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ÖZET 

 

Ankilozan Spondilitin İmmün Patogenezi için Moleküler Simülasyonlarla 

Artritojenik Peptid ve HLA-B*27:05 Etkileşimlerinin Yapısal Analizi 

 

Ankilozan spondilit (AS), eksenel iskelette enflamasyona neden olan otoimmün bir 

hastalıktır. AS ve HLA (İnsan Lökosit Antijen)-B27 arasındaki ilişkiyi gösteren 

çalışmalar mevcuttur. Buna rağmen, bu ilişki arkasındaki kesin mekanizma hala 

bilinmemektedir. HLA-B27, immün yanıtlarda antijen sunumunda rol oynar. Self-

antijeni non-self-antijenden ayırt etmek için antijeni sitotoksik CD+8 T hücrelerine 

sunar. HLA-B*27:05, AS ile ilişkisi en çok bilinen alt tiptir. HLA-B*27:05 ve HLA-

B*27:09 sadece bir amino asitte farklılık göstermesine rağmen HLA-B*27:05 AS 

patogenezinde rol oynarken HLA-B*27:09 ilişkili değildir. Odak noktası self-peptid 

ve non-self-peptidin arasındaki moleküler benzerlik olan artritojenik peptid teorisi, 

HLA-B27 ve AS arasındaki ilişkiyi açıklamak için yaygın hipotezlerden biridir. Bu 

benzerlik, self-peptidler üzerinde CD8+ hücresinin immün cevabıyla sonuçlanır. 

Bugüne kadar HLA-B27 ve artritojenik peptidlerin ilişkisini açıklayan yapısal bir 

çalışma bulunmamaktadır. Bu tezde, iki farklı HLA allotipinin AS patogenezi 

üzerindeki etkilerini anlamak üzere, daha önce tanımlanmış iki artritojenik self-

peptid ile insan immün yetmezlik virüsüne (HIV) ait KK10 peptidi kullanılarak 

peptid sunumları moleküler yanaştırma ve moleküler dinamik (MD) yöntemleriyle 

incelendi. MD simülasyonları sonucunda, self-peptid ve non-self peptidin orta 

pozisyonlarında bulunan amino asitlerin benzerlik derecesi yerine bu peptidlerin 

terminallerinin etrafındaki yüklü amino asitlerin benzerliğinin, HLA üzerindeki 

sunum davranışına daha fazla katkısı olduğu gösterildi. Bu sonuç self-peptidlerin ve 

non-self-peptidlerin moleküler taklitçiliği üzerine olan artritojenik peptid hipotezini 

desteklemektedir.  

 

Anahtar Sözcükler: Ankilozan spondilit, HLA-B*27:05, Artritojenik peptidler, 

Moleküler dinamik, Moleküler yanaştırma 

 



 

14 

 

ABSTRACT 

 

Structural Analysis of Arthritogenic Peptide and HLA-B*27:05 Interactions for 

the Immune Pathogenesis of Ankylosing Spondylitis with Molecular Simulations 

 

Ankylosing spondylitis (AS) is an autoimmune disease that causes inflammation in 

the axial skeleton. There are studies that have discovered the relationship between 

AS and HLA (Human Leukocyte Antigen)-B27. However, the exact mechanism 

behind the association is still unknown. HLA-B27 is involved in antigen presentation 

during immune responses. It presents the antigen to cytotoxic CD+8 T cells to 

distinguish self-antigen from non-self-antigen. HLA-B*27:05 is the most known 

subtype for the association with AS. Although HLA-B*27:05 and HLA-B*27:09 

differ in only one amino acid, HLA-B*27:05 is implicated in the pathogenesis of AS, 

and HLA-B*27:09 is not. Arthritogenic peptide theory based on the molecular 

similarity between self-peptide and non-self-peptide is one of the common 

hypotheses to explain the association between HLA-B27 and AS. This similarity 

results in cross-recognition of CD8+ cells on self-peptides. To date, there is no 

structural study on the interaction of HLA-B27 and arthritogenic peptides. In this 

thesis, the differences between peptide presentations of HLA allotypes were studied 

by using two previously characterized arthritogenic self-peptides and the KK10 

peptide of the human immunodeficiency virus (HIV) through molecular docking and 

molecular dynamics (MD) methods to understand their effect on AS pathogenesis. 

The similarity of charged amino acids around the termini of the self-peptides to non-

self-peptide, rather than the similarity of amino acids in the middle positions, was 

found to contribute more to the presentation behavior on HLA-B*27:05 as observed 

in MD simulations in agreement with the arthritogenic peptide hypothesis on 

molecular mimicry of self-peptides and non-self-peptides. 

 

Keywords: Ankylosing spondylitis, HLA-B*27:05, Arthritogenic peptides, 

Molecular dynamics, Molecular docking 
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1 INTRODUCTION AND AIM 

 

Autoimmune diseases occur when the immune system attacks its body tissues 

(1). Ankylosing spondylitis (AS) is an autoimmune disease that causes an 

inflammatory response affecting the axial skeleton, especially the spinal cord (2). As 

the disease progresses, the joints are damaged due to inflammation and the 

movement of the patient is restricted, making life difficult. Although the incidence of 

AS varies from population to population, AS affects up to 6% of people worldwide 

(2). This disease is three times more common in men than in women, and younger 

people are also at higher risk of developing the disease. Genetic predisposition and 

environmental factors are thought to have an effect on triggering the disease. HLA-

B27 is the most well-known gene associated with AS. The complex background and 

lack of sufficient information on the exact molecular mechanism of AS, has an 

impact on the drug design process and the implementation of more effective 

treatments. Unfortunately, current treatments and medications can only reduce the 

pain in the course of the disease (3).  

 

Although one of the genes most associated with AS is HLA-B27, its exact role 

in the pathogenesis of the disease is still unknown. The protein encoded from this 

gene is involved in the presentation of the antigen to the immune system as a major 

histocompatibility complex class I (MHC-I). Depending on whether the presented 

antigen is self or non-self, the CD8+ T cell generates an immune response. Different 

hypotheses have been formulated to explain the reasons behind the relationship 

between AS and HLA-B27 such as the heavy chain homodimer hypothesis, the 

misfolding hypothesis, and the arthritogenic peptide hypothesis (4). This thesis is 

focused on the arthritogenic peptide hypothesis based on cross-reactivity in CD8+ T 

cells due to the molecular similarity of non-self-peptide and self-peptide. This 

hypothesis has been strengthened by studies about the cytotoxic T lymphocytes 

(CTL) response to self-peptides (5–7). Fully elucidating the relationship between 

HLA-B27 and AS remains a challenge due to the complexity of the antigen 

presentation mechanism including a plethora of molecules. 
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HLA-B27 includes several identified subtypes including polymorphism based on 

the differences between amino acid sequences. While some subtypes are associated 

with AS disease, some subtypes have been observed to be unrelated. An amino acid 

change at position 116 of HLA-B27 causes HLA-B*27:05 (Asp116) and HLA-

B*27:09 (His116) to be differently associated with AS disease (8). Therefore, the 

above-mentioned difference between HLA-B*27:05 and HLA-B*27:09 during 

arthritogenic self-peptide presentation forms  a basis for structural understanding of 

the disease pathogenesis within the framework of this thesis (9). 

 

Dynamic structure of HLA-B27, its peptide binding specificity because of 

polymorphism and the complexity of antigen presentation mechanism and immune 

system cause difficulties in understanding the pathogenesis of AS disease (10–12). 

Although there are many studies trying to unravel the relationship between AS and 

HLA-B27, no structural study has been found with peptides derived from AS 

patients. There are many unresolved parts due to the polymorphism of MHC, but 

studies are leading the way in understanding the antigen presentation mechanism 

(10). The structural differences in the antigen presentation mechanism between 

HLA-B*27:05 and HLA-B*27:09 with two arthritogenic self-peptides 

(ARGQPGVMG-DRASFIKNL) derived from Atagündüz's study (2005) and the 

KK10 (KRWIILGLNK) peptide from HIV are analyzed in this thesis with an aim  to 

decipher the molecular mechanisms which contribute to the pathogenesis of AS 

disease with a specific focus on understanding the interactions between MHC class I 

allele, HLA-B27 and arthritogenic peptides to be presented during the antigen 

presentation. (6,10).  
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2 BACKGROUND 

 

2.1 Ankylosing Spondylitis 

 

Spondyloarthritis is a group of diseases resulting in pain and inflammation in a 

joint such as ankylosing spondylitis, reactive arthritis, and psoriatic arthritis. 

Ankylosing spondylitis (AS) is an autoimmune disease that causes inflammation of 

the axial skeleton, especially joints in the spinal cord. AS usually begins in the joint 

between the spine and pelvis which is sacroiliac joint. Therefore, low back pain is 

usually the first symptom shown in AS disease. The disease that starts in the 

sacroiliac joint can progress to the spine and affect it. The inflammation between 

vertebrae fuses the spine, and the spine becomes a fixed bone structure restricting 

movement (3). This reduced mobility results in problems with body functions such as 

breathing and makes life difficult for the patient (13).  

 

Although the prevalence of the disease varies according to ethnic groups, it is 

between 0.1% and 1.4%. The risk of developing the disease is usually at younger 

ages and symptoms begin to appear in the 20s. AS is three times as common in men 

as in women and the disease shows a slow course in women. (3). The reason of AS is 

still a mystery. Nevertheless, ERAP1, ERAP2, and HLA-B27 are the most common 

genes related to AS disease and they are the most crucial factors for AS to occur 

(14). The association between HLA-B27 and AS was first reported in 1973 (15). 

However, the reason behind this association is still unknown (16). Genetic studies 

have illustrated that the risk of developing AS in an HLA-B27 positive child of a 

parent with HLA-B27 positive AS is approximately 20% (14). Also, 90-95% of AS 

patients are HLA-B27 positive. However, this doesn’t mean all positive cases will 

show AS. Besides, they are predominantly healthy people (3).  
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2.2 Major Histocompatibility Complex Class I 

 

Major histocompatibility complex (MHC), known as human leukocyte antigen 

(HLA) in the human body, is a protein found on the cell surface and it is responsible 

for presentation of antigen fragments obtained from pathogens or self-body tissues 

(10,17). If the one to be presented is a peptide derived from a pathogen, macrophages 

kill the cell, and B cells provide antibodies to identify pathogens. Also, there are two 

important points about MHC that they have polygenicity and polymorphism. The 

location of MHC is on chromosome 6 and it has more than 200 genes (10). There are 

three classes of MHC: MHC class I (HLA-A, HLA-B, HLA-C), MHC class II, and 

MHC class III. They have a diversity of peptide-binding specificities because of 

different MHC class genes (10,14). In addition, the polymorphism of MHC class 

genes result in different subtypes of MHC classes within the populations (10). MHC 

class I has a role in immune peptide presentation, and it is located on the cell surface 

of all nucleated cells. It presents peptide fragments to cytotoxic CD8+ T cells to 

distinguish self and non-self-antigen and create an immune response (14). Thus, 

healthy host cells and invaded cells are separated from each other. A problem in 

antigen presentation may create other problems for the correct identification of 

antigen fragments during the immune response. 

 

2.2.1 Structure of MHC Class I molecules 

 

The structure of an MHC class I molecule contains two proteins which are α and 

β2m (β2 – microglobulin) and a peptide (Figure 1a).  α1, α2, and α3 subunits create 

the heavy chain of the MHC class I molecule (14). There are almost four hundred 

amino acids for α and β subunits of an MHC. The MHC includes three disulfide 

bonds which are between residue 109-164 and residue 203-259 for heavy chain (α2 

and α3) of MHC and residue 1-99 for β2 – microglobulin of MHC (Figure 1a) (21). 

α1 (residues 57-84) and α2 (residues 138-180) create a groove to be able to bind a 

peptide (antigen) (14,18). Most of the polymorphisms of MHC class I are especially 

located within these two α domains (11). The binding groove consists of two long α-

helical walls and a floor of four β-sheets and includes the  first 180 residues of MHC. 
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The macromolecular structure of MHC from its subunits is formed in the 

endoplasmic reticulum (ER) of cells (19). Then, the MHC-peptide complex passes 

through the Golgi apparatus to reach the surface of the cell for antigen presentation 

to the T-cell receptor (TCR) of T lymphocytes (14). TCR consists of two protein 

chains that are α and β  including variable and constant regions (Figure 1b) (20). The 

variable region is composed of six loops which are called complementarity 

determining region (CDR) to recognize the peptide on MHC (21,22). In an MD 

simulation study, Tsuchiya et al. used five different T-cells with different levels of 

cross-reactivity and TCR-pMHC complexes with the same MHC class II-peptide. It 

is observed that these five T-cells had a similar binding affinity, but the binding site 

of the TCR differed. Also, six loops of C121C TCR had connections with HLA-

B∗2705-KK10, especially the CDR2α, CDR3α, and CDR3β loops. The CDR2α loop 

was the only region of the TCR that contacted the α2 helix of HLA-B*2705, but all 

six loops were in contact with the α1 helix (23). 

 

Six pockets, named as A to F, have been identified in the MHC as the binding 

sites of the antigen commonly for nonapeptides (Figure 1c). Thus, the peptidome of 

the HLA with high polymorphism is diversified according to each subtype with the 

change of residues in these pockets contributing to the development of MHC-induced 

diseases. The diversity of MHC provides the specificity of peptides binding to TCR 

(12). According to many studies, the B and F pockets usually bond with the antigen 

and play a significant role in maintaining the stability of the HLA. F pocket 

accommodates the C-terminus of the peptides (24,25). Crystallography studies and 

liquid chromatography (LC) mass spectrometry (MS) study suggested that Arg 

residue is preferable at position 2 of peptide bound to B pocket of HLA (9,26–28). 

Also, MD simulation study based on the sole difference in F pocket between HLA-

B*27:05 and HLA-B*27:09 showed the importance of the difference in the 

flexibility of F pocket which affects the stability of HLA-B*27:05 negatively when it 

is unbound to a peptide (25). The stability of pMHC is an essential factor so that it 

can reach the surface of the cell and present the peptide (11). The chaperon proteins 

in the ER help to stabilize the heavy chain of HLA until the heavy chain and β2-

microglobulin domains form the MHC. Studies show that in the absence of β2m, the 
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heavy chain can form a homodimer structure, especially by forming a disulfide bond 

between the Cys67 amino acids found in α1 domain (14). 

 

 

 

Figure 1. The structure of MHC class I complex bound and unbound to TCR and the 

binding pockets of MHC. (a) The graphical illustration and secondary structure of 

MHC class I complex. MHC class I includes three disulfide bonds in residue 101-

164 and residue 203-259 for heavy chain (α1, α2, and α3) and residue 25-80 for β2-

microglobulin. Created with BioRender.com. (b) The binding groove of MHC class I 

bound to TCR. CDR loops are shown in green and dark blue, while α and β chains of 

TCR are shown in light orange and light cyan, respectively. (c) The binding pockets 

of HLA.     

 



 

21 

 

The length of peptides to be presented is usually 8-10 amino acids (29). 

However, recent studies have showed that there are longer peptides to 11-14 amino 

acids to present to T cells (9,29,30). When the peptides are N- or C-terminally 

extended, structural studies have stated that most of the peptides prefer a shape of 

central bulging/canonical B27 binding rather than terminal protrusion to bind MHC 

for recognition of TCR (9,30,31). Mass spectrometry study of the peptides bound to 

HLA-B27 subtypes shows that C-terminally extended peptides are bound to HLA-

B27 stronger than N-terminally extended peptides (16). Additionally, hydrophobic 

C-termini trimming is more efficient than charged C-termini trimming by ERAP1 

(17). As a result, HLA prefers charged C-termini peptides and binds to positively 

charged peptides (13).                     

  

2.2.2 Presentation pathway 

 

 

 

Figure 2. Antigen processing and MHC class I antigen presentation pathway. Created 

with BioRender.com. 
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Antigen processing is a pathway that prepares an antigen to be presented to the 

immune cells (T lymphocytes) for immune responses (Figure 2). In this process, a 

nucleated cell is invaded by pathogens such as viruses. Viruses produce their protein 

in the host cell. The viral protein is degraded into peptide fragments by the 

proteasome, and they are added to self-peptide pool derived from host cell proteins. 

The fragments are 8-16 residues in length, and they are transported to the ER lumen 

by ATP-binding cassette subfamily B member (TAP) protein (14). A viral peptide is 

loaded on MHC I by the peptide-loading complex (PLC) including MHC I heavy 

chain, β2m, two chaperones calnexin and calreticulin, TAP proteins (TAP1 and 

TAP2), and ERp57 (ER protein 57). The chaperones and ERp57 help to stabilize the 

heavy chain of the MHC I to prevent aggregation. Tapasin is found between MHC I 

and TAP protein and acts as a bridge allowing the peptide to bind to MHC (32).  

 

In addition, endoplasmic reticulum aminopeptidase (ERAP1/ERAP2) proteins in 

ER trim the fragments into peptides of 8-9 amino acids in length to bind to MHC 

class I proteins (14). Endoplasmic reticulum aminopeptidase 1 (ERAP1) has a crucial 

role in peptide trimming that is essential to cleave long peptides into peptides with 

optimal length for MHC class I molecules (33). When a peptide fits into the binding 

groove of the protein, the assembly of the PLC dissociates, and MHC I protein leaves 

the ER with the peptide (32). It goes through the Golgi apparatus in a transport 

vehicle and the peptide is presented on the cell surface to the receptor of the T 

lymphocyte (14). TCR of the T lymphocyte recognize the peptides presented by 

MHC class I molecules. T lymphocytes also have a CD8 receptor that recognizes the 

α3 of the MHC class I molecule. Therefore, T lymphocytes bind to MHC class I on 

the host cell and the peptide (29). Then, the antigen is recognized as non-self-antigen 

which results in killing of the cell. If the peptides are produced from the host cell’s 

protein, they are recognized as self-antigen. This whole landscape is called the MHC 

class I antigen presentation pathway (14). 
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2.3 Role of  MHC in AS 

 

2.3.1 Hypotheses 

 

HLA-B27 is the most known MHC class I molecule related to AS disease. The 

distinctive features of HLA-B27 from other MHC molecules such as a tendency to 

misfold and peptide binding specificity have led to the emergence of some 

hypotheses regarding its relationship with AS (Figure 3) (34). These hypotheses try 

to explain the association between HLA-B27 and AS. However, the mechanism 

behind this association is not clear yet. From the hypotheses, the heavy chain 

homodimer theory and the misfolding hypothesis include the IL-23/IL-17 pathway. 

