer
structure, preserving the stability of monomers. We then led the ratio-
nal design of two monomer-locked variants of IL37 and computationally
validated the stability of mutant monomers and dimers. All together, we
reported (i) critical issues with respect to one of the PDB structures of
the IL37 dimer, reflecting the capacity of computational methods and
predictions to identify the correct protein-protein interfaces and (ii) two
quintuple variants to contribute to the development of stable monomer-
locked IL37-based therapeutics.

2. Methods
2.1. Dimer structures

IL37 homodimer structures with the IDs of 6ncu and 5hnl were ex-
tracted from the PDB. Non-terminal missing regions in both dimers were
modeled by the MODELLER [16]. Several loop models were generated
and the final models were selected according to the lowest normalized
discrete optimized protein energy score (zDOPE), for which a nega-
tive score indicates better predictions [17]. The homodimer structure
of IL37 was also predicted by the AlphaFold2 (AF2) multimer [18-21].
MSAs were performed with the MMseqs2 software [22,23] without
template mode. MSA mode was selected as MMseqsUniRef + Environ-
mental, while pair sequences of the same species and unpaired MSA
were chosen as the pairing mode [24]. The number of cycles was ad-
justed to 48. The predicted structure was relaxed by the AMBER force
field [25]. The final model was selected based on the confidence score
(pLDDT), which relies on the IDDT-Ca metric [26].

2.2. Molecular dynamics simulations

Three IL37 dimer structures composed of two PDB (6ncu and 5hn1)
and an AF2-computed structure were analyzed using MD simulations.
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All MD systems were prepared using CHARMM-GUI [27-29]. Crystal
water and other solvent molecules were removed and the structures
were protonated according to pH 7.0 and 2.5 using the PDB2PQR tool
[30,31]. The complexes were placed in the center of rectangular boxes
with 10 A of edge distances, which were fit according to the size of the
complexes. Nat and Cl~ counterions were placed to neutralize the sys-
tems to a final concentration of 0.15 M. MD simulations were carried
out using the NAMD engine [32] and the CHARMM36m force field with
a ¢, y grid-based energy correction map [28,33,34]. Water molecules
were explicitly treated by the TIP3P model [35]. Periodic boundary
conditions and a time step of 2 fs were applied to all simulations.
The particle mesh Ewald method was applied to calculate long-range
electrostatic interactions with a grid spacing of 1 A [36]. A cutoff dis-
tance of 12 A was used for the non-bonded interaction terms. Three
IL37 homodimer systems were energy-minimized in 10,000 steps and
equilibrated for 250 ps in an nVT ensemble. Finally, the systems were
simulated under constant pressure (1 atm) and temperature (310.15 K)
using the nPT ensemble using the Langevin thermostat and piston pres-
sure method [37-39]. Production simulations were repeated three times
for each dimer structure.

2.3. Trajectory analysis

Production MD trajectories were analyzed by means of pairwise root
mean square displacement (RMSD) and fluctuation (RMSF) of Ca atoms.
For the former, MDanalysis scripts were used [40,41]. A time-dependent
change in the solvent-accessible surface area (SASA) of the dimer and its
subunits was monitored. SASA at the interface was calculated as the dif-
ference in the SASA measurement between the sum of each subunit and
the dimer. Visualization of structures and trajectories was performed us-
ing Visual Molecular Dynamics (VMD) [42]. UCSF ChimeraX tool was
also used to track visualization static structures [43-45]. Bio3D package
was used for the principal component analysis (PCA) [46]. SASA and
fluctuation calculations were performed using the command measure
of the VMD [42].

2.4. Foldx calculations

Two snapshots from each replicate trajectory were selected, one
from the last 10 ns of the first half of the trajectory and the second
from the last 10 ns of the second half. Each system was represented
by a total of seven snapshots, including the static structure (PDB or
AF2 computed structure). Each snapshot was then analyzed using the
protein design tool, FoldX, which leverages an empirical force field to
predict the folding/binding free energy of a protein structure/complex
[47]. FoldX force field considers various factors that influence protein
structure, including Van der Waals, Coulomb, hydrogen bond, solva-
tion, and torsional energy terms. The FoldX command AnalyseComplex
was initially run to gather the amino acids at the interface for the 5hnl
structure. This list of interface amino acids was then analyzed using the
Pssm command to calculate their contribution to the binding free en-
ergy of the dimer. Site-saturation mutagenesis was considered for each
selected position. In addition, the command A/aScan was used to map
the contribution of IL37 amino acids to the folding free energy of the
dimers and subunits.

2.5. MM-PBSA calculations

Relative binding free energy calculations of the IL37 homodimers
were performed using the MM-PBSA module [48] of AmberTools [49].
AG 4, is calculated using the formula,

(€Y

wherein, the vacuum energy, AE,,,, is composed of van der Waals and
Coulomb energy terms, while the solvation energy, AG,,,, is composed
of AG, and AG,,,,, terms. The internal dielectric constant was set

AG jiper = AEp 3 + AG

solv
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Fig. 1. Binding interface of two crystal dimers 5hnl and 6ncu from PDB. (a) Hydrophobic interface of the 5hnl dimer composed of V71, Y85 and 186 from both
subunits, which is sectioned by two symmetrical intermolecular interactions between K83 and D73, is visualized. (b) The interaction surface of the éncu is depicted
showing the amino acids that are closely found at the interface. (c) Best superimposition of two biological assemblies were shown based on Ca RMSD.

at 4 [50,51] and the grid space was set to 2.0 A. For each dimer in-
cluding the quintuple mutants, the calculations were performed on 25
different snapshots that were extracted from the first and last parts of
the trajectories.

3. Results
3.1. Static structures of human IL37 dimer

IL37 dimer was captured in two crystal structures (PDB IDs: 6ncu
and 5hnl) [5,6]. Fig. la-b depicts the biological assemblies of these
structures. A cyclic C2 symmetry was described for the biological as-
sembly of 5hnl (Fig. 1a) [6], which refers to a rotation of 180° around
a particular line. However, no recognizable symmetry elements were
found for the 6ncu structure (Fig. 1b) [5]. Close-up views of the dimer
interfaces also reveal the conflict in the dimer configurations of two
assemblies. Specifically, the 5hnl dimer interface was formed by a sym-
metrical contour, whereas it was not the case for the 6ncu dimer. Two
symmetric electrostatic interactions between K83-D73 link two sub-
units at the poles of the binding interface of 5hnl (Fig. 1a), leaving
a hydrophobic cluster in the interior. However, neither the biological
assembly nor the asymmetric unit of 6ncu structure shared the same in-
terface with the 5hnl dimer (Fig. 1b). Instead, the 6ncu dimer interface
contoured the asymmetric surfaces of the IL37 monomers, resulting in
a less compact interface without any detectable network of interactions
(Table S1). The superimposition of both dimers further confirmed the
difference in the biological assemblies of these two structures (Figs. 1c
and S2). Superimposition of these dimers relies on only chain A and
chain B, reflecting that the 6ncu dimer interface is asymmetrically
formed by distinct regions of the subunits (Fig. S2). Furthermore, the
interface reported in the 6ncu dimer was quite different from that of
the 5hnl dimer (Figs. 1 and S3). In general, this comparative analysis
of two biological assemblies from PDB implies a deviation of the inter-
face of 6ncu from the dimer interface of IL37 previously identified in
the literature [6].

