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the Soluble and Membrane-Bound
Cytokine Receptors
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Cytokine receptors receive extracellular cues by binding with cytokines to transduce a signaling

cascade leading to gene transcription in cells. Their soluble isoforms, functioning as decoy receptors,
contain only the ectodomain. Whether the ectodomains of cytokine receptors at the membrane exhibit
different conformational dynamics from their soluble forms is unknown. Using Stimulation-2 (ST2) as an
example, we performed microsecond molecular dynamics (MD) simulations to study the conformational
dynamics of the soluble and the membrane-bound ST2 (sST2 and ST2). Combined use of accelerated
and conventional MD simulations enabled extensive sampling of the conformational space of sST2 for
comparison with ST2. Using the interdomain loop conformation as the reaction coordinate, we built

a Markov State Model to determine the slowest implied timescale of the conformational transition in
sST2 and ST2. We found that the ectodomain of ST2 undergoes slower conformational relaxation but
exhibits a faster rate of conformational transition in a more restricted conformational space than sST2.
Analyses of the relaxed conformations of ST2 further suggest important contributions of interdomain
salt-bridge interactions to the stabilization of different ST2 conformations. Our study elucidates
differential conformational properties between sST2 and ST2 that may be exploited for devising
strategies to selectively target each isoform.

The interleukin-1 (IL-1) family of cytokines and their receptors are key regulators of innate immunity that can
initiate inflammatory response in hosts to fend off foreign antigens"* Ten IL-1 receptors (IL-1R) have been iden-
tified including the IL-1R1, IL-1R2, IL-1R accessory protein (IL-1RAcP or IL-1R3), IL-1R like 1 (IL-1RLI, ST2 or
IL-1R4), IL-18Rav/3 (or IL-1R4/7) and IL-1R accessory protein like 1 (IL-1RAPL or IL-1R9)>* IL-1R are single
pass transmembrane proteins that contain an ectodomain (ECD) and a conserved cytoplasmic Toll-IL-1-Receptor
(TIR) domain®. The ectodomain consists of three consecutive immunoglobulin-like C2 type-1,2,3 domains
(denoted as D1-D3) connected by short linkers. The current model of the IL-1 pathway activation suggests that
the IL-1 cytokine binds to its cognate IL-1R to recruit a second IL-1R member forming a hetero-trimeric protein
complex and causing dimerization of TIR domains for downstream signaling’. Activation of the IL-1 pathway by
extracellular cytokines can be regulated by negative or decoy receptors. The negative receptors, such as IL-1R2,
lack the cytoplasmic domain to induce downstream signaling®. The decoy receptors include circulatory soluble
receptors”® that sequester cytokines and limit the pool of free cytokines for binding to cytokine receptors on
the cell membrane. The interplay of the binding between the cytokines and the membrane and soluble cytokine
receptors allows to control the strength and duration of cytokine-mediated inflammatory response after cytokines
are secreted to blood circulation.

Among the IL-1R members, ST2 is expressed on hematopoietic cells including T helper type 2 (Th2) cells,
group 2 innate lymphoid cells (ILC2), regulatory T cells (Tregs) and mast cells*'°. Membrane-bound ST2 binds
with the only known ligand IL-33 to recruits IL-1RAcP resulting in TIR domain dimerization between ST2 and
IL-1RAcP>!". Signal transduction via the ST2/IL-33 pathway leads to p38 MAP kinases phosphorylation and
nuclear factor (NF)-kB activation!!. Activation of the ST2/IL-33 axis in Th2 cells causes secretion of IL-4, IL-5,
IL-13'*"' and IL-9" that elicit type 2 immune response'®. Dysregulation in the ST2/IL-33 signaling has been
associated with several disease progression including excessive induction of ST2/IL-33 in Th2 cells'* found in
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Figure 1. The crystal and the model structures of ST2 and sST2. (A) The model structure of mouse IL-1RAcP,
mouse ST2, mouse IL-33 and the POPC membrane. (B) Models of human ST2!, ST2? and ST23. The lipid
membrane built with ST2? is shown and human IL-33 (yellow surface) bound to ST2! is displayed as a reference.
Al ST2?, ST2? and ST2? are aligned to the transmembrane and the cytosolic domains in ST2?. (C) The crystal
structure of human ST2EP and human IL-33 (PDBID: 4KC3). ST2ECP is used to construct the sST2 model. The
lipid membrane is shown as a quick surface model. Figures are prepared using PyMOL 2.3.0 (www.github.com/
schrodinger/pymol-open-source) and VMD 1.9.4 (www.ks.uiuc.edu/Research/vmd)?"%,

asthma patients'. In patients developing graft versus host disease (GVHD) after hematopoietic cells transplanta-
tion (HCT), excessive increases of the sST2 level reduce the pool of IL-33' for activation of the ST2/IL-33 axis in
Th2, ILC2, and Tregs cells that leads to unrestrained inflammation in early GVHD progression'*-2!.

Antibodies?>* and small-molecule inhibitors* targeting membrane-bound and soluble ST2 have been
reported. Both isoforms contain the same cytokine binding domains. This presents a challenge to develop spe-
cific inhibitors for use in different disease settings. Although antibodies therapeutics targeting the extracellular
domains of cytokine receptors**?* can recognize specific epitopes, no selectivity between the two forms has been
reported. We?® and other groups>?® have studied the conformations of the ectodomain of ST2 (ST25P) using
Small Angle X-ray scattering (SAXS) and computational simulations. These data showed that ST2EP possess high
conformational flexibility. A recent study indicated that ST2 undergoes a greater conformational motion than
IL-1R1 before binding to the cognate cytokine on the cell membrane®. However, the extent of different confor-
mational flexibilities between sST2 and ST2 remains unknown. Despite that sST2 and ST2 both contain the D1-3
domains, we hypothesized that ST2 may have limited conformational flexibility than sST2 because ST2 is fixated
on the membrane via the transmembrane and the cytoplasmic domains. A better understanding of the differences
between sST2 and ST2 conformations will provide insights to develop selective inhibitors.

In this work, we performed MD simulations of sST2 and ST2 in their glycosylated forms using the physiolog-
ical salt concentration. A broad conformational space of sST2 was mapped using conformations obtained from
conventional MD and accelerated MD (cMD and aMD) simulations. Because aMD was not implemented to sam-
ple ST2, we performed cMD simulations using three different orientations of ST25® on the membrane (Fig. 1) to
map the conformational space of ST2ECP (or ST2 hereafter). We first employed the principal component analysis
(PCA) to determine the conformational differences between sST2 and ST2. We then built the Markov State Model
(MSM) to calculate the kinetics of conformational transition in sST2 and ST2. We showed ST2 exhibits less con-
formational mobility by visiting a more confined conformational space and at a slower timescale of transition.
Pairs of salt-bridge interactions were found to contribute to the stabilization of the relaxed ST2 conformations.

Methods

Protein structures used in this study. Eleven crystal structures of protein complexes containing the
ectodomain of the IL-1R members were used in this study (PDB entries: 4DEP?, 4GAF*, 3040%, 1G0Y?,
1IRA*, 1ITB*, 4KC3%, 5VI4°, 4R6 U, 3W04%%, 3WO03°). They included IL-1R1/IL-13 (PDBID:1ITB), IL-1R1/
IL-13/IL-1RAcP (PDBID:4DEP), IL-1R2/IL-13/IL-1RAcP (PDBID:3040), IL-1R1/IL-1Ra (PDBID:1IRA),
IL-1R1/EBI-005 (PDBID:4GAF), IL-1R1/AF10847 (PDBID:1GO0Y), human ST2/IL-33 (PDBID:4KC3), mouse
ST2/IL-33/IL-1RAcP (PDBID: 5VI4), IL-18R1/IL-18 (PDBID: 4R6U,3WO3) and IL-18R1/IL-18/IL-18RAPL
(PDBID:3WO4). EBI-005 is an IL-1(3 chimera and binds more potently to IL-1R1 than IL-13°. The crystal
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structure of ST2 extracted from ST2/IL-33 (PDBID: 4KC3) was used to construct sST2 (sequence:A18-P323)
in which missing amino acids? were rebuilt using the MOE program?”. To construct membrane-bound ST2, a
homology modeling of the transmembrane and cytoplasmic domains of ST2 (sequence: K321-A556) was per-
formed using the iTasser server’®. Five homology models were obtained and four models gave helical conforma-
tions in the transmembrane domain. We selected the first model because the N-terminal segment (K321-H326) of
the transmembrane domain had the least clashes with the membrane. The segment (K321-P323) in ST2 from the
crystal structure was then superimposed with the same segment in the homology model of the transmembrane
and the cytoplasmic domains of ST2 to obtain the ST2 model (sequence: A18-Q556). The same procedures were
used to build the transmembrane and the cytosolic domains of mouse IL-1RAcP and mouse ST2 complex using
the crystal structure of the ectodomain of mouse IL-1RAcP, mouse ST2 and mouse IL-33 (PDBID: 5VI4)°.

