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ABSTRACT 

INVESTIGATION OF HUMAN IL18 STRUCTURES TOWARDS 

UNDERSTANDING THE DYNAMICS AND SELF-ASSEMBLY OF IL18-IL18BP 

HETERODIMERS 

 

Yılmaz Yücehan Yazıcı 

M.Sc. in Molecular Biology and Genetics 

Advisor: Serkan Belkaya 

Co-advisor: Emel Timuçin 

August 2023 

 

Interleukin-18 (IL18) is an inflammatory cytokine involved in the regulation of both 

innate and adaptive immunity. IL18 activity is tightly regulated by its constitutively 

secreted inhibitor, IL18 binding protein (IL18BP). All known IL18BPs from human to 

poxviruses share an identical protein fold. Investigation of known crystal structures of 

human IL18 illustrated that the region between the 68th and 81st amino acids is either 

missing or disordered in all IL18-IL18BP complexes while adopting a 310 helical structure 

in the free or signaling complexes of IL18. The C74 residue in this region was reported to 

form a novel intermolecular disulfide bond in the human IL18-IL18BP tetrameric 

assembly. Yet, the impact of this small surface epitope on the stability and self-assembly 

of IL18 is unclear. First, we investigated the dynamics of this small surface region of IL18-

IL18BP heterodimers by molecular dynamics simulations. In simulations, we used all 

known crystal structures of IL18-IL18BP and two additional computer models generated 

by AlphaFold2 and homology modeling to observe the differential folding of small surface 

regions. Next, we generated the proposed human and Yaba-like disease virus tetramers 
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and analyzed them with or without intermolecular disulfide bonds. We found that the 

helical structure of small surfaces stabilizes the backbone of the complex through reducing 

its flexibility. While our computational model folded into a more stable and less flexible 

short IL18 epitope, similar to free IL18 or bound IL18 on the signal complex, IL18 from 

the complexes with human or virus IL18BPs displayed flexible regions with a less stable 

backbone. The core of the human crystal loosened, becoming more exposed to solvent in 

the human crystal structure. Particularly, a salt bridge stabilized the human IL18 structure 

at the helix configuration, linking the helix to the core region. We observed that the 

bivalent binding mode for the human tetramer, which is disturbing one side of the tetramer 

by breaking the disulfide bonds, did not affect the stability of the complex, and thereby 

the tetramer remained intact. Hence, the tetramer formation of IL18-IL18BP can be 

beneficial to the host as it provides an additional stability advantage. Overall, our results 

show that the short IL18 epitope between the amino acids 68 and 81 mediates stability 

and self-assembly of IL18-IL18BP heterodimers. 

 

 

 

 

 

 

 

Key words: Interleukin-18, Interleukin-18 binding protein, Protein-protein interactions, 
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ÖZET 
 

IL18-IL18BP HETERODİMERLERİNİN DİNAMİKLERİNİ VE KENDİLİĞİNDEN 

MONTAJINI ANLAMAK İÇİN İNSAN IL18 YAPILARININ İNCELENMESİ  

 

Yılmaz Yücehan Yazıcı 

Moleküler Biyoloji ve Genetik Yüksek Lisans 

Tez danışmanı: Serkan Belkaya 

Eş danışman: Emel Timuçin 

Ağustos 2023 

 

Interleukin-18 (IL18), hem doğal hem de kazanılmış bağışıklığın düzenlenmesinde yer 

alan enflamatuar bir sitokindir. IL18 aktivitesi, sürekli olarak salgılanan IL18 inhibitörü 

IL18 bağlayıcı protein (IL18BP) tarafından sıkı bir şekilde düzenlenmektedir. İnsandan 

çiçek virüslerine kadar bilinen tüm IL18BP'ler aynı protein katlanmasını paylaşırlar. İnsan 

IL18'in bilinen kristal yapılarının araştırılması, IL18'in serbest veya sinyal 

komplekslerinde 310 sarmal bir yapı benimserken, 68. ve 81. amino asitler arasındaki 

bölgenin tüm IL18-IL18BP komplekslerinde ya eksik ya da düzensiz bir yapıda olduğunu 

gösterdi. Bu bölgedeki C74 kalıntısının, insan IL18-IL18BP tetramerik düzeneğinde yeni 

bir moleküller arası disülfit bağı oluşturduğu bildirildi. Yine de bu küçük yüzey 

epitopunun IL18'in stabilitesi ve kendi kendine montajı üzerindeki etkisi belirsizdir. İlk 

olarak, IL18-IL18BP heterodimerlerinin bu küçük yüzey bölgesinin dinamiklerini 

moleküler dinamik simülasyonları ile araştırdık. Simülasyonlarda, küçük yüzey 

bölgelerinin farklı katlanmasını gözlemlemek için IL18-IL18BP'nin bilinen tüm kristal 

yapılarını ve AlphaFold2 ve homoloji modellemesi ile oluşturulan iki ek bilgisayar 

modelini kullandık. Daha sonra, önerdiğimiz insan ve Yaba benzeri hastalık virüsü 
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tetramerlerini oluşturduk ve bunları moleküller arası disülfit bağları olsun ya da olmasın 

analiz ettik. Küçük yüzeylerin sarmal yapısının esnekliği azaltarak kompleksin 

omurgasını stabilize ettiğini bulduk. Hesaplamalı modelimiz, serbest veya sinyal 

kompleksi üzerindeki IL18'e benzer şekilde daha kararlı ve daha az esnek bir kısa IL18 

epitopuna katlanırken, insan veya virüs IL18BP'leri ile olan komplekslerdeki IL18, daha 

az kararlı bir omurgaya sahip esnek bölgeler gösterdi. İnsan kristalinin çekirdeği gevşedi 

ve insan kristal yapısında çözücüye daha fazla maruz kalacak hale geldi. Özellikle bir tuz 

köprüsü, sarmalı çekirdek bölgeye bağlayarak insan IL18 yapısını sarmal 

konfigürasyonda stabilize etti. Disülfit bağlarını kırarak tetramerin bir tarafını rahatsız 

eden insan tetramerinin bivalent bağlanma modunun kompleksin stabilitesini 

etkilemediğini ve dolayısıyla tetramerin sağlam kaldığını gözlemledik. Dolayısıyla, IL18-

IL18BP'nin tetramer oluşumu, ek bir stabilite avantajı sağladığı için konağa faydalı 

olabilir. Genel olarak, sonuçlarımız, 68. ve 81. amino asitler arasındaki kısa IL18 

epitopunun, IL18-IL18BP heterodimerlerinin stabilitesine ve kendi kendine montajına 

aracılık ettiğini göstermektedir. 
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CHAPTER 1  

 

 

   Introduction… 

 
1.1 Interleukin-18 

Interleukin (IL)-18 (IL18), known as a potent inducer of Interferon-γ (IFNγ), is a 

member of the IL1 family cytokines [1,2]. It is involved in the regulation of both adaptive 

and innate immunity in vertebrates [1–5]. Dysregulation of IL18 activity has been 

implicated in various immune-related diseases in humans [1,6–9]. 

1.1.1 Production of IL18 

The location of IL18 is on the human 11th chromosome. The gene consists of seven 

exons, of which exons 1 and 2 are non-coding and contain a GC-rich region and binding 

sites for the transcription factor, PU.1, specific to hematopoietic cells [10,11]. Both sites 

are considered to be required for basal IL18 transcriptional activity. IL18 mRNA 

expression is known to be induced upon various stimuli including pathogen-associated 

molecular patterns (PAMPs), danger-associated molecular patterns (DAMPs), and other 

inflammatory cytokines [1,5,8,12,13]. In comparison with other cytokines, IL18 exhibits 

more stability owing to the presence of fewer RNA-destabilizing elements in its mRNA 

[3,4]. Additionally, IL18 expression is controlled post-transcriptionally by multiple 

microRNAs, such as microRNA-197 and microRNA-346 [9,14]. Similar to other IL1 

family members, IL18 is initially produced as an inactive precursor of 193 amino acids 

(24 kDa) without a signal peptide [15]. Hence, this precursor form, pro-IL18, is localized 



2 

and accumulated mainly in the cytosol [15]. In response to inflammasome activation upon 

recognition of PAMPs or DAMPs, caspase-1 cleaves the inactive pro-IL18 at its N-

terminus and promotes the release of the mature IL18 by initiating an inflammatory cell 

death program known as pyroptosis, which leads to the formation of pores in the cell 

membrane [4,9]. There have been also additional mechanisms independent of canonical 

caspase-1-mediated IL18 processing described [3,8,9,15]. Caspase-8 can induce activation 

and maturation of IL1β and IL18 in a Fas-dependent manner [3,16,17]. Additionally, 

proteases ,such as Proteinase 3, chymase, and granzyme B, are capable of extracellular 

processing pro-IL18 released from dying cells without the involvement of an 

inflammasome [3,18–20].  IL18 mRNA is constitutively expressed at varying levels by 

many cell types, such as Kupffer cells, macrophages, dendritic cells, hepatocytes, 

keratinocytes, astrocytes, microglia, and osteoblasts [1,2,4,9,21–24] However, mature IL18 

is secreted predominantly by myeloid cells, such as macrophages and dendritic cells 

[1,25,26]. 

