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CHAPTER I 

INTRODUCTION 

1.1 Research rationality 

Autoimmune diseases are found in patients every age, gender and nationality. Until 

now, autoimmune diseases are classified over 100 types by specific symptoms, but any 

diseases are cleared. Clinical and epidemiologic evidence as well as data from 

experimental animals demonstrate that a tendency to develop autoimmune disease is 

inherited. Moreover, immunity and genetic markers carry on patients that are interested 

to record relationship. The time consuming, expensive cost and understanding of 

autoimmune mechanism are limitations into clinical assay. Molecular dynamics 

simulation is used to solve the problems. This kind of study may set the basis for more 

targeted and rational therapeutic approaches. 

 

1.2 Immune system 

Human life is harmfully invaded by pathogens like microbe, bacteria or virus 

leading to diseases. Yet we are still survive without severe illness causing immune 

protection. The immune systems are mainly classified two classes consisting of i) the 

innate immune system and ii) the adaptive immune system. This research will describe 

in part of the adaptive immune system. 
1.2.1 Human leukocyte antigen 

Human leukocyte antigen (HLA) proteins decode from a complex genes on 

chromosome 6 (Figure 1) [1]. It is also familiar with major histocompatibility complex 

(MHC) gene which is called HLA for human. Classification of HLA has three classes 
upon functional features, however, only class I and II are importantly included immune 

responsibility [2]. 
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Figure 1. Human leukocyte antigen (HLA) genes locate on chromosome 6 [1]. 

 

 

 

Figure 2. The elements of HLA class I and II are illustrated simple cartoon [2]. 

 

a. HLA class I molecules 

HLA class I consists of three loci: HLA-A, HLA-B and HLA-C which are 

an antigenic presenter for CD8+ T-cell [3]. They specifically bind antigenic peptide in 

length of 8 to13 amino acids. Molecular structure is assembled eight anti-parallel of β-

sheets between α1 and α2 helixes for antigenic binding groove and α3-helix for 

microglobulin (β2m) supporting (Figure 2). HLA class I molecules are found on cell 

surface of dendritic cells. A viral prevention by HLA class I, viral genome is decoded 

and then digested into short peptide 8-13 mers by proteasomes [4]. Viral peptides are 

transported to the endoplasmic reticulum (ER), where located HLA class I molecules. 
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Viral peptides are loaded on HLA binding groove and presented to CD8+ T-cell on cell 

surface. 

b. HLA class II molecules 

HLA class II consists of three loci: HLA-DP, HLA-DQ and HLA-DR which 

are an antigen presenter for CD4+ T-cell [5]. They particularly mounted antigenic 

peptide in length of 15 to 25 amino acids. Basic structure is constructed heterodimeric 

α and β chains with non-covalent interaction to form an antigenic binding cleft 

containing eight β-sheets in between two anti-parallel α-helices (Figure 2). For HLA-

DRs, the DRA and DRB genes are decoded for α and β chains, respectively, which have 

high polymorphic domain of α1 and β1 to produce a binding groove. HLA class II 

molecules are expressed on antigen presenting cells such as dendritic cells, endothelial 

cells, B lymphocytes and macrophages.  

 

Table 1. HLA allele numbers (https://www.ebi.ac.uk/ipd/imgt/hla/stats.html) 

HLA class I 

Gene A B C 

alleles 3,997 4,859 3,605 

Proteins 2,792 3,518 2,497 

nulls 186 147 131 

HLA class II 

Gene DRA DRB DQA DQB DPA DPB 

alleles 7 2,395 92 1,152 61 948 

Proteins 2 1,751 35 779 28 658 

nulls 0 66 3 31 0 22 

 

The HLA nomenclature is represented a unique number to specify each HLA 

allele (Table 1). For instance, HLA-A*02:101:01:02N consequently refers to gene 

name (HLA), specific locus of gene (A), allele group (02), specific protein (101), 

coding region with DNA substitution (01), non-coding region (02), and null allele (N). 
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Figure 3. Illustration of HLA alleles in parent and children with at least five inherits 

[1]. 

 

The HLA genotypes of children are randomly inherited from parental 

haplotypes. For example, Figure 3 shows possibility HLA genes within 5 sibling. Four 

of them are common chromosomal crossover, whereas the fifth sibling is 

recombinant with HLA-A*0301. 

 

1.2.2 T-cell receptor 

T-cell receptor (TCR) molecule recognizing antigenic peptide laid on human 

leukocyte antigen presenter (HLAp) is the first step in the T cell-mediated adaptive 

immune responses [6]. The T cell-mediated immune response against an antigenic 

peptide consists of two processes, which are i) this peptide is detected by HLA and ii) 

HLAp complex is recognized by TCR. A T-cell recognizes more than a million 

different antigenic peptides through combination of heterodimeric TCRα and TCRβ 

chains for signal transmitting to trigger immunity [7-10]. To comprehend more about 

the antigenic recognition, the TCR structure is necessarily denoted as a prerequisite. 

Within the TCR, triple pair loops of hypervariable complementarity-determining 

regions (CDRs) are antigen-binding sites which recognize and bind to HLAp complex 

(Figure 4A) [11]. A canonical diagonal orientation of TCR generally interacts with 

HLA binding groove and with the antigenic peptide by germ line-encoded as CDR1 

and CDR2 loops, and somatically rearranged as CDR3 loops (Figure 4B and C), 

respectively [12]. The CD8+ T-cell specifically detects antigenic peptides within 
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typically 8 to 13 amino acids length by HLA class I binding [4, 13]. The heavy chain 

of HLA class I is folded into a binding groove comprising of eight antiparallel β-sheets 

as a base between two flanking α-helices. As shown in Figure 4, the distal end is α3-

subdomain, non-covalently binding with β2-microgluobulin (β2m) [14]. Typically, the 

peptide is tightly bound at the close ends of binding groove causing a long peptide to 

protrude out of the groove, and this protruding part is recognized by TCR.  Researches 

have reported that TCR/pHLA class I is hierarchically interacting with different 

antigenic motifs in the order pathogen < cancer < self, according to equilibrium 

dissociation constant (KD) values [15, 16]. 

The immune system protects a healthy body against pathogens including 

viruses, bacteria or microbes. In autoimmune cases, abnormal states of autoimmunity 

attacks own organelles and source of self-antigenic peptide. Unfortunately, the exact 

cause of autoimmune disease is not well understood. However, many theories suggest 

that autoimmunity is triggered by environmental factors, chemical irritants, drugs and 

biological invaders [17]. “How can a T-cell receptor response self-peptide as an antigenic 

peptide?” is a key question for autoimmune study [18].  Other researches have studied the 

effect of a TCR interacting with different peptides with HLA complex [10, 19-21].  In this 

study, we modeled T cell-mediated autoimmune response from risk factors to 

autoimmunity, which was represented in Behçet's disease (BD). BD is a kind of 

autoimmune disease which affects multiple parts of the body [22]. In previous reports, 

genetic markers with BD-association are revealed as HLA-B*51:01 protein and MICA 

peptide (especially, a sequence of AAAAAIFVI) cohesion [23-26]. HLA-B*51:01 is 

wildly known a strong BD’s association as well as a resistance to HIV infection [27]. 

In this work, the self-autoantigen with TCR interaction was studied by molecular 

dynamics simulation to inspect physical properties and binding interactions to viral 

infected system which is the known as TCR-recognition and is resolved as a crystal 

structure. We aimed to answer the question of how T-cell recognizes self-peptide as an 

antigenic peptide. Moreover, our results might be a useful guideline for the treatment 

of autoimmune diseases. 
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Figure 4. A) TCR/HLAp elements are depicted a ribbon model. B) An α/β T cell 

receptor (TCR) is colored the positions of the six variable complementarity-

determining region (CDR) loops by pink, blue and yellow for CDR1, CDR2 and CDR3. 

C) The positions of TCR restricting on HLAp interface. 

 

1.3 Autoimmune diseases 

Immune system have an important to protect healthy body against pathogens 

includes virus, bacteria or microbes. In autoimmune cases, immune mis-attacks own 

organelles and source of self-peptide which can triggers autoimmunity. Unfortunately, 

the exact cause of autoimmune disease is not well understand. However, many theories 

suggested that multiple factors involving environmental and chemical irritants, drugs, 

hormones and biological invaders were autoimmune activation [27]. Nowadays, 

autoimmune diseases are classified over 100 types by specific symptoms. Many people 

with autoimmune diseases have characteristic types of self-marker genes of HLA 

(Table 9). If you have genetic type associate with autoimmune disease, you just higher 

risk to be but won’t get till something trigger. 
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Table 2. HLA allele associated with autoimmune disease 

Autoimmune disease HLA allele Organelles target / symptoms 

Ankylosing 

Spondylitis 

 

HLA-B27 arthritis affecting the spine and pelvis 

Behçet’s Disease  

 

HLA-B51 a systemic inflammatory vasculitis, 

oral ulcers, genital ulcers, skin lesions 

and ocular lesions 

Coeliac disease  HLA-DQ2, 

HLA-DQ8 

an inflammatory disorder of the small 

intestine 

Drug hypersensitivity  HLA-B*57:01 a combination of fever, skin rash and 

internal organ involvement, generally 

occurring more than 1 week after 

exposure to a drug 

Type 1 diabetes  HLA-DR17,  

HLA-DQ2 

HLA-DR4,  

HLA-DQ8 

the body does not produce enough 

insulin 

Multiple sclerosis HLA-DR*15:01 myelin sheath degradation 

Rheumatoid Arthritis HLA-DRB1*01:01, 

HLA-DRB1*01:02, 

HLA-DRB1*04:01, 

HLA-DRB1*04:04, 

HLA-DRB1*04:05, 

HLA-DRB1*04:08 

a chronic inflammatory arthritis that 

affects multiple synovial lined joints 

Systemic Lupus 

Erythematosus 

HLA-DRB1*03:01, 

HLA-DQB1*02:01, 

HLA-DRB1*15:01, 

HLA-DQB1*06:02  

a systemic inflammatory including 

skin, joint, haematologic, neurologic, 

renal and other organ involvement 
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Autoimmune disease HLA allele Organelles target / symptoms 

Systemic sclerosis HLA-DRB1*08:02, 

HLA-DRB1*11:01, 

HLA-DRB1*11:04 

i) non-elasticity of connective tissue, 

ii) disorder of multi-internal organs 

and iii) arteriosclerosis 

 

1.4 Literature reviews 

1.4.1 Behçet’s disease 

Behçet’s disease (BD) has caused recurrent inflammation of symptom complex 

in genital and oral ulceration, inflammatory lesion of central nervous systems, 

gastrointestinal tract and eyes leading to blindness [22]. This disease is usually reported 

in adults aged between 18 to 40 year olds and presents a higher mortality risk in males 

than females [28]. A high epidemiology of BD is commonly found in Japan, Turkey, 

China and the Middle East and the Mediterranean countries [29]. The systemic 

inflammatory disease is characterized by recurrent exacerbations and spontaneous 

remissions with varying healing times among patients, and the disease course usually 

becomes several years or more. On the ocular disease, recurrent and often bilateral 

episodes of acute exacerbations of intraocular inflammation (ocular attacks) in the 

anterior chamber (iridocyclitis) normally occur with or without posterior involvement 

retinal vasculitis, hemorrhages, exudates, retinal vein occlusion and optic neuritis). 

Recurrent ocular attacks of posterior involvement lead to poor visual prognosis [30]. 

