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Interleukin 18 (IL18) is a pro-inflammatory cytokine that modulates innate and adaptive immune responses.
IL18 activity is tightly controlled by the constitutively secreted IL18 binding protein (IL18BP). PDB structures
of human IL18 showed that a short stretch of amino acids between 68 and 81 adopted a disordered con-
formation in all IL18-IL18BP complexes while adopting a 3¢ helical structure in other IL18 structures, in-
cluding the receptor complexes. The C74 of human IL18, which was reported to form a novel intermolecular
disulfide bond in the human tetrameric assembly, is also located in this short epitope. These observations
reflected the importance of this short surface epitope for the structure and dynamics of the IL18-IL18BP
heterodimers. We have analyzed all known IL18-IL18BP complexes in the PDB by all-atom MD simulations.
The analysis also included two computed complex models adopting a helical structure for the surface
epitope. Heterodimer simulations showed a stabilizing impact of the small surface region at the helical form
by reducing flexibility of the complex backbone. Analysis of the symmetry-related human IL18-IL18BP
tetramer showed that the unfolding of this small surface region also contributed to the IL18-IL18BP stability
through a completely exposed C74 sidechain to form an intermolecular disulfide bond in the self-assembled
human IL18-IL18BP dimer. Our findings showed how the conformation of the short IL18 epitope between

amino acids 68 and 81 would affect IL18 activity by mediating the intermolecular interactions of IL18.
© 2023 The Authors. 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-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction [7]. IL18BP is not only conserved across the animal kingdom, but its

orthologs have also been found in poxviruses such as Molluscum

IL18, a proinflammatory cytokine belonging to the IL-1 super-
family, protects its host against infections and regulates innate and
adaptive immune responses [2]. Dysregulation of its activity has
been implicated in many immune-related diseases in humans
[22,25,60]. IL18 signaling is tightly regulated through different me-
chanisms [35,61], one of which involves regulation of the availability
of IL18 through a constitutively secreted decoy protein termed as
IL18 binding protein (IL18BP) [3,25,45]. Inherited human IL18BP
deficiency was reported to predispose to fulminant viral hepatitis
due to uncontrolled immunopathological activity of IL-18 in the liver
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contagiosum, variola, vaccinia, and Yaba-like disease viruses (YLDV)
[8,43,50,59].

The structure of IL18BPs has been extensively studied [57]. A
recent crystallization study that captured the human IL18-IL18BP
complex [12] reported that human IL18BP adopted the same im-
munoglobulin-like g-sandwich fold of viral IL18BPs [45]. The binding
interface of the human IL18-IL18BP heterodimer has overlapped
with those formed with viral IL18BPs [12,29], confirming the in-
hibition mechanism of host and viral IL18BPs. Host and viral IL18BPs
compete with the IL18 receptor « (IL18Ra) over a hydrophobic sur-
face of approximately 2 nm? [30], leading to the sequestration of
human IL18 (hIL18).

Despite the common inhibition mechanism, the IL18-IL18BP
heterodimers can form distinct tetrameric assemblies by disulfide
contacts. For instance, the heterodimers formed by the decoy
(IL18BP) of the Yaba-like disease virus (YLDV) can self-assemble
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into a tetrameric state through an intermolecular sulfide contact
between the C132s of the YLDV decoys (PDB ID: 4eee) [29]. The
recent human complex (PDB ID: 7al7) has also been shown to form a
symmetry-related tetrameric assembly through an intermolecular
disulfide contact between the C74 of IL18 and C131 of IL18BP [12].
Inspection of hIL18 structures in PDB showed a rigid binding inter-
face of IL18 that did not change its conformation upon binding to the
protein partners such as IL18Ra/p, anti-IL18, and IL18BP [55,57].
However, a short stretch of amino acids between 68 and 81 that is
orthogonal to the IL18BP binding site adopted different folds de-
pending on the quaternary structure of IL18. This region is either
completely missing or highly flexible in all IL18-IL18BP complexes.
At the same time, it was folded into a compact 3 helical form in the
free and other complex forms of hIL18. This region also holds the
cysteine residue at the 74th location involved in a novel inter-
molecular disulfide contact in the human tetrameric complex, re-
flecting this short epitope’s importance for the self-assembly of the
heterodimers. Altogether, PDB structures of hIL18 structures under-
score the importance of the short surface epitope of IL18 between 68
and 81 for controlling its activity by affecting the heterodimer con-
formation/stability and self-assembly.