1.1.2 IL18 signaling 

The IL18 signaling complex assembles by combination of IL18, a ligand-binding chain 

known as IL18Rα, and a signal-transducing chain known as IL18Rβ [8,27,28]. While 

IL18Rα is constitutively expressed at low levels in various cell types [1,29]. IL18Rβ 

expression is more restricted, found only in a small population of immune cells, such as 

T cells, Natural killer (NK) cells, and NKT cells [1,29]. IL12 and IFNα are known to 

induce the expression of IL18R in human NK and T cells [9,30,31]. IL18Rβ is not able to 

form any heterodimer with either IL18 or IL18Rα and therefore binds to the IL18-

IL18Rα heterodimer assembly to form IL18 ternary signaling complex [15,32,33]. Both 
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IL18Rα and IL18Rβ belong to the IL1 receptor family and contain a Toll-like/IL1 

receptor (TIR) domain on their cytoplasmic side similar to the Toll-like receptors (TLRs) 

[3,10]. TIR domains on the IL18-IL18R complex relay the signal into Myeloid 

differentiation factor 88 (MyD88) and form a TIR-TIR interface [4,34]. The MyD88 

complex initiates the formation of the Myddosome signaling complex by recruiting the 

Interleukin-1 receptor-associated kinase 1 (IRAK1), IRAK2, and IRAK4 [3,9,15,35]. 

Phosphorylated IRAK4 binds to tumor necrosis factor (TNF) receptor-associated factor 

6 (TRAF6), which in turn activates the inhibitor of κB (IκB) kinase (IKK) [12,15,28]. 

Following ubiquitination of the IκB upon phosphorylation by IKK, the nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) became liberated and 

translocated to the nucleus, resulting in transcription of inflammatory genes [3,4,9,15,28,36] 

(Figure 1.1). IL18 signaling has also been shown to activate mitogen-activated protein 

kinase (MAPK), Signal transducer and activator of transcription 3 (STAT3) and c-Jun 

N-terminal kinase (JNK) pathways [12,15,28,35,37–39]. Overall, IL18-mediated signaling 

culminates in induction of various inflammatory mediators implicated in modulating 

both innate and adaptive immune responses. 
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Figure 1.1 IL18 signaling. (Redrawn from Hirooka Y et al., 2019 [28]) 
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1.1.3 Role of IL18 in immune system 

IL18 is a pleiotropic inflammatory cytokine, characterized by its ability to stimulate 

multiple cell types, but many of its biological functions are exerted in synergism with 

other cytokines. IL18, in combination with IL12 or IL15, primarily activates CD4+ T 

helper 1 (Th1) cells, CD8+ T cells, and NK cells, inducing production of IFNγ, which is 

essential for host defense against intracellular pathogens and tumors [3,5,9,40]. IL18 

stimulation together with IL12 and IL15 has been shown to induce generation of 

memory-like NK cells against cancer cells [3,41–43]. IL18 in combination with IL12 can 

also activate macrophages [9,44,45]. Moreover, IL12 and IL18 together induce IgG2a 

production in B cells while suppressing IL4-dependent IgE and IgG1 expression  [9,46,47]. 

IL18 without IL12 or IL15 does not induce IFNγ, but IL4 and IL13 in T cells, thus 

promoting a Th2 response, which is responsible for allergic reactions and killing 

extracellular parasites and bacterial infections [9,15,48]. Lastly, IL18 can also induce 

production of many other mediators, such as nitric oxide, TNFα, Fas ligand, IL6, and 

IL8, involved in inflammation, cell survival and differentiation [1,9,25,49–51]. Overall, 

pleiotropic characteristics of IL18 imply that its activity must be tightly regulated in 

order to preserve host homeostasis and prevent hyper-inflammation. 

1.1.4 Regulation of IL18 activity 

IL18 expression is regulated at both mRNA and protein levels. Mature IL18 activity is 

directly regulated by its natural antagonist, IL18 binding protein (IL18BP). IL18BP 

blocks the binding between the IL18 and IL18Rα [1,8,52]. It is a free soluble protein with 

a higher binding affinity to IL18 compared to that of IL18 to IL18Rα, preventing the 

IL18 signaling complex formation by blocking the interface between IL18 and IL18Rα 
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[1,52,53]. IL37, an IL1 family member, is another inhibitor of IL18 signaling by forming a 

complex of IL37, IL18Rα and IL1R8, which cannot bind to MyD88 but induces an anti-

inflammatory signal to the cell [54,55]. 

1.2 IL18BP 

IL18BP, like IL18, is found in chromosome 11 in the human genome. IL18BP mRNA 

undergoes alternative splicing, leading to generation of four known protein isoforms of 

IL18BP: a, b, c, and d. IL18BPa and IL18BPc isoforms contain an immunoglobulin (Ig) 

domain for IL18 binding, whereas IL18BPb and IL18BPd isoforms do not have a 

complete Ig domain, thereby lacking IL18 binding and inhibitory activity [4,56]. Human 

IL18BPa is the canonical isoform, whereas physiological abundance of other isoforms 

is dubious [4,6,56]. Therefore, IL18BPa will be termed and hereafter used as IL18BP in 

the text throughout the thesis. IL18BP is constitutively secreted and its basal circulating 

levels in humans are very low, ranging between 2 and 10 ng/mL [4,6,12,57,58]. IL18BP is 

expressed by various cell types including both hematopoietic and non-hematopoietic 

cells [1,8,12,59]. IFNγ is known to be potent inducer of IL18BP expression, generating a 

negative feedback mechanism for down-regulation of IL18 activity (Figure 1.2) [12,60–62]. 

In addition, TNFα, IFNβ, and IL27 were also shown to induce IL18BP albeit to a 

dramatically lower extent compared to IFNγ [5,12,63–65].  

The imbalance between IL18 and IL18BP has been implicated in infection, cancer, and 

many inflammatory diseases affecting various systems including adult-onset Still’s 

disease, systemic juvenile idiopathic arthritis, inflammatory bowel diseases, myasthenia 

gravis, pyogenic arthritis, pyoderma gangrenosum and acne, type 1 diabetes, multiple 

sclerosis, systemic lupus erythematosus, hepatitis, polymyositis and dermatomyositis 
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[1,8,12,52,66–70]. In particular, high levels of IL18 activity have been reported in macrophage 

activation syndrome and hemophagocytic lymphohistiocytosis, which are typically life-

threatening complications of rheumatological diseases and infections, respectively 

[12,66,71,72]. Recently, inherited human IL18BP deficiency was described in a child with 

fulminant hepatitis upon infection with Hepatitis A virus [6]. Uncontrolled IL18 activity 

was implicated in absence of IL18BP, resulting in excessive activation of lymphocytes 

and macrophages in the infected liver, thereby massive hepatocyte death and liver failure 

[6]. In the end, better understanding of the interactions between IL18, IL18BP and IL18R 

is a necessity for the development of novel and/or better remedies for such pathological 

conditions related to dysregulation of IL18 activity. 