Intestinal and neurological diseases are serious complications of BD and can severely 

deteriorate the patients’ psychosomatic status. Because BD can induce severe damage 

in the eyes and other organs, it is important to clarify the pathogenesis of this disease 

and to develop a novel treatment based on the pathogenesis. The exact etiology of this 

disease has not been clarified yet, but it is probably mediated by a combination of 

excessive immune reactions, genetics factors [31], immune reactions against infectious 

agents [32], heat shock proteins [33], oxidative stress [34] and environmental factors. 

Indeed, several inflammatory cytokines involved in acute inflammatory reactions, such 

as interleukin (IL)-6, tumor necrosis factor-α and IL-8 might play a role in the 

pathogenesis of this disease [35]. In addition, genetic factors, including the human 

leukocyte antigen (HLA)-B51 alleles and especially the HLA-B*51:01 allele is strongly 
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associated with BD across different susceptible ethnic groups [36, 37]. Recently, a 

meta-analysis of 78 studies involving 4,800 cases of BD and 16,289 controls reported 

the pooled odds ratio (OR) of HLA B51/B5 carriers to develop BD compared to non-

carriers (OR = 5.78, 95% CI = 5.00–6.67) [38]. The notion of an environmental trigger 

of BD in patients with genetic susceptibilities has long been advocated. Several 

infectious agents have been investigated, especially bacteria (Streptococcus, 

Mycoplasma and Helicobacter pylori) and viruses (Herpes simplex virus 1 and 2, 

Hepatitis virus and Parvovirus B19) [39]. The autoimmunity against bacterial and 

human heat-shock proteins (HSP) was also speculated as a trigger for BD, because 

autoantibodies against HSP65 and HSP60 have been reported in BD patients [40].On 

the other hand, the genetic association of the major histocompatibility complex (MHC) 

class I chain related to gene A (MICA) with BD has been reported in various ethnic 

groups [41, 42], and a strong association of the polymorphism in the transmembrane 

region of MICA (MICA009) with BD was observed [43, 44]. The self nonapeptide of 

AAAAAIFVI located on the MICA transmembrane region (MICA-TM), induced 

autoreactive CD8+ cytotoxic T lymphocytes in BD patients with HLA-B51 [26]. 

Accordingly, the MICA-TM peptide is one of the candidate bechetogenic epitopes [26, 

43], where the self-antigen AAAAAIFVI could function as the antigen that triggers the 

T-cell receptor and develops to an autoimmune reaction [26, 45, 46]. The MICA is 

usually expressed in fibroblasts, monocytes, epithelial cells and endothelial cells in a 

stress-dependent manner, and plays a key role in initiating the antibody-dependent 

rejection of organ-transplants [47-49]. The HLA-B*51:01 and MICA genes are 

reported as the predominant risk BD whereas HLA-B*35 is absented [25, 50]. 

Moreover, BD patients with thrombophlebitis increased HLA-B51 (OR = 4.235, 95% 

CI = 1.099–16.324) and decreased HLA-B35 frequency with (OR = 0.194, 95% CI = 

0.041–0.923) [51]. 

The association of BD with the HLA-B*51:01 allele in various ethnic groups in 

Japan and Korea has been frequently observed [29], while the HLA-A*26:01 allele was 

detected in BD patients in Greece, Japan and Taiwan [52-54]. Some possible candidate 

genes for BD have been studied in various HLA-A and-B alleles [55]. Recently, in 

Japanese uveitis patients, BD was associated with the HLA-A*26:01 allele at a 37.5% 

phenotype frequency more than the controls, and so HLA-A*26:01 is a possible marker 
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as a susceptible allele for ophthalmic BD in Japanese ethnics [56]. By meta-analysis 

and positive pathergy tests of the Japanese data, the BD clinical manifestations of 

uveitis, and skin lesions and arthritis were found to be significantly associated with the 

HLA-A*26:01 (OR = 1.89, 95% CI = 1.41-2.53), and HLA-A*02:07 (OR = 1.96, 95% 

CI = 1.34-2.85) alleles, respectively. The frequency of HLA-A*11:01 (OR = 0.78, 95% 

CI = 0.60-1.03) tended to be lower in BD patients [57]. 

Currently there is no treatment (e.g. vaccine) against BD based upon the HLA 

recognition antigens despite the apparent restricted association with specific alleles, 

since the individual risk factors with HLA are unknown. 

 

1.4.2 Systemic sclerosis disease 

Systemic sclerosis (SSc) is an autoimmune multisystem disease, clinically 

characterized by scleroderma, visceral organ fibrosis including lung, kidney, and 

gastrointestinal tract, microvascular injury, and immune activation with specific 

autoantibodies [58, 59]. The prevalence of SSc is more often in female than in male at 

a 4:1 ratio, and the highest occurrence appears in the age range around sixty [60-62]. 

The majority causes of death in SSc patients are fibrosis and pulmonary hypertension 

[63]. Unfortunately, the etiology of SSc is not well understood, but the possible 

induction by environmental agents, hormones, genetic factors and irregular immunity 

is assumed [64, 65]. SSc is commonly classified into two clinical subtypes with 

symptomatic signs; systemic sclerosis with limited cutaneous sclerosis (lcSSc) and 

systemic sclerosis with diffuse cutaneous sclerosis (dcSSc) [66].  In dcSSc, diffuse 

scleroderma and the failures in heart, gastrointestinal tract, lung, renal and other internal 

organs are observed, and the pulmonary hypertension is more common in lcSSc [62, 

66]. The positive autoantibody testing of anti-topoisomerase I and anti-centromere 

antibodies are commonly accepted to clinically diagnose for dcSSc and lcSSc subtypes 

[67-69], respectively. The anti-Top1 antibody (ATA) directly resisted topoisomerase I 

(Top1) activity involving an increased collagen transcription [70]. The ATA was 

frequently observed in dcSSc-patients’ sera who had drastic pulmonary fibrosis and 

cardiac arrest related to accumulation of collagen deposition in tissues leading to death 

[71]. Nevertheless, the ATA is more frequent in dcSSc, but is uncommon in lcSSc. 

Top1 peptides were identified as antigenic determinants associated with SSc positive 
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for ATA (SSc with ATA, ATASSc) using B-cell epitope mapping of ATA response. 

Interestingly, the twenty-mer sequencing RIANFKIEPPGLFRGRGNHP (349–368) 

from total 63 Top1 fragments exhibited ATASSc-association by 71% sensitivity and 

98% specific binding with ATA [72]. According to the crystalized structure, this 

sequence is located at an exposed area, where it could be easily recognized by ATA 

[72, 73].  
Although the etiology of SSc is not clarified yet, the contribution of several 

genetic factors including human leukocyte antigen (HLA)-DR to the pathogenesis of 

SSc were reported [74-77]. HLA-DR genes correlated with ATA are significantly 

remarked as the risk factors of ATASSc and dcSSc [75, 78-81]. For example, HLA-

DRB1*08:02, HLA-DRB1*11:01, HLA-DRB1*11:04 and HLA-DRB1*15:02 

associated with ATASSc was observed in Mexican admixed [62], Caucasian [82], 

African-America/Italian-Spanish [57, 83], and Chinese/Thai/Japanese [75, 84, 85] 

patients, respectively. In addition, the strong linkage disequilibrium of HLA-

DRB1*15:02 is widely known as HLA-DRB5*01:02 in Thai patients with ATASSc 

[84]. Because of the very strong linkage disequilibrium, it is difficult to define HLA-

DRB5*01:02 as the real susceptible gene. Interestingly, HLA-DRB1*08:02, HLA-

DRB1*11:01, HLA-DRB1*11:04 alleles and HLA-DRB5*01:02 allele have the similar 

amino acids sequence at the hypervariable region of the HLA-DR β chain (residues 67-

71, FLEDR) [86]. The identical hypervariable motif on HLA-DRB5*01:02 is possibly 

suggested as susceptibility gene of ATASSc, however the present study specifies a 

suspect ATASSc. On the other hand, HLA-DRB1*01:01 does not relate with the ATA, 

but it is instead specific to the ACA associated with SSc among Caucasian and Japanese 
ethnics [82, 85]. Recently, HLA-DR alleles and Top1 were reported to be susceptible 

to ATASSc and led to the description of binding interactions in ATASSc pathogenesis 

[65]. 
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Figure 5. Basic structure of class II HLA. (A) HLA-DR is constructed of alpha (gray) 

and beta (blue) chains to restrict antigenic peptide (magenta ribbon). (B) Polymorphic 

residues of HLA-DR β-chain are marked as spheres on the top view of binding cleft, 

and (C) also represents sequence alignment whereas conserve residues of alpha-chain 

is not show. 

 

This study had challengingly attempted to identify and characterize the relation 

of self-antigenic (RIANFKIEPPGLFRGRGNHP) peptide from Top1 protein in 

selective binding with HLA-DRB1*08:02, HLA-DRB1*11:01, HLA-DRB1*11:04, 

HLA-DRB5*01:02 or HLA-DRB1*01:01 molecules which could individually 

contribute to dcSSc disease risk at different level. Based on the HLA function and 

genetic markers, the interaction of HLA-DR/Top1 was evidenced by molecular 

dynamics (MD) simulations. Indeed, molecular understanding of the binding 

recognition between the motif of self-peptide and HLA-DRB alleles is useful for the 

avoidance of infectious agents carrying epitope such as self-antigen (Top1) that causes 

dcSSc disease. Furthermore, this will be used for drug design against dcSSc by 

HLA/self-peptide inhibition. 
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1.5 Objectives 

i) To predict and compare the structural stability of autoimmune associated and 

non-associated HLA in complex with self-antigenic peptide by binding free 

energy calculations  

ii) To reveal the selective binding of HLA/self-peptide complexes associated to 

both autoimmune diseases (Behçet’s disease and systemic sclerosis) 

iii) To solve the question, how can a T-cell receptor response self-peptide as an 

antigenic peptide? 
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CHAPTER II 

THEORIES 

2.1 Molecular dynamics (MD) simulation  

 The study of molecular structure is an importance in biological understanding. 

To observe molecular interactions by experimental processes is difficult, expensive, 

and takes a long time. MD simulation is used to assist for experimental limitations. MD 

techniques have been widely study function of biological macromolecules using 

specific potential energy functions, Epot [87]. Basically, every macromolecule is 

constructed with atom interactions, which have distinct energy and forces leading to 

calculate for MD with potential energy functions or force-field. An empirical force-

field is approximated as a series of charged points (atoms) linked by springs (bonds). 

A collection of force-field in molecular mechanics includes simple terms: bonded and 

non-bonded, as show details in Table 3. 

 

Epot = Ebonded + Enon-bonded                                                                                  (1) 

Epot = (Ebond + Eangle + Edihedral) + (Eele + EvdW)                                                 (2) 

 

Table 3. Force-field in molecular mechanics 

Interaction Described function 

Valence terms:  

Bond stretching 

 

 

 
2

0 
bond

rbond rrKE  

r0, r = ideal and actual bond length 

rK = force constant for bond stretching 

Bond bending 

 

 

 
2

0 
angle

angle KE   

θ0, θ  = ideal and actual bond angle 

K = force constant for bond bending 

https://en.wikipedia.org/wiki/Molecular_mechanics
https://en.wikipedia.org/wiki/Molecular_mechanics
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Dihedral 

 

 

   
dihedral

n

dihedral n
V

E cos1
2

 

Vn = rotation barrier height 

𝑛 = rotate periodic 

 = torsion angle 

 = conformation of molecule in phase 

Non-valence terms:  

Electrostatic 

 

 





atoms

ji ij

ji

ele
r

qq
E

04
 

qi, qj  = atomic charges of i and j atoms 

rij = distant between i and j atoms 

0 = dielectric constant 

van der Waals 

 

 
















































atoms

ji ijij

vdw
rr

E

612

4


  

 = the well depth 

 = particle distance at potential energy is zero 

According to the definition of London’s 

dispersion, atomic electrons overlap and repulse 

which is the r12 term. The r6 is attractive long-

range term. 
 