MD simulation setup. In preparation of the simulations, we have used the MOE program®” to determine the
protonation state of ionizable groups on sST2 and ST2 under the standard physiological condition. The crystal
structure of ST2 (only the ectodomain was resolved) showed three N-acetylglucosamine modified asparagines
(N95, N140, N151) and five disulfide bonds. These post-translational modifications were retained in the MD
simulations. The crystal structure of human ST2 was used as the initial conformation for sST2. For the initial
conformation of membrane-bound ST2, we have set the backbone dihedral angle of L324 at 61°, 68° and 129° to
generate three different orientations of ST2ECP (denoted ST2!-3) relative to the lipid bilayer. The ectodomain of
ST22 deviated from that of ST2' only by 7° whereas a significant backbone rotation of L324 in ST2? from that of
ST2! was made. To prepare the sST2 and ST2 systems for simulations, we used the CHARMM-GUI server®. sST2
was solvated in a rectangular waterbox with the edge distance set to 10 A and under 0.15 M of KCl salt concentra-
tion. To prepare the ST2 system, the transmembrane domain of ST2 was first oriented using the Orientations of
Proteins in Membranes (OPM) server®’. The transmembrane domain of ST2 was then inserted in a POPC lipid
bilayer using the CHARMM-GUI server. The x- and y-dimension of the lipid bilayers were 140, 187 and 182 A in
length for ST2'-* and the number of POPC molecules on the top and the bottom lipid layer were ST2! (228,236),
ST2%(275,283), ST2? (275,267) respectively. The thickness of the water layer was set at 85 A on both the top and
bottom layers. The KCl salt concentration was set at 0.15 M. After the system preparation, we found that the ecto-
domain of ST23 was close to the lipid membrane surface. Based on the settings, ST2* conformation will allow us to
study how the close contact between the ectodomain of ST2 and lipid affects the motion of the ST2 ectodomain.

The CHARM36 additive force field parameters*! were used for both sST2 and ST2. The force field parameters
for glycan and POPC were obtained from Glycan Reader*? and Membrane builder** in CHARMM-GUI server.
The TIP3P model** was used for the water molecule. The force field parameters of the systems were converted
into the AMBER format*! and the MD simulations were performed by using the GPU modification to PMEMD*
from Amber (version 18)*. Preparation of the system for the production runs used the following procedures.
For sST2, a 5000-step minimization (steps 1-2500 using conjugated gradient followed by 2500 steps steepest
decent) was first carried out in which protein atoms were constrained with a 1.0kcal/mol/A? force constant with
reference to the crystal structure. After minimization, a 25 ps constant volume and constant temperature (NVT)
simulation was performed by setting the temperature of the system to 303.15K while constraining protein atoms
with a 1.0 kcal/mol/A? force constant with reference to the crystal structure using a time step of 1fs. Another 1 ns
constant pressure and constant temperature (NPT) simulation at 303.15K and P = 1 atm was performed without
constraining protein atoms before the production runs were executed using the time step of 2 fs. The SHAKE*
algorithm was used to fix bonds involving hydrogen. The PME method* was used to account for long-range
electrostatic interaction and the non-bonded cutoff distance was set at 12 A and the force-based switching set at
10 A. For ST2, a 5000-step minimization (steps 1-2500 using conjugated gradient followed by 2500 steps steepest
decent) was first carried out in which protein atoms were constrained with a 10.0kcal/mol/A? force constant and
the phosphorus atoms in POPC were constrained with a 2.0kcal/mol/A? force constant with reference to the
initial structure. Six equilibration steps were adopted. First, a 25 ps NVT simulation was performed by setting the
temperature of the system to 303.15 K while constraining protein atoms with a 10.0kcal/mol/A? force constant
and the phosphorus atoms in POPC with a 2.0 kcal/mol/A? force constant with reference to the initial structure
using a time step of 1fs. Second, same procedures as the first were used but the constraints to the protein atoms
were reduced to a 5.0 kcal/mol/A? force constant. Third, a 25 ps NPT (T =303.15K, P = 1atm) simulation was
performed by constraining protein atoms with a 2.5 kcal/mol/A? force constant and the phosphorus atoms in
POPC with a 1.0 kcal/mol/A? force constant with reference to the initial structure using a time step of 1fs. The
constant surface tension was set to zero on the xy plane. Forth, same as the third for a 50 ps simulation but the
constraints to the protein atoms and the phosphorus atoms in POPC were reduced to 1.0 and 0.5 kcal/mol/A?
respectively. Fifth, same as the forth for a 100 ps simulation at a time step of 2 fs but constraints to the protein
atoms and the phosphorus atoms in POPC were reduced to 0.5 and 0.1 kcal/mol/A? respectively. Sixth, same as
the fifth but only the protein atoms were restrained to a 0.1 kcal/mol/A? force constant. Another 1 ns equilibration
at a time step of 2 fs was performed without imposing constraints to the protein atoms before the production run
was initiated.

In the aMD simulations, we used the average total and dihedral energy of 2 ns equilibrium run prior to the
starting conformation at 10ns of cMD simulation to calculate three threshold potential energies, called aMD1,
aMD2 and aMD3, described in our previous work?. The conformation at 10 ns of cMD simulations was selected
as the starting conformation for conformational sampling in aMD. Because the rate for the starting conformation
to be trapped at local minima differed among AMD1-3, we performed 80, 81.5 and 61.1 ns of simulations using
the aMD1-3 parameters respectively.

Principal component analysis (PCA). The procedures to perform the PCA have been described previously®.
Briefly, thirteen crystal structures from the eleven protein complexes containing the ectodomain of the IL-1R
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members (IL-1R1, IL-1R2,IL-1RAcP, ST2, IL-18R1 and IL-18RAcP) were analyzed in the PCA implemented
in the Bio3D version 2.3* in the R program 3.6°°. Among the crystal structures, only Ca atoms (total of 184)
coordinates of non-gap amino acids determined in the sequence alignments were used in the PCA to define the
backbone conformational space. Conformations obtained from each trajectory from the simulations were then
projected to the principal component (PC) space to analyze the conformational changes. In the PCA, the first
three PCs contributed 47.17, 30.64 and 10.95% (Table S1) to the overall structural displacements respectively.

Cluster analysis of sST2 conformations obtained from the aMD1 simulation. We used the tem-
plate project module from MSMBulider v3.8°"%* to perform the analysis. Snapshots of the protein conforma-
tions from the aMD1 simulation were taken in every 50 ps. The conformational space of sST2 was defined by
the torsional angles of the backbone and the side chains of 9 amino acids (sequence: 201-210, VKDEQGFSL)
between the D2 and the D3 domain of ST2. The torsional angles were converted into features that were subjected
to time-lagged independent component (tIC) analysis®>~>° using a lag time of 500 ps. To determine the 15 cluster
groups, we performed the K-Medoids clustering analysis®* of the loop conformations using the first five tICs
representing five slowest relaxation degrees of freedom. The conformations closest to the centroid of each cluster
group were used as representative conformations shown in Fig. $4.

Markov State Model construction. The pyEMMA package 2.5.7°° was used in the Markov State Model
(MSM) analysis. Snapshots of sST2 or ST2ECP conformations at every 50 ps obtained from the simulations were
used in the analysis. Only the backbone dihedral angles of the 9 amino acids at the loop were included in the tIC
analysis. We varied the lag time from 0.05 to 20 ns and determined 4, 15, 15 ns were suitable to obtain the plateau
values of the implied timescales in the analyses of sST2, ST2ECP and sST2 + ST2E°P ensembles (see Fig. S9). To
determine the number of microstates to model the transition events, we varied the number of cluster groups from
10 to 600 and found 300 clusters giving a plateau VAMP-2 score value. In the Robust Perron Cluster Analysis
(PCCA+) analysis”, we varied the number of macrostates from 6 to 12 and found the 12-macrostate model giv-
ing good agreement between the estimated and the predicted transition probability in the Chapman-Kilmogorow
test (CK test, cf. Figs. S10 and S12)%8.