 

 
 

Figure 1.2 IL18 is regulated by IL18BP. (Redrawn from Belkaya S et al., 2019 [6]) 
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1.3 Interaction between IL18 and IL18BP 

The quaternary structure of IL18 folds into a β-trefoil fold with 12 β-strands, one short 

α-helix, and one 310-helix [33,73]. It has been noted that binding of the IL18Rα did not 

affect the structure of IL18 in their crystal structure as all β-strands, short α-helix, and 

one 310-helix preserved their configuration [33,53,74]. The IL18BP inhibits the binding of 

IL18 and IL18Rα by blocking the interference between IL18 and IL18Rα-D3 site (Figure 

1.3) [53].  

Many poxviruses, such as Molluscum contagiosum virus, orthopoxviruses such as 

Variola virus, and yatapoxviruses, such as Yaba-like disease virus (YLDV), use an IL18 

decoy protein, viral IL18BP (vIL18BP), to suppress the host immune responses [73,75]. 

The crystal structure of this vIL18BP shows high structural similarity with human 

IL18BP (hIL18BP) [76]. Hence, IL18 inhibitory mechanism of IL18BP is conserved 

among other species, and based on the competition for the interaction interface of IL18 

and IL18Rα [73,75,76]. In addition to the conserved binding mechanism between human 

and viral IL18BPs despite their low sequence similarities, IL18 and IL18BP share the 

same binding interface and occupy the same surface surrounding the similar residues as 

the mutation of K53 residue on human IL18 (hIL18) reduces the binding affinity of both 

human and viral IL18BPs [73,75,77,78].  

The binding of the hIL18 to hIL18BP shows a rigid binding model as both structures 

remain in their similar configuration [76]. Additionally, the binding of IL18 to IL18Rα, 

IL18Rβ, or antibody against IL18 does not drive into new conformation on the surface 

of IL18 [53,74]. Although IL18-IL18BP displays a rigid binding mechanism, and the 

overall structure of bound and free state stays relatively the same, the distant surface 

region of IL18 corresponding to a short stretch of amino acids between 68 and 81 shows 
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a disordered conformation in the IL18-IL18BP complexes (Figure 1.3) [73,75,76]. In all the 

different sources of IL18 and IL18BP crystal structures, distant surface regions display 

higher flexibility or lack secondary structure [73,75,76], whereas the conformation of the 

small surface region folds to compact 310 helical forms for IL18 in the IL18-IL18R 

complex or free form of IL18 (Figure 1.3). Despite that human and viral IL18BPs show 

a similar inhibition pattern and use the same binding surface on the IL18, they 

demonstrate different quaternary structures. For example, tetra-partite assembly is 

observed for the human IL18 complex with the YLDV IL18BP (Protein Data Bank 

(PDB) ID: 4eee) while complex between ectromelia virus IL18BP and hIL18 shows 

heterodimer (PDB ID: 3f62) [73,75]. The recent study that revealed the crystal structures 

of human IL18-IL18BP also indicated the possibility of the tetramer complex [76]. A 

possible novel symmetry-related tetrameric assembly has been proposed by using the 

intermolecular disulfide contacts between IL18 and IL18BP [76]. The C74 on the IL18 is 

found within the flexible distant surface region and reported to form a novel 

intermolecular disulfide bridge with IL18BP [76]. The new finding suggests that IL18-

IL18BP complexes show high elasticity as can be found in quaternary structures 

mediated by disulfide contacts. 
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Figure 1.3 Schematic representation of crystal structure (PDB: 3wo4) of human 
IL18-IL18R complex. Domains (D1-D3) are shown on IL18Rα (red) and IL18Rβ 
(blue). The small surface epitope between the 67th and 81st residues on IL18 (yellow) is 
indicated by black circle. (Adapted from Tsutsumi N et al., 2014 [53]) 
 
 

1.4 Aim of the study 

The viral and host crystal structures of IL18-IL18BP complexes provided essential 

information regarding the mechanisms of IL18 inhibition by IL18BPs. However, the 

static models obtained from the crystal structures do not provide necessary information 

on how conformational dynamics is affected during the assembly of IL18-IL18BP 
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complexes. Additionally, how short surface epitope affects the stability of the 

heterodimer or self-assembly of IL18-IL18BP complexes remains vague. Molecular 

dynamics (MD) simulation is a useful computational method for analyzing the 

conformational dynamics of proteins, using the atomic level information of 

biomolecules to arrange computational space. MD simulations of the IL18-IL18BP 

complexes may address the importance of the epitope between the residues 68 and 81 

on IL18. 

 

The work presented in this thesis was originally published as “Yazıcı, Y.Y., Belkaya, S., 

& Timucin, E. A small non-interface surface epitope in human IL18 mediates the 

dynamics and self-assembly of IL18-IL18BP heterodimers. Computational and 

Structural Biotechnology Journal. (2023, July 1) 21:3522-3531. eCollection 2023. 

https://doi.org/10.1016/j.csbj.2023.06.021” 
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CHAPTER 2 

 

 

Methods 

 
2.1 Homology modeling of the core region of human IL18BP 

The human IL18BP (UniProt ID: O95998) was predicted by MODELLER v9.25 

containing residues from 20 to 170, employing the YLDV IL18BP structure (PDB ID: 

4ekx) as the template [79]. A discrete optimized protein energy score was used to 

determine the best possible structure that represents the IL18BP [80]. The final structures 

were evaluated and selected to be free from Ramachandran outliers. 

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

The IL18 structures were obtained from different PDB structures of IL18-IL18R 

complex (PDB IDs: 3wo2, 3wo3, 3wo4, and 4r6u) [53,74]. The missing region within the 

IL18 in the structure was predicted by MODELLER [79]. First, rigid docking using 

ClusPro algorithm was performed to generate human IL18-IL18BP models based on 

IL18 structures from different PDB sources and computationally generated hIL18BP 

structure[81]. Top-scoring ClusPro predictions were superimposed to identify the 

predominant binding interface and the amino acids lining this interface. Next, 

HADDOCK calculations were performed by using the selected complex from ClusPro 

and preserving the flexible loop interface [82]. The final structures of IL18-IL18BP were 

selected based on the docking score from the top structure of each HADDOCK cluster. 

Overall, each run consisted of 4 different hIL18 and homology model of hIL18BP. 
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2.3 AlphaFold2 prediction of the human IL18-IL18BP complex 

We utilized AlphaFold2 (AF2) to predict human IL18BP in both the free form and the 

IL18-IL18BP complex forms [83–85]. MMseqs2 was employed to generate multiple 

sequence  alignments using the databases of UniRef100 [86–88] and PDB70 (version 

05Sep15), which is a clustered version of PDB [89]. The final model was relaxed by the 

AMBER force field [90]. The top-ranked structure was selected and analyzed based on 

residue confidence scores and predicted aligned error (PAE) plots. 

2.4 MD simulations 

Five human IL18-IL18BP heterodimers were analyzed by the MD simulation. The first 

three heterodimers were directly extracted from PDB (PDB IDs: 7al7, 3f62, 4ekx), and 

the remaining two were generated by homology modeling and AF2-based predictions.  

The viral tetramer from YLDV (4eee) and the symmetry-related human tetramer were 

modeled with (S-S) or without (-SH) the intermolecular disulfide bonds. The PDB 

structure were refined with MODELLER by modeling absent non-terminal regions and 

removing all of the nonstandard residues in the PDB structures [79]. Overall, nine 

different IL18-IL18BP complexes were placed in the center of a cubic water box with a 

padding distance of 10 Å and neutralized to a final concentration of 0.15 M using Na+ 

and Cl- counter ions. Systems were simulated by the GROMACS algorithm with the 

CHARMM36 force field containing the correction map [91–95]. The TIP3P model was 

implemented for water [96]. For all simulations, periodic boundary conditions and a time-

step of 2 fs were applied. Long-range electrostatic interactions were computed by the 

Particle-mesh Ewald summation method with a grid spacing of 1.2 Å and a cut-off value 

of 12 Å was used for short-range interactions [97]. Resulting MD systems were first 



14 

minimized with 40,000 steps by the steepest descent method and then equilibrated using 

a constant-volume ensemble (NVT) with Berendsen thermostat and an isothermal-

isobaric ensemble (NPT) with Parinello-Rahman pressure coupling at 1 atm and 310 K. 