While the α3 domain of HLA-B27 folds fast, the α1 and α2 domains fold slower until 

they are bound to peptide. Immunoglobulin binding protein (BiP) which is ER 

chaperone is responsible for protein folding. The long-time association of BiP and 

HLA-B27 causes to the misfolding of HLA-B27. The misfolding of MHC class I 

affects ER function changing the physiological condition of ER. This situation 

creates stress on the ER. This stress affects the length and number of peptides (4,35). 

Also, this induces the unfolded protein response (UPR). Also, HLA-B27 presents the 

antigen on the surface but it tends to unfold resulting in the dimerization of HLA-

B27. The protein-peptide complex is recognized by CD4+ cells. Unfolding of HLA-

B27 causes the increase in the production of cytokines (IL-23), and this results in 

chronic inflammation causing the disease (34,36). Moreover, cysteine residue at the 

position 67 of MHC class I is prone to create a disulfide bond between heavy chains 

of MHC I facilitating the dimerization of MHC class I (16,37). The formation of the 

dimers affects the differential relation of HLA subtypes with AS (14). The two 

hypotheses do not include the peptide presentation function. In conjunction with the 

latter hypothesis, the β2m deposition hypothesis is based on the light chain of HLA. 

The dimerization of MHC class I gives rise to the accumulation of β2m monomers, 

especially in the synovia. The accumulation affects the synthesis of proteins that 

have a role in tissue destruction giving rise to AS (14,38).  
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Lastly, the arthritogenic peptide hypothesis states that the immune response 

occurs for specific peptide-HLA complexes (36). It is one of the most focused 

hypotheses for the association. According to the hypothesis, self-peptide mimics the 

non-self-peptide. When HLA-B27 presents the foreign antigen to cytotoxic T 

lymphocytes (CTLs), the CTL response occurs. Because of molecular similarity 

between self-peptide and the arthritogenic peptide, CD8+ cell shows cross-

recognition on self-peptides. This results in over-reaction and the initiation of tissue 

damage (4,9).   

 

 

 

Figure 3. The most known hypotheses to explain the association between HLA-B27 

and AS (4). (Copyright: 5305570127919) 

 

Purcell and colleagues (2015) studied on self-peptides from eight HLA-B27 

subtypes which are differentially associated with AS disease to define similarities 

and differences between them based on the arthritogenic peptide hypothesis by 

checking qualitative change of peptides between HLA-B27 subtypes which are 

related to AS distinctly and using high-resolution MS, but the results did not show 
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enough evidence for qualitative change of peptides. In addition, the consensus-

binding motif of HLA-B*27:05 peptidome was considered (Table 1) (9). Then, for 

the next study (2016), they tried to identify candidate arthritogenic peptides 

presented in a small amount in HLA-B27:06 and HLA-B27:09 which are non-

associated with the disease compared to disease-associated HLA-B27 allotypes 

which resulted in 26 putative arthritogenic peptides. Quantitative change is a more 

effective way to define similarities between HLA-B27 peptidome (30). Another 

study supporting the arthritogenic peptide theory is an X-ray crystallography study of 

complexes of three self-peptides and one viral peptide, which exhibited molecular 

mimicry as a result, with five HLA-B27 subtypes which were HLA-B*27:03, HLA-

B*27:04, HLA-B*27:05, HLA-B*27:06, and HLA-B*27:09. However, these self-

peptides are not arthritogenic peptides and are from cellular proteins (37). In 

Atagündüz et al. (2005) study, two candidate arthritogenic self-peptides that are 

ARGQPGVMG and DRASFIKNL were found by checking T-cell activation of 

selected peptides, by antigen-specific intracellular cytokine staining, using peripheral 

blood mononuclear cells (PBMC) and synovial fluid (SF) mononuclear cells of 27 

HLA-B27 positive AS patients. They also used peripheral blood samples from five 

HLA-B27 positive healthy controls and five HLA-B27 negative AS patients, and SF 

samples from three HLA-B27 negative rheumatoid arthritis patients as control 

samples. Two computer programs based on MHC class I binding motifs were used to 

predict epitope and proteosome of HLA-B27. 18 cartilage proteins were identified 

from the human 20S proteosome, and 121 nonamer peptides were selected using a 

score criteria. ARGQPGVMG and DRASFIKNL were derived from type II collagen 

and type VI collagen, respectively. ARGQPGVMG and DRASFIKNL stimulated 

peripheral blood CD8 + T cells for only 1 patient (out of 20) and DRASFIKNL 

stimulated only SF CD8 + T cells for 4 patients (out of 7). Only these two peptides 

were stimulatory for T cells (6). So far, there is no combination for the structural 

study of HLA-B27 and arthritogenic peptides from AS patients. Mostly, the peptides 

derived from viruses or self-peptides from cell lines have been used to understand the 

association in MD simulation studies (25,39–43). Therefore, the two candidate 

arthritogenic self-peptides derived from AS patients from the study of Atagündüz 

(2005) were used in the thesis, focusing on the arthritogenic peptide hypothesis. 
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Table 1. The consensus-binding motif of peptides bound to the HLA-B*27:05 

subtype, modified and redrawn from Purcell et al. study (2015) (9). 

 

Consensus Binding Motif of HLA-B*27:05 

Nonamers 

 
Amino acid positions    

Observation of the 

identified peptides 
1  2 3 4 5 6 7 8 9    

Dominant (>30%)  R           

Strong (>20– ≤30%) G  L      F    

Preferred (>10– 

≤20%) 

S, 

A 
 F, 

V, I 

P, 

L 

L, 

I 

I, V, 

L 

L, 

V 

G, 

S 

L, 

R, 

Y 

   

Decamers 

 Amino acid positions   

Observation of the 

identified peptides 
1 2 3 4 5 6 7 8 9 10   

Dominant (>30%)  R           

Strong (>20– ≤30%) G  F      G F   

Preferred (>10– 

≤20%) 

R, 

K 
 L, I 

D, 

G 

L, 

G, 

P 

L G L, I I 

Y, 

K, 

L, R 

  

Undecamers 

 Amino acid positions  

Observation of the 

identified peptides 
1 2 3 4 5 6 7 8 9 10 11  

Dominant (>30%)  R           

Strong (>20– ≤30%)   F, L  P      K, 

F 
 

Preferred (>10– 

≤20%) 

G, 

A, 

R, S 

 I 

G, 

L, 

S 

L S, L G 
G, 

L 
L, I 

T, S, 

K, 

G, L 

Y, 

R, 

L 

 

Dodecamers 

 Amino acid positions 

Observation of the 

identified peptides 
1 2 3 4 5 6 7 8 9 10 11 12 

Dominant (>30%)  R           

Strong (>20– ≤30%) R  F, L D  S  Q    F, R 

Preferred (>10– 

≤20%) 

A, 

K, 

G 

  
W, 

Y 
L 

P, 

L, 

I 

P 
G, 

S, L 
  

L, 

V, 

D 

I, A, 

V 

Q, 

L, 

G 

K 
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2.3.2 Subtypes of HLA-B27 

 

To date, there are 160 known subtypes of HLA-B27 (HLA-B*27:01 to HLA-

B*27:161) based on differences between amino acid sequences (8). While some 

HLA-B27 subtypes are associated with AS, some subtypes are known to have no 

relation such as HLA-B*27:06 and HLA-B*27:09 (2,44). In two studies with 34 

HLA-B27 positive patients with SpA and 26 HLA-B27 positive controls and 929 

HLA-B27 positive patients with AS and 5990 HLA-B27 positive controls in the 

Southeast Asian population, the HLA-B*27:06 allele was found only in the control 

group or only 4 of 929 AS patients had it (45,46). Another study with 271 AS 

patients in Sardinia where is an island of Italy exhibits that the HLA-B*27:09 allele 

was absent in the AS patients (47). On the other hand, HLA-B*27:05 is the most 

mentioned subtype related to AS. However, some subtypes are common in some 

regions. For example, HLA-B*27:05, HLA-B*27:04, and HLA-B*27:02 seem in 

Caucasians, Chinese, and Mediterranean populations, respectively and they are 

strongly associated with AS (Figure 4a) (44). In Yao et al. (2010) study and Brown 

et al. (2010) study for the Chinese population, researchers investigated 317 HLA-

B27 positive people in total as 172 patients with AS and 145 healthy controls and 

153 patients with AS and 1545 healthy controls. According to the study of Yao and 

colleagues, the results of the HLA-B*27:04 allele had the highest frequency with 

69.2% of patients and 53.8% of controls (48). The study by Brown shows that 105 

patients and 38 controls had the HLA-B*27:04 allele (49).  In addition, according to 

two studies in the last 20 years, HLA-B*27:05 have been the most common HLA-

B27 allele in AS patients in the Turkish population (50,51). The results illustrate that 

71.1% of 38 HLA-B27 positive AS patients and 68% of 47 HLA-B27 positive 

healthy controls had HLA-B*27:05 subtype and 65.2% of 51 HLA-B27 positive 

patients with AS and 54.3% of 35 HLA-B27 positive healthy controls for Birinci et 

al. (2005) study and Acar et al. (2012) study, respectively. 
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Figure 4. The association of HLA-B27 subtypes with AS disease. (a) The common 

HLA-B27 subtypes seen in some populations to their association with AS disease. 

(b) The difference between HLA-B*27:05 and HLA-B*27:09 in HLA binding 

groove (residues 1-180). The α1-helix and the α2-helix of the subtypes are shown in 

purple and red, respectively. 

 

Structural studies show that the difference between subtypes is caused by 

conformational changes because of small amino acid differences between antigens of 

HLA – B27 subtypes and amino acid side chain differences in the binding groove 

(37). Besides, there is a 1 to 6 or 7 amino acid difference between subtypes of HLA, 

whereas there is a 15-30 amino acid difference between different B alleles. The 

differences between HLA-B*27:05, HLA-B*27:04, HLA-B*27:06, and HLA-

B*27:09 are residues at positions 77, 114, 116, and 152. Residues at positions 114 

and 116 seem more important than others since they are found on the binding floor of 

HLA-B27. These distinctions between subtypes result in the different types of 

peptides. There is only one amino acid difference between HLA-B*27:05 and HLA-

B*27:09 (Figure 4b). While negatively charged Asp residue is found at position 116 

of HLA-B*27:05, HLA-B*27:09 consists of positively charged His residue at 
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position 116 of HLA-B*27:09 (36). Therefore, HLA-B*27:05 and HLA-B*27:09 

subtypes are the first preferred subtypes for the thesis since there is only one amino 

acid difference between these two subtypes and HLA-B*27:05 is the most common 

allele in the Turkish population and worldwide. All HLA-B27 alleles, their 

sequences, and ethnicities can be accessed through the IPD-IMGT/HLA Database 

(52). 

 

2.4 Molecular Docking 

 

Understanding the three-dimensional (3D) structure of biomolecules is an 

important process in order to analyze the function of the molecule. Nuclear magnetic 

resonance (NMR), cryogenic electronic microscopy (cryo-EM), and X-ray 

crystallography are three methods to visualize the 3D structure of proteins. Some 

problems such as the mobility of a protein for X-ray crystallography during the 

crystallization process and the size of a big protein for NMR are challenging to get 

the 3D structure of protein complexes (protein-protein, protein-ligand, and protein-

nucleic acid). Also, the problem with cryo-EM is its low resolution. Therefore, the 

docking approach can be used to minimize these challenges (53). Molecular docking 

is a prediction of the best match between two or more molecules. It is used to find 

the best way for the interaction between molecules based on biological mechanisms 

using potential energy functions (54).  

 

HADDOCK (High Ambiguity Driven biomolecular DOCKing) is a 

computational protein docking tool using experimental data as restraints called 

Ambiguous Interaction Restraints (AIR). Active and passive residues are used in the 

AIR. Active residues consist of known interactions between two molecules to be 

docked. HADDOCK accepts passive residues around selected active residues as 

possible contacts if the passive residues are not defined specifically. AIR calculates 

ambiguous intermolecular distances between an atom of an active residue of one of 

the proteins to be docked and an atom of an active residue or a passive residue of 

another protein to be docked with the threshold 3 Å. HADDOCK calculates four 

energies for the HADDOCK score (Equation 2.1). These are intermolecular van der 
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Waals energy (Evdw), intermolecular electrostatic energy (Eelec), empirical 

desolvation energy (Edesol), and AIR energy (Eair) (53). Eair is the restraint violation 

energy showing consistency of experimental and calculated data (55). If a chosen 

active residue is not included in the interaction for docking, there will be a penalty 

for the HADDOCK score (53).  

 

      𝑯𝑨𝑫𝑫𝑶𝑪𝑲 𝒔𝒄𝒐𝒓𝒆 = 𝟏. 𝟎 ∗ 𝑬𝒗𝒅𝒘 + 𝟎. 𝟐 ∗ 𝑬𝒆𝒍𝒆𝒄 + 𝟏. 𝟎 ∗ 𝑬𝒅𝒆𝒔𝒐𝒍 + 𝟎. 𝟏 ∗ 𝑬𝒂𝒊𝒓     

(2.1) 

 

The docking protocol of HADDOCK includes three steps which are rigid 

docking that allows the molecules as solid rocks, semi-flexible docking with limited 

flexibility of side-chains at the interface, and water refinement step which includes 

refinement of the structure in water molecules. Normally, at semi-flexible docking 

and water refinement stages, the structure is allowed to move. However, rigid 

docking can be performed by changing the definition of semi-flexible segments at 

the expert level as access level (53).  

 

2.5 Molecular Dynamics 

 

Studying big macromolecules with high atom numbers is hard to evaluate the 

dynamics of these huge systems during experimental studies and spends much time. 

Therefore, computational methods help to calculate quantitative features of energy 

surfaces of the systems (56). The study of macromolecular structure is important to 

understand the function of that macromolecule. When macromolecule functions, 

conformational changes are observed (57). MD is a computer simulation method 

used to find out how the particles interact with each other as time goes by (58). MD 

aim to provide the interaction between molecules close to reality while calculating 

the structural and thermodynamic features of the systems. Therefore, the 

conformational changes of a macromolecule can be observed. NAMD, AMBER, and 

GROMACS are the most popular MD tools (57). MD uses Newton’s second law to 

guess the displacements of the particles (58). Newton’s second law (Equation 2.2): 
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                                                   F = m.a                                                        (2.2) 

 

Here, F represents the forces acting on the particles. The forces are based on the 

derivative of potential energy to the changes in position (Equation 2.3). m is the mass 

of the system. a means the acceleration of the atoms (58). To be able to start a MD 

simulation, Protein Data Bank (PDB) or computational modeling studies such as 

homology modeling provide the initial structure of interest. Then, a topology file that 

includes forces acting on the particles should be prepared. Force fields are 

parameters that describe potential energy, and they are necessary to predict the new 

position of the atoms. When the forces of an atom have been determined, 

accelerations and velocities of the atom are calculated using Newton’s law of motion 

for each step (57). Velocity form of the Verlet algorithm is used to integrate 

Newton’s equation of motion (Equation 2.4) and it calculates the position (x) of an 

atom by using velocity (v) and acceleration (α) of the atom from previous step 

(57,59).  

 

                                                     𝑭𝒊 = 𝒎𝒊
𝒅𝟐𝒓𝒊(𝒕)

𝒅𝒕𝟐                                                   (2.3) 

 

                               𝑥(𝑡 +  ∆𝑡) = 𝑥(𝑡) + 𝑣(𝑡) +  
1

2
𝛼(𝑡)(∆𝑡)2                             (2.4) 

 

Molecular mechanics (MM), quantum mechanics (QM), or QM/MM force fields 

are used for molecular simulations and the most popular force fields are CHARMM, 

GROMACS, and AMBER (57,60). The total potential energy of an atom is 

calculated based on two forces: bonded and non-bonded forces. Bond stretching, 

angle bending, and bond rotation (torsion) are bonded interactions that mean atoms 

are covalently bonded. Non-bonded interactions usually include two forces: 

electrostatic potential and Lennard-Jones potential by van der Waals. These two 

forces are non-covalent bonds and time consuming for calculation of potential energy 

(60). After the topology file, a water box is generated to create a real medium for a 

macromolecule and the macromolecule is solvated (57). In this step, ions are also 

added to the system to neutralize it. Minimization of the system is the next step. A 

minimization step is included to get rid of high-energy interaction and relax the 
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system. Therefore, the most stable state of the macromolecule is found (61). Then, 

the initialization step is started to start the simulation smoothly. The system is 

equilibrated at the desired temperature (57). In MD simulations, an isolated system 

that is unchanged at temperature, pressure, number of particles, or volume is 

preferable to consider simple systems without any complications. These isolated 

systems are named based on the constant parameters. Microcanonical ensemble 

(NVE) focused on microscopic cases, canonical ensemble (NVT), and isothermal-

isobaric ensemble (NPT)  is constant for a number of particles (N), the size of the 

system (V), and the total energy (E), for a number of particles (N), volume (V), and 

temperature (T), and for a number of particles (N), pressure (P), and temperature (T), 

respectively (62).  In this way, the thermodynamic properties of the system are 

calculated. Finally, MD simulation is produced. 
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3 MATERIALS AND METHODS 

 

The steps following in the course of the thesis are explained in this section 

explicitly. Molecular docking and MD simulations were performed by using 

HADDOCK version 2.4 (https://wenmr.science.uu.nl/haddock2.4/) and NAMD 

version 2.14 programs, respectively (63,64). Also, VMD version 1.9.3 (Visual 

Molecular Dynamics), PyMOL version 2.5.0, and R version 1.4.1717 were used for 

the analysis of simulations and visualization (65–67). The overall summary of 

methodology is shown in Figure 5. 