Results

The D3 domain of sST2 and ST2 exhibited great flexibility observed in the early time of MD
simulations. We have previously reported that the D3 domain of ST25P (ST2P%) underwent a large ampli-
tude rotational motion relative to the D1 and D2 domains (ST2P'P2)%. Using different force fields parameters
including three glycosylated asparagines in sST2, we reached a similar finding in this study (Fig. S1). We first
aligned the D1D2 domain of ST2 conformations to the crystal structure of ST2EP in complex with IL-33 to
determine the backbone motions of each domain for the initial 108 ns of sST2, ST2! using the cMD simula-
tions. We found the deviation of sST2P? was small whereas that of sST2P! was larger. Changes of the backbone
root-mean-squared-deviations (RMSDs) of sST2P® were dramatic and the values rose to around 20A at 1.4ns
before increasing to 50 A at 85 ns. In the case of ST2, we found similar patterns of backbone deviations among the
D1-D3 domains. For example, ST2P? remained close to the crystal structure of ST2 and ST2P! deviations were
less than that found in sST2P!. Increases of backbone RMSDs in ST2P* however varied in three different ST2
simulations. Rises of RMSDs to 40-60 A all occurred at a later time in ST2 compared with that in sST2. In all four
108 ns simulations of sST2, ST2!-3, the average RMSDs for ST2P!, ST2P?, ST2P® were 3.71 £0.48, 2.50 £ 0.55 and
43.09 4 13.31 A respectively. The data confirmed that the large interdomain motion between ST2P'P2 and ST2P?
is a shared property between sST2 and ST2 and is unaffected by the transmembrane and the cytosolic domains
of ST2.

The large RMSD values of the D3 domain imply flexible motion of ST2P?, but they are not ideal classifiers to
distinguish different ST2 conformations. We then employed the PCA to analyze the conformations of sST2 and
ST2FCP obtained from the long-time MD simulations following the procedures reported previously?. In PCA,
the overall backbone motion of the protein was decomposed to different types of collective motions described
by PCs*. The collective motions of the first six PCs were provided in the Supplemental Materials for reference.
Only PC1 showed a large amplitude motion of ST2™ relative to ST2P'P2. The remaining PC2-PC6 characterized
either collective backbone vibration or twisted motions. sST2 and ST25P conformations from the simulations
projected to the PC space further allowed to analyze the differences of the conformational changes associated
with each type of motion®.

Although the complete description of ST2 conformational motions required all PCs (552 degrees of free-
dom) in the analysis, we have shown that the first three PCs (PC1-3) provided a reasonable characterization
of the large amplitude ST2 motions in plots®. For example, the first three PCs accounted for 87% of structural
variations in the crystal structures here. After the projections of ST2 conformations to PC1-PC3, we found that
conformations of sST2 were mapped to a circular path along PC1 and PC2 (Fig. 2A) suggesting a nonlinear
coupled motion of large amplitude domain motions (PC1) and collective backbone vibration (PC2) dominated
the conformational transition. In the PC1-PC3 space, we also found that sST2 visited conformations close to the
cytokine-bound IL-1R1/2 conformations (red open circles) and was trapped in a region close to the conformation
of the antagonist-bound IL-1R1 (PDBID: 1GO0Y, the cyan dot in Fig. 2A). The final sST2 conformation in Fig. 2A
showed that sST2 adopted a close conformation in which the D1 and D3 domains contacted each other®.

In the ST2 conformations obtained from the cMD simulations, circular paths along PC1 and PC2 were not
found (Fig. 2B-D). This suggests that ST2E°P underwent less degree of the large amplitude motion along PC1.
ST2ECP mainly sampled a larger conformational space along PC2 and PC3, reflecting coupled backbone vibration
and twisted motions. In the 386 ns of ST2!, 759 ns of ST22, and 1.53 s of ST2* cMD simulations, conformation
overlaps between ST2! and sST2 are greater in the PC1-3 space indicating their similar relaxation paths. The PCA
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Figure 2. Projections of ST2 conformations to the three-dimensional PC1-3 space. In (A), sST2 conformations
obtained from the cMD simulations are colored in green circles. The conformations are also projected to the
two-dimensional PC1-PC2, PC2-PC3 and PC1-PC3 spaces. The starting conformation is shown in a yellow
circle and the end conformation is depicted in a black circle. In (B-D), conformations of the ectodomain of
ST2?, ST22, and ST2? are projected to the PC1-3 space in blue, purple and cyan circles respectively. Crystal
structures used to construct the PC space are shown in red open circles. The cyan dot with a red circle
corresponds to the antagonist peptide bound IL-1R1 structure (PDBID: 1G0Y). Figures are prepared with the R
program 3.6 (www.r-project.org) and Matplotlib 3.1.3 (www.matplotlib.org).

is thus a useful tool to analyze and differentiate the large amplitude conformational transitions between sST2
and ST2. To examine the overall shape changes in ST2, we monitored the distance of the center-of-mass (COM)
between the D1 and the D3 domains (COMP!-P%) and the radius of gyration (ROG) of the proteins. Fig. S2
showed that COMP!-P? of sST2 decreased quickly in less than 100 ns. For ST2, the D1 and the D3 domains made
close contacts at a slower pace in the ST2! and ST22 simulations. In contrast, no contact was established in ST2?
over the 1.53 ps simulation. Changes of the ROG values showed a similar trend suggesting that the ectodomain
of ST2? relaxed to an extended conformation different from the globular shapes found in sST2, ST2! and ST2%

Extensive mapping of the sST2 conformational space was facilitated by the aMD simulations.
We have previously demonstrated that aMD allows efficient conformational sampling of IL-1R1EP and ST2EP to
cover broad conformational spaces inaccessible to cMD using the same simulation times but different simulation
paramters®>%. To examine the outcomes of the force field parameters used in this study, we evaluated three sets
of acceleration parameters (aMD1-3) in the aMD simulations of sST2 (Fig. S3). Modifications of the potential
energy functions by aMD1-3 parameters were expected to sample the sST2 conformations from an elevated to
a higher energy states?. This was shown by different densely populated regions in PC1-3 accessed by the three
aMD simulations (see Fig. S3A-C). Collectively, sST2 conformations obtained from cMD and aMD1-3 (a total of
240 ns simulations) mapped to a larger PC1-3 space than those of ST2EP from a total of 2.7 us cMD simulations
(cf. Fig. $3D). To further determine the conformational differences between sST2 and ST25P, we analyzed their
projections to the first six PCs that account for 99% of structural changes (or variances) in Fig. 3. We used the
conformations of the mouse ST2 from the simulations of the complex of mouse IL-1RAcP/ST2/IL-33 (Fig. 1A)
as a reference to represent the IL-33-bound ST2 state. Figure 3A showed that ST2EP generally sampled a more
restricted PC space. The plots also indicated that motions along the PC1, PC2 and PC4 differ between sST2 and
ST2ECP because of less overlapping population. Because most of the sST2 conformations were sampled from aMD
simulations, the dense populations in the PC space do not correspond directly to the lowest free energy of the
unmodified potential surface. To visualize the structural differences between sST2 and ST25P, we performed the
K-Mean cluster analysis using the first seven PCs (99% of variances) and identified 22 and 13 cluster groups in the
sST2 and ST2ECP conformations respectively. Representative conformations closest to the centroid of each cluster
group were aligned to the crystal structure of ST2P!P? for comparison. Figure 3B highlighted that the D3 domain
of sST2 indeed underwent greater rotational and twisted motions than that of ST2EP.
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Figure 3. Projection of sST2 and ST2 conformations to PC1-PC6 and representative conformations of sST2 and
ST2 from simulations. In (A), sST2 (green) and ST2 (orange) conformations are projected to a two-dimensional
PC space from PC1 to PC6. Projected conformations of mouse ST2 from the mouse IL-1RAcP/ST2/IL-33
simulation are shown in blue contour maps. In (B), selected representative conformations of sST2 and ST2 from
the cluster analysis are shown. All conformations are aligned to the crystal structure of ST2P'P2 (grey surface)
and arranged that the crystal structure of ST2P'P? is facing forward. The crystal structure of IL-33 is displayed

as a yellow surface model. Figures are prepared using the R program 3.6 (www.r-project.org), Matplotlib 3.1.3
(www.matplotlib.org) and PyMOL 2.3.0 (www.github.com/schrodinger/pymol-open-source).

Performing multi-trajectory equilibrium cMD simulations using diverse sST2 conformations to
investigate the interdomain loop dynamics. Although aMD efficiently sampled the sST2 conforma-
tions at a shorter simulation time, estimation of the conformational transition kinetics requires trajectories gov-
erned by unmodified potential energy functions. To study the global conformational transition, cMD simulations
of sST2 started with diverse conformations in the free energy surface are needed. Our analysis showed conforma-
tions sampled by the aMD1 simulation represented the smallest modified potential energy function yet covered a
large PC1-3 space (Fig. S3A). We also reported that flexibility of the loop between ST2P2 and ST2P? led to diverse
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Figure 4. The weighted free energy surface constructed from the loop conformations of sST2 obtained from
c¢MD simulations and the conformational transition flux of sST2 based on the MSM. In (A), conformations
of sST2 relaxed from the IL-33 bound ST2 structures (101 ns, brown dots) are mapped to the weighted free
energy surface of sST2 built from the loop conformations of a total of 4.5 ps of cMD simulations. The ST2
crystal structure is shown in a red dot. In (B), the transition flux from the right most macrostate (denoted as
A) to the left most macrostate (denoted as B) along the slowest degree of freedom (tIC1) based on the MSM is
displayed. The transition directions and rates between different macrostates are labeled. Figures are prepared
with pyEMMA 2.5.7 (www.emma-project.org).

sST2 conformations®. To select sSST2 conformations for multi-trajectory simulations, we used the torsional angles
of the backbone and side chains of 9 amino acids in the loop region (sequence: 201-210, VKDEQGFSL) to rep-
resent sST2 conformations obtained from the aMD1 simulation. The time-lagged independent component (tIC)
analysis of the torsional angles was used to determine the two slowest degrees of freedom of the loop motion
(tIC1-2). After mapping the sST2 conformations to tIC1 and tIC2, we performed the K-Medoids cluster analy-
sis®? to identify 15 cluster groups distributed in five distinctive regions (Fig. S4). Representative conformations
in each cluster group indeed showed a wide range of sST2P* orientations relative to sST2P'P? (Fig. $4). These 15
conformations were used as the initial conformations for 300 ns cMD simulations to generate an equilibrium
ensemble of sST2. By monitoring the values of COMP'-P? in the 15 cMD simulations, we found that sST2 either
collapsed to conformations in which ST2P! contacted ST2P* or adopted extended conformations at the end of the
simulations (Fig. S5).