Classical MD simulation is developed based on the Newton’s second law 

equation of motion, Fi = miai. Where Fi is external force acting on the i atom, mi and ai 

are mass and acceleration of the i atom, respectively. Basically, the acceleration can be 

evaluated by the first-order differential of velocity respect to time or second-order 

differential of the position respect to time. Moreover, the external force can also 

obtained from the negative gradient of potential energy (Epot) as show in eq.1 and 2. 
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Each simulated output into trajectory is snapped atomic next position along update-time 

(t+dt). Nowadays, MD simulation is achieve on popular programs such as AMBER, 

CHARMM, ACEMD, GROMACS, or NAMD. 

 

2.1.1 cutoff distance 

All nonbonded pair interactions acting on the i atom over the containing 

millions atoms in simulation system takes a very computational expense. To overcome 

this limitation, the non-bonded terms in van der Waals and electrostatic are 

considerably truncated in more compacted region called cutoff radius, to reduce the 

time-consuming of MD simulation. Normally, the cutoff limit is set around 10-12 Å 

centered on the focusing atom. An applied cutoff may have not accuracy of the 

calculated forces, however, other rest atoms is assumed to less effect cause of too long 

length. 

 

2.1.2 Periodic Boundary Condition (PBC) 

A realistic environment of molecular biology has a huge number of particles 

surrounding especially for water molecules. Periodic boundary condition is an 

implementation to mimic the infinite bulk surrounding protein target without surface 

effects. Shapes of boundary are called simulation box, allowed for any three-

dimensional geometry that can properly repeat every site. The particles in the simulation 

box move in unison with their images. Various models has been used in simulation, for 

example cubic, octahedral, orthorhombic, rectangular boxes, etc. 

  

2.1.3 Water models 

An appearance of water molecules in protein-protein interaction is 

supplementary or prohibitive activity. To get more accuracy simulated results and to 

compare with biological experiment, water molecules are necessary included in 

computational simulations. Water 3D-models are developed from realistic environment 

such as geometry, density, hydrogen bond forming, atomic charges and Lenard-Jones 

(LJ) parameters. Many types of models such as 3, 4, 5 and 6-site are classified by 

number of interacting site. The parameters of model geometries are O-H distance, H-
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O-H angle involving LJ and atomic charges. Three-site models have 3 point charges 

which implement for high computation leading to widely use. For example, TIP3P, SPC 

and SPC/E are member of 3-site water models. Particularly, TIP3P has better 

performance in calculating specific heats. 

 

Figure 6. Types of water models for molecular dynamics simulation  

(https://en.wikipedia.org/wiki/Water_model) 

 

2.1.4 Integration algorithm 

Once the potential energy was determined, the position and velocity of atoms 

based on equation of motion can be predicted at time tt   using integration 

algorithm. There are numerous algorithms such as Verlet algorithm, leapfrog algorithm, 

Beeman’s algorithm etc. All integration algorithms approximate the positions, 

velocities and accelerations by Taylor series expansion given in eq. 3-5. 

...)(
2

1
)()()( 2  ttattvtrttr                 (3) 

...)(
2

1
)()()( 2  ttbttatvttv                 (4) 

...)()()(  ttbtatta                   (5) 

Integration algorithm which is commonly used for molecular modeling is the Verlet 

algorithm, written as following eq. 6 and 7. 

2)(
2

1
)()()( ttattvtrttr                  (6) 
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2)(

2

1
)()()( ttattvtrttr                  (7) 

with combinations of these two equations, one gets 

2)()()(2)( ttattrtrttr  .                (8) 

This technique determines the new position at time tt  or tt  from the current 

position and acceleration, see in eq. 8.  

 

Figure 7. Basic process of molecular dynamics simulation 

1. The initial configuration of protein are obtained from protein data bank in PDB 

format, that included atomic coordinates (x, y, z). The starting velocity ( 0v ) is generated 

using random number generator. 

2. The potential energies of molecular mechanic are applied with Newton’s second 

law of motion to generate force ( F ) and acceleration ( a ). 

3. Atoms are moved to the new positions at the time tt   

4. Systemic stability is monitored by considering the energy, temperature and root 

mean square deviation (RMSD). 

5. Trajectories are harvested for analysis. 
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2.2 Implicit solvation 

To reduce cost of computation associated with all-atom simulations, implicit 

solvent models or continuum solvation are instead of individual “explicit” solvent 

molecules. Implicit solvation method is frequently used to roughly calculate free energy 

interaction between solute and solvent. The free energy of implicit solvation can 

divided into three contributions as i) the cavity formation of solvent rearrangement due 

to the protein, ii) hydrophobicity effect of protein surface, and iii) the electrostatic 

interactions of polarized solvent (eq. 9). The charge distributions of solute-solvent 

interaction are estimated with both individual solute and solvent. The reduction from 

explicit to implicit solvent still has limitation as a treatment of charge effects and 

parameterization. However, this method is directly operated in solvent accessible 

surface area (SASA) method.  
 

elecdispcavitysolvation ΔG    ΔG    ΔG      ΔG                                                          (9) 

                

2.2.1 Solvent accessible surface area (SASA) 

 Basic idea of a cavity model is imaged as sphere, as same as, surface area of 

protein molecule is computationally defined as the vdW mask of a solute molecule. 

Solvent accession of protein surface is created by solvent sphere rolling on surface 

(Figure 8). The solvation of solute bases on cavity surface and dispersing interaction, 

whereas the dielectric of solvate constants. Total SASA creation can generated with eq. 

10. 
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Figure 8. Solvent-accessible surface area of the red particles (black dash) and their van 

der Waals surface of each atomic radius (red). 

(https://en.wikipedia.org/wiki/Accessible_surface_area) 

 

β   SASAγ    ΔG    ΔG ΔG dispersioncavitySASA                                               (10) 

 

Non-electrostatic contribution is presented as ΔGSASA, which is solvent accessible 

surface area, to consider proportionate cavity and solute–solvent van der Waals terms 

with surface tension constant (γ) to 0.0072 kcal/mol·Å2 using a solvate probe radius of 

1.4 Å and offset to correct (option) the value of the non-polar contribution to the 

solvation free energy term (β). Whilst, the solvation in electrostatic part is approached 

by Poisson-Boltzmann equation and generalized Born model. 

 

2.2.2 Poisson-Boltzmann (PB) model 

To compute electrostatic potential (r) for continuum solvent models, the 

Poisson equation is conducted as a spatial charge distribution (r) in homogeneous 

medium with dielectric constant (). The  is the Laplacian operator for three-

dimensional Cartesian coordinates. 

 

ρ(r) 4π -    φ(r)ε(r)                                                                                    (11) 

 

In case of heterogeneous solvent, dielectric constant is determined by position 

of mixtures, (r). The Poisson equation is used for nonionic conditions, however, the 
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distribution of ionic mobile is executed by the Boltzmann distribution as called Poisson-

Boltzmann (PB) equation: 

  ρ(r) 4π-    
Tk

(r) q
sinh

q

Tk
κ    (r)ε(r)

B

B2 















 


 ,                                  (12) 

Tk

Iq 8π
    (r)κ

B

2
2  ,                                                                                           (13) 

where κ2 is the Debye–Hückel parameter dependent on the ionic strength of solution 

(I); kB Boltzmann’s constant; T is the absolute temperature; and q is electrolyte charge. 

The electrostatic free energy is given in eq. 14, where charge density of solute multiplies 

electrostatic potential in solution ( sol ) and for the same charge distribution in vacuum 

( gas ). 

  )dr( ρ(r)
2

1
      ΔG gassolele                                                                  (14) 

 

2.2.3 Generalized Born (GB) model 

 

 The Generalized Born (GB) method is developed using PB method to solve the 

electrostatic contribution in term of the solvation free energy. A simple calculation is 

the burial particle into molecule by approximation of the Born radius of the particle, 

elsewhere distance of the partial atomic charges (rij), Born radii (α), and the smoothing 

function (fGB). The Debye-Hückel screening parameter (κ) is applied as PB equation. 
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The GB model is usually benchmarked or even parameterized against the PB model. 
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2.3 QM/MMGBSA 

Likewise, binding free energy with quantum mechanics (QM) method is 

computed within the QM/MM-GBSA approach[88, 89]. QM/MM approach in a couple 

with GB model is examined to calculate enthalpy and solvation, respectively.  

 

Figure 9. An example of QM and MM regions identification 

 

Two regions of QM and MM are partitioned, then, energy calculation on these 

two regions can be employed by using the two alternative schemes as additive and 

subtractive approaches.  The total energy of the system is obtained from the summation 

of each energetic term together.  

 MMQMMMQMTOTAL E    E   E    E                                     (17) 

 From eq.17, EQM is energy of the QM region (QM treatment), EMM is the energy 

of the MM region (force field treatment) and EQM-MM is the interaction between QM and 

MM region. In addition, the EQM-MM term includes an electrostatic interaction (Eele,QM-

MM), van der Waals interaction (EvdW,QM-MM) and bonded interaction (Ebonded,QM-MM).  

   E   E    E MM-QM vdW,MM-QM ele,MM-QM                                                               (18) 
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In subtractive scheme, the system is divided layers and subtracts double counted 

energies of the smaller with different energetic calculated method as follows: 

 

 E    E   E    E region QM

MM

region  MM QM

MM

region QM

QMTOTAL                                                  (21) 

 

The chosen of either additive or subtractive schemes is not critical whilst the 

QM region determination should be concerned due to the energy interference between 

QM and MM regions especially in the case of through bond cutting model. 

 

SCC-DFTB Approach 

QM calculation based on self-consistent charge density functional tight binding 

(SCC-DFTB) method[90] is specifically applied on the hot-spot residues. The semi-

empirical implementation of SCC-DFTB is a high level and accurate potential method 

that can be applied for the calculation of the binding free energy. In SCC-DFTB 

approximation, a second order expansion of the DFT Kohn-Sham energy with respect 

to charge density fluctuations expresses the total energy. 

 

rep

N

qqii

occ

i

i

DFTB

TOTAL EHn    E  



2

1ˆ
0

 

               repn EnEnE  ,0200
                                                                 (22) 

The eigenstates Ψi of the effective Kohn-Sham Hamiltonian 0Ĥ  derived under the 

approximation that the initial electronic density of the many-atom system, where n0 is 

neutral atomic charge densities. E2 is exchange correlation functional with respect to 

charge density fluctuations δn, approximated as atomic point like charges (Δq) together 

with an analytical interpolating function γRβ. This term is important electronegativity 

differences of atoms. Erep accounts for the double-counting terms and the ionion core 

interaction of pairwise repulsive potentials. 
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2.4 Alanine scan analysis 

Experimental alanine scanning mutagenesis is expensive and time-consuming. 

Theoretical methods are needed. Brief description of alanine scan mutagenesis method 

represents to binding free energy difference that is shown in Figure 10. 

 

 

Figure 10. Definition of binding free energy difference in alanine scanning 

mutagenesis process, whereas A) HLA receptor with wild-type (x) and mutate (a), B) 

peptide and C) complex of HLA (xa) and peptide. 