Lastly, production simulations were performed for 500 ns. Details of the MD systems 

were given in Table 2.1. 

 

 Table 2. 1 Details of MD systems.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Human IL18 was used for all systems. 
Tetramers were simulated in the presence (S-S) and absence of (-SH) of 
the intermolecular disulfide bond(s). comp: Computational model. 
(Adapted from Yazıcı YY et al., 2023 [98]) 

 

 

2.5 Data analysis 

Root mean square displacement (RMSD) and root mean square fluctuation (RMSF) of 

Cα atoms, the radius of gyration (Rg), and solvent accessible surface area (SASA) were 

calculated for each complex and their subunits. Trajectories were visualized by utilizing 

Visual Molecular Dynamics [99]. All-to-all RMSD heatmaps were calculated by 

MDAnalysis [100]. Bio3D was used to describe the dynamics of each complex by 

calculating and analyzing principal component analysis (PCA) [101]. Covariance matrix 

System IL18 Source IL18BP Source Stoichiometry MD 
(ns) 

4eee (S-S) YLDV YLDV 2:2 500 
4eee (-SH) YLDV YLDV 2:2 311 
7al7 (S-S) Human Human 2:2 100 
7al7 (-SH) Human Human 2:2 500 
4ekx YLDV YLDV 1:1 500 
3f62 Ectromelia virus Ectromelia virus 1:1 500 
7al7 Human Human 1:1 500 
7al7 Human Human 1:1 396 
AF2 Human (comp) Human (comp) 1:1 500 
Model Human (comp) Human (comp) 1:1 500 
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of Cij was obtained by using mass-weighted Cartesian coordinates of the Cα atoms as 

follows: 

Cij = ⟨(qi − ⟨qi⟩)(qj − ⟨qj⟩)⟩ 

wherein qi and qj correspond to the internal coordinates of atoms i and j, respectively; 

⟨...⟩ defines the ensemble average. Next, principal components (PCs) are calculated by 

eigendecomposition on the Cij. A two-dimensional free energy landscape (FEL) was also 

constructed using the first two PCs as follows: 

𝛥𝐺(𝑥) = −𝑘+𝑇𝑙𝑛𝑃 0
𝑃(𝑉234 	)
𝑃678(𝑉)

9 

wherein kB is the Boltzmann constant, and T is the absolute temperature. P(Vx) and 

Pmax(V) are probabilities from the MD data, with Pmax(V) representing the most probable 

state. 

Dihedral angle principal component analysis (dPCA) method, which uses dihedral 

angles of the protein backbone, was also carried out. For some structures, dPCA has been 

shown to produce better description of the conformation space than cartesian PCA 

[102,103]. Because dihedral angles are periodic non-linear values as opposed to Euclidean 

distance, sin (sine) and cos (cosine) transformations of dihedral angle was applied to 

transform the angular periodic behavior to linear coordinate space. To this end, dPCA 

formula is extended as: 

𝑞;<=> = 𝑐𝑜𝑠𝛹<										𝑞;< = 𝑠𝑖𝑛𝛹< 

where n is the total number of peptide backbone and side chain, ψ is the dihedral angles. 

Both ψ and ϕ can be used to generate the covariate matrix. Employing the Gibbs energy 

formulation gives the dPCA FEL. 
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CHAPTER 3 

 

 

Results 

 
The work presented in this thesis was originally published as “Yazıcı, Y.Y., Belkaya, S., 

& Timucin, E. A small non-interface surface epitope in human IL18 mediates the 

dynamics and self-assembly of IL18-IL18BP heterodimers. Computational and 

Structural Biotechnology Journal. (2023, July 1) 21:3522-3531. eCollection 2023. 

https://doi.org/10.1016/j.csbj.2023.06.021” 

 

3.1 Computational prediction of the structure of human IL18-IL18BP complex 

Human computational model of the IL18-IL18BP complex was generated using 

homology modeling and AF2. The structure obtained from the AF2 prediction gave high 

confidence score and low residual position error for the IL18-IL18BP complex (Figure 

3.1a). There were no positional error or low confidence regions in the interface between 

the IL18 and IL18BP. The RMSD calculation based on the Cα- and all-atom of the 

computational model against the reference crystal structure (7al7) scored below 2 Å for 

the total or any subunits of the complex molecule (Figure 3.1b and Table 3.1). Both AF2 

and homology models were generated before the registry of the human crystal structure 

of the IL18-IL18BP complex to the database. Hence, the highly accurate computational 

model of IL18-IL18BP was generated without relying upon the crystal structure.  
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Table 3.1 Comparison of the computed models against the experimental structure.  

 

 
 
 

Reference structure: 7al7. HM-Dock: Homology docking 
∗∗IL18 was obtained from the 3wo2 for the docking study. 
(Adapted from Yazıcı YY et al., 2023 [98]) 
 
 
 
To obtain the homology predicted human IL18-IL18BP, the different sources of IL18 

crystal structures were used, as given in the table (Table 3.2). Because different IL18 

crystal structures showed variations, such as mutations and unfolded parts, the homology 

modeled hIL18BP were docked with human IL18s from different PDBs. The models 

produced by ClusPro rigid docking algorithm are superimposed onto the 7al7 crystal 

structure (Figure 3.2). The models showed the same docking interface between IL18-

IL18BP picked for the HADDOCK flexible docking. The passive residues found in the 

interface for each model were defined with PRODIGY [104,105]. The best model of the 

IL18-IL18BP was selected from the HADDOCK model for the MD simulation. The 

results were first assessed by HADDOCK criteria based on clusters with the less 

HADDOCK score, interface RMSD, desolvation, Van der Waals energy, and higher 

fraction of common contact [104,106]. The final models were refined with water in the 

HADDOCK server and compared with each other (Figure 3.3). The homology model of 

IL18-IL18BP was selected using the 3wo2 as the IL18 structure source. The accuracy of 

a homology model of the human IL18-IL18BP complex using the 3wo2 was also 

comparable to the AF2 model (Figure 3.1b and Table 3.1). 

 

 IL18 IL18BP 
 Cα all atom Cα all atom 

AF2 1.184 2.017 1.482 1.935 
HM-Dock 1.815∗∗ 2.708∗∗ 1.078 1.799 
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Table 3.2 The IL18 crystal structures used in the docking study. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Superimposing the homology model onto the reference structure displayed variations 

between each protein structure. The RMSD calculation of Cα and all-atom for the 

homology model against the crystal model scored a range between 1.8 to 2.7 Å 

considering both subunits (Table 3.1). The RMSD score of the homology model showed 

that the residues are positioned close with minimal error margin, which shows the 

accuracy of the IL18-IL18BP complex (Table 3.1). The comparison of both 

computational models is done by superimposing and calculating the Cα-RMSD of each 

subunit. The RMSD was calculated at 1.1 Å and 1 Å for IL18 and IL18BP, respectively, 

for the computational model. 

Computational and experimental structures showed different secondary structures for the 

region of hIL18 encompassing the amino acids between 68 and 81. Computational 

models fold into 310 helices for the small surface epitope similar to the experimental 

structure of IL18 in the free or receptor complex model (Figure 3.1c). Conversely, IL18 

from the IL18-hIL18BP complex or IL18-vIL18BP adopted a disordered secondary 

PDB Entry Method Resolution Chain 
3wo2 X-ray 2.33 Å A 
3wo3 X-ray 3.10 Å C 
3wo4 X-ray 3.10 Å A 
4eee X-ray 2.71 Å B 
4ekx X-ray 1.75 Å D 
4hjj X-ray 2.10 Å A 
4r6u X-ray 2.80 Å B 
4xfs X-ray 1.91 Å A 
4xft X-ray 2.00 Å A 
4xfu X-ray 2.85 Å A 
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structure (Figure 3.1c). The C74 residue, which is located in this small surface region, is 

suggested to be important in the assembly of the tetramer [76]. Hence, in the study, both 

AF2 and homology-modeled IL18-IL18BP complexes were used to investigate the 

configuration of IL18’s small region epitope and tetramer assembly (Figure 3.1c). 