To analyze the conformational transition kinetics of ST2, we employed Markov State Model (MSM) imple-
mented in pyEMMA?. In this analysis, only the backbone torsional angles of the loop were used as the reaction
coordinate to represent the conformational transition. We have varied the lag time and numbers of cluster groups
to determine parameters suitable for the MSM. We found 80 steps (or 4 ns lag time) and 300 cluster groups gave
converged stationary distribution and weighted free energy surface in tIC1 and tIC2 (Figs. S6, S7). Based on the
analysis, sST2 conformations were divided into two connected valleys on the free energy surface (Figs. S6, 7). The
stationary distribution indicated a larger population of sST2 at the right valley with a corresponding lower free
energy of the loop segment (tIC1 =1, Fig. S7). The trajectory started from the IL-33 bound sST2 in the cMD sim-
ulation also mapped to the right valley (Fig. 4A). The conformational transition flux corresponding to the slowest
implied timescale (~5728 ns, Fig. S8) displayed a population flow (or conformational changes) from the lower
left valley (tIC1 = —2, tIC2 = —2, Fig. S9) to the right valley. To depict the conformational transition flow using
a smaller number of metastable states, we performed the Robust Perron Cluster Analysis (PCCA+ ) analysis®.
After conducting the Chapman-Kilmogorow test (CK test)*®, we found that 12 metastable states were required to
give agreement between the predicted and estimated metastable state relaxation (Fig. S10). By tracking the flux
from the right-most metastable state to the left-most state along tICI1 (the slowest degree of freedom of the loop
motion), we found that sST2 conformations on the right valley channeled via two pathways (from S, to S,¢/S; and
S11 to S;/S¢ respectively) to the left valley before reaching B (Sg) (Fig. 4B). As demonstrated, the broad conforma-
tional space of sST2 generated from the cMD simulations provided a necessary free energy landscape coverage to
analyze the ST2ECP conformations obtained from the cMD simulations.

The conformational transition kinetic of ST2E® in ST2 and its relation to sST2.  To analyze con-
formational transition of ST2 alone, we used the same parameters and procedures in MSM as those in sST2.
Fig. S11 showed that ST2ECP conformations were mapped to three regions. The slowest timescale of the confor-
mational transition for ST2 was estimated at ~299 ns (Fig. S8). The first 307 residues (sequence 19-323) of ST2
(i.e. ST2ECP) and sST2 are identical. To compare sST2 with ST2EP using the same tICs, we combined the loop
conformations of sST2 and ST2ECP in the following analysis. Figure 5A showed all conformations were divided to
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Figure 5. Projection of sST2 and ST2 conformations to the weighted free energy surface based on sST2 and
ST2. Conformations of sST2 started with sST2*® are shown in (A). Conformations of sST2 and ST2 are shown
in (B) and (C). In (D), dominant fluxes (>2 * 10~5/ns) flowing from the right most macrostate (denoted as A)
to the left most macrostate (denoted as B) along the slowest degree of freedom (tIC1) based on the MSM are
displayed. Figures are prepared with pyEMMA 2.5.7 (www.emma-project.org).

12 metastable states (macrostates) and the IL-33 bound ST2 (ST2*®) was located in S ,. Although the overall free
energy landscape of sST2 + ST2E°P was modified (cf. Figs. 4A and 5A, tIC2 changes sign in the free energy surface
between sST2 and sST2 + ST2ECP), yet the free energy surface was dominated by sST2 conformations (Fig. 5B).
Figure 5C further indicated that ST2E°P sampled additional loop conformations not visited by sST2 after 1 s of
simulations. Similar to the findings in the sST2 analyses (Fig. 4B), the major population flux along tIC1 between
two valleys flowed from S,, to S, (S to S, in Fig. 4A) but much less via the second pathway before reaching state
B (Fig. 5D). The second major flux (S8 — S3 — B) is associated with sST2 not ST25P. Among the ST2 confor-
mations, we found that conformations of ST2! and ST2? were localized at the right valley (Fig. 6B-C). These con-
formations corresponded to the relaxation of ST2ECP to a final state that ST2P'P? made close contact with ST2P3
(Fig. S2). In contrast, conformations obtained from ST2° were mapped to three different regions including those
in S not accessed by ST2! or ST2? (Fig. 6D).

Because the loop conformations obtained from ST23 covered a broader range in the free energy surface than
ST2! and ST22, we further analyzed the time evolution of the conformations in ST23. In Fig. 7, we divided the tra-
jectory of the ST2? simulation into five different time intervals (1-260, 260-500, 500-700, 700-1032, >1032ns)
guided by the changes of COMP!-P3. Figure 7A showed that ST2EP transited among So, S;o and Sy, in the initial
260 ns. In 260-500 ns (Fig. 7B), ST2EP underwent conformational transition by shuttling among S,,, S, and S,,.
This paralleled the large variations of COMP!"P3 in Fig. 7F. In 500-700 and 700-1032 ns, ST25CP relaxed to the
conformational state localized densely in S; and S, (cf. Figures 7C,D and 5). In >1032 ns, ST25°P underwent
smaller amplitude interdomain rotation and reached other local regions (S;, S;) not sampled by sST2 (Fig. 7E). In
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Figure 6. Dominant fluxes of the conformational transitions in sST2 + ST2EP based on the MSM and
projection of ST2 conformations to the weighted free energy surface. In (A), the dominant fluxes flowing from
the right most macrostate (denoted as 5) to the left most macrostate (denoted as 4) along the slowest degree of
freedom (tIC1) based on the MSM are displayed. In (B-D), conformations obtained from the ST2!, ST2% and
ST2? simulations are projected to the weighted free energy surface respectively. The transition directions and
rates between different macrostates are labeled. The ST2 crystal structure is shown in a yellow dot. Figures are
prepared with pyEMMA 2.5.7 (www.emma-project.org).

Fig. 7G, we showed the arrangement of the D1-D3 domain in ST2 at 200, 400, 600, 800, and 1500 ns correspond-
ing to five time-windows. We also aligned ST2 to ST2"* to demonstrate the rotation of ST2P'P? from the IL-33
bound ST2*¥ structure in Fig. 7H. Figure 7H demonstrated that the ST25P conformation was close to ST2x%
at 200 ns indicated by the close proximity between the D1 and the D1x (D1 of ST2*"*) domains. After 260 ns,
ST2P'P2 underwent significant rotation relative to ST2P* and transitioned to extended conformations giving large
COMP'"3 yalues at ~70 A in Fig. 7F. In 500-700 ns, ST2FCP adopted a conformation that the D1 domain was
about 180° from the D1x domain in ST2X®. After 700 ns, ST2FCP relaxed to the local free energy minima and
assumed extended conformations until 1500 ns.