The IL37 homodimer was also predicted by the AF2 multimer (Fig.
S1), showing a highly accurate prediction based on pLDDT and pre-
dicted aligned error (PAE) scores. The superposition of the 5hnl and
AF2 dimer structures in (Fig. S1) showed that the AF2 model adapted
the same dimer configuration with the 5hnl structure with an average
change in Ca RMSD of 1.3 A. The general structures and binding inter-
faces of the AF2 and 5hnl dimers were in close agreement, except for
two disordered regions exhibiting particularly low pLDDT scores, and
thus contributing to a slight increase in RMSD. We also calculated the
surface area of the dimer interfaces in these structures (Table S1). In
particular, the area of the 6ncu dimer interface was smaller than the
5hnl and AF2 dimers. Detailed analysis of the static dimer structures
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revealed an apparent discrepancy in the PDB structures of 6ncu and
5hnl as well as in the AF2 computed dimer.

3.2. Dimer dynamics and stability

After modeling the missing regions of the PDB structures, we ana-
lyzed all three IL37 dimers by MD simulations of all atoms. Details of
the MD systems are given in Table S2. All simulations lasted for 0.5 ps
and were repeated three times. Pairwise Ca RMSD was calculated for
all dimers (Fig. S4-dimer). The dimers 5hnl and AF2 did not show sig-
nificant Ca mobility when the dimer backbone was set as the reference,
while the 6ncu dimer backbone has reached RMSD values as high as
20 A for all three simulations (Fig. S4-dimer). To identify whether this
large mobility of 6ncu is due to monomer or dimer instability, we ex-
tended the RMSD calculations using only a single monomer structure as
the reference. For all three dimers, chain A remained intact throughout
all simulations (Fig. S4-chainA). For the 5hnl and AF2 dimer structures,
a slight increase in the Ca mobility of chain B was reported with respect
to chain A, the observation that was expected given the reference align-
ment on chain A (Fig. S4-chainB). However, the 6ncu dimer showed a
highly mobile chain B with respect to chain A for all repeated simula-
tions (Fig. S4-chainB), suggesting a disruption of the dimer structure.
We also extracted essential dynamics of each system by cartesian PCA
(Fig. S5). Score plots obtained from the first three principal components
(PCs) corroborated that the 6ncu dimer spanned a conformational space
much larger than that of the other dimers (Fig. S5). Together, these re-
sults unraveled the instability of the 6ncu dimer, while for the 5hnl and
AF2 structures, neither dimer nor monomers showed an abnormal level
of backbone mobility that could be perceived an indication of instabil-
ity.

We also examined the solvent-accessible surface area (SASA) of the
dimer, monomers, and interface of the three systems (Fig. 2). The SASA
of the dimers and monomers did not significantly change for the 5hnl
and AF2 dimers. However, in the 6ncu structure, the dimer and the in-
terface SASA largely fluctuated. In particular, the interface SASA was
measured to be zero for one of the 6ncu simulations (Fig. 2, lightest
green), indicating complete dissociation of subunits. However, the 5hnl
and AF2 dimers that share the same interface demonstrated a stable
dimer interface, as evidenced by flat SASA measurements of the inter-
face (Fig. 2).

To further investigate how the overall structure of the dimer has
changed, a reduced trajectory of the first simulations was visualized for
each system (Fig. 3). These reduced trajectories show the initial and
final structures of chain B of the 6ncu in red and blue, respectively, just
before complete separation and also show the shortened trajectory of
the center of mass of each subunit using a sphere representation. Given
this analysis, there is almost no relative change in the orientation of the
subunits in the 5hnl and AF2 dimers. However, the 6ncu dimer showed
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Fig. 2. Solvent accessible surface area (SASA) changes were calculated for all three dimers. First column shows the dimer SASA, the second and third columns show
monomer SASA values, and the last column shows the interface SASA calculated by subtracting the dimer SASA from the sum of subunit SASA values.

a dramatic movement of chain B with respect to chain A, indicating the
disruption of the dimer conformation reported in the crystal structure.

The right panel in Fig. 3 shows Ca fluctuations for each monomer,
where no major fluctuations were observed for the 5hnl and AF2
dimers. On the other hand, Ca fluctuations in monomers were observed
in all simulations of the 6ncu. However, all residues in one of the 6ncu
dimer monomers showed fluctuations much higher than those in the
other monomer, indicating that one of the 6ncu monomers has been
displaced remarkably with respect to the other chain (Fig. 3b,d). (See
supplementary movies - Shnl (purple), 6ncu (green)).

We also traced the SASA of each subunit interface in all systems
(Fig. 4). First, we note that the PDB conformations of the subunit inter-
faces formed by the continuous epitope between residues 80-87 were
perfectly aligned with each other in two crystal structures, 5hnl and
6ncu. However, during the simulations, this surface epitope in the 6ncu
subunits underwent notable changes that resulted in an extension of
this surface, disrupting the hydrophobic cluster mediated by Y85. On
the other hand, two other structures, 5hnl and AF2-computed dimers,
did not show any apparent change in shape or SASA of this continu-
ous epitope that forms the dimer interface. This analysis particularly
pointed out that the subunit interface between 80-87 was highly flexi-
ble in the 6ncu dimer, undergoing conformational changes that would
limit this epitope’s interaction with the other subunit.

We conducted an in silico alanine scanning experiment by FoldX
for all three IL37 dimer structures (Fig. S6). A selected set of seven
snapshots including the PDB structure and two snapshots from each re-
peated simulation were recruited to calculate the average change in
stability (AAG) after the alanine mutation of each position in the IL37
dimer. Essentially, alanine substitution at the dimer interface positions
of the 6ncu dimer resulted in negligible changes in stability. On the
other hand, alanine substitutions at the dimer interface of the 5hnl and
AF2 structures destabilized the structure by more than 2 kcal.mol™!.
This analysis further revealed the presence of additional interactions in
the 5hnl and AF2 dimers, which were absent in the 6ncu dimer. In gen-
eral, the extensive analysis of all-atom MD simulations underscored that
among the two distinct dimer conformations reported in the PDB, only
5hnl is a stable homodimer.

We also estimated the binding free energy (AAG ,,,) of the dimers
with the molecular mechanics Poisson-Boltzmann surface area (MM-
PBSA) method [50,51] in addition to FoldX [47] calculations (Table 1).
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Table 1
Dimer stability analysis.
. ¥
Foldx MM-PBSA
first last
5hnl (WT) -5.34 -3.23+0.55 -3.77+0.71
AF2 (WT) -6.13 -4.63+0.75 -3.36+0.41
6ncu (WT) 1.20 6.25+0.62 10.29+0.31
V71R/Y85C/186W/E89L/S114R 6.52 (0.76) 7.84+0.55 10.41+0.56
V71R/Y85K/I86W/E89L/S114R 8.43 (3.21) 10.39+0.58 9.43+0.58

 Change in monomer stability is given in parentheses.
* First and last parts of the simulations were used (Fig. S7).

Both techniques indicated that the IL37 dimers from the 5hnl and AF2
structures maintained a stable conformation during the simulations,
whereas the 6ncu dimer did not.

To mimic the subphysiological crystallization condition of the 6ncu
structure [5], we protonated both dimers (5hnl and 6ncu) according to
pH 2.5 and similarly simulated them in MD simulations. The resulting
dimers had most of the ionizable residues (D, E and H) in the protonated
state (Table S3). Analysis of the trajectories showed that the dimer dy-
namics was not affected by the change of the protonation state of the
listed amino acids in Table S3. Both systems displayed dynamics similar
to those of the unprotonated states. The 5hnl dimer maintained its crys-
tal dimer conformations stably, while 6ncu did not (see suplementary
movie). Although crystallization conditions were not completely repli-
cated in these additional simulations, e.g. we did not incorporate 10%
MPD, the dimer dynamics were not affected by protonation of acidic
amino acids in either dimer.