Different oligomeric conditions of the IL18-IL18BP tetramer complexes were assessed. 

The only available experimental tetramer structure is the YLDV IL18- IL18BP complex 

(PDB ID: 4eee) (Figure 3.4b), which is used in further steps. The human tetramer IL18-

IL18BP complex was generated by positioning the human crystal of the IL18-IL18BP 

complex symmetrically and forming a disulfide bond between the C74 of IL18 and the 

C131 of hIL18BP (Figure 3.4c). The disulfide bond between the IL18 and IL18BP was 

either added or ignored for the tetramer assembly in order to compare the importance of 

the disulfide bond in the overall stability of the assembly. Overall, nine systems that have 

(i) different IL18BPs originating from different sources, human or virus, (ii) variable 

secondary structure of small surface region on IL18 and (iii) different assemblies were 

analyzed by MD simulations. 
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Figure 3.1 The experimental and predicted IL18-IL18BP complexes. (a) Panel 
shows the computed complex structure of human IL18-IL18BP by AF2, with coloring 
based on residue confidence score (plDDT: predicted local distance difference test, red: 
plDDT<50, yellow: plDDT<60, green: plDDT<70, cyan: plDDT<80, blue: 
plDDT<90). A PAE plot is also shown. Chain A shows IL18BP, and Chain B shows 
IL18. (b) Panel shows the superimposed structures of human crystal complex, AF2 
multimer, and docking-based predictions. RMSD values for this comparison are given 
in Table 3.1. (c) Panel shows the small region with different conformations in the 
complexes analyzed in this study. (Adapted from Yazıcı YY et al., 2023 [98]) 
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Figure 3.2 Docking of human IL18-IL18BP structures obtained from ClusPro. The 
figure shows the different IL18 structures used in the study as the source. ClusPro 
produces 10 different docking models based on its algorithm. The 3 docking models 
out of 10 is given for each IL18-IL18BP docking. The blue color indicates the 7al7 
crystal structure. The red complex shows the highest similarity to the original crystal 
model. Green- and yellow-colored structures show alternative docking patterns 
produced by ClusPro. 
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Figure 3.3 Docking of human IL18-IL18BP structures obtained from HADDOCK. 
The figure shows the models obtained upon refining within the HADDOCK server. The 
blue color depicts the 7al7 crystal structure. The red-, green-, teal-, and brown-colored 
structures illustrate the complex obtained by using the structure sources of IL18: 3wo4, 
4eee, 4ekx, and 4r6u, respectively. 

 
 

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

complexes 

The most flexible and highest backbone mobility was observed in the human crystal 

IL18-IL18BP complex (7al7) after calculating the all-to-all RMSD of each subunit in 

the complex (Figure 3.4). The change on the backbone of the human IL18-IL18BP 

complex was calculated as an average of 8 Å for Cα-RMSD. The virus model retrieved 

from the ectromelia virus (3f62) showed similar higher backbone mobility (Figure 3.4). 

The remaining heterodimers showed little variety and remained stable through 

simulation based on RMSD results. The tetramer molecules of 4eee and 7al7 showed 

different results for all RMSD. 4eee tetramer showed less mobility without a disulfide 
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bridge (Figure 3.4). Conversely, 7al7 without the disulfide bridge showed higher 

fluctuation, but the disulfide bridge stabilized the molecule and lowered backbone 

fluctuations (Figure 3.4). 

Rg and SASA calculations were applied for the whole complex and each subunit to assess 

the change in the overall stability and the surface (Figure 3.5). Explicitly, the Rg and 

SASA values of the hIL18 ranged between 15-16 Å and 80-90 nm2, respectively, while 

slightly wider ranges of 14-16 Å and 60-80 nm2 were sampled for the decoy structures 

(Figure 3.5). Overall, these results show that different structures were obtained because 

of the different sources that IL18 and IL18BP were retrieved from.  

Compared to other experimental models, IL18BP retrieved from the ectromelia virus 

showed a more packed configuration, and the average Rg was calculated as 20.5 Å for 

the given model (Figure 3.5a, green line). Nevertheless, SASA calculation for all IL18-

IL18BP complexes remained relatively similar, while the ectromelia virus model scored 

an average of 150 nm2 for SASA calculation (Figure 3.5b). The difference between Rg 

and SASA might arise from the fact that the monomer or heterodimer calculation of the 

protein might not appear globular in shape (Figure 3.5). This phenomenon gives an 

advantage to SASA calculation and provides a better understanding of the overall shape 

of the molecule rather than relying only on the Rg values [107]. Although many complexes 

remained stable, the human IL18-IL18BP complex obtained from crystal structure 

showed the greatest variation in the Rg and SASA measurement (Figure 3.5). If the 

results from the all-RMSD were considered, the human crystal model begins to loosen 

throughout the simulation, which is indicated by the upward increase in both Rg and 

SASA calculations (Figures 3.4 and 3.5). The computational models remained stable, 
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and no sudden changes occurred in their Rg or SASA measurement, indicating that the 

small surface region on hIL18 influences the dynamics of the backbone of the complex.  
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Figure 3.4 All RMSD plots of the human IL18-IL18BP models used in the study. 
All-to-all RMSD plots based on Ca traces. (a) Panel shows the human IL18-IL18BP 
dimers obtained from AlphaFold2, homology modeling and docking, and the recent 
crystallization study. (b) Panel shows the hIL18 crystal complexes formed with viral 
IL18BPs. (c) Panel shows the tetrameric assembly of the 4eee complex. Blue shades 
RMSD heatmaps show each IL18-IL18BP dimer in the tetramer. (The tetramers with 
and without the intermolecular bond(s) were labeled; oxidized form: S-S, reduced form: 
-SH). (Adapted from Yazıcı YY et al., 2023 [98]) 
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Figure 3.5 The Rg and SASA plots of all models. The Rg and SASA indicate the 
compactness ad stability of the molecule for IL18-IL18BP complex, IL18, and IL18BP. 
af: AlphaFold2, model: homology model, crys: crystal, tetra: tetramer, CD: C-D chain, 
noss: no S-S (Adapted from Yazıcı YY et al., 2023 [98]) 
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3.3 Mobility of IL18 is dependent on the conformation of the small surface 

epitope 

The Cα-RMSF measurements of all available IL18-IL18BP complexes were calculated 

using the last 200 nm of simulation (Figure 3.6a). The RMSF changes on the exterior 

side or tail were excluded from interpretation. The results showed that one region in the 

IL18 displayed fluctuation, whereas two regions in the IL18BP showed fluctuation 

throughout the simulation (Figure 3.6a, I). Notably, region I in the IL18 protein is the 

same region where the small surface epitope of interest resides (Figure 3.1c). The other 

fluctuated region found in the IL18BP are named DE and EF loops, respectively [76].  

If all models were compared for the fluctuation in region I, only computed models 

displayed fluctuation to a lesser extent (Figure 3.6a). The flexible region I in the 

computed models remained very stable throughout the simulation as the average 

fluctuation is calculated as 2 Å in the computed model. The computational models 

remained stable and compact throughout the simulation as no parts of the complex 

showed high levels of fluctuation except the C-terminal of IL18BP (Figure 3.6a). On the 

other hand, both viral and human models exhibited higher fluctuation in region II and 

region III, respectively (Figures 3.6a and 3.8). 

