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ABSTRACT

Interleukin-1 (IL-1) is a master mediator of innate immunity and inflammation.
There is a tight regulation by receptor antagonists, decoy and soluble receptors both
extracellular and intracellular levels. Members of the IL-1 Receptor family include
type I IL-1 receptor (IL-1RI), IL-1 receptor-like 1 (IL-1RPL1, also called as ST2)
and IL-18 receptor as primary receptors, type II IL-1 (IL-1RII) receptor as a decoy
receptor, IL-1 receptor accessory protein (IL-1RAcP) as a secondary receptor. One
of the IL-1 family receptor ligands, IL-13, has a major role in immune responses. It
signals through binding its primary receptor IL-1RI and its secondary receptor IL-
1RACcP. IL-1 has also a naturally occurring antagonist functions via binding to IL-1RI.
Therefore, targeting IL-1R is a common therapeutic strategy for autoinflammatory
diseases. However, structural basis of IL.-1 antagonism is still unknown.

Here we used classical molecular dynamics to reveal key aspects of the signalling
complex of IL-15 and interaction between its primary and secondary receptors. We
showed that high D3 domain fluctuation of IL-1RI when it is bound to antagonist can
have an important role in inhibiting IL-1 signalling. In addition to IL-1 complexes,
we have performed classical molecular dynamics simulations of single soluble forms of
IL-1 receptors. We have found that in the absence of ligand, IL-1RI, ST2 and IL-18R
take conformations that are dramatically different from their complex conformations.
There are also experimental studies which support our findings on these different
conformations. One of them is from a x-ray structure in which close form of IL-
1RI is in complex with a short peptide. In addition, SAXS studies confirm that

ligand-free ST2 has different conformers in solution. These different conformers can



not participate in ligand binding; therefore, this can be a new finding on inhibitory

mechanism of IL-1 superfamily.
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OZETCE

Interlokin-1 (IL-1) dogustan bagigikligin ve enflamasyonun ana araglarindan biridir.
Bagisiklik sistemi ve enflamasyon arasinda siki bir diizenleme vardir. Bu diizen re-
septor antagonisti, sahte reseptor ve inhibitorler ile saglaniyor. I1L-1 reseptor ailesinin
birincil reseptorleri IL-1RI, ST2 ve IL-18R1 tinden, sahte reseptorii IL-1RII ve ikincil
reseptori IL-1RAcP inden olusuyor. IL-1 ailesinin en 6nemli sitokinlerinden birisi
olan IL-18 bagisiklik tepki mekanizmasinda en 6nemli rollerden birini oynar. IL-13
oncelikle birincil reseptor IL-1RI e baglanir sonrasinda olugsan komplekse ikincil re-
septor IL-1RAcP baglanir ve bu sekilde etkili kompleksi olusturmus olurlar. IL-1
kendiliginden olugmusg olan bir antagoniste sahiptir. Bu antagonist de IL-15 ile aym
yere IL-1RI e baglanarak inhibitor gorevini yerine getirir. Bu inhibisyon mekaniz-
mas su andaki otoimmiin hastaliklarin tedavisinde kullanilan ilaglarin hedefledikleri
mekanizmadir. Fakat hala IL-1 antagonizminin yapisal temeli bilinmemektedir.

Bu ¢alismada IL-18 nin sinyal veren kompleksinin klasik molekiiler dinamik yontemi
kullanilarak birincil ve ikincil reseptorleriyle olan etkilesiminin ana hatlari incelenmistir.
IL-1 reseptoriiniin D3 grubunun antagoniste bagh oldugunda yiiksek hareketlenm-
eye sahip oldugunu ve bu dalgalamann IL-1 sinyallesmesini inhibe etmekte bir roli
oldugunu gosterdik. IL-1 komplekslerine ek olarak, IL-1 reseptorlerinin kendi baglarina
solusyon igersindeki simulasyonu klasik MD kullanilarak gereklestirildi. Bunun sonu-
cunda IL-1RI, ST2 ve IL-18R1 reseptorlerinin fizyolojik kogullarda ok farkli kon-
formasyonlar aldig1 goriildii. Reseptorlerin bu yapisal degisimi herhangi bir ligandin
reseptore baglanmasini engelleyici nitelikte oldugundan bu yeni bulmus oldugumuz

yapilarin II-1 ailesinin inhibisyon mekanizmasinda yer aldigi soylenebilir.
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Chapter 1

INTRODUCTION

Immune system is made up by variety of effector cells and molecules to protect the
human body from infectious agents and its damages. The first defense of the body is
the innate responses that detect and destroy the cause within short period. Immune
responses are mediated by binding of cytokines to specific receptors. Among the cy-
tokines, one of the major mediators of innate immunity is IL-1.

IL-1 affects nearly every tissue and organ in the body; therefore, it is tightly regulated
both extracellularly and intracellularly. IL-1 has a role in autoinflammatory diseases
such as rheumatoid arthritis[2], inflammatory bowel disease and has a potential role
in pathogenesis of type 2 diabetes and smoldering myeloma [3]. One of the IL-1
family members is IL-15 which is a product of blood monocytes, tissue macrophages
and dendritic cells. IL-18 is first produced in an inactive form then caspase-1 cleaves
amino-terminal of IL-1/5 and mature form is released [4]. IL-1 family has a naturally
occurring antagonist, IL-1Ra. Secretory IL-1Ra protein is produced by any cell syn-
thesizing IL-1 except endothelial cells and hepatocytes [5]. Observations of elevated
blood levels of IL-1Ra in patients with juvanile chronic arthritis, polymyositis, sys-
temic lupus erythematosus; in synovial fluids of patients with rheumatoid arthritis;
in plasma of acutely ill patients with inflammatory disease and in large intestine of

patients with inflammatory bowel disease confirm I.-1Ra extensive role in host de-
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fense [5].

The exact inhibition mechanism of IL-1Ra is still unknown. Therefore, the present
study aims to investigate dynamics of the key members of IL-1 signalling in both
complex and unbound forms in order to provide structural explanation on IL-1 in-
hibition and activation mechanism. This thesis is organized as follows. In chapter
2, we introduce the structural informations and activation mechanism of IL-1 family
members. We also present the analysis on structural comparison of the IL-1 family.
In chapter 3, we explain the methods that are used in this study. This chapter gives
information about the Molecular Dynamics simulation parameters and the prepara-
tion of the structures that are used in this study. Chapter 4 presents the results
from the MD Simulations to provide information on the stability of the Ig-like 3"
Domain of the Interleukin-1 Receptor type I by comparing the binary complexes of
receptor with IL-13, IL-1Ra and mutant IL-1Ra, separately. In chapter 5, the role of
IL-1RACP on Ig-like 3" Domain of the IL-1RI stability is investigated by computa-
tional calculations. In chapter 6, the motions of the unbound form of IL-1 superfamily
receptors will be presented with structural evidences. Chapter 7 concludes the thesis
by discussing the results and analysis together with the suggestions on future research

directions. Performed MD Simulations are outlined in 1.1.
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Table 1.1: Outline of MD Simulations

Chapter 4
Stability of IL-1RI D3 Domain in binary complexes
cytokine receptor
IL-15 IL-1RI
IL-1Ra IL-1RI
Cl16Fmutant - IL-1Ra IL-1RI
Chapter 5
Role of Accessory Protein on D3 domain stability
cytokine receptor accessory
IL-15 IL-1RI IL-1RAcP
IL-1Ra IL-1RI IL-1RAcP
IL-15 IL-1RII IL-1RAcP
Chapter 5
Motions of Unbound IL-1 Receptors
IL-1RI
IL-1RIT
IL-1RAcP

ST2 (IL-1RL1)

IL-18R
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Chapter 2

LITERATURE REVIEW

2.1 The IL-1 Family

IL-1 cytokines cause inflammation and increase in immune responses. Among these
cytokines, IL-15 is an important element of inflammatory and host defence through
IL-1 receptor signalling assemblies. Overproduction of IL-17 is associated with hered-
itary autoinflammatory disorders such as Muckle-Wells syndrome, familial cold au-
toinflammatory syndrome and cryopyrinopathies [3]. Moreover, deficient production
or absence of IL-1 receptor antagonist (IL-1Ra) causes recently termed rare autoin-
flammatory disease DIRA (deficiency of IL-1Ra)[6]. Therefore, understanding the
activation and inhibition mechanisms of IL-1 is crucial for developing a treatment for
autoinflammatory diseases.