 

Residue-Specific Free Energy Contribution. Free energy contributions of 

individual residues to protein−protein binding are typically calculated by binding free 

energy difference ( ax

bindG  ) upon alanine mutation, which is defined as 

a

bind

x

bind

ax

bind GGG   ,                                                                          (23) 

where  

))(( BxAGG x

bind  ,                                                                            (24) 

))(())(( BxAGBxAGG solgas

x

bind  ,                                           (25) 

similar as  

))(( BaAGGa

bind  ,                                                                            (26) 

))(())(( BaAGBaAGG solgas

a

bind  .                                          (27) 

The individual proteins of the protein−protein complex are represented by “A” 

and “B”, respectively. The superscript “x” specifies residue of protein A at the 

protein−protein interface, while “a” specifies alanine mutation which replaces to x 

residue. ΔGbind(x) and ΔGbind(a) are the binding free energy of the wild type and mutant 
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type of protein A. ΔG(A(x)−B) and ΔG(A(a)−B) represent, respectively, the binding 

free energy of the wide type and mutation type complex. Further explanation of eq.28  

can write in below: 

))(())(( BaAGBaAGG solgas

ax

bind   ,                                           (28) 

 ))(())(())(())(( BxAGBxAGBaAGBaAGG solgassolgas

ax

bind   ,      (29) 

ax

sol

ax

gas

ax

bind GGG   .                                                                    (30) 

The above equation, we can make the following simplification, 

))(())(( BxAGBaAGG gasgas

ax

gas   ,                                          (31) 

)()( BxGBaGG gasgas

ax

gas   .                                                     (32) 

The difference proteins in gas phase interaction energies between the wild type 

BxA )(  and the mutant BaA )(  complexes are equal to residue Bx   and residue

Ba  . Environment changing to solvent then the free energy of solvation part in eq.30 

is followed by: 

       BGxAGBxAGBxAG solsolsolsol  )()()(                                  (33) 

 

where Gsol(A(x)∧B) is the solvation energy of the A(x)−B complex and as similar to 

       BGaAGBaAGBaAG solsolsolsol  )()()( .                               (34) 

That are 

))(())(( BxAGBaAGG solsol

ax

sol                                                 (35) 

     ))(())(()()( xAGaAGBxAGBaAGG solsolsolsol

ax

sol   .                         (36) 

 

Influence of the Internal Dielectric Constant Value. 

 The internal dielectric constant (εint) is an electric field of solute without explicit 

treating. Based on mutation of amino acid residues, side chain re-orientates and results 

to dipolar reorganization arising from conformational changing. Twenty amino acids is 

classified into basic four groups upon side chain properties. 

i) polar and neutral: aspargine, glutamine, cysteine, tyrosine, serine, and threonine 

ii) nonpolar and neutral: valine, alanine, leucine, isoleucine, phenylalanine, proline, 

glycine, methionine, and tryptophan 
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iii) basic and charged: lysine, arginine, and histidine 

iv) acidic and charged: aspartic acid and glutamic acid 

In case of histidine, it can be uncharged or charged depend on pH.  

 

  

Figure 11. Schematic representation for computational alanine screening mutagenesis 

[91] 

 

Various εint explains different degree of relaxation, when different types of amino acids 

are mutated for alanine; the stronger the interactions these amino acids establish, the 

more extensive the relaxation should be, and the greater the internal 

dielectric constant value must be to mimic these effects. 

 

2.5 3D-RISM model 

Reference interaction site model (RISM) concerns the theory of molecular 

liquids to handle molecular systems in solution. RISM analysis of the free energy 

diagram reports the solvation structure and thermodynamics in the statistical-

mechanical ensemble. A solving the RISM integral equations for correlation functions 

is yielded solvation thermodynamics in a single form. Solvent distributions surround 

solute molecule under 3D maps is provided 3D-RISM theory. An important component 

of 3D-RISM, the closure relations are approximated by Kovalenko and Hirata (KH) 

[92]. The 3D-RISM-KH theory represents features of solvation such as electrostatic and 

non-polar with hydrogen bonding, hydrophobicity, steric effects and electrochemical. 
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This method has been coupled with ab-initio quantum theory in a self-consistent 

description of electronic structure for optimizing the geometry of solution.  

The first principles foundation of 3D-RISM integral equation was derived from 

the molecular Ornstein - Zernike (MOZ) equation. The total correlation function 

 2112 ,, rh  can be decomposed into direct correlation function  2112 ,, rc and 

indirect correlation function (eq.37) 

 

        332323311321122112 ,,,,,,,,   ddrrhrcrcrh                 (37) 

 

where 12r is the distance, 1 and 2 are the angular orientation of particles 1 and 2. 

The definition of total correlation function is     1,,,, 21122112  rgrh . The 

MOZ equation can be written in terms of an infinite series in which the direct 

correlation function expanded in the power of ρ (eq.38) 

 

       

      ...,,,,,,

,,,,,,,,

4433244243343113

2

332332311321122112








ddrddrrcrcrc

ddrrcrcrcrh




             (38) 

 

In case of homogenous and isotropic, the molecule does not depend on its 

orientation, the equation can be written in real space, r (eq.39). 

 

        rdrhrrcrcrh                                                                          (39) 

 

Using Fourier transform, this equation is simplified in reciprocal space (k space) 

(eq.40). 

 
 
 kc

kc
kh 






1
                                                                                              (40) 

 

However, the solution of MOZ equation cannot achieve since containing two 

unknown functions. Hence, the closure relations have been proposed to related two 

functions such as Hypernetted-chain (HNC), Percuc-Yevick (PY), Kovalenko and 
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Hirata (KH) and Partial series expansion of order-n (PSE-n) etc. The general closure 

relation to the MOZ equation is (eq.41) 

 

 
 

     







 2112211221122112 ,,,,,,exp,, rbrcrh

Tk

ru
rg

B

     (41) 

 

where )(ru is interaction potential between two particles in a system, Bk  is Boltzmann 

constant at temperature T and  2112 ,, rb  is bridge function. 

To apply with polyatomic molecules, the reference interaction-site model 

(RISM) has been proposed by Chandler and Andersen through averaging the angular 

coordinates of molecules and fixing the distance between a pair of interaction sites.82 

The six-coordinates of solvent are generalized to one dimension called as 1D-RISM. 

The distribution function of solvent around solute molecule can be calculated by 

three-dimensional RISM (3D-RISM) by taking statistical average the angular 

coordinate of solvent. Similar to MOZ equation, the 1D-RISM and 3D-RISM 

equations need the closure relation to solve until self-consistency. 

The procedure of 3D-RISM calculation, the site correlation functions between 

solvent molecules based on specified atomic interaction potential of water model was 

calculated as 1D-RISM. Then, the correlation functions, or susceptibilities, are utilized 

for solvent-solute interaction using 3D-RISM equations coupled with closure relations. 

The general idea of the solvation structure is the probability density of the solvent 

contribution around the solute molecule in 3D space. This density distribution can be 

defined as )(rg , a product of average density of the solvent bulk (  ) times the 3D 

distribution function at the r  position of solvent molecules around the solute molecule 

( )(rg ). 

 

1)()(  rhrg       for   0)( rd                            (42) 
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where )(rg is the pair correlation function, )(rh  is the total correlation function of 

solvent site  in 3D space, and 
 

)()()( rcrh
Tk

ru
rd

B

 . The free energy of solvation 

can be compute from the distribution function in eq.43. 

 

           











 rcrhrcrhrhdrTk uvuvuvuvuv

B

v

KH
2

1

2

1 2
                (43) 

 

where u and v denote for solute and solvent molecule, γ labels atom types of model and 

Θ is the Heaviside step function. 

 

2.6 Pairwise residue contact analysis 

The distance between all possible amino acid residue pairs of 3D protein 

structure is measured and reported in 2D matrix graph. For pair residues a and b is given 

1-ab element within distant cutoff. The contact analysis has variety distant definition 

such as Cα-Cα atoms with 6-12 Å of cutoff, Cβ-Cβ atoms with 6-12 Å of cutoff and 

distance between side-chains center of gravity. The major advantages of pairwise 

residue contact analysis are i) binding site prediction and ii) protein folding analysis by 

secondary structure. 

 

 

 

https://en.wikipedia.org/wiki/Amino_acid
https://en.wikipedia.org/wiki/%C3%85ngstr%C3%B6m
https://en.wikipedia.org/wiki/%C3%85ngstr%C3%B6m


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

30 

 

Figure 12. Secondary structure elements are swapped parallel and anti-parallel sheets 

Three classes of hydrogen bonds are distinguished by color-coding; short (distance 

smaller than 2.5 Å between donor and acceptor), intermediate (between 2.5 Å and 3.2 

Å) and long hydrogen bonds (greater than 3.2 Å).  

(https://en.wikipedia.org/wiki/Protein_contact_map) 

 

Secondary structure elements in HB plot 

Base on protein folding by hydrogen bonding interaction, the plot of pairwise 

residues is displayed in Figure 12. The secondary structure patterns are characterized 

by: 

1) Helices are presented as adjacent to the diagonal. 

2) Parallel beta sheets are shown as parallel to the diagonal 

3) Antiparallel beta sheets are identified by cross-diagonal. 

4) Loops are defied as breaks in the diagonal between the cross-diagonal beta-

sheet motifs. 

 

2.7 B-factor 

Based on X-ray scattering, protein crystal are scattered and evaluated atomic 

positions. The static and dynamic components of crystal are uncertain positions. Cause 

of static disorder may be temperature factor also called B-factor. In general, B-factor 

value has confidence of < 30 Å2, whereas the value has disorder of > 60 Å2. 

https://en.wikipedia.org/wiki/%C3%85ngstr%C3%B6m
https://dict.longdo.com/search/data
https://dict.longdo.com/search/data
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In computational calculation, the B-factor can imply the atomic flexibility, 

because it related to the mean square displacement of atoms 2u : 

228 uB  .                                                                                                 (44) 

      



n

i

iziziyiyixix bababa
n

u
1

2222 1
                                        (45) 

where, n is atoms in protein. The mean square displacement of atoms is calculated by 

three coordinates (x, y, z). B-factor values are measured during refinement process to 

improve between structural model and experimental diffraction. B-factor for each atom 

is recorded in PDB file, as show in Figure 13. 

 

 

Figure 13. A PDB file shows atomic coordination and B-factor values. 

 

2.8 Root-mean-square deviation (RMSD) 

Root-mean-square deviation (RMSD) is a measure of the different coordinates 

between MD structures at time respected to initial structure. The RMSD of atoms is 

calculated by three coordinates (x, y, z). 

      



n

i

iziziyiyixix bababa
n

u
1

2222 1
                                       (46) 

whereas 2u is mean square displacement of atoms, n is atoms of protein, a and b are 

coordinate at points of starting and MD production. 
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CHAPTER III 

RESEARCH METHODOLOGY 

3.1 Part I: Behçet’s disease (BD) 

3.1.1 Structure preparation  

The starting structures of three of the HLA class I alleles were taken from the 

Protein Data Bank, being entries 1E27 [15] for B*51:01 with the HIV-1 epitope at 2.20 

Å, 1X7Q [93] for A*11:01 with the SARS nucleocapsid at 1.45 Å, and 1A9E [94] for 

B*35:01 with the EVB peptide at 2.5 Å. That for A*26:01 was built from homology 

modeling using the above A*11:01/SARS nucleocapsid structure as a template and the 

amino acid sequence of A*26:01 from GenBank (accession no. AAA03720) [95], 

which has 94.3 and 96.6% amino acid identity and similarity to A*11:01, respectively. 

The HLA/MICA-TM complexes were constructed by changing the original peptide 

within the X-ray structure to be consistent with the nine amino acids of the antigenic 

MICA-TM peptide (AAAAAIFVI) using the align sequence profiles module 

implemented in the Discovery studio 2.5 (Accelrys, Inc.).  

 

Table 4. Sequence alignments among four HLAs are reported as the percentages of 

identity and similarity. 

% iden. 

% sim. 