Salt-bridge interactions contribute to the stabilization of the ST2EP conformations after long
time MD simulations. Based on the COMP!-3 values, ST2 conformations started with three different initial
conformations relaxed and stabilized to different conformations. We asked if specific interactions contributed to
the stabilization of the loop conformations by analyzing the final snapshots of each ST2 simulation. We found
several pairs of salt-bridge interactions in the loop region may play a role. They included E126-K241, K127-E205,
E126-K127, K203-E205 and E205-K241. We then monitored the distances between these salt-bridge interactions
in each ST2 simulation (Fig. 8). We found that K127-E205 occasionally formed hydrogen bonds at the end of ST2!
simulation whereas a strong E126-K241 interaction and a weaker E205-K241 interaction were found at the end of
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Figure 7. Time evolution of the conformations obtained from the ST2* simulation. In (A-E), ST2
conformations (black dots) are projected to the weighted free energy surface in the time window of 1-260, 260-
500, 500-700, 700-1032 and >1032 ns. In (F), the times at 260, 500, 700, and 1032 ns are drawn as red vertical
lines in the COMP!-P3 plot. In (G), snapshots of ST2 conformations at 200, 400, 600, 800 and 1500 ns from

the ST2? simulation are shown. The D1, D2, and D3 domains are displayed as the surface representation and
colored in red, grey and green respectively. The lipid is shown as a quick surface representation. In (H), the same
ST2 conformations as those in (F) are shown in the cartoon representation. The ST2 crystal structure is aligned
to the D3 domain of each ST2 conformation and the D1 domain of the ST2 crystal structure (denoted as D1x) is
colored in cyan color. The D2 and D3 domains of ST2** are colored in brown color and the top view of the lipid
is used. Figures are prepared using pyEMMA 2.5.7 (www.emma-project.org), Matplotlib 3.1.3 (www.matplotlib.
org), and VMD 1.9.4 (www.github.com/schrodinger/pymol-open-source)*”%,

ST2?% simulation. In the ST2? simulation, E205 and K241 formed a strong salt-bridge interaction at the end of the
simulation. These salt-bridge interactions were not observed in ST2** bound with IL-33 and likely contributed
to the stabilization of different ligand-free ST2 conformations.

Discussions

Attenuation of cytokine mediated cellular responses by soluble cytokine receptors can limit the cytokine pool
in circulation’®. Several mechanisms of soluble cytokine receptors production have been reported’ including
sST2 that is produced via alternative splicing® before excretion to extracellular milieu. Aberrant production
of sST2 is associated with severity in graft versus host disease®*-%, cardiac transplantation rejection, IBD and
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Figure 8. Distances between pairs of salt-bridge interactions and snapshots of ST25°P conformations from

the ST2 simulation. In (A-C), distances between the acidic group of Glu and amine group of Lys in the pairs

of E126-K241 (red), E205-K127 (black), E126-K127 (orange), E205-K203 (green), and E205-K241 (blue) from
the ST2!, ST22, and ST2® simulations are shown. In (D), the crystal structure of ST2/IL-33, the final snapshots
of ST2 from the ST2!, ST22, ST2? simulations are shown in grey, red, blue, and green colors respectively. The D3
domain of ST2*™ is aligned to ST25P and IL-33 is colored in yellow. Amino acids participating in salt-bridge
interactions are shown in a ball-and-stick model and labeled. Carbon, oxygen, nitrogen and hydrogen atoms
are colored in cyan, red, blue and white. Figures are prepared using Matplotlib 3.1.3 (www.matplotlib.org) and
VMD 1.9.4 (www.ks.uiuc.edu/Research/vmd)?*"2,

other chronic diseases®~7!. Further, persistent activation of ST2/IL-33 axis also contributes to chronic type 2
inflammation in asthma!” and atopic dermatitis’>’>. Despite the different role of membrane-bound and solu-
ble cytokine receptors in diseases, our understanding of the differences between them beyond their sequences
remains limited. Characterization of differential conformational preferences and dynamics between the soluble
and membrane-bound cytokine receptors may assist in developing novel therapeutic approaches to target specific
isoforms.

In this study, we found that the IL-33 bound sST2 relaxed to a conformation similar to our previous report®.
From the microsecond cMD simulations of ST2 using three different orientations of ST2EP, we showed that
ST2ECP relaxed to a close state (indicated by small COMP!"P3 values) at a slower rate than that of sST2 (300 versus
50ns). PCA indicated that the close state of sST2 differs from ST2EP observed at the end of the ST2! and ST2?2
simulations. In the ST2% simulation where ST2ECP was initially positioned close to the membrane, ST25°P did
not relaxed to a close state but to an extended conformation in 1.5 ps of simulations. Because the IL-33 bound
ST2 structure was used as the initial conformation in sST2 and ST2EP, the restrain of ST2ECP by the trans-
membrane and the cytosolic domains or the interaction of ST2EP with lipids may influence the conformational
relaxation of ST2ECP, We also found that the interdomain rotational motion in sST2 causes sST?2 relaxed to a local
state at <100 ns timescale. In contrast, ST2ECP can relax either to different close states or assume an extended

SCIENTIFIC REPORTS |

(2020) 10:7399 | https://doi.org/10.1038/s41598-020-64034-2


https://doi.org/10.1038/s41598-020-64034-z
http://www.matplotlib.org
http://www.ks.uiuc.edu/Research/vmd

www.nature.com/scientificreports/

conformation for ~500 ns. Encounter of ST2ECP with the lipids potentially induces a perturbation to modify the
free energy surface of ST2EP. Comparison of the representative sST2 and ST2E°P conformations from the aMD
and cMD simulations demonstrated that sST2P* may undergo a wider rotational motion relative to sST2P!P? than
those in ST2ECP. The data were supported by PCA that showed larger negative values of PC1, reflecting a rota-
tional motion of ST2™ relative to ST2P'P2, in the sST2 conformations.

Diverse sST2 conformations generated by the aMD simulations also allowed us to perform multi-trajectory
cMD simulations to study the kinetics of global conformational transition in sST2. From the 300 ns cMD simula-
tions started with 15 different conformations, we collected conformational transition events of sST2 encompass-
ing different regions in the free energy surface. In comparison, conformational transition events of ST25P were
generated from microsecond cMD simulations of ST2 using three different orientations relative to the membrane.
Because the interdomain loop between ST2P'P2 and ST2P? governs their relative orientation, we used the back-
bone torsional angles of the loop to characterize ST2 conformations and analyzed the kinetics of conformational
transition. Using the two slowest degrees of freedom (or tIC), we showed that ST2ECP accessed primarily the low-
est free energy surface of sST2 during the simulations. Transition of ST25P to another higher free energy valley
was transiently found in the ST2? simulation in which ST2ECP interacts with the membrane initially. Combined
use of multiple shorter time trajectories connecting free energy valleys have been reported to sufficiently model
the transition events in the MSM7#-7¢. Our CK tests also confirmed that the Markovian properties of transition
kinetics underlies the loop dynamics of sST2. Based on the MSM analysis, the slowest implied timescale of con-
formational transition in sST2 is estimated at 5728 ns, longer than the 300 ns simulation of sST2 in each trajectory,
that sST2 accesses higher energy states. In contrast, the simulation times of ST2 far exceeded the slowest implied
timescale of 299 ns for ST2. The timescale should be a reasonable estimate of the conformational transition of ST2
in the subspace visited during the simulations.

Although dihedral angles have been used to identify biomolecular conformations by Schiitte’s group employ-
ing hidden Markov models”’, our choice of the dihedral angles of the loop characterizes the conformational tran-
sition associated with the relative motion between ST2P!P2 and ST2P3. Other choices of reaction coordinates’-3°,
such as the principal components and/or interdomain salt-bridge interactions, need to be investigated to deter-
mine the global conformational transition rate, ideally with experimental data®. Further, our microsecond simu-
lations of ST2 only cover one valley of the free energy surface. Use of diverse initial ST2ECP conformations, similar
to that adopted in the sST2 simulations, and a much longer simulation times will be needed to map out the com-
plete ST2ECP conformational space. More extensive sST2 simulations are also needed to obtain accurate estimates
of the timescale of the interdomain loop motion and assess if ST2EP and sST2 exhibit different preferentially
relaxed conformations shown in Fig. 6. We anticipate that this computational analysis can be employed to study
the conformational flexibility of the membrane-bound IL-1R1 or other cytokine receptors and shed lights on the
mechanism of cytokine recruitment and mechanism of signaling’.

Relaxation of the IL-33 bound ST2 structure tends to adopt a close ST2 conformation that ST2P! contacts
ST2P3, This was observed in sST2, ST2! and ST22 using the cMD simulations. We found that salt-bridge interac-
tions around the loop region may assist in the formation of the close ST2 conformations that were subsequently
stabilized by the interaction between ST2P! and ST2P? Besides the close conformation, the salt-bridge interaction
also participates in supporting a metastable extended ST2ECP conformation observed in the ST2* simulation.
Modulation of the receptor conformation by interdomain interaction has recently been demonstrated by the
study of Li et al.*?. Q268 and Q328 in subdomain 3 and 4 in type I interferon receptor (IFNAR1) was hypothesized
to be in close location because of conformational flexibility based on modeling. Experimentally, conformational
motion of IFNARI bringing Q268C and Q328C in close proximity to enable the disulfide bond formation and
lock the conformation was observed.

Recent development of monoclonal antibodies targeting the D1 or the D3 domain of ST2 provides one exam-
ple that epitopes on different domains in ST2 can be exploited®?. We did not investigate the differences of the
exposed surface areas between sST2 and ST2E°P based on their conformations. The analysis may characterize
differentially solvent-exposed epitopes between sST2 or ST2 for antibody development. Our previous study also
suggested that targeting transient small molecule binding sites in sST2 conformations may be another strategy to
consider?. Whether the metastable ST2 conformations mediated by salt-bridge interaction can be further stabi-
lized by small-molecule modulators for therapeutic purpose® remains to be determined.