Undeniably, these structural findings on the IL18-IL18BP com-
plexes, either of host or viral origin, provide valuable insights into
the mechanism of inhibition of IL18 by IL18BPs. However, they can
only vaguely describe the conformational dynamics of the com-
plexes, representing a single snapshot of a plethora of possible
conformations. Thus, these data solely relying on the static models
fail to address whether and how the short surface epitope can affect
heterodimer stability and self-assembly. Molecular dynamics (MD)
simulations, a widely used computational methodology to sample
the conformational space of biomolecules [19], could be of use in
analyzing the dynamics of IL18-IL18BP complexes, focusing on the
impact of the conformation of the IL18 epitope between re-
sidues 68-81.

In this study, we analyzed all PDB complexes of IL18-IL18BP and
two computed models that adopted distinct conformations for the
surface region by all-atom MD simulations. Dimer simulations
showed a stabilizing impact of the small surface region at the helical
form by reducing flexibility. Analysis of the human IL18-IL18BP
dimer showed that the unfolding of this small surface region could
also contribute to the complex stability by promoting tetramer for-
mation. These findings altogether reflect the importance of the
conformation of the short IL18 epitope between 68 and 81 for
IL18-IL18BP heterodimer stability and self-assembly.

2. Methods
2.1. Homology modeling of the core region of human IL18BP

The core region of the human IL18BP (UniProt ID: 095998) en-
compassing the residues from 20 to 170 was predicted by MODELLER
v9.25 [14] using the YLDV IL18BP structure (PDB ID: 4EKX) as the
template. The best structure was selected based on the discrete
optimized protein energy score [34]. The final model was confirmed
to be free of Ramachandran outliers.

2.2. Docking-based prediction of the human IL18-IL18BP complex

Docking runs were performed using the PDB structures of IL18
(PDB IDs: 3wo2, 3wo03, 3wo4, and 4r6u) [55,57] as receptor and the
homology model of IL18BP as ligand. Before docking, missing regions
in the PDB structures were predicted by MODELLER |[14]. First, a rigid
docking algorithm named ClusPro [27] was used to predict the
complex. Top-scoring ClusPro predictions were superimposed to
identify the predominant binding interface and the amino acids that
lined this interface. Next, we used this information in the HADDOCK
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calculations that were performed by keeping the interface loops
flexible [62]. The representative structure of the top HADDOCK
cluster of each run, which was performed for four different IL18
structures, was inspected, and the final model was selected based on
docking scores.

2.3. AlphaFold2 prediction of human IL18-IL18BP complex

Human IL18BP was predicted in its free form and also in the IL18
complex form by AlphaFold2 [4,15,24,39]. MSAs were generated by
MMseq2 [40,52] using the databases of UniRef100 [53] and PDB70
05Sep15 which is a clustered version of PDB [51]. The final model
was relaxed by the AMBER force field [13]. The top-ranked structure
was selected based on residue confidence scores (pIDDT) and error
plots (PAE).

2.4. Molecular dynamics simulations

A total of five heterodimers, three from PDB (PDB IDs: 7al7, 362,
and 4ekx) and two from computational predictions were included in
this study. The viral tetramer from YLDV (4eee) and the symmetry-
related human tetramer were also modeled in the presence (S-S) and
absence of (-SH) the intermolecular disulfide bonds. Missing non-
terminal regions were modeled by MODELLER | 14], and nonstandard
residues were removed from the structures. Overall, nine different
IL18-IL18BP complexes were generated and placed in the center of a
cubic water box with a padding distance of 10 A. Solvated systems
were neutralized to a final concentration of 0.15 M, using Na* and CI”
counter ions.

The resulting systems were simulated by the GROMACS algo-
rithm [1,6,32,56] with the CHARMMS36 force field including the
correction map [20] Water molecules were treated explicitly by the
TIP3P model [23]. Periodic boundary conditions and a time-step of
2 fs were applied for all simulations. Particle-mesh Ewald summa-
tion method was used to compute the long-range electrostatic in-
teractions with a grid spacing of 1.2 A and a cut-off of 12 A for short-
range interactions [11]. All systems were energy-minimized in
40,000 steps by the steepest descent method and equilibrated by an
NVT ensemble with a Berendsen thermostat at 310 K. After equili-
bration, production runs were carried out using an NPT ensemble
with a Parrinello-Rahman pressure coupling at 1 atm and 310 K.
System details are given in Table S1.