 

 

 

Figure 5. Schematic representation of the methodology that is followed in this thesis. 
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3.1 System Preparation and Molecular Docking 

 

3.1.1 HLA-B*27:05 and the KK10 peptide 

 

Firstly, the structures including HLA-B*27:05 with high resolution and a viral 

peptide were downloaded from PDB. Their amino acid sequences were examined, 

and the differences were specified. The structure with PDB ID 4G9D was decided to 

be used during the thesis study since it consists of the KK10 peptide, a viral peptide, 

and the structure of the HLA-B*27:05/KK10 complex with TCR is also found in 

PDB database (Table 2). The KK10 (KRWIILGLNK) epitope and HLA-B*27:05 

protein in the structure file were separated. The structure file of 4G9D involves two 

conformations of some residues. Thus, the second forms were deleted to be used for 

HADDOCK.  

 

Table 2. HLA-B27 subtypes that were used in the thesis. 

 

HLA-B27 

Subtypes 

PDB 

code 

Resolution of 3D 

Structure (Å) 

Sequence of bound 

peptides 
Ligand 

HLA-B27:05 

(with β2m) 
4G9D 1.6 (X-ray) 

KRWIILGLNK 

(HIV peptide) 

Glycerol 

(GOL) 

HLA-B27:09 

(with β2m) 
1JGD 1.9 (X-ray) 

RRLLRGHNQY 

(s10R) 

Glycerol 

(GOL) 

 

To be able to set active and passive residues in the HADDOCK web server, 

residues within 6 Å around the peptide (PDB ID: 4G9D) were checked in PyMOL 

first. These residues were named as “6 Å binding site”. Then, the residues that have 

contact with the peptide were chosen from the PDBsum website (http://www.ebi.ac.u

k/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html) (68) and 

the CPORT webserver (https://alcazar.science.uu.nl/services/CPORT/) (69) was 

used. HADDOCK suggests CPORT to find the active residues of a protein if there is 

no experimental data. CPORT is a server of HADDOCK, and it helps to find active 

and passive residues of the protein of interest. It uses 6 interface prediction 

webservers to get results (69). The residues from PDBsum were named as “PDBsum 

http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html
https://alcazar.science.uu.nl/services/CPORT/
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binding site”. The intersection of the residues from PyMOL, CPORT, and PDBsum 

for active residues was used as a basis for the selection. Three articles were also 

evaluated to be sure of the interaction between HLA-B27 protein and a peptide to be 

presented to a T cell. Cys67, Ls70, Asp77, Asn97, His114, and Asp116 residues, 

Arg62, Asp74, Leu81, Tyr123, Thr143, Glu163, and Trp167 residues, and Tyr7, 

Tyr59, and Tyr171 residues are derived from aforementioned literature (70–72).  

 

The HLA-B*27:05 protein and the KK10 peptide were docked by HADDOCK 

to compare the main structure and the docked result. In the first docking process, 

HLA-B*27:05 and the KK10 epitope were re-docked without considering flexibility. 

According to Alexandre Bonvin , one of the developers of HADDOCK, et al. study, 

giving flexibility to the peptide in a docking study with a protein-peptide complex is 

a more logical approach (73). The results of 4 flexible dockings and 2 rigid dockings 

of the HLA-B*27:05/KK10 complex with different parameters were compared to 

select best option for docking of HLA-B27 subtypes and two arthritogenic self-

peptides. They were named as 4g9d-1, 4g9d-2, 4g9d-3, 4g9d-4, 4g9d-5, and 4g9d-6 

to their parameters. 2 rigid dockings and 2 flexible dockings with different active 

residue ranges are as 4g9d-1 (pdbsum binding site residues), 4g9d-2 (6 Å binding 

site residues), 4g9d-3 (6 Å binding site residues), 4g9d-4 (pdbsum binding site 

residues). Active residues of 4g9d-5 and 4g9d-6 dockings were selected as residues 

within 6 Å from the peptide. Passive residues for protein were defined as 

automatically. All peptide residues were set as passive residues. The peptides were 

fully flexible for the dockings to observe larger conformational changes. Also,  

differently, full flexibility was given to the binding site (alpha bridge) of HLA 

protein for 4g9d-5 docking. For 4g9d-6, unambiguous restraint interaction which is 

for residues defined highly reliable predictions was used instead of ambiguous 

restraint interactions. The other parameters were changed as follows for all 6 

dockings: The model numbers were increased to increase the accuracy of the 

dockings. The number of structures for rigid-body docking, the number of structures 

for semi-flexible refinement, and the number of structures for the final refinement 

were increased to 2000, 400, and 400, respectively. All the structures were refined 

with short molecular dynamics in explicit solvent. Also, the number of MD steps for 
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the rigid body high-temperature torsion angle molecular dynamics (TAD), number of 

MD steps during the first rigid body cooling stage, number of MD steps during the 

second cooling stage with flexible sidechains at the interface, and number of MD 

steps during the third cooling stage with fully flexible interface were changed to 

2000, 2000, 4000, and 4000, respectively. With this comparison, flexible docking 

was used in the next steps of the study since the peptides are more conveniently 

attached to the binding site. 

 

The KK10 epitope sequence was modeled to be able to compare with the main 

structure and decide which program will be used to predict peptides. Robetta and I-

TASSER could not be used since they don’t accept sequences less than 26 amino 

acids and 10 amino acids, respectively. PEPFOLD-2 (https://mobyle.rpbs.univ-paris-

diderot.fr/cgi-bin/portal.py#forms::PEP-FOLD) (74) was used for peptide structure 

prediction. According to the PEP-FOLD2 result, lower sOPEP energy and higher tm 

value mean a better model, so PEP-FOLD2 sorts the results to sOPEP energy (74).  

 

3.1.2 Two arthritogenic self-peptides and the KK10 (HIV) peptide 

 

The structures of two arthritogenic self-peptides (ARGQPGVMG-

DRASFIKNL) were modeled using PEP-FOLD2. They were previously identified by 

Atagündüz et. al. (2005) study (6). PEP-FOLD2 has produced 5 and 2 models for 

ARGQPGVMG and DRASFIKNL, respectively. Also, other structures of interest 

(Table 2) which are HLA-B*27:05, HLA-B*27:09, and the KK10 peptide were 

provided by PDB. Peptides in PDB structures were extracted. Only the KK10 

(KRWIILGLNK) epitope on the Gag protein of human immunodeficiency virus 

(HIV) was used for the docking process. All produced models for these three 

peptides were docked with HLA-B*27:05 and HLA-B*27:09. The interface of the 

proteins was defined as the previously listed intersection residues. For the docking 

process of HLA-B27 subtypes with two arthritogenic self-peptides and the KK10 

peptide, active residues of the protein were defined as the interface residues. Passive 

residues for protein were defined automatically. All peptide residues were selected as 

passive residues. The peptides were selected as fully flexible for the dockings to 

https://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#forms::PEP-FOLD
https://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#forms::PEP-FOLD
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observe larger conformational changes. The sampling parameters were changed as 

follows: The model numbers were increased to increase the accuracy of the dockings. 

The number of structures for rigid-body docking, the number of structures for semi-

flexible refinement, and the number of structures for the final refinement were 

increased to 2000, 400, and 400, respectively. All the structures were refined with 

short molecular dynamics in explicit solvent. Also, the number of MD steps for the 

rigid body high-temperature TAD, number of MD steps during the first rigid body 

cooling stage, number of MD steps during the second cooling stage with flexible 

sidechains at the interface, and number of MD steps during the third cooling stage 

with fully flexible interface were changed to 2000, 2000, 4000, and 4000, 

respectively. The number of models generated was adjusted as 400. Representative 

complexes were selected to cluster size, cluster number, and HADDOCK score.  

 

3.2 Molecular Dynamics Simulation 

 

Before simulation of putative arthritogenic self-peptides with HLA-B27 

subtypes, 10 parallel runs for two HLA-B27:05 and the KK10 peptide complex from 

the comparison of rigid docking and flexible docking were performed to control if 

the system gives better results whether the docking is rigid or flexible (Table 3). 

Then, the HLA-B27 complexes with a viral peptide (KK10) and two arthritogenic 

self-peptides (ARGQPGVMG and DRASFIKNL) were evaluated (Table 3). The 

complexes of them from docking results were used for MD simulations. 

Configuration files for simulations were prepared using Solution Builder of 

CHARMM-GUI (75). Simulations were carried out by NAMD (76). Disulfide bonds 

between residue 101-164 and residue 203-259 for heavy chain and residue 25-80 for 

β2m were added. The water box was fit to protein size. The complexes were solvated 

in TIP3P water (~ minimum 10 Å) and neutralized with 0.15 M NaCl. The force field 

was CHARMM36m (77). Particle mesh Ewald (PME) method was considered for 

long-range electrostatic calculations. The systems were minimized by 50,000 steps, 

and it was decided by controlling the total energy of the system in the output. The 

temperature was increased gradually in the heating step from 0 K (1 K for every 100 

steps) to 310.15 K. NVT ensemble and NPT ensemble were chosen for equilibration 
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and production steps. 2 ns and 100 ns simulations were performed for each complex 

and HLA-B27 proteins without peptide for equilibration and production steps, 

respectively. Also, the restraints parameter was changed at the end of the 

equilibration configuration file to open the system gradually. Four independent 

simulations were performed for each complex and free HLA-B27 (Table 3).  

 

Table 3. Content of simulations performed during the thesis. 

 

HLA-B27 

Subtypes 
Peptide Docking # of simulations 

Duration of Each 

Simulation 

Total 

Duration 

HLA-B27:05 

ARGQPGVMG Flexible Docking 4 100 ns (4) 400 ns 

DRASFIKNL Flexible Docking 4 100 ns (4) 400 ns 

KRWIILGLNK 
Flexible Docking 6 (comparison*) + 4  100 ns (4+6) 1000 ns 

Rigid Docking 6 (comparison*) 100 ns 600 ns 

Without peptide Flexible Docking 4 100 ns 400 ns 

HLA-B27:09 

ARGQPGVMG Flexible Docking 4 100 ns (4) 400 ns 

DRASFIKNL Flexible Docking 4 100 ns (4) 400 ns 

KRWIILGLNK Flexible Docking 4 100 ns (4) 400 ns 

Without peptide Flexible Docking 4 100 ns 400 ns 

Total # of simulations: 44   

* Simulations to decide between flexible docking and rigid docking 

 

3.3 Trajectory Analysis and Visualization  

 

Root Mean Square Deviation (RMSD) and Root  Mean Square Fluctuation 

(RMSF) were calculated using Tcl scripting of VMD program for the heavy chain, 

binding site, and  β2m of HLA-B27 protein. The snapshots of HLA-B*27:05 and 

HLA-B*27:09 with the KK10 peptide and two arthritogenic self-peptides and the 

empty state of the HLA-B27 subtypes were extracted from MD trajectories at 0 ns, 

50 ns, and 100 ns for each simulation of four simulations using VMD software 

program and PyMOL program. Also, these snapshots were superimposed by 

PyMOL.  

 

Furthermore, distances of p1 (Tyr59-Trp167) and pΩ (Tyr84-Ala139) sides of 

HLA-B27 subtypes with two arthritogenic self-peptides (ARGQPGVMG-

DRASFIKNL), the KK10 peptide, and without peptide were calculated. Moreover, 



 

39 

 

the distance between the Cα atom of Asp116 (HLA-B*27:05)/His116 (HLA-

B*27:09) and PΩ of two arthritogenic self-peptides (ARGQPGVMG-DRASFIKNL) 

and the KK10 peptide, the distance between the Cα atom of Asp116 (HLA-B*27:05) 

/His116 (HLA-B*27:09) and the Cα atom of Trp60 of β2m, H-bond distance 

between the OD1 atom of Asp122 of the heavy chain of HLA-B27 and the NE1 atom 

of Trp60 of β2m, and H-bond distance between the NE2 atom of Gln96 of the heavy 

chain of HLA-B27 and the O atom of Trp60 of β2m were analyzed by Tcl scripting. 

Another calculation was for the number of H-bond interactions between the HLA-

B27 subtypes and three peptides. If the distance between acceptor and donor atom 

was smaller than 3.5 Å, the bond was accepted as H-bond. Electrostatic potential 

surfaces of the HLA-peptide complexes and empty state HLA-B27 subtypes were 

mapped and visualized by Adaptive Poisson-Boltzmann Solver (APBS) Plugin of 

PyMOL. PPCHECK webserver (http://caps.ncbs.res.in/ppcheck/) (78) was used to 

observe the potential salt bridges with a 4 Å threshold between the binding groove of 

HLA-B27 complexes and peptides from MD trajectories at 0 ns, 50 ns, and 100 ns 

for each simulation of four simulations. Ligand-protein interaction diagrams were 

plotted for H-bond and hydrophobic bond by LigPlot+ program (79). The diagrams 

were aligned and the common residues between simulations at 0 ns, 50 ns, and 100 

ns were saved. 

 

3.4 Additional Analysis 

 

Purcell et al. (2015) have the binding motifs for peptides of different lengths that 

bind to HLA-B*27:05 (Table 3) (9). When checking the motifs, there is Arg residue 

for all P2 positions. These motifs were used to check the similarities between the 

peptides in the study and the peptides used in the thesis.  

 

The peptides were analyzed using Immune Epitope Database (IEDB) analysis 

tool to predict their antigenicity (http://tools.iedb.org/mhci/) with the NetMHCpan-

4.1 prediction method (80). HLA-B*27:05 allele was selected with all length options. 

HLA-B*27:09 allele could not be evaluated since it was not in the options for HLA 

alleles. If the score value in the binding prediction results table is high, this shows 

http://caps.ncbs.res.in/ppcheck/
http://tools.iedb.org/mhci/
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that the peptide can bind to the HLA allele better. Also, a smaller percentile rank 

indicates higher affinity. Moreover, Class I immunogenicity 

(http://tools.iedb.org/immunogenicity/) for HLA-B*27:05 was calculated for the 

three peptides using IEDB analysis tool (81). 

 

The sequence of the viral peptide and two self-peptides were analyzed using 

BLAST to control if there is a similar sequence from Homo sapiens for the KK10 

peptide and the sequences from pathogens for the self-peptides. 

 

Purcell et al. (2015) have the lists of peptides bound to HLA-B*27:05 and HLA-

B*27:09 as a result of their study beside the consensus binding motifs. HLA-

B*27:05 has 2132 peptides and HLAB*27:09 has 2276 peptides. The sequences of 

these peptides were uploaded into the RAACBook web server 

(http://bioinfor.imu.edu.cn/raacbook/public/), and the alphabet was reduced. Type 55 

was used to cluster the amino acid sequence of peptides. It reduces the alphabet of 

amino acid sequences based on the hydrophobic and polar (HP) model (82). Also, the 

percentages of four clusters (A, D, S, K) were calculated for the peptides bound to 

HLA-B*27:05 and HLA-B*27:09 from the 2015 study. Box plot was used to 

understand the differences in the variability of the peptides better by using a ggplot 

of R (83). The RAACBook web server also was used to reduce the alphabet of two 

arthritogenic self-peptides and the KK10 peptide. 

 

 

 

 

 

 

 

 

 

 

 

http://tools.iedb.org/immunogenicity/
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4 RESULTS 

 

4.1 Determining the Docking Strategy in the Thesis 

 

4.1.1 Docking of HLA-B*27:05 and the KK10 epitope 

 

Firstly, 2 rigid dockings and 4 flexible dockings were performed to decide which 

docking result to use in MD simulations (Table 4). Two rigid dockings and two 

flexible dockings with different active residue ranges are as follows: 4g9d-1 (pdbsum 

binding site residues), 4g9d-2 (6 Å binding site residues), 4g9d-3 (6 Å binding site 

residues), 4g9d-4 (pdbsum binding site residues). While 4g9d-1 and 4g9d-2 represent 

rigid docking, 4g9d-3 and 4g9d-4 state flexible docking. Additionally, for 4g9d-5, 

full flexibility was given not only to the peptide but also to the protein and 

unambiguous restraint interaction was used instead of ambiguous restraint 

interactions for 4g9d-6.  

 

Table 4. The lowest HADDOCK scores for the HLA-B*27:05/KK10 complexes. 

 

4g9d-Redock 
HADDOCK 

Score 
Cluster Number Cluster Size 

4g9d-1 -174.7 4 18 
4g9d-2 -184.4 1 171 

4g9d-3 -153.6 9 12 
4g9d-4 -118.1 17 4 
4g9d-5 -172.7 3 34 
4g9d-6 -166.0 7 13 

 

When the active residues were chosen as 6 Å binding site residues, the 

HADDOCK score was lower for 4g9d-2 and 4g9d-3. Also, the predicted complexes 

with the lowest scores were compared (Figure 6). Although 4g9d-1 and 4g9d-2 were 

superimposed with the reference structure perfectly, 4g9d-2 has a lower docking 

score. Therefore, it was selected for the MD simulation step as the complex from 

rigid docking. β2m and the heavy chain of the HLA-B27 complex were separated 

and the integrity of the complex was disrupted as the output of 4g9d-5 docking. 

4g9d-4 did not match with the main PDB structure as in 4g9d-3 and 4g9d-6. Since 
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the score of 4g9d-6 was lower than 4g9d-3, the docking result of 4g9d-6 was chosen 

for the MD simulation. 

 

 

 

Figure 6. The structural comparison of docking results and the structure of the HLA-

B*27:05/KK10 complex from the reference structure (PDB ID: 4G9D). 4g9d.pdb: 

magenta, 4g9d-1: green, 4g9d-2: red, 4g9d3: blue, 4g9d-4: orange, 4g9d-5: cyan, and 

4g9d-6: yellow. 

 

4.1.2 RMSD analysis of HLA-B*27:05 and the KK10 epitope 

 

A total of 12 simulations were carried out for 4g9d-2 and 4g9d-6, 6 for each 

docking result. The RMSD values of the binding groove of the HLA-B*27:05 were 

analyzed to compare the stability of the HLA-B*27:05/KK10 complexes (Figure 7). 

According to the RMSD measurements, the simulation results from the flexible 

docking complex has lower RMSD values than the simulation results from the rigid 

docking complex. The range of RMSD value for parallel runs of flexible docking 

complex is between 1-1.5 Å, while the range of rigid docking complex is between 1-
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2 Å. Since the results of 6 parallel runs from 4g9d-6 were more stable and giving 

flexibility to the peptide showed better results, as stated in Bonvin et al. (2013) (73), 

flexible docking was found to be reasonable method for the study of HLA-B27 

subtypes with arthritogenic self-peptides. 