3.3. Human IL37 variants and their impact on stability

We have next extracted all reported human missense variations of
mature IL37 (ENST00000263326.8) from gnomAD v3.1.2 [52] and in-
vestigated their impact on the monomer and dimer stability by FoldX
[47] (Table S4). Only two of these variants, 1177T and R152W, were
associated with a clinical significance label of pathogenic and benign,
respectively. Essentially, these two positions did not make any close
contact with the other subunit; i.e., they are not found at the dimer in-
terface. In line with this, the substitutions of 1177T and R152W did not
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Fig. 3. The relative displacement of one monomer (chain B) with respect to the other (chain A) for the first simulations of the (a) 5hn1, (b) 6ncu and (c) AF2 dimers.
For each visual, center of mass of the monomers were shown by spheres colored according to simulation time (red: start, blue: end). (d) Panel shows the rest of
replicate simulations of the 6ncu, wherein the dimer subunits are almost completely dissociated.

affect the stability of the AAG;,,, (Fig. 5a). However, both substitu-
tions caused a destabilization impact on the monomer structure, with a
positive AAG,,,,omer SCOT greater than 2 kcal.mol~!. Although 1177T
and R152W had a similar magnitude of destabilization effect, [177T
was pathogenic and associated with inflammatory bowel disease [53],
while R152W was a benign variant according to ClinVar. This discrep-
ancy could have been due to the relative accessibility of the positions in
question. In particular, I177T was located at the core and its side chain
was not accessible. On the other hand, R152 was not completely buried
and was much more accessible than 1177 (Fig. 5a). Therefore, the sub-
stitution of R152 to another bulky amino acid of W would impact the
core structure of IL37 less than the substitution of 1177T would.

We reported a similar case for two other substitutions V113F and
S114F, that FoldX calculations led to contradictory scores although
these substitutions are adjacent positions and substituted for the same
amino acid (Fig. 5b). In particular, V113F led to a notable decrease
in monomer stability by 5.6 kcal.mol~!, while S114F led to a slight
increase by -1.8 kcal.mol™! (Fig. 5b). This large difference could be
related to the higher accessibility of S114 compared to V113. V133F,
albeit being a complementary mutation, V-to-F, would disrupt the
tight interactions formed by V113. Therefore, V113F may be an im-
portant variation given its parallel outcome with clinically significant
1177T.
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3.4. Design of novel IL37 variants with reduced dimer stability

Seven snapshots of 5hnl and AF2 that were obtained from repeated
MD simulations were used. We carried out in silico site-saturation mu-
tagenesis for each selected position and analyzed their impact on the
stability of the dimer (Fig. S8) and monomer forms (Fig. S9). We pur-
sued substitutions that yielded positive scores in the binding free energy
of the dimer (AAG,,,), which is an indication of dimer destabiliza-
tion (Fig. S8) and negative scores in the AAG as an indication
of monomer stabilization (Fig. S9).

Any substitutions at the positions of Y85 and 186 showed a dimer
destabilization of more than 1 kcal.mol™!' (Fig. S8), confirming the
pivotal involvement of these positions in dimerization [54]. By con-
sidering both Fig. S8 and Fig. S9, we have reported three additional
positions of V71, E89, and S114 that would alter the dimer structure
without significantly affecting the monomer stability. In general, the
V71R, Y85C/K, and I86W mutations were selected as the most promis-
ing dimer destabilizing mutations (Fig. S8) with a slight destabilizing
effect on monomers (Fig. S9). Furthermore, the E89L and S114R mu-
tations were chosen due to their stabilizing impact on the monomer
structure (Fig. S9). In general, two quintuple mutants were gener-
ated that included the mutations V71R/Y85C/I86W/E89L/S114R and
V71R/Y85K/I86W/E89L/S114R and varied only for the substitution of

monomer?
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Top row contains two representative snapshots from the 6ncu simulations showing a notable change in the SASA and R; of the epitope during simulations.

a

1177(T) R152(W)

rASA dimer: 0.04
rASA monomer: 0.04
DDG gimer: 0.00
DDG monomer: 3.32

rASA dimer: 0.31
rASA monomer: 0.31
DDG gimer: 0.00
DDG monomer: 2.31

b

V113(F)

S114(F)

rASA dimer: 0.00
rASA monomer: 0.00
DDG gimer: 0.05
DDG monomer: 5.56

rASA dimer: 0.17
rASA monomer: 0.16
DDG gimer: -0.07
DDG monomer: -1.75

Fig. 5. The locations of selected human IL37 variants, I177T, R152W, V113F and S114F and other residues within range 5 A. (a) The positions 1177 and R152
and (b) V113 and S114 along with surrounding amino acids were shown in surface representations. Relative accessible surface area for the dimer and monomer
structures were also given for all amino acids. The impact of the observed human variants of these positions on the dimer and monomer stability were given in

kecal.mol~!.

Y85. We pursued both a cysteine and a lysine substitution at the Y85
position, as the FoldX analyzes underscored a large dimer destabiliz-
ing impact for both substitutions (Fig. S8). Furthermore, Y85C is one
of the human variants reported that has a high AAG,,, value ac-
cording to FoldX (Table S4). In particular, Y85C destabilized the dimer
structure by 2.91 kcal.mol~! and the monomer by 0.92 kcal.mol~!. Sim-
ilarly, Y85K destabilized the dimer structure by 2.38 kcal.mol~! and
the monomers by 0.54 kcal.mol~!. Quintuple mutants with the only
difference between substitution of Y85 to C or K have destabilized the

dimer by 6.52 and 8.43 kcal.mol~!, respectively. Overall, these analy-
ses showed a pronounced dimer destabilization impact for the quintuple
mutations, showing that the destabilization effects of the single muta-
tions were accumulated rather than quenched.

We generated these quintuple variants using the 5hnl dimer struc-
ture and simulated them similarly in MD simulations. The RMSD plots
of mutants showed that both mutants lost the dimer interface shortly af-
ter the start of the simulations, resulting in a significant increase in the
RMSD values (Fig. S7). Specifically, the mutant containing Y85C led to
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V71R, Y85C, I86W, E8IR, S114R
e o o o )

V71R, Y85K, I86W, E89R, S114R
e o o o

Fig. 6. Initial dimer conformation was illustrated at the top. Snapshots that were taken after 29.0 and 50.8 ns from Y85C and Y85K containing mutant simulations,
respectively were shown at the bottom. Red arrows indicate the relative movement of one of the monomers with respect to its initial position in the dimer

conformation shown at the top.

complete dissociation of the dimer after 29 ns, while the mutant con-
taining Y85K showed significant, although not complete, dissociation of
the dimer in Fig. 6 (See supplementary movies). For the latter case, we
observed an intermolecular interaction between K85 and D73, in part
explaining the partial dissociation of the K85 mutant. We calculated
the relative change in dimer stability using FoldX- and MM-PBSA based
binding free energy predictions (Table 1). In particular, MM-PBSA cal-
culations were performed for the first and last parts of the trajectory
separately labeled in Fig. S7 due to the complete disassociation of one
of the mutants after a short while. Both calculations agreed with each
other, showing that the dimer structures in the quintuple mutants were
largely destabilized (Table 1).

We additionally examined the monomer stability of the quintuple
variants. The mutant containing Y85C destabilized the dimer structure
without significantly affecting the stability of the monomer, having op-
timal stability values for the dimer and monomer structures of IL37
(Table 1). However, the mutant that held the Y85K substitution showed
a greater monomer destabilization compared to the variant containing
Y85C (Table 1). Therefore, the quintuple mutation that holds Y85C is
proposed to be a favorable variant that effectively disrupts the dimer
structure without affecting the stability of the monomer.

4. Discussion

Protein dimerization, a crucial regulatory process impacting the
biological function of proteins [55,56], can occur through various
arrangements. Among these, head-to-head dimerization, where the
N-termini of each subunit are closely juxtaposed [57], is common
among IL1 protein family members [6]. Essentially, IL37 effectively
inhibits the inflammatory response led by IL18, a function lost in its
dimeric form [6]. Hence, IL37 engineering approaches that create sta-
ble monomeric variants of IL37 are recognized as a potential avenue
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for anti-inflammatory therapies [6]. This recognition underscores the
importance of the dimer structure of IL37 that would shape the design
process.