B*51:01 B*35:01 A*26:01 A*11:01 

B*51:01 - 94.9 84.1 85.5 

B*35:01 96.4 - 84.5 86.3 

A*26:01 87.7 88.4 - 92.4 

A*11:01 89.5 89.9 94.9 - 

 

3.1.2 Molecular dynamics (MD) simulation  

The four studied HLA/MICA-TM complexes were investigated by molecular 

dynamics (MD) simulations using the AMBER 10 software package [96] with the ff03 

force field. The missing atoms were added using the LEaP module [87]. The 

protonation state of all possible charged residues (arginine, lysine, histidine, 
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aspartate and glutamate) in HLA-allele complexes was assigned at pH 7.0 by PROPKA 

server [97]. The total charges with negative value of the HLA/MICA-TM complexes 

were randomly neutralized by Na+ counterions (2, 1, 1 and 2 ions for the B*51:01, 

B*35:01, A*26:01 and A*11:01 systems, respectively). Afterwards, the individual 

complex was solvated by TIP3P [98] water molecules leading to approximately 65,000 

atoms in total. The dimensions of the simulation box used for all the systems were 86 

× 90 × 88 Å3. The periodic boundary condition with the NPT ensemble and a simulation 

time step of 2 fs was used. All energy minimizations and MD simulations were 

performed using the SANDER module of AMBER 10. All bonds and angles concerned 

to hydrogen atoms were constrained by algorithm of SHAKE  [99]. The long-range 

electrostatic interactions were treated by particle mesh Ewald method and the non-

bonded interactions with a cutoff  distance of 12 Å were considered [100]. All MD 

simulations were run with a 12 Å residue-based cutoff for non-bonded interactions and 

the particle mesh Ewald method was applied for an adequate treatment of long-range 

electrostatic interactions [101]. Each system was subjected to the four stages of the 

restrained MD simulations at 298 K with force constants of 10, 7.5, 5 and 2.5 kcal∙mol-

1∙Å2 for 500 ps in each stage accordingly. These subsequent steps could allow the 

peptide to adapt its geometry and orientation from the initial model to fit better within 

the peptide binding groove. Then, the constraints were completely removed and fully 

unrestrained MD simulations were performed until 50 ns. The convergences of 

energies, temperature, and global root mean-square displacement (RMSD) were used 

to verify the stability of the systems. The MD trajectories were collected every 0.2 ps 

from the production phase for further analysis. 

 

 

3.2 Part II: Systemic sclerosis disease (SSc) 

3.2.1 HLA-DRs/Top1 complex preparation 

 The 3D structures of the HLA-DRs/Top1 in this study are not available. Amino 

acid sequences of HLA-DRB1*08:02 [102], HLA-DRB1*11:01 [103], HLA-

DRB1*11:04 [104] and HLA-DRB5*01:02 [105] proteins were obtained from the 

National Center for Biotechnology Information (NCBI) database 
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(http://www.ncbi.nlm.nih.gov/), seeing in Table 5. With over 85% identity, the derived 

crystal structure from the Protein Data Bank (PDB; http://www.rcsb.org/pdb/), HLA-

DR3 carrying CLIP 87-101 peptide (pdb code: 1A6A [5]) was used as the template for 

HLA-DRB1*08:02, HLA-DRB1*11:01 and HLA-DRB1*11:04, whereas HLA-

DRB5*01:01 binding with myelin 86-105 peptide (pdb code: 1FV1 [106]) was chosen 

to construct HLA-DRB5*01:02. Few amino acids in HLA-DR templates were virtually 

mutated to four HLA-DR/Top1 complexes in this work using the Discovery studio 2.5 

(Accelrys, Inc.) executed by the align sequence module. Binding between residues of 

HLA-DR and Top1 spanning RIANFKIEPPGLFRGRGNHP (349–368) sequence is 

determined by conservation of key anchor sites [107]. The PDB entry 1AQD [108] for 

HLA-DRB1*01:01 carrying an endogenous peptide with 15 amino acids in length was 

established by changing the original peptide to Top1. HLA-DRs in their free form were 

obtained by removing the antigenic peptide from the binding groove. Both groups of 

HLA-DR structures, with and without Top1 peptide, were modeled for MD simulations. 

 

Table 5. HLA-DR sequences are constructed from identical protein templates and used 

for MD calculation. 

HLA X-ray 

structure 

(PDB code) 

X-ray 

template 

(PDB code) 

Sequence 

(Accession 

no.) 

% iden. from 

BLAST 

search 

DRB1*08:02 - 1A6A Q30134 85 

DRB1*11:01 - 1A6A CAM84026 86 

DRB1*11:04 - 1A6A CAJ01187 89 

DRB5*01:02 - 1FV1 BAO73173 97 

DRB1*01:01 1AQD - - - 
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Table 6. Sequence alignments among five HLA-DRs are reported as the percentages 

of identity and similarity. 

% iden. 

% sim. 
 

DRB1*08:02 

 

DRB1*11:01 

 

DRB1*11:04 

 

DRB5*01:02 

 

DRB1*01:01 

DRB1*08:02 - 97.3 96.8 89.3 90.9 

DRB1*11:01 98.9 - 99.5 89.3 90.9 

DRB1*11:04 98.4 99.5 - 88.8 90.4 

DRB5*01:02 95.7 95.7 95.2 - 92.0 

DRB1*01:01 95.7 95.7 95.2 97.9 - 

 

3.2.2 Molecular dynamics (MD) simulation 

 Assisted Model Building with Energy Refinement (AMBER) version 14 with 

LEaP module [109] was employed to add all missing atoms within the starting 

structures based on the ff03.r1 force field.  This version contains the charge set for –

COO- and –NH3
+ terminal groups of proteins updated from original ff03 for more 

accuracy [87]. Added hydrogen atoms were minimized, while the others were frozen. 

H++ web-prediction of protonation (http://biophysics.cs.vt.edu/H++) was applied to the 

protein complexes kept at pH 7.0 which were then by randomly neutralized by 7, 7, 7, 

12 and 4 sodium ions for HLA-DRB1*08:02, HLA-DRB1*11:01, HLA-DRB1*11:04, 

HLA-DRB5*01:02 and HLA-DRB1*01:01; respectively. HLA-DRs with and without 

Top1 peptide were subsequently solvated by TIP3P [110] water molecules in an 

orthogonal cage of 97.87 × 109.36 × 78.92 Å3. The isothermal-isobaric (NPT) ensemble 

with constrained number of atoms (N), pressure (P) and temperature (T) was applied in 

a periodic boundary. The SANDER module of AMBER 14 was used to minimize all 

water molecules and protein complexes, respectively. The systems were heated to 298 

K for 100 ps under constrained atoms of HLA-DR/Top1 by a weak force of 60.0 

kcal∙mol-1∙Å2. The SHAKE algorithm constrained all bonds and angles involving 

hydrogen atoms with a time step of 2 fs [111]. Long range electrostatic interactions 

within a cutoff radius of 12 Å were calculated using the particle mesh Ewald (PME) 

method [101], while short range non-bonded interactions were evaluated with 12 Å 

atom-based cutoff for Lennard-Jones potential [110]. MD simulation using the Verlet 

algorithm[112] was performed for all HLA-DR/Top1 complexes and the snapshots 

were stored every 0.2 ps during the operation of 30 ns. The systems of HLA-DR free 

form have been setup for MD procedure analogously to their complexed structures. The 
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pmemd.cuda module of AMBER was performed in all simulations. For analysis, the 

MD trajectories in production phase were collected for analysis of complex stability, 

binding free energy, hydrogen bonding and water distribution. 
 

 

 

 

 

3.3 Part II: TCR/HLAp recognition 

3.3.1 Complex preparation  

An adaptive immune resistance to HIV by TCR/HLAp formation was 

downloaded from the PDB database under the accession ID: 4MJI [27]. In this X-ray 

structure, 8-mer (TAFTIPSI) HIV peptide was complexed between TCR and HLA-

B*51:01 molecules. The HLA-B*51:01 in complex with 9-mer (LPPVVAKEI) HIV 

epitope (PDB code: 1E27) [15] was used as a template for the Behçet’s disease (BD) 

model. For BD system, the 9-mer HIV epitope was mutated to MICA peptide sequence 

(AAAAAIFVI) using the Discovery studio 3.0 (Accelrys, Inc.) program. Then, a 

ternary complex was constructed by superimposition of HLA-HIV9p and HLA-MICA 

into TCR/HLA-HIV8p template. In this study, we focus on three TCR/HLAp 

complexes: TCR/HLA-HIV8p, TCR/HLA-HIV9p for HIV infections and TCR/HLA-

MICA for BD diseases. To reduce the simulation time, the constant region of both α/β 

chains, which was the distal end, was removde in all complexes. 

 

3.3.2 Molecular dynamics (MD) simulations  

The LEaP module [109] in Assisted Model Building with Energy Refinement 

(AMBER) version 14 was used to add all missing atoms for the starting structures with 

the ff03.r1 force field [87]. The minimization was applied after adding hydrogen atoms. 

Protein protonation was predicted by the H++ website 

(http://biophysics.cs.vt.edu/H++). Protein complexes were soaked in a periodic box of 

TIP3P water model with the size of 76×68×138 Å3. Counter ions were added to 

neutralize the protein with 12 sodium ions in all system. The SANDER module of 

AMBER 14 was applied to minimize the systems by two procedures. First, water 

molecules and ions were allowed to move freely, while the proteins were kept under 

500 kcal∙mol-1∙Å2 constraint. Second, the whole system was relaxed until convergence. 

The system was heated to 298 K within 0.1 ns with restraint on the protein at 50 
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kcal∙mol-1∙Å2. The NPT ensemble condition was applied on the solute atoms with a 

periodic boundary condition. To restrain covalent bonds and angles involving hydrogen 

atoms, SHAKE algorithm was employed [111]. The particle mesh Ewald (PME) 

method [101] and Lennard-Jones potential [110] were used to calculate the long range 

electrostatic interactions and short range non-bonded interactions, respectively. The 

Verlet algorithm [112] for time integration was applied and snapshots were collected 

every 0.2 ps during simulation. The fully MD simulations were performed until 200 ns. 

The trajectories extracted from 125-200 ns were accumulated for further analysis. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

38 

 

 

CHAPTER IV 

RESULTS AND DISCUSSION 

4.1 Part I: Behçet’s disease 

4.1.1 Stability of the HLA/MICA-TM complexes 

To study the structural stability of the four MD simulations, the RMSDs for all 

atoms of the four HLA alleles (B*51:01, B*35:01, A*26:01 and A*11:01 alleles) 

complexed with the MICA-TM peptide compared with those of the starting structures 

were monitored along 50 ns of simulation time using the PTRAJ module implemented 

in AMBER10 package [113]. The RMSD fluctuations of each complex and its 

structural components (binding groove and ß2-microglobulin) and MICA-TM peptide, 

were plotted in Figure 14. The RMSD values quickly increased until ~5 ns and then 

reached a plateau except for the HLA-B*51:01/MICA-TM complex where the RMSD 

value continuously increased over the first ~15 ns. The MICA-TM in HLA-B*51:01 

system had a low fluctuation around 1 Å, and suddenly at 23 ns, it jumped up to 2 Å 

until the end simulation. The RMSD increasing caused from the non-polar of MICA-

TM peptide change orientation to hydrophobic region within pocket. Although the 

whole HLA/MICA-TM complex for the two BD-associated HLAs (B*51:01 and 

A*26:01) fluctuated a great deal, their binding groove and the incoming MICA-TM 

peptide demonstrated a rather low level of fluctuation. All systems seemed to reach 

equilibrium after 25 ns with ~1 Å of RMSD fluctuation, and so the MD trajectories 

from 25 to 50 ns (the production phase) were used for analysis.  
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Figure 14. Stability of the HLA/MICA-TM complexes. Root-mean square 

displacements (RMSDs) of all atoms relative to those of the initial structure for the 

HLA/MICA-TM complex, peptide binding groove, ß2-microglobulin and MICA-TM 

peptide in the (A) B*51:01, (B) B*35:01, (C) A*26:01 and (D) A*11:01 HLA alleles 

bound to the MICA-TM peptide. 