In summary, we have employed computational simulations of sST2 and ST2 to demonstrate relatively
restrained interdomain rotational motion in ST2 in comparison to sST2. This is reflected in the timescale esti-
mates of their conformational transition kinetics. The interdomain salt-bridge interactions were found to contrib-
ute to the stabilization of the interdomain loop conformations. Future investigation in the cooperativity between
ST25CP and the TIR domain should shed lights on the recruitment mechanism of IL-1RAcP by ST2/IL33 via the
TIR domains.

Received: 13 December 2019; Accepted: 6 April 2020;
Published online: 04 May 2020

References

1. Dinarello, C. A. Overview of the interleukin-1 family of ligands and receptors. Semin. immunology 25, 389-393, https://doi.
org/10.1016/j.smim.2013.10.001 (2013).

2. Dinarello, C. A. Overview of the IL-1 family in innate inflammation and acquired immunity. Immunol. Rev. 281, 8-27, https://doi.
org/10.1111/imr.12621 (2018).

3. Garlanda, C., Dinarello, C. A. & Mantovani, A. The interleukin-1 family: back to the future. Immunity 39, 1003-1018, https://doi.
org/10.1016/j.immuni.2013.11.010 (2013).

4. Boraschi, D, Italiani, P., Weil, S. & Martin, M. U. The family of the interleukin-1 receptors. Immunol. Rev. 281, 197-232, https://doi.
org/10.1111/imr.12606 (2018).

SCIENTIFIC REPORTS |

(2020) 10:7399 | https://doi.org/10.1038/s41598-020-64034-2


https://doi.org/10.1038/s41598-020-64034-z
https://doi.org/10.1016/j.smim.2013.10.001
https://doi.org/10.1016/j.smim.2013.10.001
https://doi.org/10.1111/imr.12621
https://doi.org/10.1111/imr.12621
https://doi.org/10.1016/j.immuni.2013.11.010
https://doi.org/10.1016/j.immuni.2013.11.010
https://doi.org/10.1111/imr.12606
https://doi.org/10.1111/imr.12606

www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.

23.
24.
25.
26.
. Stone, J. An Efficient Library for Parallel Ray Tracing and Animation Master thesis, University of Missouri-Roll, (1998).
28.
29.
30.
31
32.
33.
34.
35.

36.

37.
. Roy, A., Kucukural, A. & Zhang, Y. I-TASSER: a unified platform for automated protein structure and function prediction. Nat.

39.
40.

41.

42.
43.
44.

45.

. Ginther, S. et al. IL-1 Family Cytokines Use Distinct Molecular Mechanisms to Signal through Their Shared Co-receptor. Immunity

47, 510-523.e514, https://doi.org/10.1016/j.immuni.2017.08.004 (2017).

. Garlanda, C,, Riva, E, Bonavita, E. & Mantovani, A. Negative regulatory receptors of the IL-1 family. Semin. immunology 25,

408-415 (2013).

. Heaney, M. L. & Golde, D. W. Soluble receptors in human disease. J. Leukoc. Biol. 64, 135-146 (1998).
. Symons, J. A., Young, P. R. & Duff, G. W. Soluble type II interleukin 1 (IL-1) receptor binds and blocks processing of IL-1 beta

precursor and loses affinity for IL-1 receptor antagonist. Proc. Natl Acad. Sci. USA 92, 1714-1718 (1995).

. Lohning, M. et al. T1/ST2 is preferentially expressed on murine Th2 cells, independent of interleukin 4, interleukin 5, and

interleukin 10, and important for Th2 effector function. Proc. Natl Acad. Sci. USA 95, 6930-6935 (1998).

Salimi, M. et al. A role for IL-25 and IL-33-driven type-2 innate lymphoid cells in atopic dermatitis. J. Exp. Med. 210, 2939-2950,
https://doi.org/10.1084/jem.20130351 (2013).

Schmitz, J. et al. IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related protein ST2 and induces T helper type
2-associated cytokines. Immunity 23, https://doi.org/10.1016/j.immuni.2005.09.015 (2005).

Schmitz, J. et al. IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related protein ST2 and induces T helper type
2-associated cytokines. Immunity 23, 479-490, https://doi.org/10.1016/j.immuni.2005.09.015 (2005).

Guo, L. et al. IL-1 family members and STAT activators induce cytokine production by Th2, Th17, and Th1 cells. Proc. Natl Acad. Sci.
USA 106, 13463-13468, https://doi.org/10.1073/pnas.0906988106 (2009).

Endo, Y. et al. The interleukin-33-p38 kinase axis confers memory T helper 2 cell pathogenicity in the airway. Immunity 42, 294-308,
https://doi.org/10.1016/j.immuni.2015.01.016 (2015).

Blom, L., Poulsen, B. C., Jensen, B. M., Hansen, A. & Poulsen, L. K. IL-33 induces IL-9 production in human CD4+ T cells and
basophils. PLoS ONE 6, €21695, https://doi.org/10.1371/journal.pone.0021695 (2011).

Wynn, T. A. Type 2 cytokines: mechanisms and therapeutic strategies. Nat. Rev. Immunol. 15, 271-282, https://doi.org/10.1038/
nri3831 (2015).

Fahy, J. V. Type 2 inflammation in asthma [mdash] present in most, absent in many. Nat. Rev. Immunol. 15, 57-65, https://doi.
org/10.1038/nri3786 (2015).

Hayakawa, H., Hayakawa, M., Kume, A. & Tominaga, S. Soluble ST2 blocks interleukin-33 signaling in allergic airway inflammation.
J. Biol. Chem. 282, 26369-26380, https://doi.org/10.1074/jbc.M704916200 (2007).

Zeiser, R. & Blazar, B. R. Acute Graft-versus-Host Disease - Biologic Process, Prevention, and Therapy. N. Engl. J. Med. 377,
2167-2179, https://doi.org/10.1056/NEJMral609337 (2017).

Zhang, J. et al. ST2 blockade reduces sST2-producing T cells while maintaining protective mST2-expressing T cells during graft-
versus-host disease. Sci. Transl. Med. 7, 308ra160, https://doi.org/10.1126/scitranslmed.aab0166 (2015).

Griesenauer, B. & Paczesny, S. The ST2/IL-33 Axis in Immune Cells during Inflammatory Diseases. Frontiers in immunology 8,
https://doi.org/10.3389/fimmu.2017.00475 (2017).

Fursov, N. et al. Monoclonal antibodies targeting ST2L Domain 1 or Domain 3 differentially modulate IL-33-induced cytokine
release by human mast cell and basophilic cell lines. Mol. Immunol. 75, 178-187, https://doi.org/10.1016/j.molimm.2016.05.019
(2016).

Ramadan, A. M. et al. From proteomics to discovery of first-in-class ST2 inhibitors active in vivo. JCI Insight 3, https://doi.
org/10.1172/jci.insight.99208 (2018).

Cardiel, M. H. et al. A phase 2 randomized, double-blind study of AMG 108, a fully human monoclonal antibody to IL-1R, in
patients with rheumatoid arthritis. Arthritis Res. Ther. 12, R192, https://doi.org/10.1186/ar3163 (2010).

Yang, C. Y. et al. Conformational Sampling and Binding Site Assessment of Suppression of Tumorigenicity 2 Ectodomain. PLoS One
11, e0146522, https://doi.org/10.1371/journal.pone.0146522 (2016).

Liu, X. et al. Structural insights into the interaction of IL-33 with its receptors. Proc. Natl Acad. Sci. USA 110, 14918-14923 (2013).

Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J. Mol. Graph. 14(33-38), 27-38, https://doi.
org/10.1016/0263-7855(96)00018-5 (1996).

Thomas, C., Bazan, J. F. & Garcia, K. C. Structure of the activating IL-1 receptor signaling complex. Nat. Struct. Mol. Biol. 19,
455-457 (2012).

Hou, J. et al. Design of a superior cytokine antagonist for topical ophthalmic use. Proc. Natl Acad. Sci. USA 110, 3913-3918, https://
doi.org/10.1073/pnas.1217996110 (2013).

Wang, D. et al. Structural insights into the assembly and activation of IL-1beta with its receptors. Nat. Immunol. 11,905-911, https://
doi.org/10.1038/ni.1925 (2010).

Vigers, G. P, Dripps, D. J., Edwards, C. K. 3rd & Brandhuber, B. J. X-ray crystal structure of a small antagonist peptide bound to
interleukin-1 receptor type 1. J. Biol. Chem. 275, 36927-36933, https://doi.org/10.1074/jbc.M006071200 (2000).

Schreuder, H. et al. A new cytokine-receptor binding mode revealed by the crystal structure of the IL-1 receptor with an antagonist.
Nature 386, 194-200, https://doi.org/10.1038/386194a0 (1997).