The IL37 structures deposited in PDB were annotated as homod-
imers, albeit they have different dimer conformations (Fig. 1). The
biological assembly of 6ncu was assigned by the PDB submitter, while
both authors and the Protein Interfaces, Surfaces and Assemblies (PISA),
which offers predicted oligomeric structures derived from thermody-
namic calculations of complex stability, [58] determined the biological
assembly of the 5hn1 structure. For 5hnl, gel filtration and light scatter-
ing experiments were used to determine the biological assembly while
for the 6ncu, only gel filtration results was reported [5,6]. Furthermore,
these crystals have formed in different space groups, and the 6ncu has
a relatively low resolution than the 5hnl. Although the linked publica-
tion of 6ncu reports that their structure shares the identical interface
with the 5hnl structure, the PDB coordinates of 6ncu result in a sig-
nificantly different dimer conformation than 5hnl (Fig. 1). In line with
the notable difference in their dimer interfaces, there are also differ-
ences in the dynamics of these dimers (see supplementary movies). In
particular, the recent structure (6ncu), which did not have any symme-
try elements but formed through an asymmetrically countered dimer
interface, was not stable and consistently dissociated, either partially or
completely, in all simulations. On the contrary, the first PDB structure
(5hnl) and the AF2-computed dimer with a highly similar dimer in-
terface remained intact without any peaked mobility or flexibility that
could suggest dimer instability (Fig. 3). An additional noteworthy ob-
servation with respect to the static dimer interfaces is the complete
inaccessibility of the residues at the 5hn1l dimer interface to the solvent.
These residues form airtight interactions with the other subunit, as il-
lustrated in Figure (Fig. 1c and Fig. S3). However, the interface of 6ncu
is porous, which would allow water molecules to penetrate (Fig. 1c).
This disparity in the compactness of the dimer interfaces contributes to
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a stability difference in the dimers [59], which partially explained the
instability of 6ncu.

The disparities noted in the static and dynamic structures of the
dimers could stem from several factors. Annotation problems in the
6ncu structure or inaccuracies in the deposition of its coordinates may
account for these discrepancies. Otherwise, the dimer structures used in
the simulations were not extensively manipulated, which may result in
suboptimal results. The manipulations of the PDB structures were (i) the
modeling of missing regions and (ii) removal of crystal water and lig-
and molecules. First, two very short sections (3, 1 amino acid long) were
modeled for the 6ncu structure, while the missing and modeled regions
in the 5hn1 structure were relatively longer than those in the 6ncu, not-
ing a similar treatment for both PDB dimers before simulations. Second,
the crystal structure of 5hnl was captured in the presence of 158 water
molecules and 5 sulfate molecules [6], while there were no crystal wa-
ters and ligands in the 6ncu structure. Therefore, the 6ncu structure did
not experience removal of crystal waters or ligands, which may have an
effect on the simulation result [60,61].

The number of water molecules is affected by the resolution of the
data. According to Wlodawer et al. at low resolution (~2.5 A), it should
be possible to discern a maximum of 0.3-0.5 ordered water molecules
per protein residue in the electron-density maps, while this number rises
to 2 per residue at high resolution (1.0 10\) [62]. Chruszcz et al. also
revealed that proteins crystallizing in lower symmetry typically have
lower solvent content than those crystallizing in higher symmetry sys-
tems [63]. Given the absence of symmetry elements and a resolution of
3.5 A in the 6ncu structure, it may be reasonable not to identify any
water molecules within 6ncu.

Misannotation of the biological unit is an important source of er-
ror in the PDB structures [64-66]. The error rate in the biological
unit annotations was estimated to be in the range of 7-15% [65,67].
These errors can be due to various factors, such as biases during model
building, poor resolution, crystallization conditions, and/or biological
complexity [64,65]. Moreover, Xu et al. have pointed out instances [68]
where the biological assembly annotation of the PDB structure deviates
from the description provided in the associated publication [64]. The
situation with 6ncu differs from these examples because its publication
[5] also depicted a dimeric state as the biological assembly, consistent
with the biological assembly annotation of PDB structure. However, the
dimer interfaces described in the publication and the deposited struc-
ture do not align.

The binding free energy calculations by Foldx and MM-PBSA con-
verged that the dimers of 5hnl and AF2 maintained stable dimer con-
formations throughout the simulations while the 6ncu dimer showed a
highly unstable conformation (Table 1). FoldX uses an empirical force
field to predict protein stability [47]. The key advantage of FoldX lies
in its speed and efficiency. Compared to complex physics-based simula-
tions, it offers a faster and more computationally efficient way to assess
protein stability. FoldX stability calculations are often experimentally
validated [69], making it a reliable tool for protein stability analysis.
We conducted further analysis of dimer stability using the MM-PBSA
method, which integrates molecular mechanics energies with Poisson-
Boltzmann surface area continuum solvation [50,51,70]. Overall, our
computational analyses validated the 5hnl and AF2 structures as the
stable dimer, and noted particular inconsistencies for the dimer struc-
ture of 6ncu.

While D73 has been previously identified as an effective amino acid
situated at the dimer interface, forming a salt-bridge interaction with
K83 in the alternate subunit [6], our in-silico stability analysis revealed
that substitutions at either D73 or K83 were not pivotal for dimer
stability (Fig. S8). Instead of these charged interactions, our analysis
emphasized the significance of the hydrophobic cluster at the dimer
interface for both dimer and monomer integrity. Specifically, destabi-
lization of this cluster comprising V71, Y85, 186, and particularly the
hydrocarbon side chain of K83 (Fig. 1a), not only compromises the
dimer interface (Fig. S8) but also disrupts intramolecular interactions
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of the monomer (Fig. S9). Therefore, any substitution at these positions
should be made cautiously, even though they are intuitively prime can-
didates for the disruption of the IL37 dimer due to their close location
to the interface.

After conducting a thorough analysis of seven distinct snapshots
obtained from three independent MD simulations, we pinpointed the
positions of V71, Y85, 186, E89, and S114 where substitutions would
destabilize the dimer while stabilizing or neutralizing the monomer.
Y85 emerged as a key player in the hydrophobic cluster crucial for both
dimer and monomer stability, as evidenced by the monomer-locked sta-
tus of Y85A [5]. Our findings indicated that substitutions with cysteine
or lysine were more effective at destabilizing the dimer at the Y85
position compared to alanine substitution. Moreover, a comparison be-
tween the Y85C and Y85K variants highlighted Y85C, a reported human
variant, as the most optimal substitution due to its ability to prevent an
additional interaction with D73 in the opposing monomer, which was
otherwise observed in the Y85K containing mutant (Fig. 6). Ultimately,
the quintuple mutation of V71R/Y85C/I86W/E89L/S114R were shown
to be effective in destabilizing the dimer while preserving monomer
structure (Figs. 6, S8-9).

In summary, we (i) demonstrate that the correct IL37 homodimer in
the PDB is the 5hn1 structure, whereas the dimer interface depicted in
the 6ncu structure is unstable in simulations, with particular emphasis
on the merits of computational approaches in analyzing complex struc-
tures; (ii) propose a rational design involving five mutations in IL37 to
modulate both dimer and monomer stability.