Use of the recombinant IL-1R antagonist anakinra in RA and other rheumatic diseases
[3]; highly specific IL-18 monoclonal antibodies canakinumab in cryopyrin-associated
periodic syndromes (CAPS)[7]; dimeric fusion protein consisting of portions of IL-
1 receptor and IL-1 receptor accessory rilonacept (IL-1 trap) in CAPS are all ap-
proved treatments that target IL-1 signalling. Also the treatment of gout, coronary
atherosclerosis, RA and anemia with rilonacept is in phase 3, 2 and 1, respectively [8].
However, most of these agents fail in having relatively short half-life as they require
frequent injections [9]. There are discoveries in orally deliverable IL-1 antagonist

having lower molecular mass. AF10847 [10] and rytvela [11] are some of them.
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2.2 IL-1 Mechanism of Activation and Regulation

IL-1 superfamily cytokines are key regulators of innate and adaptive immunity. The
upper family is the the IL-1R/TLR superfamily, sharing a conserved sequence TIR
domain which is responsible for the signalling. This superfamily is divided into two
subfamilies: 1) Immunoglobin domain members have extracellular Ig-like domains
responsible for ligand binding and ii) TLR’s have Leucine rich-repeats function in
protein-protein interaction which are illustrated in Figure 2.1. The Immunoglobin
domain is composed of IL-1, IL-18, IL-33 and the most recently added ones are 11.-36
and IL-37 [12].

TIR domain
Ig domain
_———— leui h repeat domain

} IL-1

IL-18

Immunoglobulin domain sub-group: IL-1RI-like

IL-1RI
IL-1RACP
IL-18R
IL-18RACP
sT2
IL-1Rrmp2
IL-1RAPL
TIGIRR
SIGIRR

—

IL-33
IL-1F6,8 and 9

Orphans

Leucine rich-repeat sub-group: TLRs

TLR1
TLR2

Partners TLR2 for bLP
bLPs, Zymosan
TLR3
TLR4
TLRS
TLRE
TLRT
TLRB
TLRO
TLR1i0

dsRNA

LPS, F protein, hspB0,FN frags
Flagellin

Partners TLR2 for MALP-2
Imigquimod

Imiquimaod

CpG DNA

Orphan

—

Figure 2.1: The IL1R/TLR superfamily; Immunoglobulin domain sub-group : IL-1RI
like and Leucine rich-repeat sub-group: TLRs [1]

They share common receptor structure and signal transduction pathways. In this
superfamily, signalling initiation requires two receptors: a primary and an accessory
receptor. The primary receptor specifically binds its cytokine but the accessory re-
ceptor cannot bind the cytokine itself [13]. The response by IL-1 family cytokines

is initiated by forming a binary complex consisting of the ligand and its primary
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receptor subunit. The composite binding interface is formed for the recruitment of
secondary or accessory protein receptor which is necessary to form a signalling com-
plex [14]. Therefore, ligand, its primary receptor and its accessory receptor are the
major components of heterotrimeric signalling complex. Upon binding of the acces-
sory receptor to the binary complex, the TIR domains of both receptors juxtapose
themselves. This dimerization results in recruitment of MyD88, IRAK-4, IRAK-1
and probably IRAK-2 [1]. Then, the activation of MAPK and NF-xB occurs and

intracellular signalling cascades take place [15].

Since IL-17 is critical in inflammatory responses, the signalling cascade is controlled
tightly with the existence of natural IL-1 inhibitors. IL-1Ra and the decoy receptor,
IL-1RII, are naturally occurring inhibitors of IL-1 extracellular regulation. In addi-
tion, the soluble form of IL-1 receptors formed by the alternative splicing of cleavage
from the membrane receptor, acts like an inhibition mechanism by capturing binary
complexes to avoid forming signalling complexes [16]. As shown in the Figure 2.2
IL-1RI - IL-1Ra complex cannot recruit IL-1RAcP; therefore, signalling does not
occur. Eventhough membrane-bound type II IL-1 receptor (IL-1R2) can recruit IL-
1RACP [13], the signal cannot be transduced because IL-1R2 lacks TIR domain in the
intracellular region [15]. Also, soluble forms of IL-1 receptors can bind ligands in ex-
tracellular region; as a result, concentration of membrane receptor-ligand complexes

decreases [17].

Understanding the function lies beneath the structure of the IL-1 family. For this

purpose ligand and receptors are reviewed individually in the following subsections.



Chapter 2: Literature Review 7

siL-1R1 siL-1R2 siL-1R2
siL-1R3

iL-1a
-1 IL-1p

IL-1a

IL-1R3 IL-1R3 sIL-1R1 IL-1R3

IL-1R1
IL-1R1

iL-1a
IL-1p

extracellular

intracellular H - 5’ A
T T
1 1
R R
SIGNALLING NO SIGNALLING HO SIGNALLING

Figure 2.2: IL-1 receptor complexes at extracellular and intracellular region

2.2.1 IL-1 Ligands

Three naturally found ligands can bind to the IL-1 type I receptor (IL-1RI): two of
them are agonists; IL-1a and IL-15 and the other is an antagonist; IL-1Ra. IL-1a and
IL-1p3 are both transduce similar signal in terms of responses when bound to IL-1RI.

However, IL-1Ra does not elicit any known signal responses upon binding [18].

All three ligands consist of 12 antiparallel S-strands; six of them are arranged struc-
turally cooperative #-barrel and the other six strands are assembled to form [-sheets
that caps one end of the barrel. Two receptors binding sites on IL-15 are found by
site-directed mutagenesis, buried in the receptor. Site A, one of the binding sites of
the IL-173 consists of residues: 11, 13-15, 20-22, 27, 29-36, 38, 126-131, 147 and 149

which are also common to all three IL-1 family members; IL-1a, IL-18 and IL-1ra.
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Site B, the other binding site on IL-1a and IL-18 but not on IL-1Ra is comprised
of residues 1-4, 6, 46, 51, 53-54, 56, 92-94, 103, 105-106, 108, 109, 150 and 152. In
Figure 2.3 Site A and B of IL-17 is represented when it is in complexed with IL-1RI.

D2

Figure 2.3: IL-15 and IL-1RI complex is represented as a ribbon diagram with C-
terminal end of receptor located at the bottom. Ig-like domains of IL-1RI is colored
and labelled as D1, D2 and D3 in blue, red and yellow, respectively. Residues of Site
A in IL-10 represented as VDW in purple and Site C in cyan.

Studies on site-specific mutagenesis suggest that residues Arg 4, Leu 6, Phe 46, Ile
56, Lys 93, Lys 103 and Glu 105 on IL-13 are essential for binding [19]. Glnl5 is
one of the most important residues in binding since its mutation to glycine causes
100 % loss of the binding activity [20]. An analysis suggests that His 30 is crucial
for a high affinity binding with receptor through hydrogen bonding between loop 3
(Glul28) and turn 1 (GInl4) of the IL-15 [21]. It is found that His 30 is responsible
for organizing long-range interactions with site B (specifically V3, L10, M44, Y90,
F99 and 1104). Tt is an important study because different from IL-1/3, which binds



Chapter 2: Literature Review 9

IL-1RI Ig-like D1-D2 and D3 through its site A and B, IL-1Ra residues that are
homologous to receptor site B on IL-15 do not interact with D3 of IL-1RI. This
site is proposed to activate a movement in domain 3 of IL-1RI [22]. According to
site-directed mutagenesis studies on IL-1Ra [23], only site A residues affect receptor
binding (specifically Trp16, GIn20, Tyr34, GIn36 and Tyr147). Therefore, the study
suggests that communication between site A and site B is important for triggering a

conformational change in the receptor for signalling [21].