 

 

 

Figure 7. RMSD values of the binding groove (residues 1-180) of HLA-B27 

complex. 

 

4.2 Structural Analysis of One Viral Peptide and Two Arthritogenic Self-

peptides with HLA-B27 Subtypes 

 

This section is to show structural differences and similarities between two self-

peptides which are arthritogenic self-peptides (ARGQPGVMG and DRASFIKNL) 

and a viral peptide from Gag protein as the KK10 (KRWIILGLNK) peptide bound to 

HLA-B*27:05 and HLA-B*27:09. Two HLA-B27 subtypes are differentially 

associated with the AS disease and differs in only one amino acid at F pocket 

(residue 116) of HLA-B27 complex. 

 

4.2.1 Docking results 

 

The HADDOCK scores of HLA-B*27:05 and HLA-B*27:09 bound to 

ARGQPGVMG, DRASFIKNL, and KRWIILGLNK peptide are shown in Table 5. It 

seems that DRASFIKNL with -130.172 for its complex with HLA-B*27:05 and -

115.344 for its complex with HLA-B*27:09 demonstrated a similar HADDOCK 
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score to the KK10 peptide with -161.813 for HLA-B*27:05 complex and -129.807 

for HLA-B*27:09 complex. Also, the size of clusters generated from the docking 

runs of DRASFIKNL peptide with both HLA-B*27:05 and HLA-B*27:09 

complexes was larger. HADDOCK docking algorithm clusters the predicted 

complexes by considering RMSD cutoff given as an input parameter. It means that 

there are many more structures similar to the complex structure of DRASFIKNL 

bound to HLA-B*27:05 and HLA-B*27:09 in the docking result. 

 

Table 5. The lowest HADDOCK scores for HLA-B*27:05 and HLA-B*27:09 bound 

to ARGQPGVMG, DRASFIKNL, and KRWIILGLNK peptides. 

 

Peptide 

Sequence 

HLA-B*27:05 HLA-B*27:09 

HADDOCK 

Score 

Cluster 

Number 

Cluster 

Size 

HADDOCK 

Score 

Cluster 

Number 

Cluster 

Size 

ARGQPGVMG -96.772 1 84 -94.718 11 4 

DRASFIKNL -130.172 1 126 -115.344 1 84 

KRWIILGLNK -161.813 12 9 -129.807 13 8 

 

To analyze the docking results structurally, they were aligned in PyMOL (Figure 

8). The KK10 peptide was bound to HLA-B*27:05 and HLA-B*27:09 differently. 

While the structure of the KK10 peptide with HLA-B*27:05 was bulging out, the 

KK10 peptide with HLA-B*27:09 had non-canonical shape. Also, it seems that the 

DRASFIKNL and  KK10 peptides were tethered with N- and C-terminus of them. 

ARGQPVMG peptide was located closer to the binding groove of HLA-B*27:05 

when compared with the HLA-B*27:09/ARGQPVMG complex. 
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Figure 8. The side and top view of superimposition of 6 HLA-B27 and peptide 

complexes of docking results. HLA-B*27:05/KK10: salmon, HLA-B*27:09/KK10: 

red, HLA-B*27:05/ARGQPGVMG: pale green, HLA-B*27:09/ARGQPGVMG: 

forest, HLA-B*27:05/DRASFIKNL: aqua marine, and HLA-B*27:05/DRASFIKNL: 

marine. 
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4.2.2 Visualization of MD simulations 

 

 

 

Figure 9. The snapshots of HLA-B*27:05 and HLA-B*27:09 with KRWIILGLNK 

(HIV) peptide (PDB ID: 4g9d, 1jgd) at 0 ns, 50 ns, and 100ns extracted from four 

MD trajectories. Four independent MD simulations are shown (A, B, C, and D). As 

time progresses, the color becomes darker (All part). 0 ns: light pink, 50 ns: light 

magenta, 100 ns: deep purple. 
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The docking results show only one snapshot of the protein-peptide complex. 

Therefore, long-term analysis of the protein of interest or complex structure using 

MD simulation offers a broader perspective on the structure of the protein. With this 

aim, 24 MD simulations were performed for HLA class I complexes bound to 

peptides which are HLA-B*27:05/KK10, HLA-B*27:09/KK10, HLA-

B*27:05/ARGQPGVMG, HLA-B*27:09/ARGQPGVMG, HLA-B*27:05/ 

DRASFIKNL, and HLA-B*27:09/DRASFIKNL. Furthermore, 8 simulations were 

also carried out for HLA-B*27:05 and HLA-B*27:09 in unbound state to compare 

the dynamic of HLA-B27 molecules to understand the effect of the peptide binding. 

The results of MD simulations were visualized to check an observable change in the 

structures of the complexes.  

 

 

 

Figure 10. The snapshots of HLA-B*27:05 and HLA-B*27:09 with two arthritogenic 

self-peptides (ARGQPGVMG-DRASFIKNL) at 0 ns, 50 ns, and 100ns extracted 

from four MD trajectories. Four independent MD simulations are shown (A, B, C, 

and D). As time progresses, the color becomes darker for peptide molecule (All part). 

0 ns: light pink, 50 ns: light magenta, 100 ns: deep purple. 
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The comparison of binding modes for the complexes are shown in Figure 9 and 

Figure 10. While the structures of the KK10 peptide were similar in all 4 simulations, 

the other two self-peptides had more conformational changes. The structures of the 

KK10 peptide were stable for the complexes with HLA-B*27:05. On the other hand, 

for HLA-B*27:09, the C-terminus of the KK10 peptide moved away from the 

binding groove for all 4 simulations. As a result of the 3rd and 4th simulations, the 

DRASFIKNL peptide disrupted the protein structure of HLA-B*27:09. The N-

terminus of the self-peptides appear to be bound in all simulations, although there 

were fluctuations in the C-terminus. 

 

In addition to the comparison of the structure of peptides, the peptide-bound and 

unbound states of HLA-B*27:05 and HLA-B*27:09 were examined by taking 

snapshots at 100 ns of each simulation, and how much the HLA protein and peptide 

changed for 4 simulations by aligning the snapshots taken at 0, 50, and 100 ns 

(Figure 11). When looking at the empty state of HLA-B*27:05 and HLA-B*27:09, 

the α2 chain of HLA-B*27:05 and the floor of four β-sheets were more movable. 

Moreover, the KK10 peptide is not constant for its complex with HLA-B*27:09. 

Although the binding of the KK10 peptide was stabilized in both subtypes, the empty 

state of HLA-B*27:05 showed more mobility, but with the binding of KK10, it 

becomes more stabilized than HLA-B*27:09. DRASFIKNL peptide caused 

stabilization of α1 and α2 domains of HLA-B*27:05, while at HLA-B*27:09 it 

resulted in further activation of α domains. 
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Figure 11. The snapshot of HLA-B*27:05 and HLA-B*27:09 with and without a 

peptide. (A) Snapshots are taken from MD simulations at 100ns for each simulation 

of four simulations, and they were superimposed. (B) Snapshots are taken from MD 

simulations at 0 ns, 50 ns, and 100 ns for each simulation of four simulations, and 

they were superimposed. The α1-helix, the α2-helix, and peptides are shown in 

purple, red, and dark blue, respectively. 

 

4.2.3 Trajectory analyses of MD simulations 

 

The binding grooves of the subtypes were analyzed to understand the structural 

and dynamical differences between HLA*B-27:05 and HLA*B-27:09 (Figure 12 and 

Figure 13). The unbound HLA-B*27:09 was more stable than the unbound HLA-

B*27:05. The HLA-B*27:05/KK10 complex had more protein stability and its 
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RMSD values were smaller than the RMSD value of the HLA-B*27:09/KK10 

complex. Although the complex with peptide ARGQPGVMG showed similar RMSD 

values for HLA-B*27:05 and HLA-B*27:09, the DRASFIKNL peptide represented 

similar stability as in the protein/the KK10 peptide complex simulations. 

 

 

 

Figure 12. RMSD values of the binding grooves (residues 1-180) of HLA-B*27:05 

with two arthritogenic self-peptides (ARGQPGVMG-DRASFIKNL), the KK10 

(KRWIILGLNK) peptide, and without peptide from MD trajectories. Sixteen 

independent MD simulations are shown in the graphs. 
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Figure 13. RMSD values of the binding grooves (residues 1-180) of HLA-B*27:09 

with two arthritogenic self-peptides (ARGQPGVMG-DRASFIKNL), the KK10 

(KRWIILGLNK) peptide, and without peptide from MD trajectories. Sixteen 

independent MD simulations are shown in the graphs. 

 

The RMSF values of the heavy chain and β2m of HLA-B27 subtypes with two 

self-peptides and one viral peptide were analyzed to understand the structural 

stability between HLA-B*27:05 and HLA-B*27:09 (Figure 14-17). Regions 

exhibiting the highest fluctuations were identified in the loop regions of the HLA-

B27 proteins and they are located around residues 20, 90, 225, and 250 of the heavy 

chain (Figure 14 and Figure 15). The HLA-B*27:09/DRASFIKNL complex showed 

high fluctuations at many points due to the conformational change of the protein in 
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the 3rd and 4th parallel simulations (Figure 15). When the KK10 peptide is bound to 

the HLA-B*27:05 subtype, fluctuations in the α-2 domain decreased (Figure 14). 

Like the heavy chain of HLA-B27, β2m of HLA-B27 showed fluctuations for loop 

regions. 

 

 

Figure 14. RMSF values of the heavy chain (α1, α2, and α3 domains) of HLA-

B*27:05 with two arthritogenic self-peptides (ARGQPGVMG-DRASFIKNL), the 

KK10 (KRWIILGLNK) peptide, and without peptide from MD trajectories. Sixteen 

independent MD simulations are shown in the graphs. 
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Figure 15. RMSF values of the heavy chain (α1, α2, and α3 domains) of HLA-

B*27:09 with two arthritogenic self-peptides (ARGQPGVMG-DRASFIKNL), the 

KK10 (KRWIILGLNK) peptide, and without peptide from MD trajectories. Sixteen 

independent MD simulations are shown in the graphs. 
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Figure 16. RMSF values of β2m of HLA-B*27:05 with two arthritogenic self-

peptides (ARGQPGVMG-DRASFIKNL), the KK10 (KRWIILGLNK) peptide, and 

without peptide from MD trajectories. Sixteen independent MD simulations are 

shown in the graphs. 
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Figure 17. RMSF values of β2m of HLA-B*27:09 with two arthritogenic self-

peptides (ARGQPGVMG-DRASFIKNL), the KK10 (KRWIILGLNK) peptide, and 

without peptide from MD trajectories. Sixteen independent MD simulations are 

shown in the graphs. 

 

Tyr59-Trp167 (p1) and Tyr84-Ala139 (pΩ) are opposing residues on the two 

ends of the protein’s binding groove. The distances between these residues were 

calculated to observe whether the binding groove shows opening and closing 

movement when the HLA-B27 is bound to the peptide (Figure 18-21). Distances of 

p1 and pΩ sides were more compatible with each other for the self-peptides and the 

viral peptides in complex with HLA-B*27:05 (Figure 18 and Figure 20). On the 

other hand, for HLA-B*27:09 complexes, the distance between the α domains in the 

p1 and pΩ part of the peptide were fluctuating ranging from 10 to 18 Å for p1 
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distance and 6 to 14 Å for pΩ distance as well as in the empty state (Figure 19 and 

Figure 21). 

 

 

 

Figure 18. Distance graphs of p1 (Tyr59-Trp167) side of HLA-B*27:05 with two 

arthritogenic self-peptides (ARGQPGVMG-DRASFIKNL), the KK10 

(KRWIILGLNK) peptide, and without peptide from MD trajectories. Sixteen 

independent MD simulations are shown in the graphs. 
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Figure 19. Distance graphs of p1 (Tyr59-Trp167) side of HLA-B*27:09 with two 

arthritogenic self-peptides (ARGQPGVMG-DRASFIKNL), the KK10 

(KRWIILGLNK) peptide, and without peptide from MD trajectories. Sixteen 

independent MD simulations are shown in the graphs. 
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Figure 20. Distance measurements of pΩ (Tyr84-Ala139) side of HLA-B*27:05 with 

two arthritogenic self-peptides (ARGQPGVMG-DRASFIKNL), the KK10 

(KRWIILGLNK) peptide, and without peptide from MD trajectories. Sixteen 

independent MD simulations are shown in the graphs. 
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Figure 21. Distance graphs of pΩ (Tyr84-Ala139) side of HLA-B*27:09 with two 

arthritogenic self-peptides (ARGQPGVMG-DRASFIKNL), the KK10 

(KRWIILGLNK) peptide, and without peptide from MD trajectories. Sixteen 

independent MD simulations are shown in the graphs. 
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Figure 22. Graphs of the distance between the Cα atom of Asp116 (HLA-B*27:05) 

and PΩ of two arthritogenic self-peptides (ARGQPGVMG-DRASFIKNL) and the 

KK10 (KRWIILGLNK) peptide from MD trajectories. Twelve independent MD 

simulations are shown in the graphs. 

 

The mobility of the C-terminus was observed in the snapshots of the 

conformations. Therefore, by calculating the distance between Asp116/His116 in the 

binding floor and the C-terminus of the peptide, the difference between the HLA-

B27 complexes can be shown by observing how far the end side of the peptide 

moves (Figure 22 and Figure 23). For peptide ARGQPGVMG, it was observed that 

the measured distance changes of HLA-B*27:05/ARGQPGVMG in two simulations 
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were similar to the results of HLA-B*27:05/KK10 complex, but on the other hand, 

there was a mismatch in the two simulations of the HLA-B*27:05/ARGQPGVMG 

complex when compared with the KK10 peptide bound to HLA-B*27:05 (Figure 

22). Also, the HLA-B*27:05/KK10 complex was stable like the HLA-

B*27:05/DRASFIKNL complex. 

 

 
 

Figure 23. Graphs of the distance between the Cα atom of His116 (HLA-B*27:09) 

and PΩ of two arthritogenic self-peptides (ARGQPGVMG-DRASFIKNL) and the 

KK10 (KRWIILGLNK) peptide from MD trajectories. Twelve independent MD 

simulations are shown in the graphs. 
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Figure 24. Graphs of the distance between the Cα atom of Asp116 (HLA-B*27:05) 

and the Cα atom of Trp60 of β2m from MD trajectories. Sixteen independent MD 

simulations are shown in the graphs. 

 

It was observed that Trp60 of β2m may have a role to increase the stability of 

the peptide. Asp122 and Gln96 of HLA-B27 are highly conserved and forms H-bond 

with Trp60 of β2m (84). Therefore, the distances between the Cα atom of 

Asp116/His116 and  the Cα atom of Trp60 of β2m and H-bond distance for the OD1 

atom of Asp122 and the NE1 atom of Trp60 of β2m and for the NE2 atom of Gln96 

and the O atom of Trp60 of β2m were calculated to understand if there is an effect of 
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Trp60 in dynamics of antigen presentation (Figure 24-29). For the results of HLA-

B*27:09/KK10 complexes, only one of the KK10 simulations resulted in larger 

fluctuations (4th simulation), others were stable (Figure 25). For the distance between 

the Cα atom of Asp116 (HLA-B*27:05) /His116 (HLA-B*27:09) and the Cα atom of 

Trp60 of β2m, the complexes with HLA-B*27:05 seemed to be more stable, but 

there is no significant difference with the HLA-B*27:09 complexes. The distance 

range for unbound state of HLA-B*27:05 except for the third parallel simulation was 

smaller than the distance range of unbound HLA-B*27:09 for H-bond distance 

between the OD1 atom of Asp122 of the heavy chain of HLA-B27 and the NE1 atom 

of Trp60 of β2m (Figure 26 and Figure 27). The third parallel simulation of empty 

HLA-B*27:05 showed high fluctuations after 50 ns (Figure 26). The H-bond 

distance between the NE2 atom of Gln96 of the heavy chain of HLA-B27 and the O 

atom of Trp60 of β2m varied between 6 to 8 Å during simulation, except for the 

second simulation of the HLA-B*27:05/KK10 complex and appears to be consistent 

and stable for the other three parallel simulations of HLA-B*27:05/KK10 complex 

(Figure 28). Also, the distance between Gln96 and Trp60 for HLA-B*27:09/KK10 

had a smaller range for the three parallel simulations to HLA-B*27:05/KK10 (Figure 

29).  
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Figure 25. Graphs of the distance between the Cα atom of His116 (HLA-B*27:09) 

and the Cα atom of Trp60 of β2m from MD trajectories. Sixteen independent MD 

simulations are shown in the graphs. 
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Figure 26. Graphs of H-bond distance between the OD1 atom of Asp122 of the 

heavy chain of HLA-B*27:05 and the NE1 atom of Trp60 of β2m from MD 

trajectories. Sixteen independent MD simulations are shown in the graphs. 
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Figure 27. Graphs of H-bond distance between the OD1 atom of Asp122 of the 

heavy chain of HLA-B*27:09 and the NE1 atom of Trp60 of β2m from MD 

trajectories. Sixteen independent MD simulations are shown in the graphs. 

 

 

 



 

67 

 

 

 

Figure 28. Graphs of H-bond distance between the NE2 atom of Gln96 of the heavy 

chain of HLA-B*27:05 and the O atom of Trp60 of β2m from MD trajectories. 

Sixteen independent MD simulations are shown in the graphs. 
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Figure 29. Graphs of H-bond distance between the NE2 atom of Gln96 of the heavy 

chain of HLA-B*27:09 and the O atom of Trp60 of β2m from MD trajectories. 

Sixteen independent MD simulations are shown in the graphs. 
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Figure 30. Graphs of the number of H-bond interactions between three peptides and 

HLA-B*27:05. Twelve independent MD simulations are shown in the graphs. 