CRediT authorship contribution statement

Inci Sardag: Data curation, Formal analysis, Visualization, Writing
— original draft, Writing — review & editing. Zeynep Sevval Duvenci:
Data curation, Formal analysis, Visualization, Writing — original draft,
Writing — review & editing. Serkan Belkaya: Conceptualization, Fund-
ing acquisition, Writing — review & editing. Emel Timucin: Conceptu-
alization, Project administration, Supervision, Writing — original draft,
Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

All of the calculations reported in this paper were performed by the
computational resources at TUBITAK ULAKBIM, High Performance and
Grid Computing Center (TRUBA resources). This study was partially
supported by the European Molecular Biology Organization (EMBO)
Installation Grant IG 4727 (to S. Belkaya) through the Scientific and
Technological Research Council of Turkey (TUBITAK), Turkey.

Appendix A. Supplementary material

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.csbj.2024.04.037.

References

[1] Dinarello Charles A. Overview of the il-1 family in innate inflammation and acquired
immunity. Immunol Rev 2018;281(1):8-27.

van de Veerdonk Frank L, Stoeckman Angela K, Wu Gouping, Boeckermann Aaron N,
Azam Tania, Netea Mihai G, et al. I1-38 binds to the il-36 receptor and has biological
effects on immune cells similar to il-36 receptor antagonist. Proc Natl Acad Sci
2012;109(8):3001-5.

Rudloff Ina, Godsell Jack, Nold-Petry Claudia A, Harris James, Hoi Alberta,
Morand Eric F, et al. Brief report: interleukin-38 exerts antiinflammatory functions
and is associated with disease activity in systemic lupus erythematosus. Arthritis
Rheumatol 2015;67(12):3219-25.

[2]

[3]


https://doi.org/10.1016/j.csbj.2024.04.037
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib919AFB4488CEA5FF4D1A58651D61B6ACs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib919AFB4488CEA5FF4D1A58651D61B6ACs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib1EAE0B4B7BCC7B2EF4703352C00A00A5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib1EAE0B4B7BCC7B2EF4703352C00A00A5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib1EAE0B4B7BCC7B2EF4703352C00A00A5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib1EAE0B4B7BCC7B2EF4703352C00A00A5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib307455863B2883408CDB6BB542CD9426s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib307455863B2883408CDB6BB542CD9426s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib307455863B2883408CDB6BB542CD9426s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib307455863B2883408CDB6BB542CD9426s1

I Sardag, Z.S. Duvenci, S. Belkaya et al.

[4] Dinarello Charles, Arend William, Sims John, Smith Dirk, Blumberg Hal,
O’Neill Luke, et al. II-1 family nomenclature. Nat Immunol 2010;11(11):973.
Eisenmesser Elan Z, Gottschlich Adrian, Redzic Jasmina S, Paukovich Natasia,
Nix Jay C, Azam Tania, et al. Interleukin-37 monomer is the active form for re-
ducing innate immunity. Proc Natl Acad Sci 2019;116(12):5514-22.

Ellisdon Andrew M, Nold-Petry Claudia A, D’Andrea Laura, Cho Steven X, Lao Jason

C, Rudloff Ina, et al. Homodimerization attenuates the anti-inflammatory activity of

interleukin-37. Sci Immunol 2017;2(8):eaaj1548.

Zeng Huiqiong, Zhou Kaixia, Ye Zhizhong. Biology of interleukin-37 and its role in

autoimmune diseases. Exp Ther Med 2022;24(2):1-10.

Bujotzek Alexander, Tiefenthaler Georg, Lariviere Laurent, D’Andrea Laura, Mar-

quez Elsa A, Rudloff Ina, et al. Protein engineering of a stable and potent anti-

inflammatory il-37-fc fusion with enhanced therapeutic potential. Cell Chem Biol
2022;29(4):586-96.

Séanchez-Ferndndez Alba, Zandee Stephanie, Amo-Aparicio Jests, Charabati Marc,

Prat Alexandre, Garlanda Cecilia, et al. 11-37 exerts therapeutic effects in experi-

mental autoimmune encephalomyelitis through the receptor complex il-1r5/il-1r8.

Theranostics 2021;11(1):1.

[10] Liu Liming. Pharmacokinetics of monoclonal antibodies and fc-fusion proteins. Pro-
tein Cell 2018;9(1):15-32.

[11] Kebabci Narod, Can Timucin Ahmet, Timucin Emel. Toward compilation of balanced

protein stability data sets: flattening the 66 g curve through systematic enrichment.

J Chem Inf Model 2022;62(5):1345-55.

Bromberg Yana, Rost Burkhard. Comprehensive in silico mutagenesis highlights

functionally important residues in proteins. Bioinformatics 2008;24(16):1207-12.

Cunningham Brian C, Wells James A. High-resolution epitope mapping

of hgh-receptor interactions by alanine-scanning mutagenesis. Science

1989;244(4908):1081-5.

Gray Vanessa E, Hause Ronald J, Fowler Douglas M. Analysis of large-scale mu-

tagenesis data to assess the impact of single amino acid substitutions. Genetics

2017;207(1):53-61.

Yazici Yilmaz Yiicehan, Belkaya Serkan, Timucin Emel. A small non-interface sur-

face epitope in human i118 mediates the dynamics and self-assembly of i118-i118bp

heterodimers. Comput Struct Biotechnol J 2023;21:3522-31.

Sali Andrej, Blundell Tom L. Comparative protein modelling by satisfaction of spatial

restraints. J Mol Biol 1993;234(3):779-815.

[17] Shen Min-yi, Sali Andrej. Statistical potential for assessment and prediction of pro-
tein structures. Protein Sci 2006;15(11):2507-24.

[18] Baek Minkyung, DiMaio Frank, Anishchenko Ivan, Dauparas Justas, Ovchin-
nikov Sergey, Rie Lee Gyu, et al. Accurate prediction of protein structures and
interactions using a three-track neural network. Science 2021;373(6557):871-6.

[19] Evans Richard, O’Neill Michael, Pritzel Alexander, Antropova Natasha, Senior An-
drew, Green Tim, et al. Protein complex prediction with alphafold-multimer.
bioRxiv 2021. 2021-10.

[20] Jumper John, Evans Richard, Pritzel Alexander, Green Tim, Figurnov Michael, Ron-
neberger Olaf, et al. Highly accurate protein structure prediction with alphafold.
Nature 2021;596(7873):583-9.

[21] Mirdita Milot, Schiitze Konstantin, Moriwaki Yoshitaka, Heo Lim, Ovchin-
nikov Sergey, Steinegger Martin. Colabfold: making protein folding accessible to
all. Nat Methods 2022;19(6):679-82.

[22] Mirdita Milot, Steinegger Martin, S6ding Johannes. Mmseqs2 desktop and lo-
cal web server app for fast, interactive sequence searches. Bioinformatics
2019;35(16):2856-8.

[23] Steinegger Martin, Soding Johannes. Mmseqs2 enables sensitive protein sequence
searching for the analysis of massive data sets. Nat Biotechnol 2017;35(11):1026-8.

[24] Yin Rui, Feng Brandon Y, Varshney Amitabh, Pierce Brian G. Benchmarking al-
phafold for protein complex modeling reveals accuracy determinants. Protein Sci
2022;31(8):e4379.

[25] Yang Zhenyu, Zeng Xiaoxi, Zhao Yi, Chen Runsheng. Alphafold2 and its applications
in the fields of biology and medicine. Signal Transduct Targeted Ther 2023;8(1):115.

[26] Mariani Valerio, Biasini Marco, Barbato Alessandro, Schwede Torsten. lddt: a local
superposition-free score for comparing protein structures and models using distance
difference tests. Bioinformatics 2013;29(21):2722-8.

[27] Jo Sunhwan, Kim Taehoon, Iyer Vidyashankara G, Im Wonpil. Charmm-gui: a web-
based graphical user interface for charmm. J Comput Chem 2008;29(11):1859-65.

[28] Brooks Bernard R, Brooks III Charles L, Mackerell Jr Alexander D, Nilsson Lennart,

Petrella Robert J, et al. Charmm: the biomolecular simulation program. J Comput

Chem 2009;30(10):1545-614.