2.2.2 IL-1 Primary and Secondary Receptors

Type I and II IL-1 receptors are well conserved in evolution and share the same chro-
mosomal location. There are two types of IL-1 receptors; IL-1RI and IL-1RII, each
having three extracellular Ig-like domains, limited sequence similarity (%28) and dif-
ferent pharmacological characteristics. The receptors exist both in transmembrane
(TM) and soluble forms: the soluble IL-1 receptor is thought to be post-translationally
derived from cleavage of the membrane receptors’ extracellular portion [24]. IL-1RI
contains three Ig domains in its extracellular domain and TIR domain in its cytoplas-
mic domain. Signalling TIR domain is composed of 200 amino acids and has similar
homology with other members of IL-1R and TLR families [25]. After the binding of
IL-a or IL-15 to the extracellular domain of IL-1RI, IL-1RAcP is recruited. How-
ever, the type II receptor which lacks the TIR domain, is unable to transduce signal
responses upon binding of I1.-15. Type II IL-1R has a higher affinity for IL-15 than
IL-1Ra. Also it has a scarce binding capacity for IL-1a [16]. Therefore, it acts as a
competitive decoy receptor by inhibiting IL-1 activity. IL-1RI domain 1 and 2 are
tightly joint with a disulfide linkage, at least 3 salt-bridges and a large domain of
interaction between the side chains of both domains. Therefore, they behave as a

single molecule rather than separate domain. On the contrary, domain 3 is connected
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to domain 2 with a long flexible linker; consequently, it is able to move when no ligand
is present [22]. Linkers and the -bulge loop of I1-13 and IL-1RI binary complex can

be seen in Figure 2.4.

D1-D2
linker

D2-D3
Linker

Figure 2.4: f-bulge loop members (colored in yellow); Gln 48 to Asp 54, 7 residue D2-
D3 flexible linker members; 204-210, 7 residue D1-D2 rigid linker members; 100-107

There is a conformational change in the Ig-3 domain of IL-1RI after binding of IL-1
agonists but not in IL-1Ra, so this may help to develop an interaction between binary
complex and IL-1RAcP [5]. At the beginning of the identification of IL-1AcP, some
researchers claimed that IL-1Ra either does not permit the formation or disrupts

the complex [26]. An additional finding shows that sIL-1AcP assists the antagonism
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of IL-1 mechanism by increasing the binding affinity of IL-18 to the soluble type
IT IL-1R, and by at the same time not changing the low binding affinity of IL.-1Ra
[27]. According to studies on IL-1 signalling cascades in liver cells, the deletion of a
residue from the TIR domain of the IL-1RAcP results in failure of recruiting necessary
elements in intracellular domain. Therefore, soluble IL-1RAcP is believed to form an

inactive complex and therefore acts as an inhibitor [28].
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Chapter 3

MATERIALS AND METHODS

3.1 Molecular Dynamics Simulations

Atomistic MD simulations were performed using GROMACS 4.5 simulation package[29]
and [30] with the Charmm27 all atom force field (with CMAP). [31]. Leapfrog inte-
grator [32] is used with a 2 fs time-step. Particle mesh Ewald electrostatics [33] were
employed with fourth order interpolation, a maximum grid spacing of 0.12 nm and a
cutoff of 1.0 nm. Water was modelled using the TIP3P water model [34]. A twin range
van der Waals cutoff (1.0/1.4 nm) was used. Temperature is set to 310K via velocity-
rescaling algorithm [35] with a coupling time constant of 0.1ps and pressure coupled
at 1 bar using the Berendsen algorithm [36] with a coupling time constant of 1 ps.
The initial structures for the simulations of IL-15-IL-1RI, IL-18-1L-1RI-IL-1RAcP,
IL-1Ra-IL-1RI, IL-15-1L-1RII-IL1-RAcP complexes were taken from the protein data
bank with pdb ids; 1ITB [20], 4DEP [14], 1IRA [22] and 3040 [15], respectively. Un-
bound type 1 and type 2 receptors were created from the x-ray structure of complexes
(1ITB and 3040) by Chimera [37] for their individual simulations. In addition to
these, for the unbound receptor simulations ST2, IL-18R1 and IL-1RAcP structures
are taken from 4KC3, 4R6U and 4DEP respectively. Missing residues and atoms
were added using Modeller [38] and Swiss-PdbViewer [39], respectively. After filling
the gaps, energy minimization is applied by freezing native residues with 100 steps of

steepest descent then 500 steps of limited-memory Broyden-Fletcher-Goldfarb-Shanno
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(L-bfgs)[40]. After solvation to remove close contacts, stepwise minimization is ap-
plied by 200 steps l-bfgs with Protein-H frozen, 200 steps l-bfgs with Mainchain-H
frozen, 500 steps l-bfgs with C-alpha frozen and 1000 steps unconstrained steepest
descent. Then, to achieve desired temperature and pressure, system is equilibrated
first under N,V,T ensemble then under N,P, T ensemble with leap-frog algorithm for
both 200 ps. Production run were recorded for 200 ns and trajectories saved at ev-
ery 10 ps. Visual Molecular Dynamics (VMD) package [41] is used for all molecular

visualizations.
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Chapter 4

STABILITY OF IL-1RI D3 DOMAIN

D1 and D2 domains of the IL-1RI act as a single module by forming a disulfide bond
between C104 of D1-D2 linker and C147 of D2 domain. Also, as a result of 7 residue

flexible linker between D2 and D3 domain, D3 domain acts independently. Because

of the two main differences between the structure of the IL-13 and IL-1Ra, they make

distinct contacts with D3 domain of the IL-1RI. IL-1Ra lacks S-bulge loop ,which is
usually functional [42], corresponding to residues 48 to 54 (QGEESND) in the IL-15.

When IL-13 and IL-1Ra are aligned structurally, they show no significant difference

with 1.7 A RMSD. Aligned pairs sequence and the structures can be seen in Figures
4.1 and 4.2.

IL-

IL-

IL-

IL-

IL-

IL-

1Ra:

1B :

1Ra:

1B :

1Ra:

1B :

8

SKMQAFRIWDVNQKTFYLRNN-QLVAGYLQGPNVNLEEKIDVVPIE------~ PHALFLGIHGGKMCLSCV

3 VRSLNCTLRDSQQKSLVMSGPYELKALHLQGQDMEQQVVFSMSFVQGEESNDKIPVALGLKEKNLYLSCV

71

73

138

139

49-54 (beta-bulge)
91-94 (turn 6 bend 1)
KSGDETRLQLEAVN- --ITDLSENRKQDKRFAFIRSDSGPTTSFESAACPGWFLCTAMEADQPVSLTNMP

LKDDKPTLQLESVDPKNYPKKKM- - - - EKRFVFNKIEINNKLEFESAQFPNWYISTSQAENMPVFLGGTK
87-89 (turn 5)

140 (end of helix)
DEGVMVTKFYFQED

GG-QDITDFTMQFV

Figure 4.1: Sequences of aligned structures of IL-13 and IL-1Ra. Regions that differ

colored in red.
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B-bulge
loop

Figure 4.2: Aligned structures of IL-15 and IL-1Ra colored in red and blue, respec-
tively. B-bulge loop which is the major difference, colored in grey.

This causes weak interaction with the D3 domain of the IL-1RI as it can be seen from

the interface representation in Figure 4.3.

IL1Ra-IL1RI IL1B-IL1RI
complex complex
interface interface

Figure 4.3: Absence of -bulge loop in IL-1Ra creates less intimate interaction with
the D3 domain of IL-1RI (left) compared to IL-15 complex (right).

Another difference between the 3D structures of the IL15 and IL-1Ra is that IL-
1Ra has additional positively charged loop composed of Asn91, Arg92, Lys93 and
GIn94 (90’s loop) connecting (-12 and $-13 strands . This additional loop is distant
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from the interface between the IL-1Ra and D3 domain of IL-1RI. Although it does
not make direct contacts with IL-1RI, it interacts with Lys145 which is functionally
an important residue. Aspl45 of IL-15 is a critical residue in recruiting IL-1RAcP,
replacement of the Lys145 in IL-1Ra to Asp resulted in a partial agonist [43].

Despite IL-1Ra and IL-15 three dimensional structural similarities, IL-15 forms a
signalling complex whereas IL-1Ra can not. In order to understand and quantify the
effect of this structural difference between them, molecular dynamic simulations of
the cytokines IL-153, IL-1Ra and Cll6FmutantIL-1Ra in complex with IL-1RI are

carried.