The essential dynamics and configuration of the complex throughout the simulation were 

investigated using the PCA and FEL analysis by using the 200 nm of each model (Figure 

3.7). To describe the essential dynamics of the IL18-IL18BP complexes, the first two 

PCs representing at least 40% of the variance in most of the subunits of the models were 

considered. The overall results of the PCA calculations indicate that IL18 and IL18BP 

remained stable in the confined space, with few exceptions, without a major change. The 
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wide PC1 and PC2 axes were observed for the IL18 in the human crystal and ectromelia 

virus models (Figure 3.7). However, FEL plots revealed that the ectromelia virus model 

remained in one configuration, while the human crystal displayed a larger change in 

conformation and space considering the wide PC1 axes. We also observed wide PC1-

PC2 axes in the IL18BP for nearly all complexes. The C-terminal fluctuation of the 

IL18BP might affect the PCA calculation as the FEL plot shows one dominant 

configuration for all heterodimer complexes (Figure 3.6). Additionally, RMSF and 

essential dynamics analyses also showed that the tetrameric structures were not 

destabilized by the removal of the intermolecular disulfide contacts. The tetramer 

molecules showed no difference and rigid backbone with or without the intermolecular 

disulfide contacts (Figures 3.6, 3.7 and 3.8) 

We performed dPCA to explore the configuration and conformation changes that 

occurred during the MD simulation. The dihedral angles ϕ and ψ of the residues contain 

more information compared to the cartesian coordinate of the residues [102,103]. Because 

the dihedral angles are not linear, taking the cos and sin of the dihedral angles provide 

linearity to calculate PCA. The calculation of the dPCA by cos and sin operation on IL18 

and IL18BP was not conclusive, as the first two PCA components represented only 3% 

of the overall variance. The limited mobility on the protein backbone was also reflected 

in the poor dPCA variance (see Appendix). Without the transformation, the dPCA 

represents 30-40% of the variance. The results obtained from the PCA and dPCA were 

mostly similar. While we observed high levels of fluctuation in the 7al7 protein, the 

overall structure remained stable. FEL results from both PCA and dPCA of 7al7 showed 

the possibility of three configurations. However, we can see improvement in the dPCA 

results since we can observe one dominant minimum representing the stable backbone 
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of 7al7 throughout the simulation. (Figure 3.9). The PCA of the YLDV tetramer complex 

with or without a disulfide bridge illustrated different results for the different chains 

(Figures 3.9 and 3.10). Without the disulfide bridge, one of the heterodimers of IL18 and 

IL18BP tetramer displayed two different minima (Figure 3.9). Considering the dPCA 

FEL analysis of tetramer, the disulfide bridge seems to be not affecting the overall 

configuration, as previously noted. However, the difference between the RMSDs with 

and without the disulfide bridge may be reasonable, as one heterodimer chain of the 

tetramer without disulfide showed two minima in the dPCA FEL (Figures 3.9 and 3.10). 

It should be noted that the first two components of dPCA were still not sufficient to 

represent all configurations due to low variance. 

The dPCA analysis was performed for the small surface region containing 10 residues 

and the five residues within this small surface region including Ser, Asp, Cys, Arg, and 

Asp. The dPCA analysis with transformation still did not result in a high variance in the 

first 5 PCA components (Figure 3.11). However, limiting the number of residues to five 

led to increased variance for the region (Figure 3.12). The fluctuation of the cysteine was 

of interest. Thus, surrounding amino acids flanking the cysteine were selected for the 

dPCA. The dPCA FEL without the sin and cos transformation showed only one 

minimum for the IL18 except for the 4ekx (Figure 3.12). However, after performing 

dPCA and angular transformation to five residual regions, multiple minima, and possible 

configurations were noticed for the 7al7 and 4ekx (Figure 3.12). On closer inspection, it 

can be inferred that in both molecules, a small surface region highly fluctuates, while the 

4ekx is more extreme (Figures 3.8 and 3.12). More importantly, dPCA shows the small 

configuration change and fluctuation that occur within the loop within the closer 
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inspection (Figure 3.12). This result also implies that small surface regions bearing the 

C74 are flexible and can be found in different conformations within the simulation. 

We computed average fluctuations of the human complex using two replicates of the 

human crystal complex (7al7) and of two computed models (Figure 3.6b). Mean 

fluctuations were generally higher in the crystal complex than the computed models, 

particularly for the short surface epitope (Figure 3.1c). We also observed high mobility 

of region III in the decoy crystal structure of the human complex. The human tetramer, 

which was constructed using the 7al7 heterodimer, showed particularly low mobility 

compared to the heterodimer form (Figure 3.6b). Although both heterodimer and 

tetrameric forms of human complexes shared the same conformation for the short surface 

epitope encompassing residues from 68 to 81, reduced flexibility of the tetramer is likely 

to result from the steric effect of tetramerization. Overall, these analyses suggested that 

the initial conformation of the surface epitope affects the flexibility of region I of IL18 

and region III of IL18BP (Figure 3.6). 

The two replica systems of the human and computational models were used to calculate 

the average fluctuations (Figure 3.6b). The average fluctuation of the backbone was 

lower in the computational model compared to the crystal complex, particularly the short 

surface region found in the IL18 (Figure 3.1c). The high mobility was observed in region 

II of the human crystal model compared to other complexes. The human tetramer, which 

was generated using the heterodimer form of the human crystal IL18-IL18BP complex, 

displayed higher stability and less flexibility compared to the heterodimer form (Figure 

3.6b). The lower flexibility observed in the tetramer structure may arise from the steric 

effect of tetramerization as in both heterodimer and homodimer small surface regions 

that preserved their disordered secondary structure. In conclusion, the initial 
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configuration of the small surface region on IL18 determines the flexibility of region I 

of IL18 and region III of IL18BP (Figure 3.6) 

 

 

 

Figure 3.6 RMSF calculation of all models. (a) Panel shows Cα fluctuations 
calculated for the last 200 ns. Human af (AlphaFold2): blue, human homology model: 
black, human crystal: red, 3f62: green, 4ekx: orange, 4eee (S-S) A-B chains: purple, 
4eee (S-S) C-D chains: yellow, 4eee (-SH) A-B chains: teal, 4eee (-SH) C-D chains: 
pink. The complex structure illustrates the mobile regions colored red. (b) Average 
fluctuations of the human complexes for the last 200 ns, crystal structure (black), and 
computed models (blue). Two replicate simulations were used for both structures, with 
error bars representing the standard deviation. Fluctuations of the human tetramer were 
shown in orange and green lines representing each subunit in the 2:2 complex. The 
residue index was set according to the 7al7 structure. Shaded areas mark highly mobile 
regions in the reduced trajectory of the dimer structures of crystal complex (7al7) and 
the AF2 computed model. (Adapted from Yazıcı YY et al., 2023 [98]) 
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Figure 3.7 Essential dynamics and free energy landscape of human IL18 and 
IL18BP. Essential dynamics and free energy landscape of human (a) IL18 and (b) 
IL18BP were analyzed by the first two PCs using the last 200 ns of the production runs. 
Possible low-energy conformations were extracted by the free energy landscape shown 
on the right panel. (Adapted from Yazıcı YY et al., 2023 [98]) 
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Figure 3.8 Evolution of the complexes throughout the production runs. The red, 
white, and blue color scales indicate the time points when the snapshots are extracted. 
Red: start, Blue: end, White: intermediate. (Adapted from Yazıcı YY et al., 2023 [98]) 
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Figure 3.9 Essential dynamics and free energy landscape analysis of IL18 by 
dPCA. Essential dynamics and free energy landscape of IL18 were analyzed by the 
first two PCs using the dihedral angle of the last 300 ns of the production runs. 
Minimum energy areas in the figure indicate possible low-energy structural 
conformations. 
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Figure 3.10 Essential dynamics and free energy landscape analysis of IL18BP by 
dPCA. Essential dynamics and free energy landscape of IL18BP were analyzed by the 
first two PCs using the dihedral angle of the last 300 ns of the production run. Minimum 
energy areas in the figure indicate possible low-energy structural conformations. 
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Figure 3.11 Essential dynamics and free energy landscape analysis of small surface 
region by dPCA. Analysis of small surface epitope in IL18 was performed by the first 
two PCs using the (a) dihedral angle of the last 300 ns of the production runs and (b) 
cos and sin transformation of dihedral angle of the last 300 ns of the production runs. 
Minimum energy areas in the figure indicate possible low-energy structural 
conformations. 
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Figure 3.12 Essential dynamics and free energy landscape analysis of cysteine and 
surrounding residues by dPCA. Analysis of the C74 and surrounding 5 residues on 
IL18 were done by the first two PCs using the (a) dihedral angle of the last 300 ns of 
the production runs and (b) cos and sin transformation of dihedral angle of the last 300 
ns of the production runs. Minimum energy areas in the figure indicate possible low-
energy structural conformations. 
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3.4 Conformation of the small surface helix mediates stability and self-assembly of 

heterodimers 

The small surface region on IL18 in different IL18-IL18BP complexes was investigated 

(Figure 3.13). After analyzing the static structure of the IL18 complexes, we found one 

acidic (E192) and one basic amino acid (R75) in closer proximity if this region folds into 

the helix (Figure 3.13a). In more details, the guanidinium group of R75 extends towards 

the carboxylic acid group of E192, while the sidechain of D71 attracts R49, resulting in 

two salt-bridge interactions in the hIL18 that stabilize and preserve the helical 

configuration of the small surface region (Figure 3.13). The salt bridge does not exist if 

the helical structure on the small surface region is disrupted (Figures 3.13a and 3.8). 