 

4.1.2 Regional flexibility 

The backbone flexibility of the HLA-B*51:01, B*35:01, A*26:01 and A*11:01 

complexes with MICA-TM were investigated by B-factor calculation over the last 25 

ns trajectories (Figure 14). Note that high flexibility of protein was displayed in red and 

vice versa in blue. Among the four systems, the HLA-A*11:01 allele showed the 

highest degree of protein flexibility in the region of peptide binding groove and in 

particular at the S7–S9 sub-sites (defined in Figure 15D), whereas the other HLA alleles 

were likely to have similar degree of flexibility (Figure 16). This might be due to the 

strong intramolecular interactions of either the 1 or 2 domains and the intermolecular 

hydrogen bonds (H-bonds) between the C-terminal of the MICA-TM peptide and the 

binding residues of the three HLAs (B*51:01, B*35:01 and A*26:01 alleles), which is 

discussed in a later section. 
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Figure 15. Structural basis of HLA class I. (A) Schematic model of HLA buried in the 

transmembrane. (B) HLA (pink) contains the α1 and α2 subdomains that contribute to 

the peptide binding groove, while α3 is the C-terminal domain in complex with β2-

microgluobulin (β2m) as a noncovalently supported protein (cyan). (C) Ribbon and (D) 

van der Waals surface representations of the MICA-TM nonapeptide (green stick 

model) occupied in the peptide binding sub-sites (S1–S9, shaded by different colors) of 

HLA-B*51:01. 

 

 

Figure 16. Structural flexibilities of the HLA alleles bound with the MICA-TM 

peptide. Structural flexibilities were evaluated by B-factor. The ribbon color changes 

from blue (rigid) to red (flexible) to represent a low to high protein flexibility. Note that 

for clarity only the binding groove structure and the MICA-TM peptide are shown. 
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4.1.3 Per-residue decomposition (DC) energy 

The decomposition (DC) energies were calculated and used to scan for 

potentially important residues for binding [114]. In order to seek the fingerprint of the 

HLA/MICA-TM interactions, the interaction energy between each HLA residue and 

the MICA-TM peptide and vice versa was calculated over 100 snapshots of the 

production phase. The obtained DC energies of the HLA and MICA-peptide residues 

are plotted in Figure 17Figure 18, respectively. The HLA/MICA-TM interactions 

mostly occurred on the α1 and α2 helixes with additionally some residues of β-strands 

(Figure 17). Using the criterion of a total DC energy < -0.5 kcal/mol as an important 

residue, then 22, 18, 16 and 14 potentially important residues of the HLA-B*51:01, 

B*35:01, A*26:01 and A*11:01 alleles (Table S1 in appendix), respectively. 

  

 

Figure 17. Decomposition energy per HLA residue fingerprint plots. The HLA 

contribution to the MICA-TM binding is shown in terms of the electrostatic (ele) and 

van der Waals (vdW) interactions. 

 

van der Waal (vdW) interactions were found to play an important role in the complex, 

where the magnitude of the MICA-TM peptide binding with the BD-associated HLA 

alleles (B*51:01 and A*26:01) was greater than that for the corresponding matched 
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non-BD-associated HLA alleles (B*35:01 and A*11:01). For the nonapeptide, as 

expected the non-polar residues interacted with HLA through vdW interactions (Figure 

18). Based on the definition of a total DC energy of < -3 kcal/mol for strong binding, 

there were four peptide residues that firmly bound to HLA-B*51:01 (P3, P5, P8 and 

P9) and A*26:01 (P2 and P7–P9), while only two and three residues were found in 

B*35:01 (P7 and P8) and A*11:01 (P2, P7 and P8), respectively. Note that the P9 and 

P2 or its adjacent residue are known as the anchor for the peptide accommodation at 

the binding groove of HLA class I [115, 116]. Loss of the P9 contribution may lead to 

an unbinding recognition of the non-BD-associated HLAs towards the MICA-TM 

peptide. More details of the interaction and orientation of this peptide at the binding 

groove of the four HLA alleles investigated are discussed in the hydrogen bond pattern 

section. 

 

 

Figure 18. Averaged decomposition energy contributions in HLA binding to MICA-

TM. Per-residue decomposition energies and the energy components in terms of the 

electrostatic (ele) and van der Waals (vdW) interactions for the P1–P9 residues of 

MICA-TM. 

 

4.1.4 H-bond patterns between HLA and the MICA-TM nonapeptide 

To investigate the intermolecular H-bond interactions between the HLA protein 

and the incoming short MICA-TM nonapeptide, the number of H-bonds was evaluated 
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using the two acceptance criteria of (i) a distance between the proton donor (D) and 

acceptor (A) atoms of D−A ≤ 3.5 Å; and (ii) an angle of D−H…A > 120°, as previously 

reported [114, 117]. The obtained results were compared between the two paired BD-

associated and non-associated HLA alleles in each locus (A or B), and are shown in 

Figure 19. The peptide binding sub-sites (S1–S9) were classified by the peptide contact 

position in the binding groove of HLA, as seen in the HLA-B*51:01/peptide complex 

(Figure 15D). The last snapshot of each complex was used to represent the protein-

protein H-bond formation detected from the MD simulations (see in Figure 20).   

 

 

Figure 19. Hydrogen bond interactions. The percentage occupancy of H-bonds 

averaged over the last 25 ns of simulation time between the nine residues (P1–P9) of 

the MICA-TM peptide and the HLA residues for the four complexes. 

 

As shown in Figure 15D, the peptide binding groove of HLA class I is 

constructed by at least five sub-pockets with a large groove volume (S1 and S2 yellow; 

S3 magenta; S4–S6 dark blue; S7 orange; S8 and S9 light blue), and it is able to support 

a variety of incoming short peptides in the binding step. Moreover, the binding groove 

of the HLA protein provides a hydrophobic cavity to support the nine spanning residues 
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(AAAAAIFVI) of the MICA-TM peptide. Due to the nonpolar nature of this peptide, 

H-bond formation with the HLA protein was expected through the peptide backbones. 

In Fig. 5A and B, both HLA-B alleles similarly stabilized the P9 residue of the MICA-

TM peptide by the formation of three H-bonds which two of them are the salt bridge 

interactions between the C-terminal carboxylate group and the ammonium group of 

K146. The C-terminal residue (P9) could bind significantly stronger with the BD-

associated HLA allele than the non-associated allele (~60–90% H-bond occupation 

compared to only ~50–70% in the non-associated allele), which could be due to the 

different residue 80 on the α1 helix (I80 in HLA-B*51:01 and N80 in HLA-B*35:01). 

Through the strong H-bond (70% occupancy) with the amide group of N80 (Figure 

19B), this polar residue at the S9 sub-site of the peptide induced the C-terminal to 

change its orientation and move closer to the α1 helix of the non-associated BD HLA-

B*35:01 (Figure 20) with the consequence of weakened H-bonds with the α2 helix from 

the loss of interaction with T143 and a decreased interaction with K146. With respect 

to the N-terminus of the MICA-TM peptide, the Y159 residue on the α2 helix of the 

HLA-B*35:01 allele strongly interacted with the P1 residue (90%), whilst this end of 

the peptide had no interaction with any HLA-B*51:01 residues but instead the P3 

residue was stabilized by two α1-helix residues, Y9 and N70, with 90 and 50% H-

bond occupations, respectively (Figure 19A and Figure 20 in supporting information). 

The rearrangement of the H-bonding network at the N-terminal was previously 

observed in the octamer and nonamer peptides binding to HLA-B*51:01 [15]. In 

addition to the protein-protein interactions at the two peptide ends, a strong H-bond was 

formed between the backbone of the P5 Ala residue and the side chain of the T73 

residue on α1 helix in the P4–P6 pocket in both HLA-B alleles (> 80%, Fig. 5A and B). 

This is congruent with the previous observation that the P5 residue of HIV epitopes 

(Ile, Val and Pro) was found as an unexpected anchor deeply pointing into the sub-

pocket of the binding groove of HLA-B*51:01 [15]. In addition, these two HLA-B 

alleles had a strong H-bond between the P8 backbone of the MICA-TM nonapeptide 

and the W147 indole ring on the α2 helix. 
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Figure 20. Hydrogen bond interactions (dashed line) in the HLA/MICA-TM 

complexes. The MICA-TM peptide and HLA residues at the binding groove are shown 

in green and white sticks. 

 

In the case of the two HLA-A alleles (Figure 19C and D), the N- and C-terminal 

regions of the MICA-TM peptide showed a firmly established interaction, P1 with the 

Y159 phenyl ring (~100%) and P9 formed two H-bonds or salt bridge interactions with 

the K146 ammonium group (~70–80% in the BD-associated HLA-A*26:01, but < 60% 

in the non-associated one), respectively, at the α2 helix. Only HLA-A*26:01 (Figure 

19C) contained a strong interaction at the nearly C-terminal end (P8 residue) with the 

α2 helix residue W178 (~70%) and the anchor P5 residue weakly interacted with the 

α1 helix residue T73 (~40%). The Y99 residue on the β-sheet of HLA-A*26:01 

somewhat stabilized the P3 residue of MICA-TM (~40%), while the α1 helix residue 

N66 in HLA-A*11:01 supported the P2 and P3 residues (~40–50%). It is worthy to note 

that the high protein flexibility of HLA-A*11:01 (Figure 16D) had consequently led to 

a low binding of the incoming peptide, and in particular at the P5–P9 residues.  

Based on the formed H-bonds, the peptide binding recognition was better 

distinguished in the HLA-A alleles. The lowered binding strength at the C-terminal P9 

residue observed in HLA-B*35:01 was suspected to be the most important reason for 

the low selective binding affinity of this non-BD-associated HLA-B*35:01 allele. Thus, 

the relatively high protein flexibility in the non-associated HLA-A*11:01 allele led to 
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a decreased H-bond strength with the P9 residue and no stabilization for the P5 and P8 

residues. All simulations fairly agreed with the crystal structures of the HLA/peptide 

complexes in which this P6 residue outwardly located off the binding groove [115]. 

 

4.1.5 HLA/peptide binding affinity 

 To determine the MICA-TM peptide binding strength towards the four studied 

HLA alleles, the molecular mechanic/Poisson-Boltzmann surface area (MM/PBSA) 

approach was applied on the same set of 100 snapshots taken from the production phase. 

The MM/PBSA approach has been extensively used to predict the overall Gibbs free 

energy (∆Gbind) in biomolecular systems [118]. The ∆Gbind of the HLA alleles with the 

peptide bound at the binding groove was calculated from a summation of the total MM 

energy (∆EMM), the solvation free energy (∆Gsol) and the entropic term (T∆S). The last 

term was estimated from the normal mode analysis [119]. Although the ∆EMM 

components suggested that the short peptide was better stabilized by the non-BD-

associated HLAs in the gas phase, the large destabilization from the solvation effect on 

the HLA/peptide complex led to a lower total ∆Gbind. Rather, within each paired HLA-

I gene (HLA-A or HLA-B), the MICA-TM peptide interaction was stronger with the 

BD-associated allele, where B*51:01 (-56.10 kcal/mol) > B*35:01 (-48.88 kcal/mol) 

and A*26:01 (-42.97 kcal/mol) > A*11:01 (-31.14 kcal/mol) in Table 7. The obtained 

results from the present study help to differentiate the HLA alleles and explain a source 

of BD. 