Mutagenesis experiments revealed important binding residues in both IL-15 and IL-
1Ra. However, since IL-1Ra - IL.-1RI complex has a high fluctuation, the important
residues can change and this might lead to new associations of residue pairs at the
interface between cytokine and the receptor. For this reason, we take 5 snapshots from
MD simulation of binary complexes and we determine their interfaces from PRISM
[44]. In addition to residues which form the interface, hot spot’s are found by using
HotRegion [45]. These hot spots are small portions of interface residues which are
critical for the majority of the binding energy. The method uses conservation, solvent

accessible surface area and statistical pairwise residue potentials of interface residues

[46].

Table 4.1: Clustered Hot Spot Predictions of binary complexes of IL-13 and IL-1Ra
with IL-1RI

IL-13-IL-1RI IL-1Ra-IL-1RI
IL-183 IL-1RI IL-1Ra IL-1RI
11,14,15,30,31,32,128 | 111,113,124,126,127 16,20,34,35,36,147 | 107,108,110
6,46,48,56 115,237,240,250,259,275 | 24,25,26 10,12,13
13,15,16 51,56,102 6,112,113,121,124,297,233
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In Table 6.7 and 6.8, first two column represents the native contacts at the interface
between IL-1RI and IL-15 in which coordinates are taken from the X-ray structure
(1IRA). The second pair is the starting structure of the MD simulation which is at
310K. The other columns represent contacts at the interface of 5 different snapshots
from MD production; 1, 2, 3, 4 and 5. (5 being last snapshot). Site I of IL-1/ interface
is presented in Table 6.7 and site II in Table 6.8. The same procedure is applied for
IL-1Ra - IL-1RI complex. Table 6.9 and Table 6.10 demonstrate site I and site II of
the IL-1Ra interface, respectively.

Table 6.7 and 6.8 suggest that the binding sites that are found from mutagenesis
and from X-ray structure do not change significantly. However, with motion of the
complex, [-bulge members; 48 to 55 has changed. The shared site, sitel, between
IL-18-IL-1RI and IL-1Ra-IL-1RI complexes is stable in both of the simulations . As
can be seen from Table 6.8, members of the S-bulge loop; Gly49, Serb2, Lys55, are
forming contacts at the interface that are absent in the X-ray structure. Whereas,
in Table 6.10, the absence of this loop creates weak interaction at the interface, thus
interface members are changing. At first, Pro50, Ile51, Pro53 and His 54 are forming
the interface with D3 domain and sitell of IL-1Ra, then it breaks with the rotation
of the D3 domain. After the rotation, Asp104, Ser105, Gly106, Pro107, GIn149 and
Glu150 are forming contacts. Many of these lastly formed contacts are made with the

D2D3 linker of the IL-1RI.

IL-1Ra and IL-1RI complex is represented in 4.4 and native contacts at the interface

is colored in yellow. Also in this Figure, the new contacts are depicted as green.

The change in these contact maps shows that IL.-1Ra cannot make a stable contact
with D3 domain of IL-1RI. In literature the cause of this change is the missing 5-bulge
loop. Therefore, in order to have a better understanding of the effect of these missing

residues we concentrated on the D3 domain of the IL-1RI.
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Figure 4.4: IL1Ra Site I members are represented as vdw with yellow and newly
formed contacts in green from both front and back. IL-1Ra members of Aspl04,
Ser105, Gly106 ,GIn149 and Glul50 are forming contacts with D2D3 linker of IL-1RI
represented as vdw in cyan and magenta respectively. In Table 6.10, the contacts
with the D2D3 linker is written in bold

First, residue mean square fluctuations are calculated from trajectory which is aligned
on the D1D2 module of IL-1RI. RMSF values of each binary complexes are analysed
and residues of IL-1RI are presented in Figure 4.5.

As it can be seen from Figure 4.5, D3 domain of IL-1RI has much higher flexibility
than D1D2 module. In addition to that, when it is complexed with the agonist
IL-18 and C116F-mutant-IL-1Ra, D3 domain flexibility is restricted. From RMSF
values, it can be said that D3 domain becomes 3-fold flexible when it is bound to
antagonist IL-1Ra. With this aligned trajectory, RMSF of ligands are plotted. The
sequences of previously aligned structures of IL-15 and IL-1Ra are used for comparison
purposes. In Figure 4.6, it is seen that IL-15 has high fluctuations at three parts in
which members are residues 71Cys, 72Val, 73Leu; 93Lys, 94Lys, 95Met, 96Glu, 97Lys;
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Figure 4.5: RMS Fluctuations of IL-1RI when it is in complex with agonist, antago-
nist, and C116F-mutant IL-1Ra, colored in red, black and green, respectively.

138Lys and 139Gly. These parts coincide with residues 69Cys, 70Val, 71Lys; 88Leu,
89Ser, 90Glu, 91Asn, 92Arg; 137Pro and 138Asp of IL-1Ra.
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Figure 4.6: RMS Fluctuations of agonist, antagonist, and Cl116F-mutant IL-1Ra
residues when it is in complex with IL-1RI, colored in red, black and green, respec-

tively.
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Chapter 5

ROLE OF D3 DOMAIN STABILITY ON IL-1RACP
RECRUITMENT

IL-1 signalling is inhibited by IL-1ra and IL-1RII. While IL-13 can recruit IL-1RAcP
when it is bound to IL-1RI and is able to initiate signalling, bound form of IL-1Ra
can not recruit IL-1AcP and signalling is inhibited. In order to understand the an-
tagonism of IL-1Ra, we replace the IL-13 with IL-1Ra in signalling complex which is
IL-173 - IL-1RI - IL-1RAcP. For that reason, we created a pseudo complex, a complex
that can not be formed because of IL-1Ra. We used RCSB PDB Protein Comparison
Tool with JCE structural alignment algorithm to create IL-1Ra - IL-1RI - IL-1RAcP
pseudo complex.

In Chapter 4, we hypothesized that IL-1Ra - IL-1RI binary complex caused a high
RMS fluctuation in D3 domain of IL-1RI when compared to IL-13 - IL1RI. Conse-
quently, IL-1RAcP can not form a stable complex with IL-1Ra - IL-1RI whereas with
IL-138 - TL-1RI it can. In this Chapter, we tried to analyze the differences between
signalling complex, IL-13 - IL-1RI - IL-1RAcP, and the complex that can not be sta-
bly formed, IL-1Ra - IL-1RI - IL-1RAcP. In addition to those, non-signalling complex
that is formed with decoy receptor (IL-1RII) , IL-13 and IL-1RAcP is simulated in
order to compare the stability of D3 domain of IL-1RII which is structurally very
similar to IL-1RIT with RMSD of 2.8. Structural alignment of type 1 and 2 IL-1

receptors can be seen in Figure 5.1.
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Figure 5.1: Aligned structures of type I and II IL-1 Receptors represented as ribbon
in brown and blue respectively.

In order to compare the RMS fluctuation of receptor type I and II in ternary complex
forms, first residues are aligned according to structural similarity. Trajectory is first
aligned on D1D2 module of the receptor since it is known to be the most stable
part. It can be said from the Figure 5.2 that D3 domain (residue 200-314) of the
receptors has a high RMS fluctuation compared to D1D2 module. But most strikingly,
created (pseudo) complex consisting of IL-1Ra - IL-1RI - IL-1RAcP has a much higher
fluctuation in D3 domain of its receptor compared to decoy and signalling complexes.
This fluctuation causes a loss of contacts compared to signalling and decoy complexes.
Therefore, we showed that when IL-1RACcP tries to associate with the IL-1Ra - IL-RI
complex there will be a high fluctuation in the D3 domain and this will cause an

unstable structure.
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Figure 5.2: RMS fluctuation of IL-1 receptors. Green line represents the pseudo
complex formed by IL-1Ra - IL-1RI - IL-1RAcP. Black line represents the signalling
complex, I1.-15 - IL-1RI - IL-1RAcP. Red line represents the decoy complex, IL-17 -
IL-1RIT - TL-1RACcP.
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Chapter 6

UNBOUND FORM OF IL-1R SUPERFAMILY
STRUCTURES AND MD RESULTS

6.1 Introduction

The conserved domain in a receptor family suggests common signalling pathways as
in the IL-1 family [47]. IL-1 superfamily members are IL-1, IL-18 and IL-33. They
have crucial roles in host defense against infection, inflammation, injury and stress.
They share common origin, receptor structure and signalling pathways. Among the
IL-1 family, the formation of a binary complex between the respective cytokine and
its primary receptor is the first step of the initiating signalling. A second receptor is
recruited and the alignment of the both receptor’s TIR domains triggers intracellular
proteins for a signalling. In spite of low sequence similarity with a 17 % score [48],
IL-1 superfamily receptors share a high structure similarity with 56 % score [38].
Aligned structure sequences and sequence similarities are shown in Appendix. The

structure and the importance of each member is discussed in detail below.