Lee Jumin, Cheng Xi, Swails Jason M, Yeom Min Sun, Eastman Peter K,

Lemkul Justin A, et al. Charmm-gui input generator for namd, gromacs, amber,

openmm, and charmm/openmm simulations using the charmm36 additive force

field. Biophys J 2016;110(3):641a.

Dolinsky Todd J, Nielsen Jens E, McCammon J Andrew, Baker Nathan A. Pdb2pqr:

an automated pipeline for the setup of Poisson-Boltzmann electrostatics calcula-

tions. Nucleic Acids Res 2004;32(suppl_2):-W665-7.

Jurrus Elizabeth, Engel Dave, Star Keith, Monson Kyle, Brandi Juan, Felberg Lisa E,

et al. Improvements to the apbs biomolecular solvation software suite. Protein Sci

2018;27(1):112-28.

Phillips James C, Braun Rosemary, Wang Wei, Gumbart James, Tajkhorshid Emad,

Villa Elizabeth, et al. Scalable molecular dynamics with namd. J Comput Chem

2005;26(16):1781-802.

[5]

[6

—

[71

[8

—

[9

—_

[12]

[13]

[14]

[15]

[16]

[29]

[30]

[31]

[32]

1862

Computational and Structural Biotechnology Journal 23 (2024) 1854-1863

[33] MacKerell Jr AD, Bashford D, Bellott M, Dunbrack Jr RL, Evanseck JD, Field MJ,
et al. All-atom empirical potential for molecular modeling and dynamics studies of
proteins. J Phys Chem B 1998;102(18):3568-616.

[34] Huang Jing, MacKerell Jr Alexander D. Charmm36 all-atom additive protein
force field: validation based on comparison to nmr data. J Comput Chem
2013;34(25):2135-45.

[35] Jorgensen William L, Chandrasekhar Jayaraman, Madura Jeffry D, Impey Roger
W, Klein Michael L. Comparison of simple potential functions for simulating liquid
water. J Chem Phys 1983;79(2):926-35.

[36] Darden Tom, York Darrin, Pedersen Lee. Particle mesh Ewald: an n log (n) method
for Ewald sums in large systems. J Chem Phys 1993;98(12):10089-92.

[37]1 Martyna Glenn J, Tobias Douglas J, Klein Michael L. Constant pressure molecular
dynamics algorithms. J Chem Phys 1994;101(5):4177-89.

[38] Feller Scott E, Zhang Yuhong, Pastor Richard W, Brooks Bernard R. Constant pres-
sure molecular dynamics simulation: the Langevin piston method. J Chem Phys
1995;103(11):4613-21.

[39] Pastor Richard W, Brooks Bernard R, Szabo Attila. An analysis of the accuracy of
Langevin and molecular dynamics algorithms. Mol Phys 1988;65(6):1409-19.

[40] Gowers Richard J, Linke Max, Barnoud Jonathan, Reddy Tyler JE, Melo Manuel N,
Seyler Sean L, et al. Mdanalysis: a python package for the rapid analysis of molecular
dynamics simulations. Proceedings of the 15th python in science conference, vol. 98.
Austin, TX: SciPy; 2016. p. 105.

[41] Michaud-Agrawal Naveen, Denning Elizabeth J, Woolf Thomas B, Beckstein Oliver.
Mdanalysis: a toolkit for the analysis of molecular dynamics simulations. J Comput
Chem 2011;32(10):2319-27.

[42] Humphrey William, Dalke Andrew, Schulten Klaus. Vmd: visual molecular dynam-
ics. J Mol Graph 1996;14(1):33-8.

[43] Pettersen Eric F, Goddard Thomas D, Huang Conrad C, Meng Elaine C, Couch Gre-
gory S, Croll Tristan I, et al. Ucsf chimerax: structure visualization for researchers,
educators, and developers. Protein Sci 2021;30(1):70-82.

[44] Goddard Thomas D, Huang Conrad C, Meng Elaine C, Pettersen Eric F, Couch Gre-
gory S, Morris John H, et al. Ucsf chimerax: meeting modern challenges in visual-
ization and analysis. Protein Sci 2018;27(1):14-25.

[45] Meng Elaine C, Goddard Thomas D, Pettersen Eric F, Couch Greg S, Pearson Zach
J, Morris John H, et al. Ucsf chimerax: tools for structure building and analysis.
Protein Sci 2023:4792.

[46] Grant Barry J, Skjaerven Lars, Yao Xin-Qiu. The bio3d packages for structural bioin-
formatics. Protein Sci 2021;30(1):20-30.

[47]1 Schymkowitz Joost, Borg Jesper, Stricher Francois, Nys Robby, Rousseau Fred-
eric, Serrano Luis. The foldx web server: an online force field. Nucleic Acids Res
2005;33(suppl_2):W382-8.

[48] Bill R, Miller III, Dwight McGee Jr T, Swails Jason M, Homeyer Nadine, Gohlke Hol-
ger, et al. Mmpbsa. py: an efficient program for end-state free energy calculations.
J Chem Theory Comput 2012;8(9):3314-21.

[49] Case David A, Aktulga Hasan Metin, Belfon Kellon, Cerutti David S, Andrés Cis-
neros G, Wilian Vinicius, et al. Ambertools. J Chem Inf Model 2023;63(20):6183-91.

[50] Oliveira Nuno FB, Rodrigues Filipe EP, Vitorino Jodo NM, Loureiro Rui JS, Faisca Pa-
tricia FN, Machuqueiro Miguel. Predicting stable binding modes from simulated
dimers of the d76n mutant of p2-microglobulin. Comput Struct Biotechnol J
2021;19:5160-9.

[51] Oliveira Nuno FB, Rodrigues Filipe EP, Vitorino Jodo NM, Faisca Patricia FN,
Machuqueiro Miguel. Interfacial dynamics and growth modes of f2-microglobulin
dimers. J Chem Inf Model 2023;63(14):4447-57.

[52] Chen Siwei, Francioli Laurent C, Goodrich Julia K, Collins Ryan L, Kanai Masahiro,
Wang Qingbo, et al. A genomic mutational constraint map using variation in 76,156
human genomes. Nature 2023:1-11.

[53] Zhang Zinan Z, Zhang Yu, He Tingyan, Sweeney Colin L, Baris Safa, Karakoc-
Aydiner Elif, et al. Homozygous il37 mutation associated with infantile inflamma-
tory bowel disease. Proc Natl Acad Sci 2021;118(10):e2009217118.

[54] Chen Yuting, Lu Haoyu, Zhang Ning, Zhu Zefeng, Wang Shugqin, Li Minghui. Premps:
predicting the effects of single mutations on protein stability. bioRxiv 2020. 2020-
04.

[55] Dang Dung Thanh. Molecular approaches to protein dimerization: opportunities for
supramolecular chemistry. Front Chem 2022;10:829312.

[56] Marianayagam Neelan J, Sunde Margaret, Matthews Jacqueline M. The power of
two: protein dimerization in biology. Trends Biochem Sci 2004;29(11):618-25.

[57] Plaxco Kevin W, Gross Michael. Protein complexes: the evolution of symmetry. Curr
Biol 2009;19(1):R25-6.

[58] Krissinel Evgeny, Henrick Kim. Inference of macromolecular assemblies from crys-
talline state. J Mol Biol 2007;372(3):774-97.

[59] Guseman Alex J, Perez Goncalves Gerardo M, Speer Shannon L, Young Gregory
B, Pielak Gary J. Protein shape modulates crowding effects. Proc Natl Acad Sci
2018;115(43):10965-70.