 

Table 7. The binding free energy and energy components (kcal/mol) for the four 

HLA/MICA-TM complexes predicted by the MM/PBSA method. 
 HLA-B*51:01 a HLA-B*35:01 b HLA-A*26:01 a HLA-A*11:01 b 

∆EvdW -74.7 ± 4.2 -78.1 ± 4.7  -80.0 ± 4.8 -63.7 ± 4.2 

∆Eelec -168.4 ± 16.4 -199.4 ± 17.1 -127.2 ± 20.8 -208.1 ± 25.3 

∆EMM -243.1 ± 16.1 -277.6 ± 16.4 -207.3 ± 21.6 -271.7 ± 25.0 

∆Gpolar 199.1 ± 13.9 241.1 ± 14.8 177.3 ± 20.4 252.2 ± 23.6 

∆Gnon-polar -12.1 ± 0.4 -12.5 ± 0.3 -13.0 ± 0.3 -11.6 ± 0.4 

∆Gsol 187.0 ± 13.9 228.7 ± 14.8 164.3 ± 20.4 240.6 ± 23.4 

-T∆S 9.7±25.8 12.7±24.1 21.5±28.6 15.4±21.4 

∆Gbind -46.4 -36.2 -21.5 -15.7 
HLA alleles are a associated or b not associated with Behçet’s disease (BD). Data are shown as the mean ± SD, 

derived from independent simulations. Means within a paired row (HLA-A or HLA-B alleles that are associated 

with BD versus that are not) followed by a different letter are significantly different. ∆Gbind is the binding energy 

with inclusion of entropic term. 
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4.1.6 Conserved interaction of the BD associated HLAs 

Based on MM/PBSA method, the alanine scanning mutagenesis commonly 

used to signify the important function of residues was carried out on the two BD 

associated HLA residues within the 5 Å sphere of the MICA-TM peptide. The results 

of the relative binding free energy (∆∆Gbinding = ΔGwild-type – ΔGmutant) are given in Table 

8. Note that the entropy term of the complex is not significantly changed by only one 

residue substitution with alanine; therefore the entropic calculation was neglected. By 

a mutation to alanine on the 40 residues, the HLA residue numbers 70, 73, 99, 146, 147 

and 159 contributing the ΔΔG value < -2 kcal/mol in either HLA-B*51:01 or HLA-

A*26:01 (Table 2) were considered as the important residues. These six residues could 

provide the conserved interaction of both BD associated HLAs for binding of the 

incoming MICA-TM.   

 

Table 8. Relative binding free energy upon alanine mutation (ΔΔGbinding) for the HLA 

residues within 5 Å sphere of the MICA peptide. The residues with ΔΔGbinding of < -2 

kcal/mol for both HLA classes are shown in bold text. 

residue 
ΔΔGbinding (kcal/mol) 

HLA-B*51:01 HLA-A*26:01 

Y7 -0.43 -2.40 

Y9 -1.49 -0.06 

I66/N66 -1.89 -1.90 

N70/H70 -3.37 -2.57 

T73 -2.42 -2.45 

Y74/D74 -1.67 -0.94 

N77 -1.68 -0.73 

I80/T80 -1.31 -0.57 

A81/L81 0 -0.93 

Y84 -0.53 -1.14 

Y85 -1.01 -0.11 

W95/I95 -1.04 -0.16 

T97/R97 -0.08 -3.42 

Y99 -2.52 -2.22 

Y116/D116 -0.99 -1.07 

Y123 -1.65 -1.19 

T143 -2.25 -1.44 

K146 -3.68 -2.08 

W147 -5.54 -4.64 

E152 -1.76 -0.82 

Q155 -0.15 -2.12 
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residue ΔΔGbinding (kcal/mol) 

HLA-B*51:01 HLA-A*26:01 

L156/W156 -1.04 -3.44 

Y159 -3.63 -2.85 

W167 -0.03 -1.82 

 

 

4.2 Part II: Systemic sclerosis disease 

4.2.1 Dynamics behavior of HLA-DR complexed to Top1 peptide  

Root-mean-square displacement (RMSD) calculations were performed to 

monitor the conformational stability in the overall MD simulation, as shown in Figure 

21. RMSD along simulated time was evaluated from the geometrical coordinates of 

protein backbone (N-Cα-C-O) with respect to those of the initial structure. For HLA-

DRs without Top1, RMSDs for the binding cleft and the whole protein were plotted in 

Fig. 2A. In the first 2-ns, RMSD value rapidly reaches up to 2 Å for HLA-DR binding 

cleft and whole protein in every system, and consequently establishes dynamics 

equilibrium. For the complex form (Figure 21B), HLA-DR/Top1 complex, HLA-DR, 

binding cleft and nonameric core sequence of Top1 peptide are separately considered. 

Similar curves are observed for the complex and the HLA-DR protein (black and red 

in Figure 21B), indicating that the principle dynamics in the system largely depend on 

HLA-DR part. The systems enter the equilibrium phase after the simulation reaches 

12.5-ns for HLA-DR free form and 5-ns for HLA-DR/Top1 complex. Several sections 

during equilibrium phase of HLA-DR and HLA-DR/Top1 systems are rechecked by 

the RMSD frequency. The high frequency of distribution displacement within 1 Å is 

properly examined to resolve the orientation for productive sampling, especially for 

HLA-DR binding cleft and Top1 peptide. The conformational selections within 

equilibrium production are investigated for binding interaction of HLA-DR/Top1 
complexes and dynamical behavior of free HLA-DRs. 
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Figure 21. RMSD on time series of HLA-DRs. (A) A variety of HLA-DRs without and 

(B) with Top1 binding are separately plotted for RMSD of the backbone atoms for 

HLA-DR/Top1 complex (black), HLA-DR protein (red), binding cleft (blue) and 

nonameric core sequence of Top1 peptide (green). Distributions of RMSD distance 

during productive selection of 12.5-30 ns for HLA free form and 5-30 ns for complex 

form are collected as the relative frequency. 

 

To consider flexibility of the binding cleft in cases of Top1 bound and unbound, 

the set of 250 snapshots is superimposed within their simulated systems. In Fig. 3A-B, 

the binding cleft consists of the α-chain (residues 5-80 shown in tan ribbon) and the β-

chain (residues 5-93 in pink ribbon), while the cleft-distal domains are not displayed. 

Each chain is constructed by four antiparallel sheets and one long helix. Empty HLA-

DR clefts are depicted in the first column (Figure 22A), and the next column represents 

individual HLA-DR of the same row binding with Top1 (Figure 22B). For the 

molecular set of HLA-DR types, the superimposition of empty clefts exhibits open 

shape and high flexibility, especially at the helix and turn parts on α-chain. The binding 

cleft manifests lower flexibility when binding with Top1 peptide due to an induced-fit 

mechanism, except for the non-associated ATASSc (HLA-DRB1*01:01) that still 

writhes at the turn and coil conformations on α-chain. For HLA-DR types with ATASSc 

association, the core length (p1-p9) of Top1 peptide orderly lies on the binding cleft, 

while two ends extend out of the cleft with a free motion. Unsurprisingly, Top1 peptide 

shows the highest flexibility in HLA-DRB1*01:01 complex (non-associated case). 
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To support this finding, the distance between the two centers of gravity (CG) of 

α-helixes are measured to represent a cleft size of HLA-DR with and without Top1 

peptide bound. Overview of average distance is estimated to be in a range of 20.5-22.5 

Å without peptide and becomes somewhat shorten to 19.0-22.3 Å with peptide binding. 

The effect of induce-fit with Top1 peptide leads to two α-helixes approaching each 

other only found in HLA-DRs associated and suspected ATASSc. By a comparison 

within identical HLA-DR molecules, the difference in the average distances of the 

binding cleft without and with Top1 are indicated in the parentheses as follows: HLA-

DRB1*08:02 (-0.8 Å), HLA-DRB1*11:01 (-3.1 Å), HLA-DRB1*11:04 (-2.4 Å), HLA-

DRB5*01:02 (-1.2 Å) and HLA-DRB1*01:01 (+1.0 Å), where the negative and 

positive values are referred to smaller and larger distances of binding cleft upon Top1 

binding, respectively. In Fig. 3C, the profile of normal distribution of distance is quite 

similar for almost all HLA-DRs that are a broad peak for free protein and a narrow peak 

shifting to the shorter distance for the Top1-bound cases. According to the high protein 

flexibility, this could explain why the peak is spread out in the free form of HLA-DRs. 
The binding clefts become more stable by complexation with Top1, which is illustrated 

by a narrow peak of the distance distribution. More oscillatory configuration and the 

peak of distance distribution shifting to the extended distance suggest the less-fit Top1 

in non-ATASSc binding cleft for HLA-DRB1*01:01. 
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Figure 22. Comparison of HLA-DR binding clefts without and with Top1 peptide 

(cyan-blue multicolor) in columns A and B, respectively. Column C represents 

distribution of the distance between α-chain and β-chain of the binding clefts. The 

distance distribution of HLA-DR in free form is shown as a blue peak and that for the 

binding peptide is shown as a red peak. 
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4.2.2 Binding free energy calculations 
MM-PB(GB)SA and QM/MM-GBSA binding free energy calculations were 

applied on the HLA-DR/Top1 complexes to quantify the antigenic binding strength in 

diverse antigen presenting types using 250 equilibrated frames. Binding free energy 

(∆Gbind) based on MM-PB(GB)SA is contributed by enthalpy and entropic terms at a 

constant temperature (-T∆S). The enthalpy term contains molecular mechanic energy 

(ΔEMM), and the solvation term (∆Gsol). The latter one comprises of polar and nonpolar 

solvation energies. The energy components are enumerated in Table 9. In gas phase, 

the electrostatic (∆Eele) energy mainly contributes for the binding interaction between 

HLA-DR and Top1 peptide, which is over four times stronger than the van der Waals 

(∆EvdW) attraction. The most stable complex is HLA-DRB5*01:02/Top1 (the suspect 

system with MM energy of -928.0 kcal/mol), while three HLA-DRs with ATASSc-

association systems show such ∆EMM values ranging from -761 to -673 kcal/mol. The 

non-associated ATASSc protein, HLA-DRB1*01:01, has the lowest protein-protein 

interaction according to the ∆EMM term of -551.8 kcal/mol. Moreover, the degree of 

disorder in the systems is examined by the entropic term consisting of rotational, 

translational and vibrational modes. The normal mode analysis at 298 K was invoked 

on the same set of 50 snapshots via mmpbsa_py_nabnmode program to derive the 

entropic term. Cooperation of enthalpy and entropy invoke from binding free energy 

clearly exposes that Top1 peptide had strong binding with ATASSc-suspect HLA-

DRB5*01:02 (-49.0 kcal/mol), moderate binding with ATASSc-associated HLA-

DRB1*08:02 (-27.0 kcal/mol), HLA-DRB1*11:01 (-35.8 kcal/mol), HLA-

DRB1*11:04 (-29.7 kcal/mol) and rather weak binding with ATASSc-unassociated 

HLA-DRB1*01:01 (-11.6 kcal/mol), according to MM-PBSA approach. MM-GBSA 

binding free energies reveal similar tendency as stated in Table 1. Surprisingly for 

ATASSc-suspect, the HLA-DRB5*01:02/Top1 has the tightest binding interaction 

among HLA-DRs studied here. However, the self-antigen is only slightly bound to non-

associated with ATASSc type, HLA-DRB1*01:01, as hypothesized. From the obtained 

results, it can be implied that not only HLA-DRB1*15:02 is the known gene expression 

in Thai-SSc patients but the strong linkage disequilibrium of HLA-DRB5*01:02 also 

is related to SSc disease. Work on the clinical data to confirm the relation between the 

genes linkage disequilibrium and the severity of the SSc disease are in progress. 
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Table 9. The binding free energy and energy components (kcal/mol) for the five HLA-

DR/Top1 complexes predicted by the MM-PB(GB)SA and QM/MM-GBSA methods. 