2.5. Data analysis

MD trajectories were analyzed by root mean square displacement
(RMSD) and fluctuation (RMSF) of Ca atoms, the radius of gyration
(Rg), solvent accessible surface area (SASA) of the complex and its
subunits. Visual Molecular Dynamics (VMD) was used to visualize
the trajectories and structures [21]. MDAnalysis was used to plot all-
to-all RMSD heatmaps [16,37]. Essential dynamics of the systems
were extracted by principal component analysis (PCA) using Bio3D
[17]. The method uses the mass-weighted Cartesian coordinates of
the Ca atoms, which can be converted into a covariance matrix of Cj;
as follows:

Gij = ((q; — <g)(g; — (@) (1)

wherein q; and q; represent the internal coordinates of atoms i and j,
{...) describes the ensemble average. Later, principal components are
calculated by eigendecomposition on the Cj A two-dimensional
free-energy landscape (FEL) was also constructed using the first two
principal components as follows:

P(V)
Pmax(v)

AG(x) = —kgTIn @)
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Fig. 1. (a) Panel shows the computed complex structure of human IL18-IL18BP by AF2 that was colored according to residue confidence score (red: pIDDT < 50, yellow:
pIDDT < 60, green: pIDDT < 70, cyan: pIDDT < 80, blue: pIDDT < 90). A predicted aligned error (PAE) plot is also given. Chain A shows IL18BP, and B shows IL18. (b) Panel shows
the superimposed structures of human crystal complex, AF2 multimer, and docking-based predictions. RMSD values for this comparison are given in Table 1. (c) Panel shows the

small region with different conformations in the complexes analyzed in this study.

wherein kg is the Boltzmann constant, and T is the absolute tem-
perature. P(V,) and P,,.,(V) are probabilities from the MD data, with
Pnax(V), representing the most probable state.

3. Results

3.1. Computational predictions capture the experimental structure of
human IL18-IL18BP complex

We have modeled the human IL18-IL18BP complex structure
from scratch by AlphaFold2 and molecular modeling methods. The
AF2 predicted structure showed high confidence scores for almost
every amino acid and low positional error, particularly for the dimer
interface (Fig. 1a). RMSD of Ca- and all-atoms of the AF2 computed
structure were below 2 A for both subunits (Fig. 1b and Table 1).
Considering that the AF2 prediction was made without any template
(no-template mode) and prior to April 2022, when the human
crystal complex was released in PDB [12], the accuracy of the pre-
dicted structure is noteworthy.

The second model that was obtained by docking the hIL18
structure from PDB to the homology model of human IL18BP was
also an accurate model (Fig. 1b and Table 1). Comparison of two PDB
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E)':;;:rison of the computed models against the experimental structure.
IL18 IL18BP
Ca All atom Ca All atom
AF2 1184 2.017 1.482 1.935
HM-Dock 1815 2.708** 1.078 1.799

Reference structure: 7al7.
**IL18 was obtained from 3wo2 for the docking study.

structures of human IL18, the one (PDB ID: 3wo2) [55], which was
recruited to docking and the reference structure (PDB ID: 7al7),
showed some variations as well. The Ca and all-atom RMSD values
for this comparison ranged between 1.8 and 2.7 A, respectively
(Table 1). Comparison of the homology model of human IL18BP with
the experimental structure (7al7) showed comparable RMSD values
(Table 1), suggesting a close error margin of the homology modeling
to experimental predictions. Overall, comparing the computed
models with the experimental reference structure (PDB ID: 7al7)
confirmed the capacity of both AF2 and comparative modeling/
docking-based predictions for capturing the human IL18-IL18BP
complex. We also compared the AF2 and homology model predicted
complexes. A comparison of the predicted IL18 backbones showed a


http://firstglance.jmol.org/fg.htm?mol=3wo2
http://firstglance.jmol.org/fg.htm?mol=7al7
http://firstglance.jmol.org/fg.htm?mol=7al7
http://firstglance.jmol.org/fg.htm?mol=7al7
http://firstglance.jmol.org/fg.htm?mol=7al7
http://firstglance.jmol.org/fg.htm?mol=3wo2

Y.Y. Yazici, S. Belkaya and E. Timucin

Computational and Structural Biotechnology Journal 21 (2023) 3522-3531

d. = human_af = 3f62_dimer 4eee_tetraCD
= human_model 4ekx_dimer == 4eee_tetra_noss
= human_crys = Jeee_tetra 4eee_tetra_nossCD
10.0

| 1]
~ 75 I
=
& 5.0
Z 25 A |
2:5 | Y \ |
S AL A v A\ . v/
a:M.A@M‘MMW LS N
006550 100 150 0 50 100
IL18 IL18BP
—~8
< — 7al7ave — 7al7 tetra (-SH) (1)
2 61 — Model ave — 7al7 tetra (-SH) (Il
(=}
T 41
=2
S 2]
T s
0

g 6

[2]