Moreover, AF2 and homology computed models showed similar salt bridge interactions, 

as both preserve their helical configuration while forming a strong salt bridge between 

E192 and R75 and one between R49 and D71 to a lesser extent (Figure 3.13b). In 

conclusion, these finding indicates that the initial configuration of the small surface 

region of IL18-IL18BP determines the dynamics of the IL18-IL18BP complex. Finally, 

additional interactions, such as the salt bridges, preserve and stabilize the structure. 

The C74, which is found in the region I, is suggested to form a disulfide bond during 

self-assembly of the IL18-IL18BP heterodimer complex (Figure 3.13a) [76]. In the 

computational models where the small surface region folds into the helix, C74 is buried 

and not accessible, evident with that the relative accessible surface area (rASA) was 

calculated as 0.007 and 0.015 for the AF2 and homology modeling, respectively. In 

contrast, C74 residue was exposed in the human crystal structure, with a calculated rASA 

of 0.748. Figure 3.13b displays the evolution of the small surface region through 500 ns 
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simulation. The small surface region on the computational model remains static and 

preserved initial configuration, whereas C74 remains completely buried. However, the 

small surface region on the human crystal extended from its core and did not build any 

salt bridge interaction during the process (Figure 3.13b). 

Figure 3.14a shows the SASA measurement of the 74th amino acid position of the human 

IL18-IL18BP complex. The C74 was only found in five of the complexes used in this 

study, while the 74th position of viral complexes was substituted with the serine [75,77]. 

Regarding maximum accessible surface area (ASA) values of amino acids, a cysteine 

can reach an average of 150 Å2 and a serine could reach an average of 137 Å2 [108–110]. 

Considering the maximum ASA measurement obtained from viral and human crystals, 

the 74th stays accessible except for the computational models (Figure 3.14a). The C74 

remaining inside of the helix does not provide the possibility of any possible 

intermolecular interaction (Figure 3.14a). SASA measurement of the entire region I 

through simulation was also recorded (Figure 3.14a, bottom). SASA measurement 

confirms that the small surface region stayed compact and did not expose any cysteine 

residue, while other models became looser and remained exposed (Figure 3.14a, bottom 

panel). Finally, SASA was calculated for the C131 on the IL18BP, which is proposed to 

form a disulfide bond with C74 on hIL18 (Figure 3.14b) [76]. All the models used in the 

study exhibited partial accessibility and remained unaltered. 
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Figure 3.13 Dynamics of the small surface helix in the human complexes. The top 
panel illustrates the crystal complex, and the bottom panels show the computational 
models. The movement of the helix/loop is shown in the second column. The red color 
indicates the starting conformation and the blue shows the conformation after 300 ns. 
Two salt bridge contacts were shown for the starting structure alongside the C74. 
Distance distributions of the salt bridges were shown (orange: E192-R75, purple: D71-
R49). Residue numbering follows the 7al7 structure. (Adapted from Yazıcı YY et al., 
2023 [98]) 
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Figure 3.14 SASA changes of the 74th and 131st positions over time. (a) Top panels 
show the SASA changes of the 74th positions of the hIL18 over time, and bottom panels 
show the overall SASA of the entire surface region holding this position. (b) Panel 
shows the SASA changes over time for the C131 of hIL18BP, which was proposed to 
participate in a novel intermolecular disulfide contact with the C74 of hIL18. (Adapted 
from Yazıcı YY et al., 2023 [98]) 
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3.5 Human tetramer stability is dependent on intermolecular disulfide bonds and 

other interactions 

The contribution of disulfide bonds was assessed for each tetramer complex by modeling 

each with or without intermolecular disulfide bond(s) (Figure 3.4b-c). The YLDV IL18-

IL18BP tetramer model showed that the disulfide, hydrophobic, and ionic bonds 

stabilize the tetrameric assembly of the viral model (Figure 3.15b). We measured the Rg 

of the hydrophobic cluster found in the site consisting of I29, V31, V124, and I129 

residues (Figure 3.15c). Additionally, the salt bridges between K34 and D122 and 

between E35 and R105 were controlled by measuring distance throughout the 

simulation. YLDV tetramer assembly preserved the distance between the salt bridge and 

hydrophobic core with or without the disulfide bridge. These findings reduce the 

importance of the disulfide bridge on YLDV IL18-IL18BP tetramer assembly and point 

to the other secondary interactions that increase the stability of the complex. 

The atomic coordinates of the IL18-IL18BP tetramer assembly were not available. 

Hence, the human IL18-IL18BP tetrameric assembly was built by using the two 7al7 

heterodimers. The construct was equilibrated with two disulfide bonds between C74 of 

hIL18 and C131 of hIL18BP. The in-silico constructed tetramer showed a sudden change 

in its conformation and then became stable throughout the simulation (Figure 3.4c). 

Then, we extracted a snapshot from the stabilized trajectory and removed disulfide 

contact (Figure 3.4c). Despite cysteine modeled as a reduced state (-SH), human tetramer 

preserved its stability and subunits remained intact (Figure 3.4c). Further investigation 

of the cysteine interface revealed that only one cysteine pair remained after the disruption 

of the disulfide bond (Figure 3.16, blue). However, the other pair began to split up and 
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the interface was abolished (Figure 3.16, orange). Similar to the YLDV tetramer, E105 

of hIL18 and R113 of IL18BP interact with each other during tetramer assembly and 

stabilize the structure (Figure 3.16). 
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Figure 3.15 YLDV (4eee) tetramer assembly. (a) Panel shows the tetrameric 2:2 
complex (4eee) marking the intermolecular disulfide bridge between the IL18BP 
chains. (b) Panel shows the interface between IL18BP chains. Two disulfide bridges 
(E35-R105, K34-D122) were spotted for both chains. Surrounding hydrophobic amino 
acids were shown by white stick models. The reduced trajectory was shown for the 
IL18BP symmetric interface in the presence (S-S) and absence (-SH) of the 
intermolecular disulfide bridge (C132-C132). (c) Analysis of the radii of the 
hydrophobic residues at the interface shown in b and analysis of distance distributions 
of the salt bridges (E35-R105: orange, red; K34-D122: green, blue). (Adapted from 
Yazıcı YY et al., 2023 [98]) 
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Figure 3.16 Tetramer structure of human IL18 and IL18BP complex. Tetramer 
structure of IL18 (pink) and IL18BP (blue) complex is shown, highlighting two 
symmetric ionic interactions between E103 and R113. Distance distributions of two 
cysteine and these ionic interactions were plotted for the entire trajectory. Orange and 
blue colors mark the left and right interfaces, respectively. (Adapted from Yazıcı YY 
et al., 2023 [98]) 
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CHAPTER 4 

 

 

Discussion 

 

Based on the quaternary structures of the IL18 complexes, the small surface epitope 

containing the residues between 68 and 81 in the IL18 is either unfolded or missing in all 

known IL18-IL18BP complexes [73,75–77]. Conversely, a 310 helical conformation 

dominates in other IL18 structures including those in the free form or in the IL18 signaling 

complex [53] (Figure 3.1). This surface region does not reside within the binding interface 

between the IL18 and IL18BP heterodimer. However, a small surface epitope is located 

at the binding interface of the IL18-IL18Rα complex, suggesting the importance of the 

epitope in the formation of the binary signaling complex [53]. Additionally, this region 

contains the C74 amino acid that is reported to form a novel intermolecular disulfide bond 

in human tetramer [76]. This small surface epitope in known crystal structures of the IL18-

IL18BP complex has been recognized, however there is no information regarding the 

dynamic movement or interaction within the IL18-IL18BP complexes, and how these 

movements are influenced by small surface epitopes [111]. Hence, this study provides a 

detailed investigation of the conformational space of the small surface region and its 

influence on the stability of heterodimer and tetramer assemblies through MD simulations. 