 

Since H-bond is a key non-bonded interaction for the stabilization of the protein, 

the number of H-bonds was evaluated for the HLA-B*27:05/KK10, the HLA-

B*27:09/KK10, the HLA-B*27:05/ARGQPGVMG, the HLA-

B*27:09ARGQPGVMG, the HLA-B*27:05/DRASFIKNL, and HLA-

B*27:09/DRASFIKNL to understand if H-bond plays a role in the stability of HLA-

B27/peptide complexes (Figure 30 and Figure 31). Higher number of H-bonds was 

measured in HLA-B*27:05 complexes than in HLA-B*27:09 complexes. By 

calculating the average values, the number of H-bonds in the HLA-B*27:09 
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complexes showed a decrease except for the HLA-B*27:09/ARGQPGVMG 

complex. It was detected that the KK10 bound complex had more H-bonds than the 

other two self-peptides bound complexes. Thus, the number of H-bonds for two self-

peptides bound HLA-B27 was similar to the HLA-B*27:09/KK10 complex. For the 

HLA-B*27:05 in complex with ARGQPGVMG peptide, the number of H-bonds was 

initially close to the complex with the KK10 peptide, but then the H-bond number 

decreased for the HLA-B*27:05/ARGQPGVMG until 50 ns of simulation. 

Nevertheless, the HLA-B*27:05/ARGQPGVMG maintained the number of H-bonds 

more stably throughout the simulation than the HLA-B*27:05/DRASFIKNL. 

 

 

 

Figure 31. Graphs of the number of H-bond interactions between three peptides and 

HLA-B*27:09. Twelve independent MD simulations are shown in the graphs. 
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Figure 32. Electrostatic surface potential of HLA-B*27:05 and HLA-B*27:09 bound 

to the KK10 peptide and unbound form for the final coordinates of 100 ns MD 

simulation. Range is shown in the corresponding color bar. Red, blue, and white 

represent negative potential, positive potential, and neutral potential, respectively. 

 

Besides the H-bond, electrostatic interactions also play a role in both the 

function and stability of the protein. Thus, electrostatic potential surfaces of HLA-

B27 subtypes bound and unbound peptides were mapped. The results of electrostatic 

surface potential measurements are shown in Figure 32, Figure 33, and Figure 34. In 
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addition to the protein-peptide complexes, the unbound state of HLA-B27 subtypes 

were visualized.  The binding groove with the binding pockets of the empty HLA-

B*27:05 and empty HLA-B*27:09 showed more negative potential. When the KK10 

peptide was bound to the HLA-B*27:05 protein, the binding pockets to which the p1 

region of the peptide was bound demonstrated positive potential. Also, the overall 

negative potential reduced when the KK10 peptide was bound to the HLA protein. 

The negative potential for the HLA-B*27:05/ARGQPGVMG decreased slightly 

compared to the empty state of the HLA protein and the HLA-

B*27:09/ARGQPGVMG. The HLA-B*27:09/ARGQPGVMG complex had more 

neural binding groove. It was noted that when the DRASFIKNL peptide was bound 

to the HLA-B*27:05 protein, the negative potential was reduced in common in all 

three parallel simulations of the HLA-B*27:05/DRASFIKNL.  

 

When the HLA-B*27:05 complexes bound to the ARGQPGVMG and 

DRASFIKNL peptide were compared, there were more identifiable blue (positive 

potential) and red (negative potential) colors in the binding groove in the complex 

with the ARGQPGVMG peptide. In addition, the DRASFIKNL bound complex and 

the KK10 bound complex illustrated more similar results for the HLA-B*27:05 

subtype than the ARGQPGVMG bound complex and the KK10 bound complex. 

When the two self-peptides and the viral peptide were bound to HLA-B*27:09, the 

HLA-B*27:09/KK10 complex had more positive potential on the binding groove. 

Although the 3rd simulations of the HLA-B*27:09/KK10 and the HLA-B*27:09/ 

DRASFIKNL complexes exhibited similar electrostatic potential surfaces, this result 

was not valid for the other three parallel simulations. The two self-peptides showed 

similarity within themselves for their HLA-B*27:09 bound complexes. 
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Figure 33. Electrostatic surface potential of HLA-B*27:05 and HLA-B*27:09 bound 

to the ARGQPGVMG peptide and unbound form for the final coordinates of 100 ns 

MD simulation. Range is shown in the corresponding color bar. Red color, blue 

color, and white color represent negative potential, positive potential, and neutral 

potential, respectively. 
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Figure 34. Electrostatic surface potential of HLA-B*27:05 and HLA-B*27:09 bound 

to the DRASFIKNL peptide and unbound form for the final coordinates of 100 ns 

MD simulation. Range is shown in the corresponding color bar. Red color, blue 

color, and white color represent negative potential, positive potential, and neutral 

potential, respectively. 
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Table 6. The potential salt bridges between the binding groove of HLA-B27 and 

peptides obtained from PPCHECK webserver. 

 

Potential Salt Bridges 

HLA 

Subtype 

Peptide 

Sequence 

0 ns 50 ns 100 ns 

Residue 1 

(Binding 

Groove) 

Residue 2 

(Peptide) 

Residue 1 

(Binding 

Groove) 

Residue 2 

(Peptide) 

Residue 1 

(Binding 

Groove) 

Residue 2 

(Peptide) 

Res 

Num 

Res 

Name 

Res 

Num 

Res 

Name 

Res 

Num 

Res 

Name 

Res 

Num 

Res 

Name 

Res 

Num 

Res 

Name 

Res 

Num 

Res 

Name 

B*27:05  

ARGQPGVMG 
45 GLU 2 ARG 45 GLU 2 ARG 45 GLU 2 ARG 

63 GLU 2 ARG 63 GLU 2 ARG         

DRASFIKNL 

63 GLU 2 ARG 63 GLU 2 ARG 63 GLU 2 ARG 

77 ASP 7 LYS 77 ASP 7 LYS 74 ASP 7 LYS 

116 ASP 7 LYS 
 

 
 

 77 ASP 7 LYS 

163 GLU 2 ARG                 

KRWIILGLNK 
(HIV) 

45 GLU 2 ARG 45 GLU 2 ARG 45 GLU 2 ARG 

77 ASP 10 LYS 116 ASP 10 LYS 116 ASP 10 LYS 

116 ASP 10 LYS 163 GLU 1 LYS 163 GLU 1 LYS 

163 GLU 1 LYS                 

B*27:09 

ARGQPGVMG 45 GLU 2 ARG 45 GLU 2 ARG 45 GLU 2 ARG 

DRASFIKNL 
76 GLU 7 LYS 163 GLU 2 ARG 

No common interaction 
163 GLU 2 ARG         

KRWIILGLNK 
(HIV) 

45 GLU 2 ARG 45 GLU 2 ARG 45 GLU 2 ARG 

63 GLU 2 ARG 163 GLU 1 LYS 163 GLU 1 LYS 

77 ASP 10 LYS 
 

 
      

163 GLU 1 LYS                 
 

Salt bridge interactions between the binding groove of HLA-B27 and the 

peptides in 3 of 4 simulations are shown in Table 6. The bond between Glu45 (B 

pocket) of the heavy chain of HLA-B27 and Arg2 of three peptides and Glu63 (B 

pocket) of  heavy chain of HLA-B27 and Arg2 of three peptides appeared to be 

conserved for most HLA-B27/peptide complexes. Compared to the salt bridges 

formed with HLA-B*27:09, the DRASFIKNL peptide formed more salt bridges with 

HLA-B*27:05. It was also observed that the DRASFIKNL peptide lost its bonds 

with HLA-B*27:09. The positively charged amino acid Lys10 in the C-terminus of 

the KK10 peptide and the negatively charged Asp116 in the F pocket of the binding 

groove of HLA-B27 generated a salt bridge and this bond seems to be preserved 

throughout the simulation. A salt bridge was formed between the positively charged 
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residue Lys7 of the DRASFIKNL peptide and the negatively charged Asp77 in the F 

pocket of the binding groove of HLA-B27 

 

The potential preserved bonds throughout the simulation were examined by 

comparing common H-bonds and hydrophobic interactions at 0, 50, and 100 ns. The 

common interacting residues were shown according to their binding pocket in Table 

7 and Table 8. The residues in both tables were those that change between the H-

bond and the hydrophobic interaction throughout the simulation. Considering the 

hydrogen bonds, the preserved residues are mostly found in the B and F pockets. 

Glu45 and Glu65 in the B pocket of the binding groove were conserved for H-bonds 

in the majority of the simulations. The HLA-B*27:05 complexes contained more 

amino acids forming H-bonds and hydrophobic interactions were compared to the 

HLA-B*27:09 complexes. Tyr159 in A pocket of the binding groove was seen as 

common for both HLA-B*27:05 and HLA-B*27:09 complexes. When the 

interactions formed in HLA-B*27:05 and HLA-B*27:09 complexes were compared, 

it was determined that amino acids in the E and F pocket of the binding groove, 

especially those in the F pocket, formed fewer hydrogen bonds and hydrophobic 

interactions for the HLA-B*27:09 complexes. In the two tables, the residues of the 

HLA-B*27:05 bound to the DRASFIKNL peptide were similar to the residues of the 

HLA-B*27:05/KK10 complex compared to the HLA-B*27:05/ARGQPGVMG 

complex, especially for F pocket. Additionally, E pocket showed a consistent result 

for the number of hydrophobic interactions of the HLA-B*27:05/KK10 and HLA-

B*27:05 complexes 
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Table 7. LigPlot+ results of the residues of the binding groove of HLA complexes 

that form H-bond with three peptides. 

 

HLA 

Subtype 

Peptide 

Sequence 

Simulation 

Number 

H-bond 

0, 50 , 100 ns 

Pockets 

A B C D E F 

B*27:05  

ARGQPGVMG 

1 

Tyr7, Tyr159 

(50, 100), 

Glu163 

Glu45, Glu63   Tyr99 Trp147 Lys146 

2   
Glu45, Glu63 

(0, 50) 
     

3     
Tyr99 

(50, 

100) 

Trp147 Thr143 

4 Tyr159 (100) 
Glu45, Glu63 

(0, 50) 
        

DRASFIKNL 

1 
Tyr159 (0, 100), 

Glu163 (50, 100) 
Glu63, Ile66 Lys70   Val152 

Glu76, 

Lys146 

2 Tyr159 (0, 100)   Tyr99 

(0, 100) 
 Asp77 

3 Glu163 (0) Glu63 
Asp74 

(50, 100) 
  Asp 77, 

Lys146 (100) 

4   Glu63 (0, 50) 
Thr73 

(50) 
    

Asp77 (0, 

100) 

KRWIILGLNK 

(HIV) 

1 Tyr7, Trp167 Glu63, Ile66   Tyr99 

Trp147 (50), 

Val152, 

Leu156 

  

2 
Tyr159 (0, 50), 

Glu163 
Thr24, Glu45 

His9 

(100) 
Tyr99 Trp147 

Asp77 

(0,50), 

Asp116 

3 Tyr159 
Thr24, Glu45, 

Glu63 (0, 100) 
Thr73 (0) 

Tyr99 

(0, 100) 
Trp147 

Asp77, 

Asp116, 

Lys146 (0, 

50) 

4 Tyr159, Glu163 
Thr24, Glu45, 

Glu63 

His9 (0, 

100) 
Tyr99 Trp147 

Asp77, 

Asp116, 

Lys146 (100) 

B*27:09 

ARGQPGVMG 

1 Tyr7, Trp167 
Glu63 (0, 50), 

Ile66 

Thr73 (0, 

100) 

Tyr99 

(50) 
    

2 Tyr159 (50, 100) 
Thr24, Glu45, 

Glu63 
His9 

Gln155 

(50) 
   

3   
Glu45, Glu63  

(50, 100) 

Thr73 

(50, 100) 

Tyr99 

(0, 50) 
   

4   
Glu45, Glu63 

(50, 100) 
  

Tyr99 

(0) 
    

DRASFIKNL 

1 Tyr159 (50, 100) 
Glu63, Ile66 

        

2 Tyr159 (100) Glu63 (50, 100)    Thr143 (0) 

3    Lys70 

(100) 
    

4 
Tyr159 (0), 

Glu163 (0, 50) 
      Trp147 

Asp77, 

Thr143 (0, 

50) 

KRWIILGLNK 

(HIV) 

1 Tyr7 
Glu63 (50, 100), 

Ile66 

His9 (0, 

50), 

Lys70 

Gln155 
Trp147 (50, 

100), Leu156 
  

2 Tyr159, Glu163 
Thr24, Glu45, 

Glu63 (0) 
 

Tyr99 

(100), 

Gln155 

(100) 

   

3 Tyr159, Glu163 
Thr24, Glu45, 

Glu63 (0) 
 Tyr99 

(0) 
   

4 Tyr159 
Thr24, Glu45, 

Glu63 (0) 
  

Tyr99 

(50, 

100) 

Trp147 (0)   



 

78 

 

Table 8. LigPlot+ results of the residues of the binding groove of HLA complexes 

that form a hydrophobic interaction with three peptides. 

 

HLA 

Subtype 

Peptide 

Sequence 

Simulation 

Number 

Hydrophobic bond 

0, 50 , 100 ns 

Pockets 

A B C D E F 

B*27:05  

ARGQPGVMG 

1 

Tyr7, 

Tyr159, 

Glu163 

        
Thr80, Tyr123, 

Lys146 

2 Tyr159 Glu63  Tyr99    

3 Tyr159   Tyr99 
Thr143, 
Val152, 

Leu156 

Asp77, Lys146 

4 
Tyr159, 
Glu163 

Glu63, 
Cys67 

  Tyr99     

DRASFIKNL 

1 
Tyr159, 
Glu163 

  Thr73 Tyr99 
Trp147, 
Val152 

  

2 
Tyr159, 

Glu163 
 Thr73 Tyr99 

Trp147, 

Val152 
  

3 
Tyr159, 

Glu163 

Glu63, 

Ile66 
Thr73  Val152, 

Leu156 
Glu76, Lys146 

4   
Glu63, 
Ile66, 

Cys67 

    Trp147 
Glu76, Asp77, 

Lys146 

KRWIILGLNK 

(HIV) 

1 Tyr7, Trp167 
Ile66, 

Cys67 
    

Thr143, 

Trp147, 

Val152, 
Leu156 

Tyr123, 

Lys146 

2 Tyr7, Tyr159 
Ile66, 

Cys67 
His9  Thr143, 

Leu156 

Asp77, Tyr84, 
Tyr123, 

Lys146 

3 Tyr7, Trp167 
Glu63, 
Ile66, 

Cys67 

Thr73 Tyr99 
His114, 
Thr143, 

Val152 

Tyr123, 

Lys146 

4 Tyr7, Trp167 
Ile66, 

Cys67 

His9, 

Thr73 
  

Thr143, 

Leu156 
Lys146 

B*27:09 

ARGQPGVMG 

1 Tyr7, Trp167 

Glu63, 

Ile66, 

Cys67 

Lys70, 
Thr73 

Tyr99     

2 Tyr7, Tyr159 
Ile66, 
Cys67 

 Gln155    

3   
Glu63, 

Ile66 

Lys70, 

Thr73 
Tyr99    

4   Glu63   Tyr99     

DRASFIKNL 

1 Tyr159 
Glu63, 

Ile66 
    His114   

2 Tyr7, Tyr159 
Arg62, 
Glu63 

 Tyr99 Thr143 Asp77 

3 Tyr159  Lys70 Gln155 Leu156   

4 
Tyr159, 

Glu163 
      

Thr143, 

Val152, 
Leu156 

  

KRWIILGLNK 
(HIV) 

1 Tyr7 
Glu63, 
Ile66 

His9, 

Lys70, 

Thr73 

Gln155 

His114, 

Trp147, 

Leu156 

  

2 Tyr7 
Glu63, 
Ile66 

 Ty99, 
Gln155 

Leu156   

3 Tyr7 
Glu63, 

Ile66 
Lys70 Tyr99    

4 Tyr7 Glu63   
Tyr99, 
Gln155 

Trp147, 
Val152 
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4.2.4 Additional analyses 

 

When the peptides were evaluated to the found consensus binding motifs for 

HLA-B*27:05, the ARGQPGVMG peptide showed two preferred residues and one 

strong residue which are Ala at p1, Arg at p2, and Val at p7 position of the peptide. 

Like the ARGQPGVMG peptide, DRASFIKNL had two preferred residues and one 

strong residue that are Arg at p2, Ile at p7, and Leu at the pΩ position of the peptide. 

Also, the KK10 peptide exhibited five preferred residues and one strong residue 

which are Lys, Arg, Leu, Gly, Leu, and Lys at p1, p2, p6, p7, p8, and pΩ positions of 

the peptide, respectively. 

 

Table 9. Immunogenicity prediction of the peptides specified to HLA-B*27:05. 

 

Peptide Length Score 

DRASFIKNL 9 -0.11297 

ARGQPGVMG 9 -0.16322 

KRWIILGLNK 10 0.27526 

 

Table 10. The predictions of the MHC-I binding for HLA-B*27:05. 

 

Peptide Length Score 
Percentile 

Rank 

DRASFIKNL 9 0.30774 0.64 

ARGQPGVMG 9 0.02239 3 

KRWIILGLNK 10 0.79704 0.1 

 

Immunogenicity measurements and predictions of the MHC-I binding of the 

peptides used in this thesis are shown in Table 9 and Table 10. A higher score of 

immunogenicity shows a higher possibility for immune response. The KK10 and 

ARGQPVMG had the highest and lowest scores for immunogenicity, respectively. 

For the binding prediction results, high score exhibits that the peptide can bind to the 

HLA allele better. Also, a smaller percentile rank indicates higher affinity. The 

KK10 peptide had the highest score and the smallest percentile rank. Further, the 
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DRASFIKNL peptide had higher score and smaller percentile rank than the 

ARGQPVMG peptide.  

 

Regions of similarity were searched for the peptides to identify the presence of 

similarity between self- and non-self-peptides. According to the BLAST results, the 

KK10 peptide matched with the RWIILG sequence from retinoic acid early transcript 

1E from Homo sapiens with %100 identity and 60% query cover.  Retinoic acid early 

transcript 1E includes genes associated with MHC class I (85). Similar regions were 

found for the DRASFIKNL with bacteria with 100% identity and %100 query cover. 