This chapter will focus on the structure of the IL-1 receptors (IL-1RI, IL-1RII, IL-
1RAcP, IL-18R1, and IL-1RL1 also called ST2) and provide new conformations for

the IL-1 Receptor family from Molecular Dynamics studies.
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Figure 6.1: Structurally Aligned pdb’s



Chapter 6: Unbound Form of IL-1R Superfamily Structures and MD Results 25

6.2 MD Simulation Results of Unbound Form of Type I IL-1 Receptor

MD simulation of IL-1RI alone showed that after 50 ns it takes a compact form
compared to its initial conformation which is taken from its complex structure with
IL-153. Dimensions of the open conformation is 102 A x 63 A x 46 A . After taking this
close conformation dimensions changed to 64 A x 68 A x 49 A. For the remainder of
the simulation IL-1RI conserves this state. Domains of open and close conformations
are equivalent with each other whose members are 6-97, 107-201, 210-311 for D1, D2
and D3 respectively. D1 and D2 domains act as a whole and their structure is very
similar to initial conformation with RMSD of 2.6 A . Also when the D3 domain is
aligned separately, it conserves rigidity with RMSD of 1.43 A . As depicted in Figure
6.2, 3rd domain of IL-1RI rotates 160° compared to its initial open form with the help
of a long flexible linker between D2 and D3, consisting of residues 202 - 209. With
this rotation ligand binding SiteB is directing away from the interface between D1

and D3 domain.

Figure 6.2: Rotation of D3 with respect to its initial conformation. Rotation axes is
depicted as an arrow. Bending residues Glu 202 and Glu 203 are highlighted.
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Figure 6.3: Important interface residues on IL-1RI in taking close conformation of
IL-1RI

IL-1RI takes its close conformation first by making contacts with its flexible linker
member Glu202 and D2 member Vall17, depicted as yellow in Figure 6.3. Then, the
hinge bending residue GLU 203 depicted as red makes contact with Glu201. After
making this interaction, Argl74 and His301 make contacts (orange) and this contact
forms a necessary part for the zipping movement of D3 domain towards D1D2 module.
In the close conformation of IL-1RI there is a newly formed interface via extending of
the beta sheets with D1 and D3 domain. Members of the interface are given in Table

6.1 below.

In the protein data bank, there is a complex structure of IL-1RI with a small antago-
nist peptide, 1g0y [10]. Complex structure of IL-1RI and small antagonist can be seen
in Figure 6.6. This structure is very similar to the closed form of receptor when IL-
1RI is simulated without any peptide. Alignment of the two receptor conformations,

one from X-ray structure and the other from simulation gives 2.6 A RMSD [49].

The x-ray structure also showed 170°rotation of D3 compared to the previous binary
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Table 6.1: Interface residues of close conformation of IL-1RI colored in representative
of Figure 6.3

interface residues

D1 domain members | D3 domain members

Figure 6.4: Crystal structure of IL-1RI with small antagonist (left) and aligned struc-
tures of close conformation of IL-1RI when simulated in unbound form (grey) with
X-ray crystal structure (blue)

complexes of the IL-1RI [10]. In addition to its structure, they reported that GLU-203
is in the disallowed region of Ramachandran plot as a consequence of being a part of
the linker of D2 and D3. According to our simulations, GLU-203 is the hinge-bending

residue since its dihedral angle dramatically changes at the time where it takes the
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close conformation. The change of the dihedral angle of Glu203 during MD simulation

can be seen in Figure 6.5.
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Figure 6.5: Change of Dihedral angle of the hinge residue Glu 203 along time.

Vigers et al. [10] suggest that this change in conformation is due to the binding of the
small antagonist peptide to the IL-1RI. They tried to determine if this arrangement
would occur in free receptor at physiological conditions with numerous experimental
techniques but their attempts were unsuccessful. However, our studies show that it

can take this compact conformation in the absence of a ligand.

While the receptor is taking this compact conformation, N-terminal residues 7-12
and D3 domain residues 216-220 forms an extended beta sheet. According to the
simulation, 6 hydrogen bonds are formed by this new extended beta sheet. The x-ray
structure of IL-1RI with small antagonist peptide also confirms this formation of an
antiparallel beta sheet. Pairs that make hydrogen bonding with D1 domain and D3

members from both MD simulation and crystal structure are tabulated in Table 6.2
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with 30° cutoff angle and 0.35 nm cutoff distance.

Table 6.2: Hydrogen Bonds between N-terminal residues of D1 domain of IL-1RI and
D3 domain residues

Crystal Structure

MD structure

D1
Lys7
Glu8
Glu8
Arg9

Glul0
Glul0
Lys12
[le13
Ile13

Atom
N
O
OE1
NH1

z z 2 O =z

D3
Glu220
Glu220
Thr218
Glu217
Thr218
Thr218
Asn216
Asn216
Ala215

Atom
OE1
N
0G1
OE1

o oo =20

D1
LysT7
Glu8
Arg9
Arg9
Glul0
Glul0
Lys12
Lys12
Lys12
Lys12
Cysb6
Lys7
LysT7
Lys12
Lys12

Atom
NZ
O
NH1
NH1
N
O
NZ
N
NZ
NZ
N
NZ
N
NZ
NZ

D3
Glu220
Thr218
Glu217
Thr218
Thr218
Thr218
Asn216
Glu217
Thr218
Ala215
Thr315
Val314
Thr315
Tyr307
GIn309

Atom
OE1
0G1
OE1

0G1

OE2

0G1

OT1

OT2

OH
OEl

We provide close conformation of free IL-1RI which is an inactive form since it prevents

itself from the entry of its cytokine.

Extensive hydrogen bonding pattern is seen through out the IL-1 superfamily taking a

close conformation. This arrangement can have a biological significance to prevent the

binding of any unwanted IL-1 ligands, and can be another mechanism in modulating

signalling.

Furthermore, the site which makes hydrogen bonding when the receptor takes an
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Figure 6.6: Close conformation of IL-1RI (blue) is aligned on IL-138-IL-1RI (left) and
IL-1Ra - IL-1RI (right) structures, contacts that are tabulated at 6.3 represented as
VDW.

inactive form, also makes important contacts when it is bound to its ligands; IL-15
and IL-1Ra. The contacts are comparatively demonstrated in Figure 6.6 and contact

types of the residues are explained in Table 6.3.



31

Chapter 6: Unbound Form of IL-1R Superfamily Structures and MD Results

orqoydoIpAH - HAH
puog ueS0IpAH - gH

Y30 1ao 6EUSY VO 1ol
HdH vD/edd Genoy 1aD/eHd e1oI1
HdH an 6EUSY 1aD/eHd e1ol1 HdH A0 LesAT THD  gTell
HdH can gymo] 1aD/100 1ol HdH Iap  6gneT  IDD  gTell
HdH  1AD/ZD/TdD  ¥eihL 1an/1oo ¢To1l HdH cad  IE€weT 1D gIel
HdH can/1an T D/AD/AD/dD  TIsAT HdH DO gedsy  1DD €rell
dd o) GEno| ZN QEN| HdJH DO seund gD eroll
0 §C10) VeIAL 140 o HdJH ad> seun Do CTSAT
dH AN/CHN 9g31y ¢id0/1d0 [AL9) aH Id0  gedsy 7N CIsAT
HdJH 9J0) 9g31y /0] 631V 0 qD  LeSAT gHO  TInID
HdJH an LTUSY /8 631y aH ¢cdN  6gIUsy  THO 1D
odAfT, adAT,
N woyy ey I1-11 woyy T oy WOV gI-11 woly THI-T1I

RYT-TI PU® JT-TI UM $30RIU0D SULYRW [HT-] JO UOIJRULIOJUOD 9SO[D Ul SoNpIsal jueirodw] €9 d[qr],



Chapter 6: Unbound Form of IL-1R Superfamily Structures and MD Results 32

6.3 MD Simulation Results of Unbound Form of IL-1 Receptor-Like 1

IL-33 is a recent member of the IL-1 cytokine superfamily. IL-1RAcP is an essential
protein also for binary complex of IL-33 and its primary receptor, IL-1RPL1 (ST2).
This ternary complex is needed for signalling. Ligand-free form of IL-1RPL1 MD
simulation showed that this receptor is taking a compact conformation like IL-1RI
with the dimensions changed from 72 A x 90 A x 49 A to 56 A x 63 A x 54
A. D1 and D2 domains act as a whole and their structure is very similar to initial
conformation with RMSD of 2.9 A . Also when D3 domain aligned separately, we see
that it conserves rigidity with RMSD of 3 A . As depicted in Figure 6.7, 3rd domain
of IL-1RPL1 rotates 132° compared to its initial open form.