[60] Scholl Connor L, Tsuda Sakae, Graham Laurie A, Davies Peter L. Crystal waters
on the nine polyproline type ii helical bundle springtail antifreeze protein from
granisotoma rainieri match the ice lattice. FEBS J 2021;288(14):4332-47.


http://refhub.elsevier.com/S2001-0370(24)00124-7/bib1EE2EABE28D743E8000364EAA81E42DDs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib1EE2EABE28D743E8000364EAA81E42DDs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD5B15BEF40A8077BFC172350FBFC6DDAs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD5B15BEF40A8077BFC172350FBFC6DDAs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD5B15BEF40A8077BFC172350FBFC6DDAs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib2BB6995C2F7E8D4B349FC4BE707ADA34s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib2BB6995C2F7E8D4B349FC4BE707ADA34s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib2BB6995C2F7E8D4B349FC4BE707ADA34s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibB56FDC16D1FDEEB342D18A8A1C58C6D6s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibB56FDC16D1FDEEB342D18A8A1C58C6D6s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC4AC507B12540430FE406DFD34E0C49Ds1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC4AC507B12540430FE406DFD34E0C49Ds1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC4AC507B12540430FE406DFD34E0C49Ds1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC4AC507B12540430FE406DFD34E0C49Ds1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibFBCA09F3CA8E7A967461A47BFC37A319s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibFBCA09F3CA8E7A967461A47BFC37A319s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibFBCA09F3CA8E7A967461A47BFC37A319s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibFBCA09F3CA8E7A967461A47BFC37A319s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibAD2127AE30FF0E0B71FCE301905FCD1As1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibAD2127AE30FF0E0B71FCE301905FCD1As1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibB3DB5FC419C880B9327CC6BEDBAC5C06s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibB3DB5FC419C880B9327CC6BEDBAC5C06s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibB3DB5FC419C880B9327CC6BEDBAC5C06s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib613631FDEB81EA9A14C3BFB18B1E2926s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib613631FDEB81EA9A14C3BFB18B1E2926s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib656CC04833A654017302A979233019F1s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib656CC04833A654017302A979233019F1s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib656CC04833A654017302A979233019F1s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibF2DD99B9A6D8CE6690E54D463D1CD1E6s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibF2DD99B9A6D8CE6690E54D463D1CD1E6s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibF2DD99B9A6D8CE6690E54D463D1CD1E6s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib545C3309422B16ED5CCA24F2C468C2DDs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib545C3309422B16ED5CCA24F2C468C2DDs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib545C3309422B16ED5CCA24F2C468C2DDs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibBE80B894474689BFCE244FD4370A28E7s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibBE80B894474689BFCE244FD4370A28E7s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibE90AC1933B9D276C0072FCE19D570557s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibE90AC1933B9D276C0072FCE19D570557s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD2B553CBADADE309F719566999894EEDs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD2B553CBADADE309F719566999894EEDs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD2B553CBADADE309F719566999894EEDs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib87F501DB59EB78FC41D0DB985280F473s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib87F501DB59EB78FC41D0DB985280F473s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib87F501DB59EB78FC41D0DB985280F473s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC32188A4651E2D1C01AF1EEA38106AB5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC32188A4651E2D1C01AF1EEA38106AB5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC32188A4651E2D1C01AF1EEA38106AB5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibB7BD66F49BA31A48E3FCC714C33E4F86s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibB7BD66F49BA31A48E3FCC714C33E4F86s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibB7BD66F49BA31A48E3FCC714C33E4F86s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib047F4864B2748D69F57143FED30E4B51s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib047F4864B2748D69F57143FED30E4B51s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib047F4864B2748D69F57143FED30E4B51s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA8C5ECFF0C65A50B7F5CE78C4C3218DCs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA8C5ECFF0C65A50B7F5CE78C4C3218DCs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibFF2BCC3EA995F8716FFAC569AFA730FDs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibFF2BCC3EA995F8716FFAC569AFA730FDs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibFF2BCC3EA995F8716FFAC569AFA730FDs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA3748D41A69C25252A4F6361ACA91428s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA3748D41A69C25252A4F6361ACA91428s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC4210C76D9F19AA4A0E5E052D87A9730s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC4210C76D9F19AA4A0E5E052D87A9730s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC4210C76D9F19AA4A0E5E052D87A9730s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib049596B5C9BA80A0318F995A1785438Es1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib049596B5C9BA80A0318F995A1785438Es1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD03A198D718712E08FD3B1AA605BA6C5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD03A198D718712E08FD3B1AA605BA6C5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD03A198D718712E08FD3B1AA605BA6C5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib27A309859BF2D1A3B2ABD46067E91214s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib27A309859BF2D1A3B2ABD46067E91214s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib27A309859BF2D1A3B2ABD46067E91214s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib27A309859BF2D1A3B2ABD46067E91214s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibF3E0CD2AE1BDAA77EAE9AAE6F2E2E90Ds1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibF3E0CD2AE1BDAA77EAE9AAE6F2E2E90Ds1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibF3E0CD2AE1BDAA77EAE9AAE6F2E2E90Ds1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib207F129CAA6A3EC27A6CAC27AD2CF0A8s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib207F129CAA6A3EC27A6CAC27AD2CF0A8s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib207F129CAA6A3EC27A6CAC27AD2CF0A8s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibF3EA862E19D9E403E710B3A8327CADFFs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibF3EA862E19D9E403E710B3A8327CADFFs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibF3EA862E19D9E403E710B3A8327CADFFs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibBED76D8B4C2DDAA3809F3FF43B478E85s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibBED76D8B4C2DDAA3809F3FF43B478E85s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibBED76D8B4C2DDAA3809F3FF43B478E85s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib6F6799727D305172EEC366636F91882Bs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib6F6799727D305172EEC366636F91882Bs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib6F6799727D305172EEC366636F91882Bs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib2496B12D0FA744C09BEC3C071A80A351s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib2496B12D0FA744C09BEC3C071A80A351s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib2496B12D0FA744C09BEC3C071A80A351s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib2709FABB007833CA335C2C80A9713C31s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib2709FABB007833CA335C2C80A9713C31s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA2F762A9ACB9E245953D964EBC98BFD3s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA2F762A9ACB9E245953D964EBC98BFD3s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibBBED5192D6152697B71221B65AACD77Es1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibBBED5192D6152697B71221B65AACD77Es1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibBBED5192D6152697B71221B65AACD77Es1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib0A1269E93AB8342674C33E0DD5DC5BE8s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib0A1269E93AB8342674C33E0DD5DC5BE8s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC6E44ACD1E050231D8B56DFAF1050B18s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC6E44ACD1E050231D8B56DFAF1050B18s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC6E44ACD1E050231D8B56DFAF1050B18s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibC6E44ACD1E050231D8B56DFAF1050B18s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib71A93101E762E0555E5C772456CEF94Bs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib71A93101E762E0555E5C772456CEF94Bs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib71A93101E762E0555E5C772456CEF94Bs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib7BAD6A9D0798B10DAF1AE818C37D80E8s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib7BAD6A9D0798B10DAF1AE818C37D80E8s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA03BA69CEDEAD2204CC5EB1CA6BCA5FAs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA03BA69CEDEAD2204CC5EB1CA6BCA5FAs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA03BA69CEDEAD2204CC5EB1CA6BCA5FAs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib10D2A6ED585A4E9A6CF2FD9242FD6BE7s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib10D2A6ED585A4E9A6CF2FD9242FD6BE7s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib10D2A6ED585A4E9A6CF2FD9242FD6BE7s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD1BB9052D0FF8338224E3BEC579C9CF7s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD1BB9052D0FF8338224E3BEC579C9CF7s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD1BB9052D0FF8338224E3BEC579C9CF7s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib33D5EC4C290B891747E90C6522FE7DF0s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib33D5EC4C290B891747E90C6522FE7DF0s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib2286E260F06284C2EB4AB333FDC46B1Fs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib2286E260F06284C2EB4AB333FDC46B1Fs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib2286E260F06284C2EB4AB333FDC46B1Fs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib7C23A39D96492F9D46DCD1CDF2CA1AE5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib7C23A39D96492F9D46DCD1CDF2CA1AE5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib7C23A39D96492F9D46DCD1CDF2CA1AE5s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib592404BBA4D95F378A8BFE9E747253F1s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib592404BBA4D95F378A8BFE9E747253F1s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib57DCF6A147CEF9CE2637F0DB387179C4s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib57DCF6A147CEF9CE2637F0DB387179C4s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib57DCF6A147CEF9CE2637F0DB387179C4s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib57DCF6A147CEF9CE2637F0DB387179C4s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib1E7BE0D5ACB98B6130BF320BE24A69F2s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib1E7BE0D5ACB98B6130BF320BE24A69F2s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib1E7BE0D5ACB98B6130BF320BE24A69F2s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibBBEB618CE9294BFBAFDCA844D0F5A601s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibBBEB618CE9294BFBAFDCA844D0F5A601s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibBBEB618CE9294BFBAFDCA844D0F5A601s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib4293BED4A7B7B86B5A38CE995160F99Es1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib4293BED4A7B7B86B5A38CE995160F99Es1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib4293BED4A7B7B86B5A38CE995160F99Es1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib8EB31205C06A5A3C42E6D579242B18CFs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib8EB31205C06A5A3C42E6D579242B18CFs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib8EB31205C06A5A3C42E6D579242B18CFs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD04CEBA5F6651709EDFD4C7AF923B26Es1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD04CEBA5F6651709EDFD4C7AF923B26Es1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib3CD85B613B3975B960B6D5E662BEC627s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib3CD85B613B3975B960B6D5E662BEC627s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibFB0DDC040D602B467E63862C773C41CBs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibFB0DDC040D602B467E63862C773C41CBs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA9B217572CD2B3A817EACC595737EF06s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA9B217572CD2B3A817EACC595737EF06s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib5BD5994726ED1DFCA969C0FE97515340s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib5BD5994726ED1DFCA969C0FE97515340s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib5BD5994726ED1DFCA969C0FE97515340s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib877D13D94A6B84303A02BECCCA47A1D9s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib877D13D94A6B84303A02BECCCA47A1D9s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib877D13D94A6B84303A02BECCCA47A1D9s1