Although the ARGQPGVMG peptide matched several hits, the DRASFIKNL 

peptide demonstrated a higher number of hits with 100% identity and %100 

coverage.  

 

 

 

Figure 35. The comparison of the percentages of different kinds of residues between 

the peptides bound to HLA-B*27:05 and HLA-B*27:09. Nonpolar amino acids = A, 

negatively charged amino acids = D, positively charged amino acids = K, polar 

amino acids = S. 

 

The percentages of four clusters based on the hydrophobic and polar model in 

the RAACBook were calculated for 2132 peptides bound to  HLA-B*27:05 and 2276 

peptides bound to HLAB*27:09 to check the chemical similarities of the peptidome 
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of the two subtypes by using a simplified representation (Figure 35). The percentage 

of K presented a higher percentage range for the peptides with 10, 11, and 12 amino 

acid lengths bound to HLA-B*27:05. The overall percentages did not show a 

significant difference in average and range for the two HLA-B27 subtypes. In 

addition, two arthritogenic self-peptides and the KK10 peptide, their amino acid 

sequence was reduced using RAACBook (Table 11). p5, p6, and p7 for 

ARGQPGVMG and p6, p7, and p8 for the KK10 peptide were similar, respectively. 

Also, the ARGQPGVMG and KK10 peptides were same at p8 and p9 positions. The 

DRASFIKNL and the KK10 peptides were comparable at p2 and p3 positions as in 

their N-termini. They had positively charged K residue around their C-termini. 

 

Table 11. The reduced sequences for two arthritogenic self-peptides and the KK10 

peptide. 

 

Peptide Sequence Peptide Length Reduced Sequence 

ARGQPGVMG 9 AKSSASAAS 

DRASFIKNL 9 DKASAAKSA 

KRWIILGLNK 10 KKAAAASASK 
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5 DISCUSSION  

 

Ankylosing spondylitis (AS) is one of the autoimmune diseases that cause 

inflammation on the skeleton, especially for joints in the spine. Several studies have 

indicated the strong association between HLA-B27 and AS disease in the 

pathogenesis of AS because of the role of MHC class I in antigen presentation.  

There are many HLA-B27 subtypes based on differences in the protein sequence, 

which results in different AS associations. HLA-B*27:05 and HLA-B*27:09 

subtypes differ in only one amino acid at position 116 (D116H) of the heavy chain of 

HLA-B27, although HLA-B*27:05 is the most observed subtype associated with AS 

and HLA-B*27:09 is not found to be related to the disease. The arthritogenic peptide 

hypothesis based on the molecular mimicry between self-peptide and non-self-

peptide is one of the several hypotheses aimed to explain the association between 

HLA-B27 and AS. In this thesis, the structure of the HLA-B27:05 and HLA-B*27:09 

complexes with two arthritogenic self-peptides and a viral peptide was investigated 

to elucidate the presence of a common structural behavior between self-peptide and 

viral peptide on HLA-B*27:05 for antigen presentation mechanism based on the 

arthritogenic peptide hypothesis by using molecular docking and MD simulations for 

each bound and unbound HLA-B27 complexes.  

 

The key finding of this thesis was similar structural behavior of the 

DRASFIKNL self-peptide and the KK10 (KRWIILGLNK) peptide in their 

complexes with HLA-B*27:05 compared to the ARGQPVMG self-peptide and the 

KK10 peptide. By applying reduced alphabet method to the three peptide sequences, 

it was observed that the DRASFIKNL and the KK10 peptides had more common 

residues based on their chemical properties. Although the amino acids in the middle 

position of the KK10 and ARGQPGVMG peptides are compatible, the similarity of 

charged amino acid sequences at the termini of the peptide resulted in similar 

structural behavior of the peptides for their complexes with HLA-B27 subtypes 

according to trajectory analyses. 
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Initially, the HLA-B*27:05 and HLA-B*27:09 subtypes were docked with three 

peptides to be used in MD simulations. The predicted protein-peptide complexes 

obtained from the HADDOCK presents a snapshot of the HLA-B27/peptide 

complexes. The HADDOCK scores suggested that there was a difference in binding 

between HLA-B*27:05 and HLA-B*27:09 complexes for the DRASFIKNL and 

KK10 peptides, while the HADDOCK scores of the ARGQPGVMG peptides with 

HLA-B*27:05 and HLA-B*27:09 were similar. Also, the ARGQPGVMG peptide 

bound to HLA-B*27:05 and the KK10 peptide bound to HLA-B*27:09 were located 

close to the binding groove, whereas the KK10 and the DRASFIKNL peptides were 

bulging out on HLA-B*27:05 peptide. Thus, the superimposition of the structures 

supports the similar behavior of the DRASFIKNL self-peptide and the KK10 peptide 

as the viral peptide.   

 

The structures of the complexes were analyzed further by using MD simulations. 

The visualization of conformations offers to observe the movement of the peptides 

throughout the simulation. The KK10 peptide on HLA*B27:05 was the most stable 

peptide for all 4 simulations. The unbound states of HLA-B*27:05 and HLA-

B*27:09 were also simulated. The binding groove structure of empty  HLA*B27:09 

was less fluctuating than empty HLA-B*27:05. The RMSD of empty HLA-B*27:05 

were higher than empty HLA-B*27:09 for independent two MD simulations by 

Abualrous et al. (2015) study (25). When one of the three peptides bound to HLA-

B*27:05, the α-2 domain of HLA-B*27:05 demonstrated stability. The MD study 

conducted by Hein et al. (2018) also showed that the residual fluctuations, measured 

via RMSF, were decreased when a peptide bound to HLA-B*27:05 (41). The 

DRASFIKNL peptide contributed the stability of HLA-B*27:05 on a large scale 

compared to the effect of the ARGQPGVMG peptide and the DRASFIKNL peptide 

increased the mobility of α domains of its complex with HLA-B*27:09.  The RMSD 

values were calculated to examine the stability of bound and unbound HLA-B27 

complexes and measurements were supported the conformation snapshots of the 

complexes. Also, the RMSD values of the HLA-B27:05/DRASFIKNL complex were 

more compatible with the values of the HLA-B*27:05/KK10 when compared to the 

HLA-B*27:05/ARGQPGVMG complex, which suggests the similar behavior 
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opinion. On the other hand, the RMSF calculations were unable to discriminate 

between the effect of the two arthritogenic self-peptides. 

 

Tyr59-Trp167 (p1) and Tyr84-Ala139 (pΩ) are located on the α-1 and α-2 

domains as opposing residues on the ends of the binding groove of HLA-B27. The 

distances between these residues were calculated to understand the opening and 

closing movement of the structure of HLA-B27. The HLA-B*27:05/peptide 

complexes exhibited less opening and closing movements with narrower distance 

range for p1 when compared to the pΩ side, which shows that while the p1 side of 

the HLA-B*27:05/KK10 complex is more stable than p1 side of the two self-

peptides bound to HLA-B*27:05, measured distances for pΩ side were similar for all 

three peptide complexes with HLA-B*27:05. Therefore, the analysis of these 

distances was consistent with the conformation snapshots, which shows the effect of 

pΩ side movement on the α domains of HLA-B27 protein. The mobility of the C-

terminus of the peptide was analyzed further to compare how far the C-terminus 

moves from the binding groove by calculating the distance between the Cα atom of 

Asp116 (HLA-B*27:05) /His116 (HLA-B*27:09) and PΩ of the peptides. The HLA-

B*27:05 complexes with the KK10 and DRASFIKNL peptide were more stable than 

other complexes.  

 

The effect of peptides on β2m was observed by calculations of the distance 

between the Cα atom of Asp116 (HLA-B*27:05) /His116 (HLA-B*27:09) and the 

Cα atom of Trp60 of β2m, H-bond distance between the OD1 atom of Asp122 of the 

heavy chain of HLA-B27 and the NE1 atom of Trp60 of β2m, H-bond distance 

between the NE2 atom of Gln96 of the heavy chain of HLA-B27 and the O atom of 

Trp60 of β2m. These distances were used since Trp60 of β2m showed an important 

role in the increase of the stability of the peptide in the NMR study (2013) by 

Beerbaum and colleagues (84). For the distance between the Cα atom of Asp116 

(HLA-B*27:05)/ His116 (HLA-B*27:09) and the Cα atom of Trp60 of β2m, there 

was no significant result that shows the effect of the peptide in the complex stability. 

For the other two bond distances, only the KK10 complexes with HLA-B27 subtypes 

showed an effect on β2m except for the H-bond distance between the NE2 atom of 
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Gln96 of the heavy chain of HLA-B27 and the O atom of Trp60 of β2m when 

compared to the results of two self-peptides. Besides β2m calculations, the number 

of H-bonds was estimated for the role of H-bond in the stabilization of protein 

structure. A higher number of H-bonds for HLA-B*27:05 complexes supports the 

conformation snapshots that showed the movement of the three peptides was stable 

on HLA-B*27:05 rather than on HLA-B*27:09. In addition, the similarity of the 

number of hydrophobic interactions for the E pocket of HLA-B*27:05/KK10 and 

HLA-B*27:05/ DRASFIKNL complexes indicated the effect of the E pocket for the 

presentation mechanism in the pathogenesis of AS disease. Another analysis was the 

electrostatic potential surface to observe the change in electrostatic interactions. The 

empty states of two HLA-B27 subtypes exhibited high negative potential on the 

binding groove. However, these negativities increased when the HLA-B27 subtypes 

were bound to the peptides for almost all simulations. Since the binding groove of 

HLA-B27 is mostly negative, HLA-B27 may prefer peptides with a higher number of 

positively charged residues. The electrostatic potential surfaces of the HLA-

B*27:05/DRASFIKNL and HLA-B*27:09/KK10 complexes were fit compared to 

the HLA-B*27:05/ARGQPGVMG complex. These results may show the similarity 

of the effect of a self-peptide and viral peptide on HLA-B27 subtype, which may 

result in a similar CTL response.  

 

Potential salt bridge interactions, H-bond interactions, and hydrophobic 

interactions were investigated to observe the conserved residues throughout the 

simulation. Positively charged arginine in the 2nd position of the peptides formed a 

salt bridge with negatively charged glutamic acid at the 45th and 63rd  position of the 

heavy chain, and this strengthens the bond between the peptide and HLA protein. 

Although in some studies, they come through other positively charged amino acids 

such as Lys in some studies, the second position of the HLA-B27:05 peptide 

generally prefers arginine (86,87). In the study of Narzi et al. (2008), Glu45/Glu63 

residues showed an important role in decreasing the interaction energy of Arg2 of the 

peptide and stabilize the peptide (87). Also, according to the studies of Chen et al. 

(2017) and Colbert et al. (2013), the B pocket of the binding groove folds slowly 

increasing the possibility of misfolding (14,34). A peptide binding to Glu45 or Glu63 
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may reduce the misfolding problem. Two positively charged Lys10 of the KK10 

peptide and Lys7 of the DRASFIKNL peptide also formed salt bridges with Asp77 

and Asp116 of the F pocket in the binding groove, respectively. It seems that 

although Asp77 was bound to Lys7, it can also be affected by His116 in the course of 

protein peptide interaction. It might result in the C terminus to distancing from the 

binding floor. While there are Asp74, Asp77, and Asp116 triple groups in the F 

pocket of HLA-B*27:05, which provides a long-term interaction for the peptides 

with positively charged residues at their C-termini compared to HLA-B*27:09 

including positively charged His116 (88). Compared to the salt bridges formed with 

HLA-B*27:09, the DRASFIKNL peptide formed more salt bridges with HLA-

B*27:05 and formed salt bridges at the beginning of the simulation for the HLA-

B*27:09/DRASFIKNL disappeared throughout the simulation. The preserved 

residues were found mostly in the B and F pockets of the binding groove. The study 

of Nguyen et al. (2021) also exhibited the key role of B and F pockets in the 

stabilization of HLA protein (12). The analysis of H-bond and hydrophobic 

interactions also illustrates the similar behavior of the DRASFIKNL and KK10 

peptide bound to HLA-B*27:05, especially for the F pocket while this behavior was 

not found for the HLA-B*27:09 complexes. According to the interaction analyses, 

the KK10 peptide had the highest number of interactions with HLA-B*27:05 which 

was consistent with the results of immunogenicity analysis and the MHC-I binding 

prediction. The KK10 peptide had the highest score and the smallest percentile rank 

which illustrates the KK10 peptide can bind to the HLA-B*27:05 better. The 

DRASFIKNL peptide had higher score and smaller percentile rank than the 

ARGQPVMG peptide. The DRASFIKNL peptide had more possibility to bind to 

HLA-B*27:05 subtype better. 

 

In this thesis, some limitations were encountered. TCR should be considered for 

the integrity of the TCR/pMHC complex, and it should be evaluated with the 

interaction analysis and the electrostatic potential surface to check if these peptides 

are able to bind to TCR. However, TCR has polymorphism. Additionally, which 

TCR will be used for the docking and MD methods is a challenging. Experimental 

studies are needed for patient-specific TCR repertoire. Besides the arthritogenic 
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peptides from AS patients, the sequence of TCR can also be obtained to use in the 

future study. 100 ns of simulations is short for big molecules. Therefore, additional 

repeat runs of MD simulations are needed to understand and further verify the 

structural and dynamical differences. Also, a non-arthritogenic peptide should be 

used to as a control and compare with the arthritogenic peptides in the further study. 

 

To sum up, even if the sequence similarity is low for the studied peptides, the 

similarity of charged amino acids around termini in the DRASFIKNL and the KK10 

peptides may cause them to have similar effects on the stability of the protein peptide 

complex. Having similar structural features may cause an immune response to the 

self-peptide recognized by the TCR. In addition, the fact that these peptides come 

from HLA-B27 positive AS patients shows that it may cause misidentification of the 

self-peptide. Also, the existence of bacterial sequence hits of the BLAST run is 

consistent with the possibility of the DRASFIKNL peptide’s effect on AS disease. 
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6 CONCLUSION 

 

In this thesis, the MD simulations of the HLA-B*27:05 and HLA-B*27:09 with 

bound and unbound states were considered with 4 parallel runs of 100 ns 

simulations. The structural analysis including RMSD, RMSF and, the distances were 

performed to compare bound and unbound forms of HLA-B27 subtypes and to 

compare the results of two arthritogenic self-peptides with a viral peptide. Peptide 

DRASFIKNL, a self-peptide, showed similar results with peptide KK10, a viral 

peptide. Even though it does not bind as well as the KK10 peptide, it is stated in 

Atagündüz's study (2005) that this peptide generated a CTL response like peptide 

ARGQPGVMG. Thus, this thesis supports the arthritogenic peptide hypothesis by 

showing similar results between the DRASFIKNL peptide and the KK10 peptide. It 

also showed that the similarity of charged amino acid sequence with the viral peptide 

at the termini of the peptide had a greater effect than the similarity of polarity of 

positions. Also, RMSD measurements and the visualization results showed that the 

empty HLA-B*27:05 has more mobility than the empty HLA-B*27:05. With the 

binding of peptide, HLA-B*27:05 became more stable than the HLA-B27:09 

complexes bound to the three peptides except the HLA-B*27:05/ARGQPGVMG. In 

conclusion, it is illustrated that the DRASFIKNL peptide has a possibility of being 

an immunogenic peptide. 
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8 APPENDIX 

 

Appendix 1. HLA-B*27:05 complexes with viral peptides 

 

HLA-B 

Variants 

PDB 

code 

Resolution of 

3D Structure 

(Å) 

Sequence of bound 

peptides 
DOI Ligand 

HLA-B2705 

(with B2M) 
4G9D 1.6 

KRWIILGLNK 

(HIV peptide) 
10.1016/j.immuni.2012.11.021 

Glycerol 

(GOL) 

HLA-B2705 

(with B2M) 
4G8G 2.4 

KRWIILGLNK 

(HIV peptide) 
10.1016/j.immuni.2012.11.021 - 

HLA-B2705 

(with B2M) 
4G8I 1.6 

KRWIIMGLNK 

(HIV peptide) 
10.1016/j.immuni.2012.11.021 

Tris 

Buffer 
(TRS) 

HLA-B2705 

(with B2M) 
4G9F 1.9 

KRWIIMGLNK 

(HIV peptide) 
10.1016/j.immuni.2012.11.021 

Sulfate 

ion (SO4) 

HLA-B2705 

(with B2M) 
2BSS 2 

KRWIILGLNK 

(HIV peptide) 
10.1002/eji.200425724 - 

HLA-B2705 

(with B2M) 
2BSR 2.3 

RRIYDLIEL 
(Epstein-Barr 

Nuclear Antigen-6) 

10.1002/eji.200425724 - 

HLA-B2705 

(with B2M) 
2BST 2.1 

SRYWAIRTR 
(INFLUENZA 

NUCLEOPROTEIN) 

10.1002/eji.200425724 - 

HLA-B2705 
(with B2M) 

1UXS 1.55 

RRRWRRLTV 

(Epstein-Barr 

membrane protein) 

10.1074/jbc.M410807200 
Glycerol 
(GOL) 
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Appendix 2. Salt bridges results of MD simulations for HLA-B27 subtypes with 

peptides. 