Figure 6.7: Rotation of D3 domain with respect to its initial conformation around its
rotation axes depicted as black arrow and bending residues are circled; 181-190.

Flexibility comes from long D2 - D3 linker, consisting of 7 residues 183-190 and this
flexibility make ST2 able to bind its cytokine, IL-33 [50]. Open and close conforma-
tions domains are similar with members of 1-86, 101-182 and 191-297 for D1, D2 and
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D3 respectively.

Figure 6.8: Conformations of IL-1RPL1 (ST2)

The formation of compact conformation is very much like IL-1RI. First, it makes
contacts with its flexible linker member GIn186 and D2 member Vall02, depicted
as yellow in Figure 6.8. Also, D1-D2 linker member Ser100 makes contact with
D3 member Leu288 and D1 member Trp5 with D3 member Phe225. Then, we see
the same zipping movement of D3 domain towards the D1D2 module with order
of formation of contacts colored in consequent manner yellow,red,orange and green
respectively. In close conformation of IL-1RPL1 there is a newly formed interface via
extending of the beta sheets with D1 and D3 domain. Members of the interface are

given in Table 6.4 below.

There is also another study suggesting that ST2 takes a close conformation. This
study uses both SAXS studies and BILBOMD program which uses constrained MD
to characterize conformation changes of the receptor. They revealed that ST2 takes

different conformers in solution which can be seen in Figure 6.10.
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Table 6.4: Interface residues of close conformation of ST2 colored in representative of
Figure 6.8

interface residues of ST2

D1 domain members | D3 Domain members

Arg76 Glu249
GIn3 GIn224

Trpb Phe225
Ser100 Leu288
Vall02 GIln186

=)

Figure 6.9: Conformations of ILIRPL1 (ST2)

Their structure is very similar to our findings. When their closed form of receptor and
our structure from MD simulation is compared by aligning D1D2 module, it showed

a resemblance with RMSD of 2.4 A . Aligned structures can be seen in Figure 6.11.
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Figure 6.10: 3 conformers of ST2 from Liu et al.

Figure 6.11: ST2 conformers of Liu et al. (red) and our MD snapshot (blue) is aligned
via D1D2 module.
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6.4 MD Simulation Results of Unbound Form of IL-18 Receptor 1

IL-18 is involved in both innate and adaptive immune responses. This cytokine in-
duces IFN-v production from T-helper lymphocytes cells and macrophages, and up-
regulates cytotoxic natural killer cells. Primary and accessory receptors for 1L-18
signalling are IL-18R1 and IL-18RAcP. The structural comparison reveals that IL-18
binding sites of its primary receptor is structurally similar to IL-1RI site I and II on

IL-15 [12].

IL-18R1 is also similar to IL-1RI and IL-1RPL1 as it has a long flexible linker between
D2 and D3 domain. Members of domains are 1-93, 106-186 and 194-298 for D1, D2
and D3 respectively. By the help of this linker, I1.-18R1 takes a compact form like
IL-1RI and IL-1RPL1. Dimension of the starting structure are 54 A x 103 A x
60 A and the compact structure has dimensions of 58 A x 64 A x 71 A. Close
conformation showed 80°rotation of D3 compared to the starting structure of the IL-
18R1 as depicted in Figure 6.12. These two conformations of IL-18R1 have 2.06A
RMSD when they are aligned according to their D1D2 module.
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Figure 6.12: Rotation of the 3rd domain with respect to its initial conformation.
Rotation axes is demonstrated as an arrow and close up is highlighted for bending
residues Asp189, Argl190 and Ser191.

Figure 6.13: Conformations of IL-18R1
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Figure 6.14: Formation of non-existing contact members are depicted as VDW with
time evolution; yellow, red, orange and green respectively. Interface residues of close
conformation of IL-18R1 is demonstrated at Table 6.5
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Table 6.5: Interface residues of close conformation of IL-18R1 colored in representative
of Figure 6.14

interface residues of IL-18R1
D1 domain members | D3 Domain members
Lys88 Glu234

Argl03 Glu244

Glull1 Argl90
Lys108 Glu224
Ile109 Glu224
Vall87 Arg190
Glul88 Arg190
Asp189 Arg190
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Since D3 domains make a dramatic movement towards D1 domain of the receptors,
the binding energy between D1 and D3 domains are calculated using Fiberdock [51].
In Table 6.6, the types of the contributing binding energies are demonstrated for
IL-1RI, IL18R1 and ST2.

Table 6.6: Fiberdock energies of interfaces of inactive form of receptors

bindi
receptor mams aVdW rVdW ACE HB aElec rElec laElec IrElec
energy

IL-1RI -33.36 -11.54 5.71 3.01 -1.45 -205.07 9.38 -10.16 6.58
IL-18R1 -17.90 -14.74 12.52 4.09 -1 -92.21 0 -30.07 1.66
ST2 -38.19 -21.91 15.73  -1.65 -0.22 -204.31 4797 -26.36 21.15

aVdW, rVdW - softened attractive and repulsive van der Waals energy
ACE - atomic contact energy (ACE)

aKElec,rElec - attractive and repulsive short-range Coulomb electrostatics
laElec, IrElec - attractive and repulsive long-range Coulomb electrostatics
HB - hydrogen and disulfide bonds
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6.5 MD Simulation Results of Unbound Form of Type II IL-1 Receptor

IL-1RII cannot form the signalling complex because of its short TIR domain. There-
fore, this decoy receptor has a role in IL-1 inhibition mechanism. Also, it binds IL-15

with higher affinity than the IL-1Ra, showing another regulatory mechanism.

MD simulation of ligand-free form of IL-1RII revealed that it has a rigid form unlike
IL-1RI, ST2 and IL-18R1. D1, D2 and D3 domain members of IL-1RII are 15-113,
116-216 and 222-330, respectively.

y
(N &&5 Yo

Figure 6.15: Snapshots from MD Simulation of IL-1RII

As presented in Figure 6.16, D2 member Asp183 is making contact with D3 member
Glu290 from at the begining of the simulation. This contact also aids in forming
strong contacts with D2-D3 linker member Lys217 | Lys219 and D3 member Glu290.

Consequently, this contact restricts the movement of D3 domain.
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Figure 6.16: IL-1RII important contacts that disables D3 domain to gain high flexi-
bility



Chapter 6: Unbound Form of IL-1R Superfamily Structures and MD Results 43

6.6 MD Simulation Results Unbound Form of IL-1 Receptor Accessory
Receptor

Both type I and type II receptors associate with IL-1RAcP but signalling occurs only
with association of IL-15 - IL-1RI complex. This activation by IL-1RAcP is essential
for signalling. In addition to its activation role, there are also proposed inhibitory
mechanisms of IL-1RAcP. First of all, IL-1RAcP is unable to recognize IL-1 cytokine
by itself [13]. As a result, it does not decrease IL-1Ra concentration. Secondly, soluble
form of IL-1RAcP can still bind the binary complex and inhibits IL-1 signalling [28].
Consequently, it decreases the concentration of available IL-1/3 - IL-1RI complex and
takes an inhibitory role.

200ns MD simulation of soluble IL-1RAcP showed that it has a single conformation
and does not take a close form as primary receptors; IL-1RI, IL18R1 and ST2. This
rigid behaviour is also supported by SAXS studies of unbound state IL-1RAcP in
solution [50].

Figure 6.17: Starting structure and final structure is aligned through their D1D2
module represented as blue and red, respectively.