Vigers, G. P, Anderson, L. J., Caffes, P. & Brandhuber, B. J. Crystal structure of the type-I interleukin-1 receptor complexed with
interleukin-1beta. Nature 386, 190-194, https://doi.org/10.1038/386190a0 (1997).

Hui, W. et al. Structural basis for the specific recognition of IL-18 by its alpha receptor. FEBS Lett. 588, 3838-3843, https://doi.
org/10.1016/j.febslet.2014.09.019 (2014).

Tsutsumi, N. et al. The structural basis for receptor recognition of human interleukin-18. Nat. Commun. 5, 5340, https://doi.
org/10.1038/ncomms6340 (2014).

Molecular Operating Environment (MOE) (Chemical Computing Group, Montreal, Quebec, Canada. www.chemcomp.com.

Protoc. 5,725-738 (2010).

Sunhwan, J. & Taehoon, K. G., I. V. & Wonpil, I. CHARMM-GUI: A web-based graphical user interface for CHARMM. J. Comput.
Chem. 29, 1859-1865, https://doi.org/10.1002/jcc.20945 (2008).

Lomize, M. A., Pogozheva, I. D, Joo, H., Mosberg, H. I. & Lomize, A. L. OPM database and PPM web server: resources for
positioning of proteins in membranes. Nucleic Acids Res. 40, D370-D376, https://doi.org/10.1093/nar/gkr703 (2012).

Lee, J. et al. CHARMM-GUI Input Generator for NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM Simulations
Using the CHARMM36 Additive Force Field. J. Chem. Theory Computation 12, 405-413, https://doi.org/10.1021/acs.jctc.5b00935
(2016).

Sunhwan, J. C,, S. K., Heather, D., D., M. A. & Wonpil, I. Glycan reader: Automated sugar identification and simulation preparation
for carbohydrates and glycoproteins. J. Comput. Chem. 32, 3135-3141, https://doi.org/10.1002/jcc.21886 (2011).

L., W. E. et al. CHARMM-GUI Membrane Builder toward realistic biological membrane simulations. J. Comput. Chem. 35,
1997-2004, https://doi.org/10.1002/jcc.23702 (2014).

Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 79, 926-935 (1983).

Salomon-Ferrer, R., Gotz, A. W,, Poole, D., Le Grand, S. & Walker, R. C. Routine Microsecond Molecular Dynamics Simulations
with AMBER on GPUs. 2. Explicit Solvent Particle Mesh Ewald. J. Chem. Theory Computation 9, 3878-3888, https://doi.org/10.1021/
Ct400314y (2013).

SCIENTIFIC REPORTS |

(2020) 10:7399 | https://doi.org/10.1038/s41598-020-64034-2


https://doi.org/10.1038/s41598-020-64034-z
https://doi.org/10.1016/j.immuni.2017.08.004
https://doi.org/10.1084/jem.20130351
https://doi.org/10.1016/j.immuni.2005.09.015
https://doi.org/10.1016/j.immuni.2005.09.015
https://doi.org/10.1073/pnas.0906988106
https://doi.org/10.1016/j.immuni.2015.01.016
https://doi.org/10.1371/journal.pone.0021695
https://doi.org/10.1038/nri3831
https://doi.org/10.1038/nri3831
https://doi.org/10.1038/nri3786
https://doi.org/10.1038/nri3786
https://doi.org/10.1074/jbc.M704916200
https://doi.org/10.1056/NEJMra1609337
https://doi.org/10.1126/scitranslmed.aab0166
https://doi.org/10.3389/fimmu.2017.00475
https://doi.org/10.1016/j.molimm.2016.05.019
https://doi.org/10.1172/jci.insight.99208
https://doi.org/10.1172/jci.insight.99208
https://doi.org/10.1186/ar3163
https://doi.org/10.1371/journal.pone.0146522
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1073/pnas.1217996110
https://doi.org/10.1073/pnas.1217996110
https://doi.org/10.1038/ni.1925
https://doi.org/10.1038/ni.1925
https://doi.org/10.1074/jbc.M006071200
https://doi.org/10.1038/386194a0
https://doi.org/10.1038/386190a0
https://doi.org/10.1016/j.febslet.2014.09.019
https://doi.org/10.1016/j.febslet.2014.09.019
https://doi.org/10.1038/ncomms6340
https://doi.org/10.1038/ncomms6340
http://www.chemcomp.com
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1093/nar/gkr703
https://doi.org/10.1021/acs.jctc.5b00935
https://doi.org/10.1002/jcc.21886
https://doi.org/10.1002/jcc.23702
https://doi.org/10.1021/ct400314y
https://doi.org/10.1021/ct400314y

www.nature.com/scientificreports/

46.
47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Case, D. A. et al. AMBERI18. (University of California, San Francisco, 2018).

Ryckaert, J.-P,, Ciccotti, G. & Berendsen, H. J. C. Numerical integration of the cartesian equations of motion of a system with
constraints: molecular dynamics of n-alkanes. J. Computational Phys. 23, 327-341 (1977).

Darden, T., York, D. & Pedersen, L. Particle Mesh Ewald - an N.Log(N) Method for Ewald Sums in Large Systems. J. Chem. Phys. 98,
10089-10092 (1993).

Grant, B. ], Rodrigues, A. P, ElSawy, K. M., McCammon, J. A. & Caves, L. S. Bio3d: an R package for the comparative analysis of
protein structures. Bioinformatics 22, 2695-2696, https://doi.org/10.1093/bioinformatics/btl461 (2006).

R: A language and environment for statistical computing (R Foundation for Statistical Computing, 2019).

Beauchamp, K. A. et al. MSMBuilder2: Modeling Conformational Dynamics on the Picosecond to Millisecond Scale. J. Chem.
Theory Computation 7, 3412-3419, https://doi.org/10.1021/ct200463m (2011).

Harrigan, M. P. et al. MSMBuilder: Statistical Models for Biomolecular Dynamics. Biophys. J. 112, 10-15, https://doi.org/10.1016/j.
bpj.2016.10.042 (2017).

Naritomi, Y. & Fuchigami, S. Slow dynamics in protein fluctuations revealed by time-structure based independent component
analysis: the case of domain motions. J. Chem. Phys. 134, 065101, https://doi.org/10.1063/1.3554380 (2011).

Perez-Hernandez, G., Paul, E, Giorgino, T., De Fabritiis, G. & Noe, E Identification of slow molecular order parameters for Markov
model construction. J. Chem. Phys. 139, https://doi.org/10.1063/1.4811489 (2013).

Schwantes, C. R. & Pande, V. S. Improvements in Markov State Model Construction Reveal Many Non-Native Interactions in the
Folding of NTL9. J. Chem. Theory Computation 9, 2000-2009, https://doi.org/10.1021/ct300878a (2013).

Scherer, M. K. et al. PyEMMA 2: A Software Package for Estimation, Validation, and Analysis of Markov Models. J. Chem. Theory
Comput. 11, 5525-5542, https://doi.org/10.1021/acs.jctc.5b00743 (2015).

Roblitz, S. & Weber, M. Fuzzy spectral clustering by PCCA+: application to Markov state models and data classification. Adv. Data
Anal. Classification 7, 147-179, https://doi.org/10.1007/s11634-013-0134-6 (2013).

Prinz, J. H. et al. Markov models of molecular kinetics: generation and validation. J. Chem. Phys. 134, 174105, https://doi.
org/10.1063/1.3565032 (2011).

David, C. & Jacobs, D. In Protein Dynamics Vol. 1084 Methods in Molecular Biology (ed. Dennis R. Livesay) Ch. 11, 193-226
(Humana Press, 2014).

Yang, C. Y. Identification of potential small molecule allosteric modulator sites on IL-1R1 ectodomain using accelerated
conformational sampling method. PLoS One 10, 0118671, https://doi.org/10.1371/journal.pone.0118671 (2015).

Tominaga, S.-i A putative protein of a growth specific cDNA from BALB/C-3T3 cells is highly similar to the extracellular portion of
mouse interleukin 1 receptor. FEBS Lett. 258, 301-304, https://doi.org/10.1016/0014-5793(89)81679-5 (1989).

Paczesny, S. et al. A biomarker panel for acute graft-versus-host disease. Blood 113, 273-278, https://doi.org/10.1182/
blood-2008-07-167098 (2009).

Paczesny, S. et al. Elafin is a biomarker of graft-versus-host disease of the skin. Sci. Transl. Med. 2, 13ral2, https://doi.org/10.1126/
scitranslmed.3000406 (2010).

Ferrara, J. L. et al. Regenerating islet-derived 3-alpha is a biomarker of gastrointestinal graft-versus-host disease. Blood 118,
6702-6708, https://doi.org/10.1182/blood-2011-08-375006 (2011).

Vander Lugt, M. T. et al. ST2 as a marker for risk of therapy-resistant graft-versus-host disease and death. N. Engl. ]. Med. 369,
529-539, https://doi.org/10.1056/NE]Moal213299 (2013).