I

5

B 2

[V 0 ' . . ;

75 100 125 150
IL18BP

175

Fig. 2. (a) Ca fluctuations calculated for the last 200 ns. Human AF: blue, human model: black, human crystal: red, 3f62: green, 4ekx: orange, 4eee-SS AB chains: purple, 4eee-SS
CD chains: yellow, 4eee-SH AB chains: teal, 4eee-SH CD chains: pink. The complex structure illustrates the mobile regions colored red. (b) Average fluctuations of the human
complexes for the last 200 ns, crystal structure (black), and computed models (blue). Two replicate simulations were used for both structures, with error bars representing
standard deviation. Fluctuations of the human tetramer were shown in orange and green lines representing each subunit in the 2:2 complex. The residue index was set according
to the 7al7 structure. Shaded areas mark highly mobile regions in the reduced trajectory of the dimer structures of crystal complex (7al7) and the AF2 computed model.

Ca-RMSD of 1.1 A, whereas comparison of the ILI8BP backbones
showed a RMSD value of 1.0 A.

As intended, the surface region of hIL18 corresponding to a short
stretch of amino acids between 68 and 81 was the most structurally
divergent region in the computational models (Fig. 1c). Computa-
tional models adopted a compact 34 helix (Fig. 1c), which is the
dominant conformation of hIL18 in the PDB ensemble. In contrast,
the IL18 in the recently resolved human complex (7al7) was dis-
ordered (Fig. 1c). The C74, which is one of the cysteines reported to
form a novel intermolecular disulfide bridge in the human complex,
is also located in this helix [12]. To test the contribution of the
conformation of this surface region holding the C74, we have in-
cluded the computed models of human IL18-IL18BP complexes by
AF2 and docking models that have the compact helical fold for the
surface region in our study (Fig. 1c).

To analyze the contribution of different oligomeric states, we
have directly recruited the tetra-partite assembly of the hIL18 and
IL18BP from YLDV (PDB ID: 4eee) (Fig. S1b). Because the human
tetramer did not have any experimental coordinates, we used an
initial MD simulation to relax the constructed human tetramer,
which was generated after a symmetry operation of the crystal
heterodimer (7al7) and by forming two symmetric disulfide bonds
between C74 of hIL18 and C131 of hIL18BP (Fig. S1c). To scrutinize
the contribution of the intermolecular disulfide bonds in the tetra-
partite assemblies, we have generated the tetramers with and
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without the intermolecular bond(s). Overall, nine MD systems re-
presenting all known variants of IL18-IL18BP complexes were ana-
lyzed to address how the complex dynamics are affected by (i)
different decoys, (ii) different hIL18 surface structures of the region
between 68 and 81, and (iii) different oligomeric states.

3.2. Origins of the IL18 and IL18BP affect the backbone mobility and
shape of the complexes

All-to-all RMSD plots showed that the human IL18-IL18BP com-
plex from the crystallization study [12] showed the highest back-
bone mobility in the repeated runs (Fig. Sla). This change
approximately corresponded to a Ca-RMSD of 8 A. The viral decoy
from ectromelia virus (3f62) also showed high mobility (Fig. S1a).
Contrary to these two complexes, the heterodimers showed almost
rigid backbones.

Shape analysis was conducted by monitoring the R; and SASA of
the dimeric and monomeric forms of the complexes (Fig. S2). Both
the R; and SASA measurements of hIL18 were more uniform than
those of the decoys (Fig. S2), which is a reasonable outcome given
the difference in the origins of the decoy structures. Explicitly, the Rg
and SASA values of the hIL18 ranged between 15 and 16 A and
80-90 nm?, respectively, whereas slightly wider ranges of 14-16 A
and 60-80 nm? were sampled for the decoy structures. Overall, the
shape analysis monitored by both SASA and R reflected a variation
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Fig. 3. Dynamics of the small surface helix in the human complexes. First row in both (a) and (b) illustrates the crystal complex, and the second and third rows show the
computational models. The movement of the helix/loop is shown in the second column. The red color indicates the starting conformation and the blue shows the conformation
after 300 ns. Two salt bridge contacts were shown for the starting structure alongside the C74. Distance distributions of the salt bridges were shown (orange: E192-R75, purple:

D71-R49). Residue numbering follows the 7al7 structure.

in the structure of the complex and its subunits depending on the
origin of the decoy and hIL18.