Domains of IL-1RAcP consist of residues: 5-112, 126-213 and 217-328 for D1, D2 and
D3 respectively. D3 of IL-1AcP makes a swing through its short linker as it can be
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Figure 6.18: Short linker of sIL-1RAcP is represented as VDW with green.

seen from Figure 6.17. This short linker between D2 and D3 domain of IL-1RAcP
consists of 3 members: Vall24, Gly215 and Ser216 as depicted in Figure 6.18. Due to
its shortness, D2 and D3 domain members are able to make contacts. Throughout the
simulation Lys218 and Glul32; Glu288 and Lys128, Lys128; make strong contacts,
illustrated in 6.19.

f SER216

Figure 6.19: IL-1RAcP short linker stays rigid with its charged contacts

This study presents that sIL-1RAcP is rigid when it is unbound. This suggests another
inhibitory role for sIL-1RAcP by not taking an inactive form and being ready for
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forming non-signalling complexes. Furthermore, this low degree of flexibility can be

a reason of sIL-1RAcP inability of directly engaging cytokines.
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Interface residues of IL-1Ra-IL-1RI complex along trajectory
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Interface residues of mutantIL-1Ra-IL-1RI complex along trajectory
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IL-1 Superfamily Unbound Form

sp
sp
sp
sp

Q01638
Q9NPH3
P14778
P27930

19-356
21-570
18-569
14-398

4R6U_C|PDBID|CHAIN | SEQUENCE

sp
sp
sp
sp

Q01638
Q3NPH3
P14778
P27930

19-556
21-570
18-569
14-398

4R6U_C|PDBID|CHAIN|SEQUENCE

sp
sp
sp
sp

Q01638
Q9NPH3
P14778
P27930

19-556
21-570
18-569
14-398

4R6U_C|PDBID|CHAIN | SEQUENCE

sp
sp
sp
sp

Q01638
QINPH3
P14778
P27930

19-556
21-570
18-569
14-398

4R6U_C|PDBID| CHAIN|SEQUENCE

sp
sp
sp
sp

Q01638
Q9NPH3
P14778
P27930

19-556
21-570
18-569
14-398

4R6U_C|PDBID|CHAIN|SEQUENCE

sp
sp
sp

5
4R6

Qo1638
QINPH3
P14778

p|P27930

19-356
21-570
18-569
14-398

U_C|PDBID|CHAIN|SEQUENCE

------------------- KFSKQSWGLENEALTVRCP-----------R

---------- SERCDDWGLDTWRQIQVFEDEPARTKCPLFEHFLKFNYST

-------- LEADKCKER- -EEKTILVSSANEIDVRPCP----------LN

FTLQPAAHTGAARSCRFRGRHYKREFRLEGEPVALRCP- - - - QUPYULWA

--------------- AESCTSRPHITVVEGEPFYLKHCS - - - - - - -CSLA
*

QGKPSYTVDWYYSQTNKSIPTQE----- RNRVFASGQLLKFLPAAVADSG
AHSAGLTLIWYWTRQDRDLEEPINFRLPENRISKEKDVLWFRPTLLNDTG
PNEHKGTITWYKDDSKTPWSTEQ----- ASRIHQHKEKLWFVPAKVEDSG
SVSPRINLTWHENDSARTVPGEE----- ETRMWAQDGALWLLPALQEDSG
HETETTTKSWYKSSGSQEHVELNP - -RSSSRIALHDCVLEFWPVELNDTG

* . * * - * * &

I¥TCIVRSPTFNRTGYANVTIYKKQSDCNVPDYLMYSTWSGSEKNSKIYC
NYTCOMLRNTTYCSKVAFPLEVVQKDSCFNSPMKLPVHKLYIEYGIQRITC
HYYCVVRNSSYCLRIKISAKFVENEPNLCYNAQATFKQKLPVAGDGGLYC
TYWCTTRNASYCDKMSIELRVFENTDAFLP - -FISYPQILTLSTSGVLVC
SYFFQMEN- - - -YTQKWKLNVIRRNKHSCFTERQVTSKIVEVKKFFQITC
* . '

PTIDLYN- - - -WTAPLEWFKNCQALQGSRYRAHKSF - - - -LVIDNVMTED
PNVDGYFP -S5VKP TI TWYMGCYKIQNFNNVIPEGMN- - -LSFLIALISN
PYMEFFKNENNELPKLOQWYKDCKPLLLDNIHFSGVKDR - - LIVMNVAEKH
PDLSEFTR-DKTDVKIQWYKDSLLLDKDNEKFLSYVRGTTHLLVHDVALED
ENSYYQT-- - -LVNSTSLYKNCKKLLLENNKNPTIKKN------- AEFED

AGDYTCKFIHNENGANYSVTATRSFTVKDEQGF SLFPVIGAPAQNEIKEY

NGNYTCVVTYPENGRTFHLTRTLTVEVVGSPKNAVPPYIHSPNDHVVYEK

RGNYTCHASYTYLGKQYPITRVIEFITLEENK -PTRPVIVSPAN-ETMEV

AGYYRCVLTFAHEGQQYNITRSIELRIKKKKE-ETIPVIISPLK--TISA

QGYYSCVHFLHHNGKLFNITKTFNITIVEDRS -NIVPVLLGPKLN-HVAV
* . ' E &

* ¥ * & . E

EIGKNANLTCSACFGKGTQFLAAVLWQLNGTKITDFGEPRIQQEEGQNQS
EPGEELLIPCTVYFSFLMDSRNEVWWTIDGKKPDDITIDVTINESISHSR
DLGSQIQLICNVTG- - - -QLSDIAYWKWNGSVIDEDDPVLGEDYYSVENP
SLGSRLTIPCKVFLGTGTPLTTMLWWTANDTHIESAYPGGRVTEGPRQEY
ELGKNVRLNCSALLN- - - -EEDVIYWMFGE - - - ENGSDPNIHEEKEMRIM

20
40
30
46
28

65
90
75
9
76

115
140
125
139
122

157
186
173
188
161

207
236
221
235
209

257
286
267
285
252

Figure 6.20: CLUSTALW?2 Multiple Sequence Alignment 1 Q01638 : ST2, QINPH3 :
IL1RAcP, P14778 : IL1RI, P27930 : IL1RII,4R6UchainC — IL18R

4ke3B:ST2, 4depF:IL-1RAcP, 1itbB:IL-1RI, 3040C:IL-1RII,4r6uC-1L-18R1
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sp|QO1638[19-556 oo KFSKQSWGLENEAL TVRCP -~ - - - - - - R 20
sp|QINPH3|21-570 e SERCDDWGLDTWRQTQVFEDEPARTKCPLFEHFLKFNYST 40
sp|P14778|18-5¢89  -------- LEADKCKER - -EEKIILVSSANEIDVRPCP---------- LN 30
sp|P27930|14-398 FTLQPAAHTGAARSCRFRGRHYKREFRLEGEPWVALRCP- - - -QVPYWLWA 46
ARGU_C|PDBID|CHAIN|SEQUENCE ~  -----v-n-mnmnv- AESCTSRPHITVVEGEPFYLKHCS-- - - - - - CSLA 28