 

Potential Salt Bridges 

HLA 

Subtype 
Peptide Sequence 

Simulation 

Number 

0 ns 

Residue 1 (Binding 

Groove) 
Residue 2 (Peptide) 

Distance 
Res 

Num 

Res 

Name 

Atom 

Name 

Res 

Num 

Res 

Name 

Atom 

Name 

B*27:05  ARGQPGVMG Simulation 1 45 GLU OE1 2 ARG NH1 2.78 

B*27:05  ARGQPGVMG Simulation 1 45 GLU OE1 2 ARG NH2 3.63 

B*27:05  ARGQPGVMG Simulation 1 45 GLU OE2 2 ARG NH1 3.17 

B*27:05  ARGQPGVMG Simulation 1 45 GLU OE2 2 ARG NH2 2.7 

B*27:05  ARGQPGVMG Simulation 1 63 GLU OE1 2 ARG NH2 2.91 

B*27:05  ARGQPGVMG Simulation 2 45 GLU OE1 2 ARG NH1 3.2 

B*27:05  ARGQPGVMG Simulation 2 45 GLU OE1 2 ARG NH2 2.58 

B*27:05  ARGQPGVMG Simulation 2 45 GLU OE2 2 ARG NH2 3.26 

B*27:05  ARGQPGVMG Simulation 2 63 GLU OE1 2 ARG NH2 2.75 

B*27:05  ARGQPGVMG Simulation 3  45 GLU OE1 2 ARG NH1 2.85 

B*27:05  ARGQPGVMG Simulation 3  45 GLU OE1 2 ARG NH2 2.89 

B*27:05  ARGQPGVMG Simulation 3  45 GLU OE2 2 ARG NH2 2.79 

B*27:05  ARGQPGVMG Simulation 3  63 GLU OE1 2 ARG NH2 3.27 

B*27:05  ARGQPGVMG Simulation 4 45 GLU OE1 2 ARG NH1 2.59 

B*27:05  ARGQPGVMG Simulation 4 45 GLU OE1 2 ARG NH2 3.06 

B*27:05  ARGQPGVMG Simulation 4 45 GLU OE2 2 ARG NH1 3.13 

B*27:05  ARGQPGVMG Simulation 4 45 GLU OE2 2 ARG NH2 2.77 

B*27:05  ARGQPGVMG Simulation 4 63 GLU OE1 2 ARG NH2 2.84 

B*27:05  DRASFIKNL Simulation 1 63 GLU OE1 2 ARG NH2 2.68 

B*27:05  DRASFIKNL Simulation 1 63 GLU OE2 2 ARG NH2 3.38 

B*27:05  DRASFIKNL Simulation 1 74 ASP OD1 7 LYS NZ 2.68 

B*27:05  DRASFIKNL Simulation 1 77 ASP OD2 7 LYS NZ 2.65 

B*27:05  DRASFIKNL Simulation 1 116 ASP OD2 7 LYS NZ 2.72 

B*27:05  DRASFIKNL Simulation 1 163 GLU OE2 2 ARG NH1 2.89 

B*27:05  DRASFIKNL Simulation 2 63 GLU OE1 2 ARG NH2 3.15 

B*27:05  DRASFIKNL Simulation 2 63 GLU OE2 2 ARG NH2 2.86 

B*27:05  DRASFIKNL Simulation 2 77 ASP OD2 7 LYS NZ 2.71 

B*27:05  DRASFIKNL Simulation 2 116 ASP OD1 7 LYS NZ 3.36 

B*27:05  DRASFIKNL Simulation 2 116 ASP OD2 7 LYS NZ 2.86 

B*27:05  DRASFIKNL Simulation 3  63 GLU OE1 2 ARG NH2 2.75 

B*27:05  DRASFIKNL Simulation 3  63 GLU OE2 2 ARG NH2 3.67 

B*27:05  DRASFIKNL Simulation 3  77 ASP OD2 7 LYS NZ 2.59 

B*27:05  DRASFIKNL Simulation 3  116 ASP OD1 7 LYS NZ 2.77 

B*27:05  DRASFIKNL Simulation 3  116 ASP OD2 7 LYS NZ 3.57 

B*27:05  DRASFIKNL Simulation 3  163 GLU OE1 2 ARG NH1 3.98 

B*27:05  DRASFIKNL Simulation 3  163 GLU OE2 2 ARG NH1 2.79 
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Appendix 2. Salt bridges results of MD simulations for HLA-B27 subtypes with 

peptides (cont.) 

 

B*27:05  DRASFIKNL Simulation 4 63 GLU OE1 2 ARG NH2 2.93 

B*27:05  DRASFIKNL Simulation 4 63 GLU OE2 2 ARG NH2 3.42 

B*27:05  DRASFIKNL Simulation 4 77 ASP OD2 7 LYS NZ 2.6 

B*27:05  DRASFIKNL Simulation 4 116 ASP OD1 7 LYS NZ 2.93 

B*27:05  DRASFIKNL Simulation 4 116 ASP OD2 7 LYS NZ 2.6 

B*27:05  DRASFIKNL Simulation 4 163 GLU OE2 2 ARG NH1 2.79 

B*27:05  KRWIILGLNK (HIV) Simulation 1 45 GLU OE1 2 ARG NH2 2.8 

B*27:05  KRWIILGLNK (HIV) Simulation 1 77 ASP OD2 10 LYS NZ 3.93 

B*27:05  KRWIILGLNK (HIV) Simulation 1 116 ASP OD1 10 LYS NZ 2.74 

B*27:05  KRWIILGLNK (HIV) Simulation 1 163 GLU OE1 1 LYS NZ 3.3 

B*27:05  KRWIILGLNK (HIV) Simulation 1 163 GLU OE2 1 LYS NZ 2.79 

B*27:05  KRWIILGLNK (HIV) Simulation 2 45 GLU OE1 2 ARG NH2 2.83 

B*27:05  KRWIILGLNK (HIV) Simulation 2 77 ASP OD2 10 LYS NZ 2.53 

B*27:05  KRWIILGLNK (HIV) Simulation 2 116 ASP OD1 10 LYS NZ 2.68 

B*27:05  KRWIILGLNK (HIV) Simulation 2 163 GLU OE1 1 LYS NZ 2.55 

B*27:05  KRWIILGLNK (HIV) Simulation 2 163 GLU OE2 1 LYS NZ 2.83 

B*27:05  KRWIILGLNK (HIV) Simulation 3  45 GLU OE1 2 ARG NH2 2.76 

B*27:05  KRWIILGLNK (HIV) Simulation 3  45 GLU OE2 2 ARG NH2 3.37 

B*27:05  KRWIILGLNK (HIV) Simulation 3  77 ASP OD2 10 LYS NZ 2.82 

B*27:05  KRWIILGLNK (HIV) Simulation 3  116 ASP OD2 10 LYS NZ 2.56 

B*27:05  KRWIILGLNK (HIV) Simulation 3  163 GLU OE1 1 LYS NZ 2.73 

B*27:05  KRWIILGLNK (HIV) Simulation 3  163 GLU OE2 1 LYS NZ 2.87 

B*27:05  KRWIILGLNK (HIV) Simulation 4 45 GLU OE1 2 ARG NH2 3 

B*27:05  KRWIILGLNK (HIV) Simulation 4 77 ASP OD2 10 LYS NZ 3.86 

B*27:05  KRWIILGLNK (HIV) Simulation 4 116 ASP OD1 10 LYS NZ 2.6 

B*27:05  KRWIILGLNK (HIV) Simulation 4 163 GLU OE1 1 LYS NZ 3.41 

B*27:05  KRWIILGLNK (HIV) Simulation 4 163 GLU OE2 1 LYS NZ 2.65 

B*27:09 ARGQPGVMG Simulation 1 45 GLU OE1 2 ARG NH2 2.72 

B*27:09 ARGQPGVMG Simulation 1 45 GLU OE2 2 ARG NH2 3.91 

B*27:09 ARGQPGVMG Simulation 2 45 GLU OE1 2 ARG NH2 2.66 

B*27:09 ARGQPGVMG Simulation 2 45 GLU OE2 2 ARG NH2 3.75 

B*27:09 ARGQPGVMG Simulation 3  45 GLU OE1 2 ARG NH2 2.65 

B*27:09 ARGQPGVMG Simulation 3  45 GLU OE2 2 ARG NH2 3.44 

B*27:09 ARGQPGVMG Simulation 4 45 GLU OE1 2 ARG NH2 2.75 

B*27:09 ARGQPGVMG Simulation 4 45 GLU OE2 2 ARG NH2 3.58 

B*27:09 DRASFIKNL Simulation 1 163 GLU OE1 2 ARG NH2 3.25 

B*27:09 DRASFIKNL Simulation 1 163 GLU OE2 2 ARG NH1 3.05 

B*27:09 DRASFIKNL Simulation 1 163 GLU OE2 2 ARG NH2 2.92 

B*27:09 DRASFIKNL Simulation 2 76 GLU OE1 7 LYS NZ 2.75 

B*27:09 DRASFIKNL Simulation 2 77 ASP OD1 7 LYS NZ 2.99 

B*27:09 DRASFIKNL Simulation 2 163 GLU OE1 2 ARG NH1 2.62 
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Appendix 2. Salt bridges results of MD simulations for HLA-B27 subtypes with 

peptides (cont.) 

 

B*27:09 DRASFIKNL Simulation 2 163 GLU OE1 2 ARG NH2 3.32 

B*27:09 DRASFIKNL Simulation 2 163 GLU OE2 2 ARG NH1 3.71 

B*27:09 DRASFIKNL Simulation 2 163 GLU OE2 2 ARG NH2 2.91 

B*27:09 DRASFIKNL Simulation 3  76 GLU OE1 7 LYS NZ 2.71 

B*27:09 DRASFIKNL Simulation 3  76 GLU OE2 7 LYS NZ 3.61 

B*27:09 DRASFIKNL Simulation 4 76 GLU OE2 7 LYS NZ 2.61 

B*27:09 DRASFIKNL Simulation 4 77 ASP OD1 7 LYS NZ 2.66 

B*27:09 DRASFIKNL Simulation 4 163 GLU OE2 2 ARG NH1 3.12 

B*27:09 KRWIILGLNK (HIV) Simulation 1 45 GLU OE1 2 ARG NH1 2.7 

B*27:09 KRWIILGLNK (HIV) Simulation 1 45 GLU OE1 2 ARG NH2 3.67 

B*27:09 KRWIILGLNK (HIV) Simulation 1 45 GLU OE2 2 ARG NH1 3.22 

B*27:09 KRWIILGLNK (HIV) Simulation 1 45 GLU OE2 2 ARG NH2 2.85 

B*27:09 KRWIILGLNK (HIV) Simulation 1 63 GLU OE1 2 ARG NH1 2.66 

B*27:09 KRWIILGLNK (HIV) Simulation 1 77 ASP OD1 10 LYS NZ 2.89 

B*27:09 KRWIILGLNK (HIV) Simulation 1 77 ASP OD2 10 LYS NZ 3.17 

B*27:09 KRWIILGLNK (HIV) Simulation 1 163 GLU OE1 1 LYS NZ 2.66 

B*27:09 KRWIILGLNK (HIV) Simulation 1 163 GLU OE2 1 LYS NZ 2.69 

B*27:09 KRWIILGLNK (HIV) Simulation 2 45 GLU OE1 2 ARG NH1 3.05 

B*27:09 KRWIILGLNK (HIV) Simulation 2 45 GLU OE1 2 ARG NH2 2.61 

B*27:09 KRWIILGLNK (HIV) Simulation 2 45 GLU OE2 2 ARG NH1 2.74 

B*27:09 KRWIILGLNK (HIV) Simulation 2 45 GLU OE2 2 ARG NH2 3.66 

B*27:09 KRWIILGLNK (HIV) Simulation 2 63 GLU OE1 2 ARG NH1 2.81 

B*27:09 KRWIILGLNK (HIV) Simulation 2 77 ASP OD1 10 LYS NZ 2.73 

B*27:09 KRWIILGLNK (HIV) Simulation 2 77 ASP OD2 10 LYS NZ 2.85 

B*27:09 KRWIILGLNK (HIV) Simulation 2 163 GLU OE2 1 LYS NZ 2.6 

B*27:09 KRWIILGLNK (HIV) Simulation 3  45 GLU OE1 2 ARG NH1 3.2 

B*27:09 KRWIILGLNK (HIV) Simulation 3  45 GLU OE1 2 ARG NH2 2.72 

B*27:09 KRWIILGLNK (HIV) Simulation 3  45 GLU OE2 2 ARG NH1 2.63 

B*27:09 KRWIILGLNK (HIV) Simulation 3  45 GLU OE2 2 ARG NH2 3.59 

B*27:09 KRWIILGLNK (HIV) Simulation 3  63 GLU OE1 2 ARG NH1 2.75 

B*27:09 KRWIILGLNK (HIV) Simulation 3  77 ASP OD1 10 LYS NZ 2.66 

B*27:09 KRWIILGLNK (HIV) Simulation 3  163 GLU OE1 1 LYS NZ 3.88 

B*27:09 KRWIILGLNK (HIV) Simulation 3  163 GLU OE2 1 LYS NZ 2.57 

B*27:09 KRWIILGLNK (HIV) Simulation 4 45 GLU OE1 2 ARG NH1 3.5 

B*27:09 KRWIILGLNK (HIV) Simulation 4 45 GLU OE1 2 ARG NH2 2.72 

B*27:09 KRWIILGLNK (HIV) Simulation 4 45 GLU OE2 2 ARG NH1 2.72 

B*27:09 KRWIILGLNK (HIV) Simulation 4 45 GLU OE2 2 ARG NH2 3.19 

B*27:09 KRWIILGLNK (HIV) Simulation 4 63 GLU OE2 2 ARG NH1 2.69 

B*27:09 KRWIILGLNK (HIV) Simulation 4 77 ASP OD1 10 LYS NZ 2.69 

B*27:09 KRWIILGLNK (HIV) Simulation 4 77 ASP OD2 10 LYS NZ 3.94 

B*27:09 KRWIILGLNK (HIV) Simulation 4 163 GLU OE1 1 LYS NZ 2.65 
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Appendix 2. Salt bridges results of MD simulations for HLA-B27 subtypes with 

peptides (cont.) 

 

Potential Salt Bridges 

HLA 

Subtype 
Peptide Sequence 

Simulation 

Number 

0 ns 

Residue 1 (Binding 

Groove) 
Residue 2 (Peptide) 

Distance 
Res 

Num 

Res 

Name 

Atom 

Name 

Res 

Num 

Res 

Name 

Atom 

Name 

B*27:05  ARGQPGVMG Simulation 1 45 GLU OE1 2 ARG NH1 2.67 

B*27:05  ARGQPGVMG Simulation 1 45 GLU OE1 2 ARG NH2 3.76 

B*27:05  ARGQPGVMG Simulation 1 45 GLU OE2 2 ARG NH1 3.15 

B*27:05  ARGQPGVMG Simulation 1 45 GLU OE2 2 ARG NH2 2.64 

B*27:05  ARGQPGVMG Simulation 1 63 GLU OE1 2 ARG NH2 2.79 

B*27:05  ARGQPGVMG Simulation 2 45 GLU OE1 2 ARG NH1 2.84 

B*27:05  ARGQPGVMG Simulation 2 45 GLU OE1 2 ARG NH2 3.34 

B*27:05  ARGQPGVMG Simulation 2 45 GLU OE2 2 ARG NH1 3.76 

B*27:05  ARGQPGVMG Simulation 2 45 GLU OE2 2 ARG NH2 2.89 

B*27:05  ARGQPGVMG Simulation 2 63 GLU OE2 2 ARG NH2 2.73 

B*27:05  ARGQPGVMG Simulation 3  None Detected 

B*27:05  ARGQPGVMG Simulation 4 45 GLU OE1 2 ARG NH1 2.79 

B*27:05  ARGQPGVMG Simulation 4 45 GLU OE1 2 ARG NH2 3.66 

B*27:05  ARGQPGVMG Simulation 4 45 GLU OE2 2 ARG NH1 3.29 

B*27:05  ARGQPGVMG Simulation 4 45 GLU OE2 2 ARG NH2 2.65 

B*27:05  ARGQPGVMG Simulation 4 63 GLU OE2 2 ARG NH2 2.78 

B*27:05  DRASFIKNL Simulation 1 63 GLU OE1 2 ARG NH2 3.69 

B*27:05  DRASFIKNL Simulation 1 63 GLU OE2 2 ARG NH2 2.78 

B*27:05  DRASFIKNL Simulation 1 74 ASP OD1 7 LYS NZ 2.63 

B*27:05  DRASFIKNL Simulation 1 77 ASP OD2 7 LYS NZ 2.66 

B*27:05  DRASFIKNL Simulation 1 116 ASP OD1 7 LYS NZ 2.73 

B*27:05  DRASFIKNL Simulation 2 77 ASP OD1 7 LYS NZ 3.87 

B*27:05  DRASFIKNL Simulation 2 77 ASP OD2 7 LYS NZ 2.71 

B*27:05  DRASFIKNL Simulation 2 116 ASP OD2 7 LYS NZ 3.92 

B*27:05  DRASFIKNL Simulation 3  63 GLU OE1 2 ARG NH2 3 

B*27:05  DRASFIKNL Simulation 3  63 GLU OE2 2 ARG NH2 2.91 

B*27:05  DRASFIKNL Simulation 3  74 ASP OD1 7 LYS NZ 2.58 

B*27:05  DRASFIKNL Simulation 3  77 ASP OD2 7 LYS NZ 2.56 

B*27:05  DRASFIKNL Simulation 4 63 GLU OE1 2 ARG NH2 2.89 

B*27:05  KRWIILGLNK (HIV) Simulation 1 45 GLU OE2 2 ARG NH2 3.88 

B*27:05  KRWIILGLNK (HIV) Simulation 1 116 ASP OD1 10 LYS NZ 2.81 

B*27:05  KRWIILGLNK (HIV) Simulation 1 163 GLU OE1 1 LYS NZ 2.67 

B*27:05  KRWIILGLNK (HIV) Simulation 2 45 GLU OE1 2 ARG NH2 2.71 

B*27:05  KRWIILGLNK (HIV) Simulation 2 77 ASP OD1 10 LYS NZ 3.99 

B*27:05  KRWIILGLNK (HIV) Simulation 2 77 ASP OD2 10 LYS NZ 2.66 
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Appendix 2. Salt bridges results of MD simulations for HLA-B27 subtypes with 

peptides (cont.) 