The complex formed with the ectromelia decoy was slightly
more compact than the rest, displaying an average radius of 20.5 A
(Fig. S2a, green line). Despite this small but notable difference in
the Rg measurements, SASA of the same complex was measured to
be around 150 nm?, which was comparable to other complexes
(Fig. S2b). The inconsistency between R; and SASA is likely to be
resulted from the fact that the shape of the heterodimers and
possibly the monomers are not ideally globular (Fig. 1), rendering
Rc measurements less informative about the shape than SASA
measurements [49]. Notably, the hIL18 in the human complex
showed parallel changes in the R; and SASA measurements
(Fig. S2). Taken together with the change in the all-to-all RMSD
plot of this complex (Fig. 1), the upward movements of both Rg
and SASA of the hIL18 implied a loosened IL18 in the human
heterodimer (Fig. S2). On the other hand, the same complex from
the computed models did not show any R; or SASA changes,
implying a link between the backbone dynamics of the human
heterodimer and conformation of the surface epitope encom-
passing the residues 68-81.
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3.3. Mobility of IL18 is dependent on the conformation of the small
surface epitope

Ca fluctuations were computed for the last 200 ns of the simu-
lations (Fig. 2a). Three interior regions, one from the IL18 (Fig. 2a, I)
and two from the decoy structures (Fig. 2a, II-III), showed high
fluctuations. These regions corresponded to the short surface epi-
tope (region I) in IL18 that adopted different conformations in the
PDB structures (Fig. 1c) and two surface loops in the decoy struc-
tures, termed the DE and EF loops, respectively [12].

Region I showed high fluctuations for all IL18 structures except the
computed models (Fig. 2a). This mobile region corresponding to the
small surface helix almost froze in the computational models, fluctu-
ating less than 2 A. The computed models did not show any increased
fluctuations almost for the entire complex except the C-termini of
their decoys (Fig. 2a). Viral decoys also showed high fluctuations for
region II and the human decoy for region III (Figs. 2a and S4).

We also conducted essential dynamics and free energy landscape
analyses to extract essential dynamics and dominant conformations
of the systems, respectively (Fig. S3). In line with the fluctuation
analysis (Fig. 2), essential dynamics based on the first two principal
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Fig. 4. (a) Panel shows SASA changes over time for the 74th position and the entire
epitope holding this position of hIL18. (b) Panel shows the SASA changes over time for
the C131 of hIL18BP, which was proposed to participate in a novel intermolecular
disulfide contact with the C74 of hIL18.

components (pcs) suggested that the IL18 structures in the compu-
tational models sampled a limited conformational space (Fig. S1).
The wide pcl-pc2 planes of the host decoy from the computed
models were likely to be due to the mobility of their C-termini be-
cause the rest of the complex did not fluctuate more than 3 A in the
computed models (Figs. 2 and S1). The IL18 in the human crystal
complex showed the widest pcl-pc2 plane suggesting a larger
conformational space sampled by the crystal complex of the human
heterodimer compared to other heterodimers. RMSF and essential
dynamics analyses also showed that the tetrameric structures were
not destabilized by removal of the intermolecular disulfide contacts.
Instead, they showed highly rigid backbones that were comparable
to those in the presence of intermolecular disulfide contacts (Figs. 2,
S3, and S4).

We computed average fluctuations of the human complex using
two replicates of the human crystal complex (7al7) and of two
computed models (Fig. 2b). Mean fluctuations were generally higher
in the crystal complex than the computed models, particularly for
the short surface epitope (Fig. 1¢). We also observed high mobility of
region III in the decoy structure of the crystal human complex. The
human tetramer, which was constructed using the 7al7 heterodimer,
showed particularly low mobility compared to the heterodimer form
(Fig. 2b). Although both heterodimer and tetrameric forms of human
complexes shared the same conformation for the short surface
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epitope encompassing residues from 68 to 81, reduced flexibility of
the tetramer is likely to result from the steric effect of tetra-
merization. Overall, these analyses suggested that the initial con-
formation of the surface epitope affects the flexibility of region I of
IL18 and region III of IL18BP (Fig. 2).