McDonald, G. B. et al. Plasma biomarkers of acute GVHD and nonrelapse mortality: predictive value of measurements before
GVHD onset and treatment. Blood 126, 113-120, https://doi.org/10.1182/blood-2015-03-636753 (2015).

Tomuleasa, C. et al. MicroRNAs as biomarkers for graft-versus-host disease following allogeneic stem cell transplantation. Ann.
Hematol. 94, 1081-1092, https://doi.org/10.1007/s00277-015-2369-0 (2015).

Hartwell, M. J. et al. An early-biomarker algorithm predicts lethal graft-versus-host disease and survival. JCI Insight 2, https://doi.
org/10.1172/jci.insight.89798 (2017).

Seo, D. H. et al. Interleukin-33 regulates intestinal inflammation by modulating macrophages in inflammatory bowel disease. Sci.
Rep. 7, 851, https://doi.org/10.1038/s41598-017-00840-2 (2017).

Diaz-Jimenez, D. et al. Soluble ST2: a new and promising activity marker in ulcerative colitis. World J. Gastroenterol. 17, 2181-2190
(2011).

Boyapati, R. K., Kalla, R., Satsangi, J. & Ho, G. T. Biomarkers in Search of Precision Medicine in IBD. Am. J. Gastroenterol. 111,
1682-1690, https://doi.org/10.1038/ajg.2016.441 (2016).

Chen, Y. L. et al. Proof-of-concept clinical trial of etokimab shows a key role for IL-33 in atopic dermatitis pathogenesis. Sci Transl
Med 11, https://doi.org/10.1126/scitranslmed.aax2945 (2019).

Hardman, C. & Ogg, G. Interleukin-33, friend and foe in type-2 immune responses. Curr. Opin. Immunol. 42, 16-24, https://doi.
org/10.1016/j.c0i.2016.05.004 (2016).

Bowman, G. R., Huang, X. & Pande, V. S. Using generalized ensemble simulations and Markov state models to identify
conformational states. Methods 49, 197-201, https://doi.org/10.1016/j.ymeth.2009.04.013 (2009).

Husic, B. E. & Pande, V. S. Markov State Models: From an Art to a Science. J. Am. Chem. Soc. 140, 2386-2396, https://doi.
org/10.1021/jacs.7b12191 (2018).

Noe, E, Schutte, C., Vanden-Eijnden, E., Reich, L. & Weikl, T. R. Constructing the equilibrium ensemble of folding pathways from
short off-equilibrium simulations. Proc. Natl Acad. Sci. USA 106, 19011-19016, https://doi.org/10.1073/pnas.0905466106 (2009).
Fischer, A., Waldhausen, S., Horenko, I., Meerbach, E. & Schutte, C. Identification of biomolecular conformations from incomplete
torsion angle observations by hidden Markov models. J. Comput. Chem. 28, 2453-2464, https://doi.org/10.1002/jcc.20692 (2007).
Yang, S., Banavali, N. K. & Roux, B. Mapping the conformational transition in Src activation by cumulating the information from
multiple molecular dynamics trajectories. Proc. Natl Acad. Sci. USA 106, 3776-3781, https://doi.org/10.1073/pnas.0808261106
(2009).

Shukla, D., Peck, A. & Pande, V. S. Conformational heterogeneity of the calmodulin binding interface. Nat. Commun. 7, 10910,
https://doi.org/10.1038/ncomms10910 (2016).

Da, L.-T. et al. Bridge helix bending promotes RNA polymerase II backtracking through a critical and conserved threonine residue.
Nat. Commun. 7, 11244, https://doi.org/10.1038/ncomms11244 (2016).

Gordon, S. E., Munari, M. & Zagotta, W. N. Visualizing conformational dynamics of proteins in solution and at the cell membrane.
eLife 7, 37248, https://doi.org/10.7554/eLife.37248 (2018).

Li, H., Sharma, N., General, L. ], Schreiber, G. & Bahar, I. Dynamic Modulation of Binding Affinity as a Mechanism for Regulating
Interferon Signaling. J. Mol. Biol. 429, 2571-2589, https://doi.org/10.1016/j.jmb.2017.06.011 (2017).

Acknowledgements

This work was supported in part from the National Institute of Health (R0O1HL141432) and the startup fund
from University of Tennessee Health Science Center. We also thank Shaomeng Wang for providing computing
resources for some of this work.

SCIENTIFIC REPORTS |

(2020) 10:7399 | https://doi.org/10.1038/s41598-020-64034-2


https://doi.org/10.1038/s41598-020-64034-z
https://doi.org/10.1093/bioinformatics/btl461
https://doi.org/10.1021/ct200463m
https://doi.org/10.1016/j.bpj.2016.10.042
https://doi.org/10.1016/j.bpj.2016.10.042
https://doi.org/10.1063/1.3554380
https://doi.org/10.1063/1.4811489
https://doi.org/10.1021/ct300878a
https://doi.org/10.1021/acs.jctc.5b00743
https://doi.org/10.1007/s11634-013-0134-6
https://doi.org/10.1063/1.3565032
https://doi.org/10.1063/1.3565032
https://doi.org/10.1371/journal.pone.0118671
https://doi.org/10.1016/0014-5793(89)81679-5
https://doi.org/10.1182/blood-2008-07-167098
https://doi.org/10.1182/blood-2008-07-167098
https://doi.org/10.1126/scitranslmed.3000406
https://doi.org/10.1126/scitranslmed.3000406
https://doi.org/10.1182/blood-2011-08-375006
https://doi.org/10.1056/NEJMoa1213299
https://doi.org/10.1182/blood-2015-03-636753
https://doi.org/10.1007/s00277-015-2369-0
https://doi.org/10.1172/jci.insight.89798
https://doi.org/10.1172/jci.insight.89798
https://doi.org/10.1038/s41598-017-00840-2
https://doi.org/10.1038/ajg.2016.441
https://doi.org/10.1126/scitranslmed.aax2945
https://doi.org/10.1016/j.coi.2016.05.004
https://doi.org/10.1016/j.coi.2016.05.004
https://doi.org/10.1016/j.ymeth.2009.04.013
https://doi.org/10.1021/jacs.7b12191
https://doi.org/10.1021/jacs.7b12191
https://doi.org/10.1073/pnas.0905466106
https://doi.org/10.1002/jcc.20692
https://doi.org/10.1073/pnas.0808261106
https://doi.org/10.1038/ncomms10910
https://doi.org/10.1038/ncomms11244
https://doi.org/10.7554/eLife.37248
https://doi.org/10.1016/j.jmb.2017.06.011

www.nature.com/scientificreports/

Author contributions
C.-Y. Yang conceived the concept and performed the experiments. C.-Y. Yang analyzed and interpreted the data.
C.-Y. Yang wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-64034-z.

Correspondence and requests for materials should be addressed to C.-Y.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:7399 | https://doi.org/10.1038/s41598-020-64034-2


https://doi.org/10.1038/s41598-020-64034-z
https://doi.org/10.1038/s41598-020-64034-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparative Analyses of the Conformational Dynamics Between the Soluble and Membrane-Bound Cytokine Receptors

	Methods

	Protein structures used in this study. 
	MD simulation setup. 
	Principal component analysis (PCA). 
	Cluster analysis of sST2 conformations obtained from the aMD1 simulation. 
	Markov State Model construction. 

	Results

	The D3 domain of sST2 and ST2 exhibited great flexibility observed in the early time of MD simulations. 
	Extensive mapping of the sST2 conformational space was facilitated by the aMD simulations. 
	Performing multi-trajectory equilibrium cMD simulations using diverse sST2 conformations to investigate the interdomain loo ...
	The conformational transition kinetic of ST2ECD in ST2 and its relation to sST2. 
	Salt-bridge interactions contribute to the stabilization of the ST2ECD conformations after long time MD simulations. 

	Discussions

	Acknowledgements

	Figure 1 The crystal and the model structures of ST2 and sST2.
	Figure 2 Projections of ST2 conformations to the three-dimensional PC1–3 space.
	Figure 3 Projection of sST2 and ST2 conformations to PC1-PC6 and representative conformations of sST2 and ST2 from simulations.
	Figure 4 The weighted free energy surface constructed from the loop conformations of sST2 obtained from cMD simulations and the conformational transition flux of sST2 based on the MSM.
	Figure 5 Projection of sST2 and ST2 conformations to the weighted free energy surface based on sST2 and ST2.
	Figure 6 Dominant fluxes of the conformational transitions in sST2 + ST2ECD based on the MSM and projection of ST2 conformations to the weighted free energy surface.
	Figure 7 Time evolution of the conformations obtained from the ST23 simulation.
	Figure 8 Distances between pairs of salt-bridge interactions and snapshots of ST2ECD conformations from the ST2 simulation.