 

B*27:05  KRWIILGLNK (HIV) Simulation 2 116 ASP OD2 10 LYS NZ 2.83 

B*27:05  KRWIILGLNK (HIV) Simulation 2 163 GLU OE1 1 LYS NZ 2.6 

B*27:05  KRWIILGLNK (HIV) Simulation 3  45 GLU OE2 2 ARG NH2 2.74 

B*27:05  KRWIILGLNK (HIV) Simulation 3  116 ASP OD1 10 LYS NZ 2.91 

B*27:05  KRWIILGLNK (HIV) Simulation 3  116 ASP OD2 10 LYS NZ 3.8 

B*27:05  KRWIILGLNK (HIV) Simulation 3  163 GLU OE1 1 LYS NZ 3.07 

B*27:05  KRWIILGLNK (HIV) Simulation 3  163 GLU OE2 1 LYS NZ 2.87 

B*27:05  KRWIILGLNK (HIV) Simulation 4 45 GLU OE1 2 ARG NH2 2.66 

B*27:05  KRWIILGLNK (HIV) Simulation 4 45 GLU OE2 2 ARG NH2 3.66 

B*27:05  KRWIILGLNK (HIV) Simulation 4 77 ASP OD2 10 LYS NZ 4 

B*27:05  KRWIILGLNK (HIV) Simulation 4 116 ASP OD2 10 LYS NZ 3.49 

B*27:05  KRWIILGLNK (HIV) Simulation 4 163 GLU OE1 1 LYS NZ 2.82 

B*27:05  KRWIILGLNK (HIV) Simulation 4 163 GLU OE2 1 LYS NZ 2.95 

B*27:09 ARGQPGVMG Simulation 1 45 GLU OE1 2 ARG NH2 2.98 

B*27:09 ARGQPGVMG Simulation 1 45 GLU OE2 2 ARG NH2 2.83 

B*27:09 ARGQPGVMG Simulation 2 45 GLU OE1 2 ARG NH2 3.78 

B*27:09 ARGQPGVMG Simulation 2 45 GLU OE2 2 ARG NH2 2.72 

B*27:09 ARGQPGVMG Simulation 3  45 GLU OE1 2 ARG NH1 3.69 

B*27:09 ARGQPGVMG Simulation 3  45 GLU OE1 2 ARG NH2 2.66 

B*27:09 ARGQPGVMG Simulation 3  45 GLU OE2 2 ARG NH1 2.73 

B*27:09 ARGQPGVMG Simulation 3  45 GLU OE2 2 ARG NH2 3.18 

B*27:09 ARGQPGVMG Simulation 3  63 GLU OE2 2 ARG NH2 2.78 

B*27:09 ARGQPGVMG Simulation 4 45 GLU OE1 2 ARG NH1 3.67 

B*27:09 ARGQPGVMG Simulation 4 45 GLU OE1 2 ARG NH2 2.73 

B*27:09 ARGQPGVMG Simulation 4 45 GLU OE2 2 ARG NH1 2.67 

B*27:09 ARGQPGVMG Simulation 4 45 GLU OE2 2 ARG NH2 3.27 

B*27:09 ARGQPGVMG Simulation 4 63 GLU OE1 2 ARG NH2 2.91 

B*27:09 DRASFIKNL Simulation 1 163 GLU OE1 2 ARG NH1 3.83 

B*27:09 DRASFIKNL Simulation 1 163 GLU OE1 2 ARG NH2 2.67 

B*27:09 DRASFIKNL Simulation 2 None Detected 

B*27:09 DRASFIKNL Simulation 3  163 GLU OE2 2 ARG NH1 2.72 

B*27:09 DRASFIKNL Simulation 3  163 GLU OE2 2 ARG NH2 2.9 

B*27:09 DRASFIKNL Simulation 4 77 ASP OD1 7 LYS NZ 3.49 

B*27:09 DRASFIKNL Simulation 4 77 ASP OD2 7 LYS NZ 2.65 

B*27:09 DRASFIKNL Simulation 4 163 GLU OE1 2 ARG NH1 3.16 

B*27:09 DRASFIKNL Simulation 4 163 GLU OE1 2 ARG NH2 3.91 

B*27:09 DRASFIKNL Simulation 4 163 GLU OE2 2 ARG NH1 2.8 

B*27:09 DRASFIKNL Simulation 4 163 GLU OE2 2 ARG NH2 2.71 

B*27:09 KRWIILGLNK (HIV) Simulation 1 45 GLU OE1 2 ARG NH1 2.97 

B*27:09 KRWIILGLNK (HIV) Simulation 1 45 GLU OE1 2 ARG NH2 3.94 

B*27:09 KRWIILGLNK (HIV) Simulation 1 45 GLU OE2 2 ARG NH1 3.14 
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Appendix 2. Salt bridges results of MD simulations for HLA-B27 subtypes with 

peptides (cont.) 

 

B*27:09 KRWIILGLNK (HIV) Simulation 1 45 GLU OE2 2 ARG NH2 2.59 

B*27:09 KRWIILGLNK (HIV) Simulation 1 163 GLU OE1 1 LYS NZ 2.71 

B*27:09 KRWIILGLNK (HIV) Simulation 1 163 GLU OE2 1 LYS NZ 2.84 

B*27:09 KRWIILGLNK (HIV) Simulation 2 45 GLU OE1 2 ARG NH1 3.35 

B*27:09 KRWIILGLNK (HIV) Simulation 2 45 GLU OE2 2 ARG NH1 2.89 

B*27:09 KRWIILGLNK (HIV) Simulation 2 45 GLU OE2 2 ARG NH2 2.65 

B*27:09 KRWIILGLNK (HIV) Simulation 2 76 GLU OE1 10 LYS NZ 2.65 

B*27:09 KRWIILGLNK (HIV) Simulation 2 76 GLU OE2 10 LYS NZ 3.75 

B*27:09 KRWIILGLNK (HIV) Simulation 2 163 GLU OE1 1 LYS NZ 2.64 

B*27:09 KRWIILGLNK (HIV) Simulation 2 163 GLU OE2 1 LYS NZ 3.64 

B*27:09 KRWIILGLNK (HIV) Simulation 3  45 GLU OE1 2 ARG NH1 2.67 

B*27:09 KRWIILGLNK (HIV) Simulation 3  45 GLU OE1 2 ARG NH2 2.88 

B*27:09 KRWIILGLNK (HIV) Simulation 3  45 GLU OE2 2 ARG NH1 3.03 

B*27:09 KRWIILGLNK (HIV) Simulation 3  77 ASP OD1 10 LYS NZ 2.63 

B*27:09 KRWIILGLNK (HIV) Simulation 3  77 ASP OD2 10 LYS NZ 3.53 

B*27:09 KRWIILGLNK (HIV) Simulation 3  163 GLU OE1 1 LYS NZ 2.58 

B*27:09 KRWIILGLNK (HIV) Simulation 3  163 GLU OE2 1 LYS NZ 3.06 

B*27:09 KRWIILGLNK (HIV) Simulation 4 45 GLU OE2 2 ARG NH1 2.99 

B*27:09 KRWIILGLNK (HIV) Simulation 4 45 GLU OE2 2 ARG NH2 3.42 

Potential Salt Bridges 

HLA 

Subtype 
Peptide Sequence 

Simulation 

Number 

100 ns 

Residue 1 (Binding 

Groove) 
Residue 2 (Peptide) 

Distance 
Res 

Num 

Res 

Name 

Atom 

Name 

Res 

Num 

Res 

Name 

Atom 

Name 

B*27:05  ARGQPGVMG Simulation 1 45 GLU OE1 2 ARG NH1 3.87 

B*27:05  ARGQPGVMG Simulation 1 45 GLU OE1 2 ARG NH2 2.72 

B*27:05  ARGQPGVMG Simulation 1 45 GLU OE2 2 ARG NH1 2.7 

B*27:05  ARGQPGVMG Simulation 1 45 GLU OE2 2 ARG NH2 3.06 

B*27:05  ARGQPGVMG Simulation 1 63 GLU OE2 2 ARG NH2 2.8 

B*27:05  ARGQPGVMG Simulation 2 45 GLU OE1 2 ARG NH1 2.88 

B*27:05  ARGQPGVMG Simulation 2 45 GLU OE1 2 ARG NH2 3.71 

B*27:05  ARGQPGVMG Simulation 2 45 GLU OE2 2 ARG NH1 3.43 

B*27:05  ARGQPGVMG Simulation 2 45 GLU OE2 2 ARG NH2 2.79 

B*27:05  ARGQPGVMG Simulation 3  None Detected 

B*27:05  ARGQPGVMG Simulation 4 45 GLU OE1 2 ARG NH1 3.6 

B*27:05  ARGQPGVMG Simulation 4 45 GLU OE1 2 ARG NH2 2.87 

B*27:05  ARGQPGVMG Simulation 4 45 GLU OE2 2 ARG NH1 2.69 

B*27:05  ARGQPGVMG Simulation 4 45 GLU OE2 2 ARG NH2 3.51 

B*27:05  DRASFIKNL Simulation 1 63 GLU OE1 2 ARG NH2 2.74 

B*27:05  DRASFIKNL Simulation 1 63 GLU OE2 2 ARG NH2 3.86 

B*27:05  DRASFIKNL Simulation 1 74 ASP OD1 7 LYS NZ 3.91 
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Appendix 2. Salt bridges results of MD simulations for HLA-B27 subtypes with 

peptides (cont.) 

 

B*27:05  DRASFIKNL Simulation 1 74 ASP OD2 7 LYS NZ 2.51 

B*27:05  DRASFIKNL Simulation 1 77 ASP OD2 7 LYS NZ 2.55 

B*27:05  DRASFIKNL Simulation 1 116 ASP OD2 7 LYS NZ 2.85 

B*27:05  DRASFIKNL Simulation 2 45 GLU OE1 2 ARG NH1 3.82 

B*27:05  DRASFIKNL Simulation 2 45 GLU OE1 2 ARG NH2 2.75 

B*27:05  DRASFIKNL Simulation 2 45 GLU OE2 2 ARG NH1 3.18 

B*27:05  DRASFIKNL Simulation 2 45 GLU OE2 2 ARG NH2 3.56 

B*27:05  DRASFIKNL Simulation 2 63 GLU OE1 2 ARG NH2 2.82 

B*27:05  DRASFIKNL Simulation 2 74 ASP OD2 7 LYS NZ 2.53 

B*27:05  DRASFIKNL Simulation 2 77 ASP OD1 7 LYS NZ 2.63 

B*27:05  DRASFIKNL Simulation 3  62 ARG NH2 1 ASP OD1 3.16 

B*27:05  DRASFIKNL Simulation 3  63 GLU OE1 2 ARG OD1 3.27 

B*27:05  DRASFIKNL Simulation 3  63 GLU OE2 2 ARG NH2 2.85 

B*27:05  DRASFIKNL Simulation 3  74 ASP OD1 7 LYS NZ 2.62 

B*27:05  DRASFIKNL Simulation 3  77 ASP OD2 7 LYS NZ 2.69 

B*27:05  DRASFIKNL Simulation 4 74 ASP OD2 7 LYS NZ 2.68 

B*27:05  DRASFIKNL Simulation 4 77 ASP OD1 7 LYS NZ 2.68 

B*27:05  KRWIILGLNK (HIV) Simulation 1 45 GLU OE1 2 ARG NH2 3.29 

B*27:05  KRWIILGLNK (HIV) Simulation 1 77 ASP OD2 10 LYS NZ 3.92 

B*27:05  KRWIILGLNK (HIV) Simulation 1 116 ASP OD2 10 LYS NZ 2.72 

B*27:05  KRWIILGLNK (HIV) Simulation 1 163 GLU OE1 1 LYS NZ 3.76 

B*27:05  KRWIILGLNK (HIV) Simulation 1 163 GLU OE2 1 LYS NZ 2.68 

B*27:05  KRWIILGLNK (HIV) Simulation 2 45 GLU OE1 2 ARG NH2 3.12 

B*27:05  KRWIILGLNK (HIV) Simulation 2 45 GLU OE2 2 ARG NH2 2.97 

B*27:05  KRWIILGLNK (HIV) Simulation 2 116 ASP OD2 10 LYS NZ 3.76 

B*27:05  KRWIILGLNK (HIV) Simulation 2 163 GLU OE1 1 LYS NZ 3.6 

B*27:05  KRWIILGLNK (HIV) Simulation 2 163 GLU OE2 1 LYS NZ 2.78 

B*27:05  KRWIILGLNK (HIV) Simulation 3  45 GLU OE2 2 ARG NH2 2.73 

B*27:05  KRWIILGLNK (HIV) Simulation 3  63 GLU OE1 1 LYS NZ 2.98 

B*27:05  KRWIILGLNK (HIV) Simulation 3  63 GLU OE2 1 LYS NZ 2.83 

B*27:05  KRWIILGLNK (HIV) Simulation 3  77 ASP OD2 10 LYS NZ 3.06 

B*27:05  KRWIILGLNK (HIV) Simulation 3  116 ASP OD1 10 LYS NZ 3.83 

B*27:05  KRWIILGLNK (HIV) Simulation 3  116 ASP OD2 10 LYS NZ 3.65 

B*27:05  KRWIILGLNK (HIV) Simulation 4 45 GLU OE1 2 ARG NH2 2.92 

B*27:05  KRWIILGLNK (HIV) Simulation 4 116 ASP OD1 10 LYS NZ 2.53 

B*27:05  KRWIILGLNK (HIV) Simulation 4 163 GLU OE1 1 LYS NZ 2.62 

B*27:05  KRWIILGLNK (HIV) Simulation 4 163 GLU OE2 1 LYS NZ 3.71 

B*27:09 ARGQPGVMG Simulation 1 45 GLU OE1 2 ARG NH2 3.37 

B*27:09 ARGQPGVMG Simulation 2 45 GLU OE1 2 ARG NH2 2.83 

B*27:09 ARGQPGVMG Simulation 3  45 GLU OE1 2 ARG NH1 3.5 

B*27:09 ARGQPGVMG Simulation 3  45 GLU OE1 2 ARG NH2 2.76 
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Appendix 2. Salt bridges results of MD simulations for HLA-B27 subtypes with 

peptides (cont.) 

 

B*27:09 ARGQPGVMG Simulation 3  45 GLU OE2 2 ARG NH1 2.69 

B*27:09 ARGQPGVMG Simulation 3  45 GLU OE2 2 ARG NH2 3.48 

B*27:09 ARGQPGVMG Simulation 3  63 GLU OE2 2 ARG NH2 3.77 

B*27:09 ARGQPGVMG Simulation 4 45 GLU OE1 2 ARG NH1 3.74 

B*27:09 ARGQPGVMG Simulation 4 45 GLU OE1 2 ARG NH2 2.94 

B*27:09 ARGQPGVMG Simulation 4 45 GLU OE2 2 ARG NH1 2.73 

B*27:09 ARGQPGVMG Simulation 4 45 GLU OE2 2 ARG NH2 3.28 

B*27:09 ARGQPGVMG Simulation 4 63 GLU OE1 2 ARG NH2 2.98 

B*27:09 DRASFIKNL Simulation 1 163 GLU OE1 2 ARG NH2 3.52 

B*27:09 DRASFIKNL Simulation 1 163 GLU OE2 2 ARG NH3 3.96 

B*27:09 DRASFIKNL Simulation 2 63 GLU OE2 2 ARG NH2 2.87 

B*27:09 DRASFIKNL Simulation 3  163 GLU OE1 2 ARG NH1 3.33 

B*27:09 DRASFIKNL Simulation 3  163 GLU OE1 2 ARG NH2 2.63 

B*27:09 DRASFIKNL Simulation 3  163 GLU OE2 2 ARG NH1 3.14 

B*27:09 DRASFIKNL Simulation 3  163 GLU OE2 2 ARG NH2 3.85 

B*27:09 DRASFIKNL Simulation 4 77 ASP OD1 7 LYS NZ 2.71 

B*27:09 DRASFIKNL Simulation 4 77 ASP OD2 7 LYS NZ 2.69 

B*27:09 KRWIILGLNK (HIV) Simulation 1 45 GLU OE1 2 ARG NH1 2.83 

B*27:09 KRWIILGLNK (HIV) Simulation 1 45 GLU OE1 2 ARG NH2 3.54 

B*27:09 KRWIILGLNK (HIV) Simulation 1 45 GLU OE2 2 ARG NH1 3.14 

B*27:09 KRWIILGLNK (HIV) Simulation 1 163 GLU OE1 1 LYS NZ 3.61 

B*27:09 KRWIILGLNK (HIV) Simulation 1 163 GLU OE2 1 LYS NZ 2.74 

B*27:09 KRWIILGLNK (HIV) Simulation 2 45 GLU OE1 2 ARG NH1 3.23 

B*27:09 KRWIILGLNK (HIV) Simulation 2 45 GLU OE1 2 ARG NH2 2.73 

B*27:09 KRWIILGLNK (HIV) Simulation 2 45 GLU OE2 2 ARG NH1 3.33 

B*27:09 KRWIILGLNK (HIV) Simulation 2 163 GLU OE1 1 LYS NZ 2.57 

B*27:09 KRWIILGLNK (HIV) Simulation 2 163 GLU OE2 1 LYS NZ 3.27 

B*27:09 KRWIILGLNK (HIV) Simulation 3  45 GLU OE1 2 ARG NH1 2.83 

B*27:09 KRWIILGLNK (HIV) Simulation 3  45 GLU OE1 2 ARG NH2 3.7 

B*27:09 KRWIILGLNK (HIV) Simulation 3  45 GLU OE2 2 ARG NH1 3.29 

B*27:09 KRWIILGLNK (HIV) Simulation 3  45 GLU OE2 2 ARG NH2 2.6 

B*27:09 KRWIILGLNK (HIV) Simulation 3  76 GLU OE1 10 LYS NZ 3.08 

B*27:09 KRWIILGLNK (HIV) Simulation 3  76 GLU OE2 10 LYS NZ 2.86 

B*27:09 KRWIILGLNK (HIV) Simulation 3  163 GLU OE1 1 LYS NZ 3.37 

B*27:09 KRWIILGLNK (HIV) Simulation 3  163 GLU OE2 1 LYS NZ 2.67 

B*27:09 KRWIILGLNK (HIV) Simulation 4 45 GLU OE2 2 ARG NH1 2.67 

B*27:09 KRWIILGLNK (HIV) Simulation 4 45 GLU OE2 2 ARG NH2 3.25 

B*27:09 KRWIILGLNK (HIV) Simulation 4 77 ASP OD1 10 LYS NZ 2.59 

B*27:09 KRWIILGLNK (HIV) Simulation 4 163 GLU OE1 1 LYS NZ 2.82 

B*27:09 KRWIILGLNK (HIV) Simulation 4 163 GLU OE2 1 LYS NZ 3.11 
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