All structures except the computational models showed fluctuations and flexibility for the 

small surface epitope in the IL18, indicating that the initial configuration of the small 

surface impacts on the dynamics of the IL18-IL18BP complex. The small surface epitope 

of computational models exhibited minuscule movement and flexibility except for the C-
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terminal of IL18BP (Figure 3.6). The model obtained from AF2 contains a little longer 

(∼5 amino acids) C-terminal compared to experimental models [76]. The predicted region 

is depicted as a poor estimation based on the low confidence score annotated by AF2 

(Figure 3.1a). The high mobility of computational models in the C-terminal arose from 

the disordered nature of the structure, which is indicated by the low confidence assigned 

by AF2 [112,113]. 

The small surface region in the hIL18 from nine PBDs (3wo2, 3wo3, 3wo4, 2vxt, 4hjj, 

4r6u, 4xfs, 4xft, and 4xfu) exhibited a compact 310 helical conformation containing 

residues between 68 and 81. The small surface region conformation for the remaining 

PDBs is absent (7al7, 3f62, 4eee, 4ekx) or flexible (1j0s) [33]. IL18 adopts a helical folded 

structure for the small surface region in the PDBs of the receptor complex and resides in 

the interface between IL18 and IL18Rα [53]. It should be noted that all small surface 

epitopes obtained from the IL18-IL18BP complexes demonstrate disordered structure, 

which is also found within the active binding interface between IL18 and IL18Rα [53], 

implying that the allosteric effect might lead to the unfolding of the small surface epitope. 

Allosteric changes in the structure of the protein are the common mechanism to regulate 

the protein-protein interaction [114,115]. Because the C74 is also found within the surface 

epitope, the disulfide bond might be an allosterically regulated disulfide bond in the 

human tetramer complex [116]. However, the simulations used in the study were not able 

to reinforce the assumption, as the 310 helical structure persistently preserved and 

displayed high stability (Figure 3.6b). However, conventional MD techniques used in the 

study might not create possible configurations through simulation as they may not be 

adequate at sampling to observe allosteric changes [117]. Hence, enhanced sampling 
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methods might be a useful alternative to investigate a potential conformational change 

that occurs on the small surface epitope [117,118]. 

Self-assembly of the IL18-IL18BP heterodimers can be an alternative mechanism to 

enhance the inhibition of the IL18 activity for the host and viral decoy [73]. Up to present, 

two tetramers assembled by the heterodimers of hIL18 with YLDV and human IL18BPs 

have been discovered. In both self-assemblies, intermolecular disulfide bonds are reported 

to play an important role in the assembly of tetramer complexes, as the disulfide bonds 

are known to increase stability and regulate the protein function [119]. However, among 

two tetramers, only the YLDV tetramer structure was captured by crystallization, whereas 

the human tetramer structure was predicted to form a symmetry-related assembly based 

on non-reducing Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis (SDS-

PAGE) analysis [76].  It has been known that disulfide bonds can be established by the first 

folding event of the protein to provide stability and remain stable until the protein 

degradation occurs, whereas the other alternative is that disulfide bonds can create the 

reversible dynamic change necessary for the activity of the protein [116,120]. The disulfide 

bond between C74 of IL18 and the C131 of IL18BP is likely to be dynamically 

constructed. Our simulation revealed that C74 appears to be fully accessible after the 

dynamic changes occur in the IL18 of the human crystal during MD simulation of the 

IL18-IL18BP complex. During constant dynamic movement of the surface epitope of 

human crystal in the MD simulation, surface epitope between 68 and 81 emerged as more 

exposed than crystal structure in some of the configurations, demonstrating the crucial 

role of the small surface region in the tetramer assembly of the IL18-IL18BP [76].   

Multivalent binding is a reversible binding strategy that increases the affinity and 

specificity of the protein complex in the immune system [121–123]. Human and the YLDV 
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decoys use this strategy to increase the inhibition and regulation of the hIL18 by the 

cysteine residue on their surface. Comparison between viral and human IL18BP amino 

acid sequences and different positioning of the cysteine through different surfaces may 

imply the possibility of different self-assembly varieties of the heterodimer complex. 

Human tetramer is found within grid shape symmetric geometry to form assembly with 

the help of the disulfide bond between IL18 and IL18BP. In contrast, the YLDV tetramer 

complex formed upon the disulfide bridge between C132 of IL18BPs results in the 

positioning of both dimers side-by-side. YLDV tetramer is also supported by the 

additional intermolecular interactions apart from the disulfide bond. The hydrophobic 

amino acid group and the additional four symmetric salt bridges increased the stability of 

the tetramer complex, as the interface was not disrupted even after the breakage of the 

disulfide bond. Although the hydrophobic cluster in the tetramer complex has been studied 

by a mutagenesis analysis, the contribution of the salt bridge to the stability of the tetramer 

was revealed by this study [73]. 

In this study, the human self-assembly formed a novel salt bridge interaction between the 

E105 of IL18 and the R113 of IL18BP in the tetramer complex (Figure 3.16). However, 

the breakage of the disulfide bond in the human tetramer resulted in the disruption of only 

one side of the interface. Nevertheless, the salt bridge between two subunits requires the 

intact disulfide bond, as breaking the disulfide bond results in the loss of the salt bridge. 

Comparison between two tetramers of human and YLDV suggests that the human tetramer 

is less stable and contains fewer contacts in the interface (Figure 3.15b-c). However, 

breakage of the disulfide bridge and disruption of the one side of the interface did not 

result in the disruption of the tetramer. Hence, the bivalent binding mode of the human 

tetramer may provide a stability advantage (Figure 3.16, orange densities). Altogether, 
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one interface in the tetramer complex remained unchanged even after the destruction of 

the other interface. Hence, the bivalent binding mechanism of grid-like organized human 

tetramer increases stability, compared to the heterodimer form with the unfolded small 

surface epitope. 
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CHAPTER 5 

 

 

Conclusion and Future Perspectives 

 
In conclusion, AF2 and homology prediction gave an accurate representation of the human 

IL18-IL18BP complex, implying the strength of both template-free and template-based 

method for accurate prediction of the human heterodimer. The conformation of the small 

surface region on the IL18 is dependent on the source of the hIL18 and hIL18BP. The 

small surface region maintained its helical fold throughout the MD simulations, reflecting 

the contribution of this region to the stability of the IL18-IL18BP at the helical fold. 

Unfolding of this small surface region leads to more flexible hIL18 backbone in the 

heterodimer. Nonetheless, this surface region when fully unfolded extends towards 

another IL18-IL18BP heterodimer to form an intermolecular disulfide bridge through the 

C74. Thus, this surface region plays an important role in the regulation of IL18 activity 

through affecting the IL18-IL18BP heterodimer dynamics and self-assembly. Possible 

allosteric regulation recruiting the same short epitope of hIL18 can be further studied by 

enhanced sampling methods that could more effectively sample and access such 

conformational transitions. This thesis provides structural insights into the IL18-IL18BP 

dynamics of the IL18-IL18BP heterodimers and their self-assembly. Altogether these 

insights could be used to tailor the properties of the recombinant IL18BPs for an effective 

inhibition of hIL18. 
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APPENDIX 

 

 

Appendix Figure 1. Essential dynamics and free energy landscape of IL18 by 
dPCA using cos and sin transformation. Essential dynamics and free energy 
landscape of IL18 were analyzed by the first two PCs using the cos and sin 
transformation of the dihedral angle of the last 300 ns of the production run. Possible 
low-energy conformations can be found in the minimum location in the figure. 
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Appendix Figure 2. Essential dynamics and free energy landscape of IL18BP by 
dPCA using cos and sin transformation. Essential dynamics and free energy 
landscape of IL18BP were analyzed by the first two PCs using the cos and sin 
transformation of the dihedral angle of the last 300 ns of the production run. Possible 
low-energy conformations can be found in the minimum location in the figure. 