I Sardag, Z.S. Duvenci, S. Belkaya et al.

[61] Dahanayake Jayangika N, Gautam Devaki N, Verma Rajni, Mitchell-Koch Katie R. To
keep or not to keep? The question of crystallographic waters for enzyme simulations
in organic solvent. Mol Simul 2016;42(12):1001-13.

Wlodawer Alexander, Minor Wladek, Dauter Zbigniew, Jaskolski Mariusz. Protein
crystallography for non-crystallographers, or how to get the best (but not more)
from published macromolecular structures. FEBS J 2008;275(1):1-21.

Chruszcz Maksymilian, Potrzebowski Wojciech, Zimmerman Matthew D,
Grabowski Marek, Zheng Heping, Lasota Piotr, et al. Analysis of solvent con-
tent and oligomeric states in protein crystals—does symmetry matter? Protein Sci
2008;17(4):623-32.

Xu Qifang, Dunbrack Roland L. The protein common interface database (protcid)—a
comprehensive database of interactions of homologous proteins in multiple crystal
forms. Nucleic Acids Res 2010;39(suppl_1):D761-70.

Baskaran Kumaran, Duarte Jose M, Biyani Nikhil, Bliven Spencer, Capitani Guido. A
pdb-wide, evolution-based assessment of protein-protein interfaces. BMC Struct Biol
2014;14(1):1-11.

[62]

[63]

[64]

[65]

1863

Computational and Structural Biotechnology Journal 23 (2024) 1854-1863

[66] Dauter Zbigniew, Wlodawer Alexander, Minor Wladek, Jaskolski Mariusz,
Rupp Bernhard. Avoidable errors in deposited macromolecular structures: an im-
pediment to efficient data mining. IUCrJ 2014;1(3):179-93.

[67] Levy Emmanuel D. Pigsi: protein quaternary structure investigation. Structure
2007;15(11):1364-7.

[68] Li Wenyu, Srinivasula Srinivasa M, Chai Jijie, Li Pingwei, Wu Jia-Wei, Zhang Zhi-
Jia, et al. Structural insights into the pro-apoptotic function of mitochondrial serine
protease htra2/omi. Nat Struct Biol 2002;9(6):436-41.

[69] Timucin Emel, Ugur Sezerman O. The conserved lid tryptophan, w211, potenti-
ates thermostability and thermoactivity in bacterial thermoalkalophilic lipases. PLoS
ONE 2013;8(12):e85186.

[70] Genheden Samuel, Ryde Ulf. The mm/pbsa and mm/gbsa methods to estimate
ligand-binding affinities. Expert Opin Drug Discov 2015;10(5):449-61.


http://refhub.elsevier.com/S2001-0370(24)00124-7/bib8D873EC09F499C7AACA1700E19E069FBs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib8D873EC09F499C7AACA1700E19E069FBs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib8D873EC09F499C7AACA1700E19E069FBs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib359BDE5865969ED6E5355C40CFE05E33s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib359BDE5865969ED6E5355C40CFE05E33s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib359BDE5865969ED6E5355C40CFE05E33s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib985B8AF0244A042C64985B02F3B0622Bs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib985B8AF0244A042C64985B02F3B0622Bs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib985B8AF0244A042C64985B02F3B0622Bs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib985B8AF0244A042C64985B02F3B0622Bs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib5BDB73374E9D57D8A17AD1F439793FE2s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib5BDB73374E9D57D8A17AD1F439793FE2s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib5BDB73374E9D57D8A17AD1F439793FE2s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib951F0283E7020211194F8500408D5635s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib951F0283E7020211194F8500408D5635s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib951F0283E7020211194F8500408D5635s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA954D72C11E3C1241C892F21A9843CEAs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA954D72C11E3C1241C892F21A9843CEAs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibA954D72C11E3C1241C892F21A9843CEAs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD06AD13FD63E40F1E56F99FCDE73158Fs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibD06AD13FD63E40F1E56F99FCDE73158Fs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibAFB30AB1772EA4A9FC0C867367610A9Fs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibAFB30AB1772EA4A9FC0C867367610A9Fs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibAFB30AB1772EA4A9FC0C867367610A9Fs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibCA71ADB11D80DAE5121CD5662E91FD95s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibCA71ADB11D80DAE5121CD5662E91FD95s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bibCA71ADB11D80DAE5121CD5662E91FD95s1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib448D073A7F54E5569831B8B289A3960Bs1
http://refhub.elsevier.com/S2001-0370(24)00124-7/bib448D073A7F54E5569831B8B289A3960Bs1

	Rational design of monomeric IL37 variants guided by stability and dynamical analyses of IL37 dimers
	1 Introduction
	2 Methods
	2.1 Dimer structures
	2.2 Molecular dynamics simulations
	2.3 Trajectory analysis
	2.4 Foldx calculations
	2.5 MM-PBSA calculations

	3 Results
	3.1 Static structures of human IL37 dimer
	3.2 Dimer dynamics and stability
	3.3 Human IL37 variants and their impact on stability
	3.4 Design of novel IL37 variants with reduced dimer stability

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary material
	References