3.4. Conformation of the small surface helix mediates stability and self-
assembly of heterodimers

We investigated the local structure of the short surface epitope in
the human complexes (Fig. 3). Comparison of the static structures
unraveled different initial conformations of two amino acids, one
acidic (E192) and one basic amino acid (R75) in this region. As this
region is folded into a compact helical form, these charged amino
acids come in close contact with two core amino acids that are also
charged (Fig. 3a). Explicitly, the guanidinium group of R75 protrudes
toward the carboxylic acid group of E192. Similarly, the sidechain of
D71 attracts that of R49, resulting in two salt-bridge interactions in
the hIL18 structures that maintain a helical fold for the surface re-
gion (Fig. 3). These intramolecular interactions linking the short
helix to the IL18 core tend to be at play when this epitope (region I)
adopts the helical fold as in the computed models, however; they
would be disrupted when it is disordered (Figs. 3a and S4). Two salt
bridge interactions spotted in the static models were preserved in
the computed models but not in the crystal structure (7al7). Dis-
tance distributions of these bonds reflected that the computed
models showed an almost identical bonding pattern such that the
interaction between E192 and R75 was more persistent than the one
between R49 and D71 in both computed models (Fig. 3b). Altogether,
these findings suggested that the initial conformation of the surface
region between 68 and 81 that affects the dynamics of the IL18-
IL18BP complex through stabilization of the IL18 structure by two
salt bridge interactions.

The C74 that was observed to form an intermolecular disulfide
bond with the human IL18-IL18BP complex [12] is found in the re-
gion | (Fig. 3a). The computed structures with a compact helical
conformation for the region I have their C74 almost completely
buried as such the relative accessible surface area (rASA) values were
calculated 0.007 and 0.015 for the AF2 and docking models, re-
spectively. On the other hand, the C74’s sidechain is highly exposed
in the crystal complex (7al7) (rASA=0.748). Fig. 3b shows how the
structure of this region in the human complexes evolved over
500 ns. The helix structure in the computed models did not move at
all, maintaining their initial conformation, in which C74 is com-
pletely buried. However, the same region, which was already un-
folded, moved further away from the IL18 core in the human crystal
complex, completely losing two salt bridge contacts (Fig. 3b).

Fig. 4a shows the SASA of the amino acids at the 74th positions
and the small surface region, wherein C74 is located, for five of the
complexes. The cysteines at the 74th positions of the viral complexes
(3f62 and 4ekx) were mutated to serines [28,30]. According to
maximum ASA (maxASA) values of amino acids [38,47,54], a cysteine
can reach an average of maxASA of 150 A2 and a serine could reach
an average of 137 A% Given these maxASA values for cysteine and
serine amino acids, the 74th positions became completely accessible
in all simulations except those of the computed models (Fig. 4a). The
C74s in the computed models stayed buried throughout the simu-
lations, implying that they were not available for any intermolecular
contacts (Fig. 4a). We also tracked down the SASA of the entire re-
gion I (Fig. 4a-bottom). Taken together with the reduced trajectory of
region I in the human complex (Fig. 3a), the SASA measurements of
the short surface epitope confirmed a compact structure for the
computed models and highly exposed conformations for the other
complexes (Fig. 4a-bottom panel). We lastly measured the SASA of
the other cysteine (C131) (Fig. 4b) that was reported to bind to the
C74 [12]. All human decoys showed that this cysteine was partially
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Fig. 5. (a) Panel shows the tetrameric 2:2 complex (4eee), marking the intermolecular disulfide bridge between the IL18BP chains. (b) Panel shows the interface between IL18BP
chains. Two disulfide bridges (E35-R105, K34-D122) were spotted for both chains. Surrounding hydrophobic amino acids were shown by white stick models. The reduced
trajectory was shown for the IL18BP symmetric interface in the presence (S-S) and absence (-SH) of the intermolecular disulfide bridge (C132-C132). (c) Analysis of the radii of the
hydrophobic residues at the interface is shown in (b), and distance distributions of the salt bridges (E35-R105: orange, red; K34-D122: green, blue).

accessible, and its accessibility was not affected by a change in the
complex conformation, particularly in the short IL18 epitope.

3.5. Human tetramer stability is dependent on intermolecular disulfide
bonds and other interactions

In order to assess the contribution of the disulfide contacts to the
dynamics of the tetramers, we modeled the tetramers in the absence
and presence of intermolecular disulfide bond(s) (Fig. S1b-c). In-
spection of the interface, which is contoured by symmetrical sur-
faces of YLDV decoys, showed that the tetrameric assembly could be
stabilized not only by the disulfide bond but also by hydrophobic
and ionic interactions (Fig. 5b). We analyzed the R; of the hydro-
phobic cluster including 129, V31, V124, and 1129, and the distance
between charged amino acids, K34-D122 and E35-R105 (Fig. 5c).
Results showed that the hydrophobic cluster and the distance be-
tween charged amino acids were conserved throughout the simu-
lation in the tetramer even in the absence of the intermolecular
disulfide attachment. This observation implied a less pronounced
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impact of the disulfide bond on the stability of the YLDV tetramer,
underscoring the contribution of secondary interactions that are
mediated by hydrophobic and charged amino acids.