*

sp|Q01638|19-556 QGEPSYTVDWYYSQTNKSIPTQE----- RNRVFASGQLLKFLPAAVADSG 65

sp|QINPH3 | 21-570 AHSAGLTLIWYWTRQDRDLEEPINFRLPENRISKEKDVLWFRPTLLNDTG 90

sp|P14778|18-569 PNEHKGTI TWYKDDSKTPVSTEQ- - - - -ASRIHQHKEKLWFVPAKVEDSG 75

sp|P27930|14-398 SVSPRINL THHKNDSARTVPGEE - - - - - ETRMWAQDGALWLLPALQEDSG 91

4R6U_C| PDBID| CHATN| SEQUENCE HETETTTKSWYKSSGSQEHVELNP - -RSSSRTALHDCVLEFWPVELNDTG 76

* * * - * * &
sp|Q01638|19-556 TYTCIVRSPTFNRTGYANVTIYKKQSDCNVPDYLMYSTVSGSEKNSKIYC 115
sp|QINPH3 | 21-570 NYTCMLRNTTYCSKVAFPLEVVQKDSCFNSPMKLPVHKLYTEYGIQRITC 140
sp|P14778|18-569 HYYCVVRNSSYCL RTKTSAKFVENEPNL CYNAQAT FKQKLPVAGDGGLYC 125
sp|P27930|14-398 TYVCTTRNASYCDKMSIELRVFENTDAFLP - -FISYPQILTLSTSGVLYC 139
4R6U_C|PDBID|CHAIN | SEQUENCE SYFFQMEN- - - -¥YTQEWKLNVIRRNKHSCFTERQVTSKIVEVKKFFQITC 122
* . P
5p|Q01638]19-556 PTIDLYN- - - -WTAPLEWFKNCQALQGSRYRAHKSF - - - - LVIDNVNTED 157
sp|QINPH3|21-570 PNVDGYFP-SSYEPTITWYMGCYKIQMFNNVIPEGMN---LSFLIALISN 186
sp|P14778|18-569 PYMEFFKNENNELPKLQWYKDCKPLLLDNIHFSGVKDR - - LIVUNVAEKH 173
sp|P27930|14-398 PDLSEF TR-DKTDVKIQWYKDSLLLDKDNEKFL SVRGTTHLLVHDVALED 188
4R6U_C| PDBID| CHATN| SEQUENCE ENSYYQT - - - -LVNSTSLYKNCKKLLLENNKNPTTKKN- - - - - - - AEFED 161
5p|Q01638|19-556 AGDYTCKF THNENGANYSVTATRSF TVKDEQGF SLFPVIGAPAQNEIKEV 207
sp|QINPH3|21-570 NGNYTCVVTYPENGRTFHLTRTLTVKVVGSPKNAVPPVIHSPNDHVVYEK 236
sp|P14778|18-569 RGNYTCHASYTYLGKQYPTTRVIEFTTLEENK-PTRPVIVSPAN-ETMEV 221
sp|P27930|14-398 AGYYRCVLTFAHEGQQYNTTRSTEL RTKKKKE -ETIPVITSPLK--TISA 235
4R6U_C|PDBID|CHAIN | SEQUENCE QGYYSCVHFLHHNGKLFNITKTFNITIVEDRS-NIVPVLLGPKLN-HVAY 209
* k¥ * * * *E . *
sp|Q01638]19-556 ETGKNANL TCSACF GKGTQFLAAVLWQLNGTKT TDFGEPRIQQEEGQNQS 257
sp|QINPH3 | 21-570 EPGEEL LTPCTVYFSFLMDSRNEVWWTIDGKKPDDITIDVTINESTSHSR 286
sp|P14778|18-569 DLGSQIQLICNYTG- - - -QLSDIAYWHKWNGSVIDEDDPYLGEDYYSVENP 267
sp|P27930|14-398 SLGSRL TIPCKVFLGTGTPLTTMLWWTANDTHL ESAYPGGRVTEGPRQEY 285
4R6U_C| PDBID| CHAIN| SEQUENCE ELGKNVRLNCSALLN- - - - EEDVI YWMFGE - - - ENGSDPNIHEEKENRIM 252
Figure 6.21:  CLUSTALW2 Multiple Sequence Alignment 2 01638

ST2,QINPH3 : IL1RAcP, P14778 : IL1RI, P27930 : IL1RII,AR6Uc — IL18R



Appendix 65
1 11 21 31 41
Consensus - - - - - - - - - - ph---qivvl enEpailkCP | --------- -----.-._.__°_
Conservation
| e SK---QSWGL ENEALIVRC RQ------ - -KP----- S -
4r6uC SCTSR- - - - - H---1TVVE -EPFYLKH- ---------- CSCTTT - - - -
4depf @ - - - - - - DDW LDTMRQIQVF EDEPARIKC
1itbB - - - - - CKERE EK-I|-1LVSS ANEIDVRFC
3040C - - - - - CRFR RH-YKREFRL EGEPVALRC
51 61 7 81 o1
Consensus - - -t [ tWYk- d----5-et- p-------- n RiaahkgqvlLw FIPalveDsG
Conservation
4kc3B --YTVDWYY - - - --- S---8 IPTQER---N RVFASGQLLK FLPAAVADS
4r6uC ----KSWYKS SGSQEHVELN PR-------- RIALHDCVLE F-WPVELNDT
4depF AGLTLIWYWT R----DLEE- ------ LPEN RISKEKDVLW FRPTLLNDT
1itbB --GT I TWYKD D---- - SKT VESTEQA---8 RIHQHKEKLW FVPAKVEDS
3040C RINLTWHKN D----8SARTV ---EEE-T RMWAQDGALW LLPALQEDS
101 111 121 131 14
Consensus i YyCivRnas ycskiyiplk iveng--ccf ppyqiysqgil y-ek-igqit
Conservation
4kec3B IYTCIVRSPT FNRTGYANVT |IYKKQSDCNYV DYLMYSTVS SEK-NSKIY
4r6uC SYFFQMKN - -YTOKWKLNY |IRRNKH-SCF TERQVTSKIV E-VKKFFQIT
4depF NYTCMLRNTT YCSKVAFPLE VVQKD-SCFN SPMKLPVHKL YIEYGIQRIT
1itbB HYYCVVRNSS YCLRIKISAK FVENEPNLCY NAQAIFKQKL VAG-D LV
3040C TYVCTTRNAS YCDKMSIELR VFENT--DAF LPFISYPQIL TLST-SGVLV
151 161 171 181 191
Consensus CP-idsy-q- ---------- -pkigWYKdC kkLg------ ---f-awv -
Conservation
4kec3B CPTIDLYNW- - ------.-_-- TAPLEWFKNC QALQ----- - SRYRAH - - K
4r6uC C--ENSYYQT LVNS------ ---TSLYKNC KKL------- ----- T---
4depF CPNVDGY -F ----88VK- - -PTITWYMGC YKIQNFNN - - --VIPEG- - -
1itbB CPYMEFFKNE ----N---NE LPKLQWYKDC KPLL----LD NIHFSGV--K
3040C CPDLSEFTRD ----K----T DVKIQWYKDS LLLD----KD NEKFLSVRGT
Figure 6.22: Multiple Structure Alignment 1
201 211 221 231 241
Consensus --Livhnva- edaGyYtCva ty---G-q-- =---yniTrti eftikee---
Conservation
4ke3B SFLVIDNVMT EDAGDYTCKF |IHNENGAN - - ---YSVTATR SFTVKDE- - -
4r6uC --IKKNAEF- EDQGYYSCVH FL----- HHN KLFENITKTF NITIVEDRSN
4depF MNLSFLIALI SNNGNYTCVV TYP--GRT- - ---FHLTRTL TVKVVG- - - -
1itbB DRLIVMNVAE KHRGNYTCHA SYTYLGKQ- - ---YPITRVI EFITLEENK
3o040C THLLVHDVAL EDAGYYRCVL TFAHEGQQ-- ---YNITRS| ELRIKKKKEE
251 261 271 281 291
Consensus - - - - - - - - - - - - - - - - oo oo ---ooo-- -ooo----o- ------ - oo
Conservation
4ke3dB @0 - - - - - - - - - - oo oo oo ---QGFSLF
4r6uC I I I
gdepf = - - - - ------ ---.----..-.- ---8PK----
1itbB TRPVIVSPAN ETM-EVDLGS QlQ-------
3040C TIPVIIS- - LKTISASLGS RLT-------
301 311 321 331 341
Consensuss NG E- R RSB BB ECE R R BB R
Conservation
4kc3B NLT------- ---CSACFGK TQ- - -----  --co---ooa s oo F- -
4r6uC LNC------- ---8ALL--- ---NE----- =---------- ---_-----_._
gdepf = - - - - - - - - - - - - NAV VIHS NDHVVYEL I CTVYFSFLMD
1itbB LICNVTG--- QLS------- - --------- - on oo - -
3040C IPCKVFLGT TPL------ - - s - s s s s oo - o - - oo - - - - - o
351 361 371 381 391
Consensus - - - - - - - - - - - - - - - - - oo oo oo oo oo oo --ooo oo dviyw
Conservation
BEE @00 - - - - - - - - - - - - - oo - - - - - oo ---LAAVLW-
| R ----EDVIYW
4depF SRNEVWWT ID TINESISHSR TEDETRTQIL SDLKRSYVCH ARSAKCE- - -
L L T T A I I T I T A I I T T I TR TR T T I I DIAYW
BEEEE @& - - - - - - - - - - - - - - - s - - - s o s - oo - - oo oo - - o ----TTMLWW

Figure 6.23: Multiple Structure Alignment 2
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