Because the coordinates of the human tetramer were not avail-
able, we carefully constructed this tetramer from two 7al7 hetero-
dimers and equilibrated the constructed tetramer in the presence of
two disulfide bonds between C74 of hIL18 and C131 of hIL18BP. The
in-silico constructed tetramer underwent an immediate change and
then showed a stable backbone throughout the rest of the simula-
tion (Fig. S1c). We obtained a single snapshot from the stabilized
trajectory as the initial structure of the second simulation, which
was carried out by removing the disulfide contacts (Fig. S1c). We
inspected the symmetric tetramer interfaces focusing on the se-
paration between the cysteines responsible for intermolecular dis-
ulfide contacts (Fig. 6). Although the cysteines were modeled in their
reduced state (-SH), we observed that the human tetramer stayed
intact without any drastic displacement of the subunits (Fig. S1c).
Close inspection of the interface without disulfide bonds showed
that only one of the cysteine pairs stayed in close proximity,
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Fig. 6. Tetramer structure of hIL18 (pink) and IL18BP (blue) complex is shown,
highlighting two symmetric ionic interactions between E103 and R113. Distance
distributions of two cysteines and these ionic interactions were plotted for the entire
trajectory. Orange and blue colors mark the left and right interfaces, respectively.

preserving one of the interfaces of the symmetry-related tetramer
(Fig. 6, blue). However, the other pair became separated, resulting in
disruption of the other interface (Fig. 6, orange). Akin to the YLDV
tetramer, the interfaces in the human tetramer were stabilized by
other contacts than disulfide bonds. In particular, E105 of hIL18 and
R113 of IL18BP attracted one another, forming close interactions that
showed similar distance distributions to those of the cysteine-
pairs (Fig. 6).

4. Discussion

PDB structures of IL18-IL18BP complexes underlined a con-
formational pattern in an IL18 surface epitope depending on the
quaternary structures of hIL18. This region encompasses the residues
between 68 and 81 that are either unfolded or completely missing in
all known IL18-IL18BP complexes [12,29,30]. In contrast, it is tightly
folded into a 31 helical conformation in other IL18 structures, free or
complex forms (Fig. 1) [55]. This surface region was not located at
the binding interface of the IL18-IL18BP heterodimers but at that of
the receptor-a complex [55], rendering its conformation particularly
critical for the signaling event. Furthermore, this epitope holds the
C74 involved in the novel intermolecular disulfide bond in the re-
cently described human tetramer [12]. Although these PDB struc-
tures already reflect the significance of the structure of this surface
epitope for IL18-IL18BP complexes, they fail to grasp essential
movements or interactions of the complexes to address the con-
formational changes led by the short surface epitope [5]. From this
perspective, this work analyzing the IL18-IL18BP complexes by all-

3529

Computational and Structural Biotechnology Journal 21 (2023) 3522-3531

atom MD simulations provides a comprehensive view of whether
and how the secondary structure of a hIL18 surface region affects
heterodimer dynamics.

All hIL18 structures except those in the computed models
showed high flexibility for this short epitope between 68 and 81,
implying an association of the initial structure of this surface region
with the IL18-IL18BP dynamics (Supplementary movie). The com-
pact 340 helical conformation of this short epitope stabilized the
complex through two intramolecular salt-bridge interactions (Fig. 3).
The computed models showed extremely low mobility for all regions
except the C-termini of their decoys (Fig. 2). The C-terminus of the
computational models was predicted to be slightly longer (~ 5 aas)
than that of the decoy in the crystal structure [12]. This prediction
was noted to be poor based on the confidence scores (Fig. 1a). Given
the established strong correlation between the AF2 confidence
scores and structural disorder [44,48], high mobility of the C-termini
of the computational models would be understandable.

Nine out of fourteen hIL18 structures in PDB have adopted a
compact 319 helical conformation for the surface epitope encom-
passing residues 68-81 (PDB IDs: 3wo2, 3wo3, 3wo4, 2vxt, 4hjj,
4r6u, 4xfs, and 4xft), while it is either missing (7al7, 3f62, 4eee,
4ekx) or highly flexible (1j0s) in some structures [26]. The binary
and ternary signaling complexes of IL18 also adopted the dominant
helical fold for this epitope, and this helix was found at the dimer
interface of the binary complex [55]. Highlighting that IL18-IL18BP
complexes in PDB consistently showed a disordered structure for
this epitope, which is an orthosteric site for the receptor-a [55], we
surmise that the surface epitope might be unfolded due to an al-
losteric effect elicited upon IL18BP binding. Such allosteric changes
are among the prevalent regulators of protein-protein interactions
[31,33]. Further, given that this epitope holds the C74, we note that
the proposed disulfide contact in the human tetramer [12]| might be
an allosteric disulfide bond [41]. However, these inferences were not
supported by our simulations. Instead, repeated simulations of the
human heterodimers showed a highly stable helical fold (Fig. 2b).
Nevertheless, we note that conventional MD simulations might be
limited in effectively sampling such an allosteric change [18]. To this
end, enhanced sampling methods may provide further insights into
whether and how IL18BP binding induces a conformational change
in the surface epitope of hIL18, accessing the rarely populated con-
formations of the heterodimers [18,36].

Self-assembly of IL18-IL18BP heterodimers could be an important
strategy to tightly regulate the activity of IL18 by host and viral
decoys [29]. Hitherto, two self-assembled IL18-IL18BP heterodimers
of YLDV and human decoys have been identified. Both assemblies
were demonstrated to be cross-linked by intermolecular disulfide
bonds, which are also among the well-known evolutionary me-
chanisms used for structural stabilization and functional control
[58]. Only the structure of the YLDV tetramer was resolved by
crystallization. In contrast, the human tetramer was not captured at
the atomistic resolution but construed to form a symmetry-related
assembly based on non-reducing SDS-PAGE analysis [12]. Some
disulfide bonds are formed and maintained throughout proteins’ life,
whereas others show dynamic behavior given the reversibility of
dithiol to disulfide [9,41]. The disulfide contact between C74 of IL18
and the C131 of the host IL18BP is likely to be the latter, more dy-
namic type. Our simulations showed a transformation of the IL18
structure in the crystal complex (7al7) to a fully accessible state of
C74 (Fig. S4). Thus, the set of conformations of the human complex
accessed by our MD simulations, wherein the surface epitope be-
tween 68 and 81 is fully and more exposed than the crystal con-
formation [12], provides novel and realistic conformations of the
human heterodimer, underscoring the significance of this surface
region for the self-assembly of heterodimers.

Multivalent binding, a long-known strategy for affinity en-
hancement, is widely encountered in protein-protein complexes
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functioning in the immune system [10,42,46]. Human and YLDV
decoys recruit this strategy to potentiate IL18 sequestration and
tightly regulate IL18 activity through surface cysteines. A low-to-
moderate sequence identity in the viral and host decoys, leading to
cysteines at variable positions may account for the variability in the
tetrameric assemblies of the IL18-IL18BP dimers. Human tetramer
has intermolecular disulfide contacts that are formed between IL18
and IL18BP, resulting in a grid-like organization of dimers (Fig. 5)
[12]; unlike the YLDV tetramer, which is formed by a disulfide at-
tachment between C132s of the YLDV decoys leading to a side-by-
side spatial arrangement of the dimers [29]. Intermolecular contacts
other than disulfide bonds were found at the interface of the YLDV
tetramer. A cluster of hydrophobic amino acids has contributed to
YLDV tetramer stability along with four symmetric salt bridges be-
cause removing the disulfide bond did not affect the interface
(Fig. 5b-c). While the hydrophobic cluster has been previously
characterized by extensive mutagenesis analysis [29], persistent salt
bridge interactions and their contribution to tetramer stability have
been revealed by this study.

The human tetramer also showed additional contacts at the in-
terface, such as the salt bridge interaction between the E105 of hIL18
and the R113 of IL18BP (Fig. 6). However, contrary to the YLDV tet-
ramer, the human tetramer lost one of its interfaces after removal of
the disulfide bond (Fig. 6 - orange). This immediate perturbation to
one of the tetramer interfaces may suggest a less stable interface of
the human tetramer than that of the YLDV tetramer. In line with this
assertion, we observed fewer intermolecular contacts at the human
interface than at the YLDV interface (Fig. 5b-c). Nonetheless, the
human tetramer stayed intact even after the disruption of one of its
interfaces, reflecting the sufficiency of one intact interface for tet-
ramer stability. Thus, we note that the bivalent binding mode of the
human tetramer leading to a grid-like organization of heterodimers
may provide a stability advantage to the host decoy. In conclusion,
our study showed that the IL18-IL18BP complexes, particularly the
human complex, can be stabilized by (i) maintaining the helical fold
for the surface epitope and reducing backbone fluctuations and (ii)
forming a tetrameric assembly. Specifically, these stabilization sce-
narios are not mutually exclusive; as only when the compact helical
fold is lost, the C74 can probe for another thiol group to form a
tetrameric assembly.
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3D coordinate of the human tetramer structure after equilibra-
tion for 60 ns is available from https://github.com/timucinlab/IL18/.
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