Energy 

Component 

HLA- 

DRB1*08:02a 

HLA- 

DRB1*11:01a 

HLA- 

DRB1*11:04a 

HLA- 

DRB5*01:02b 

HLA-

DRB1*01:01c 

Gas term           

∆EvdW -118.0 ± 8.2 -132.9 ± 7.2 -126.5 ± 6.6 -136.6 ± 7.4 -110.2 ± 8.5 

∆Eele -554.7 ± 47.4 -627.6 ± 54.1 -573.5 ± 56.3 -791.4 ± 80.8 -441.5 ± 46.1 

∆EMM -672.6 ± 51.0 -760.5 ± 53.5 -700.0 ± 57.3 -928.0 ± 80.6 -551.8 ± 49.5 

∆EQM          -62.1 ± 15.4 -41.6 ± 20.1 -41.6 ± 20.1 -120.3 ± 23.5 -43.7 ± 21.6 

-T∆S  73.5 ± 15.9  66.5 ± 15.1  64.0 ± 17.4  70.5 ± 14.6  67.2 ± 16.2 

Solvation term           

∆Gsol(PBSA) 572.1 ± 42.2 658.3 ± 49.1 606.4 ± 51.9 808.5 ± 69.9 472.9 ± 43.6 

∆Gsol(GBSA) 569.4 ± 41.9 649.5 ± 48.2 595.3 ± 2.2 799.6 ± 2.7 470.0 ± 41.8 

∆Gsol(QM-GBSA) 570.9 ± 58.0 629.4 ± 52.1 629.4 ± 52.1 819.2 ± 68.5 488.5 ± 38.5 

Binding free energy 

∆Gbind(MM/PBSA) -27.0 ± 14.4 -35.8 ± 12.9 -29.7 ± 14.7 -49.0 ± 16.3 -11.6 ± 13.8 

∆Gbind(MM/GBSA) -29.7 ± 15.7 -44.6 ± 12.5 -40.8 ± 13.6 -57.9 ± 14.4 -14.6 ± 13.7 

∆Gbind(QM/MM-GBSA) -20.4 ± 19.0 -33.4 ± 17.0 -30.0 ± 21.8 -44.5 ± 21.1  -3.0 ± 19.1 

The complexes of Top1 self-peptide and HLA-DR molecules for a association, b suspect, and c non-

association with ATASSc. Mean ± s.d. is estimated from independent simulations. The MM-PB(GB)SA 

and QM/MM-GBSA calculations are applied on 250 snapshots, whereas NMODE are performed into 

entropic terms on 50 snapshots. 

 

To strengthen the validity of the calculated binding energies for HLA-DR/Top1 

complexes, the higher-level computation was applied using QM/MM-GBSA method. 

In QM region, the nonameric core sequence of Top1 peptide was treated with SCC-

DFTB implementation. The ∆Gbind(QM/MM-GBSA) confirmed that the major HLA-DR 

binding cleft interacts with the nine core residues (p1 to p9) of Top1 peptide. Nonameric 

residues, p1 to p9, have conserved interactions with the HLA-DR cleft of associated (in 

a range of -20.4 to -33.4 kcal/mol) and suspect ATASSc (-44.5 kcal/mol) types; in 

contrast, they are barely attracted on the non-associated allele at -3.0 kcal/mol. In 

addition, it is questionable whether HLA-DRB1*01:01 still keeps Top1 on its cleft 

(Figure 22B). Explanation for HLA-DR/Top1 binding is going to be more enlightened 

by per-residue energy decomposition and hydrogen bonding across protein-protein 

interface. 

 

4.2.3 Per-residue energy decomposition 

According to the structural database, the peptide motifs complexed to HLA 

class II were generally believed to have the same burial pattern with the key residue 
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contacts at p1, p4, p6 and p9[107]. To determine this point, the structural 

superimposition over all studied systems taken from the last MD snapshot was carried 

out. By a comparison in the side chain directions, i.e. carbon beta (CB) atom in Figure 

23A, five HLA-DR molecules are predicted for possible key anchors of Top1 peptide. 

The CB atoms of p1, p4, p6 and p9 are likely to face the binding cleft.  

 

 

Figure 23. Top1 peptide binding with various HLA-DR molecules. (A) A 

superimposition of representative Top1 in five MD systems showing a side view of 

HLA-DR binding cleft. The Top1 binding to HLA-DRB1*08:02 is shown in black, 

HLA-DRB1*11:01 in red, HLA-DRB1*11:04 in blue, HLA-DRB5*01:02 in green and 

HLA-DRB1*01:01 in magenta. The Top1 peptide is depicted by the backbone chain 

and CB atoms of the side chains as a stick and a ball, respectively. (B) Per-residue 

binding free energy of Top1 peptide for all five HLA-DRs. 
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The relative binding affinity of Top1 in various HLA-DR types is examined by 

per-residue energy decomposition using implicit solvent model. The total binding free 

energy excluding entropic contribution is plotted per-residue in Figure 23B to illustrate 

the Top1 binding pattern. The binding free energy of individual amino acids within the 

core 9-mer is compared at identical position among all five systems. Energetic plot per 
residue shows similar tendency of Top1 binding interaction on diverse HLA-DR 

molecules (Figure 23B). Phenylalanine at the p1 and p9 positions clearly shows a strong 

interaction with HLA-DR with the binding free energy of < -8 kcal/mol.  On the other 

hand, the p9 phenylalanine exhibits a weaker binding (~ -5 kcal/mol) to HLA-

DRB1*01:01 insusceptible to ATASSc relative to the other antigenic presenter 

molecules. The residues concerning HLA-DRs’ sub-pockets confer a significant effect 

to Top1 interaction; therefore, the residues within 5 Å of Top1 are focused in which the 

residues with total decomposition energy ≤ -1 kcal/mol are compared in supplemental 

Figure 24. With energy subdivision, the total energy is decomposed into two terms, 

polar (∆Eele + ∆Gpolar) and nonpolar (∆EvdW + ∆Gnonpolar) contributions. Overall Top1’s 

residues are mainly stabilized by HLA-DR protein through nonpolar interactions.  

In Figure 25, energetic fingerprints are represented as color-coded surface 

models of various HLA-DR binding clefts interacting with Top1 in comparison to the 

HLA-DRB1*01:01/Top1  01:01*1DRBHLA

residue

DRHLA

residue GG   . The HLA-DRs equally interact 

to p1 by hydrophobic residue cluster comprising of F24α, F32α, A52α, a hydrophilic 

S53α on α-chain, and V85β on β-chain. Pi-pi stacking and pi-alkyl interactions are main 

stabilizations for the p1(F) side chain. The p2(K) and p3(I) are maintained on the cleft 

supported by N82β and pi-alkyl interaction with F54α, respectively. For some HLA-DR 

cases, a negative charge-charge repulsion between p4(E) and D70β side chains is found 

by a blue surface in Figure 25. Repulsive force on p4(E) is observed in HLA-DRs 

associated and suspected ATASSc, whereas Q70β for HLA-DR unassociated ATASSc 

exerts a polar attraction to p4. However, p4(E) is stabilized in the sub-pocket by Q9α 

and/or R71β instead (Figure 24). A mere alkyl hydrophobic L74β belonging to HLA-

DRB1*08:02 molecule has a longer side chain than A74β of others, which could 

additionally stabilize the CB-CG p4(E) side chain. Besides, auxiliary interactions come 

from the adjacent residues of p4(E) like p3(I) and p5(P). 
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Figure 24. HLA-DR residues interacting with p1 to p9 of Top1 peptide. Total 

decomposition energy with per-residue contributed by polar (white bar) and nonpolar 

(gray bar) interactions. 

 

The pyrrolidine side chain, a nonpolar group, of p6(P) on Top1 is mostly buried within 

the pocket with a total free energy in the range from -5 to -4 kcal/mol, while only the 

HLA-DRB1*01:01 case shows the free energy around -2 kcal/mol (Figure 23B). 

Energetic contribution for p6(P) is partially participated by the residues 13 and 30 of 

the β-chain depending on the protein type. One of polymorphic residues is G13β for 

HLA-DRB1*08:02, S13β for HLA-DRB1*11:01 and HLA-DRB1*11:04, Y13β for 

HLA-DRB5*01:02, and F13β for HLA-DRB1*01:01. Sharing contribution of 30β 

interaction between p6 and p9 is verified on the protein surface (Figure 25). Residue 30 

partially constructing the p9-pocket plays an important role in efficient p9 holding of 
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each protein. This pocket consists of nonpolar or aromatic residues and could contribute 

to the p9(F) peptide interaction with equivalent binding level, excepting in the non-

association case (Figure 23B). Exerting comparable nonpolar/aromatic effects, Y30β 

and G30β residues are respectively found for three HLA-DRs associated and suspected 

ATASSc, but changed to the polar C30β for non-ATASSc association leading to the 

loss of p9(F)-interaction. The remaining residues of Top1 (p5, p7 and p8) within HLA-

DRB1*01:01 complex is estimated to have twice less binding efficiency than energetic 

trend of the other four HLA-DRs, as revealed in Figure 23B. According to the 

decomposition energies, the p4, p6 and p9 of HLA-DRB1*01:01/Top1 complex show 

a decrease in binding affinity caused by a divergent amino acid supporters 13, 30, 70 

and 74. Overall energetic fingerprints normalized with HLA-DRB1*01:01/Top1 are 

displayed in red tone at the pocket surrounding p1 and p9 of four HLA-DRs, whereas 

the middle region of HLA-DRB1*11:04 groove is not different from HLA-

DRB1*01:01 (Figure 25). Although the ATASSc-suspect system, HLA-

DRB5*01:02/Top1 has quite unlike amino acids from ATASSc association type, it 

nevertheless presents a similar energy contribution to them. 
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Figure 25. Energetic fingerprints of difference (ΔΔGresidue) in per-residue free energy 

decomposition values of HLA-DR/Top1 complexes compared to non-associated with 

ATASSc HLA-DRB1*01:01. Energy contribution of HLA-DR residues for Top1 

binding is illustrated by surface coloring. By comparing to per-residue decomposition 

energy of HLA-DRB1*01:01, the stronger binding is colored from yellow to red 

gradient and in contrast the weaker binding is shown in blue gradient. 

 

4.2.4 Hydrogen bonds across protein-protein interface 

 A significant stabilizing contribution for HLA-DR/Top1 recognition 

occurrences is by salt bridge (SB) and hydrogen bond (HB) interactions at the protein-

protein interface as seen in the gas phase energetic components for total binding free 

energy (Table 9) that the electrostatic interaction is highly contributed for HLA-
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DR/Top1 binding. Stabilization by hydrogen bonding interactions is determined by the 

percentage of occupation based on the criteria for the distance of hydrogen bond donor 

and acceptor atoms (HD...A) of ≤ 3.5 Å and the D-H...A angle of > 120o. HB 

occupations between Top1 and sub-pocket residues are exhibited by grid cells in Figure 

26. The hydrogen bond strengths are divided into 3 levels: low (10-39 %), moderate 

(40-69 %), and strong (70-100 %) interactions represented by the gradient of greenish, 

bluish and reddish grid cells, respectively. The nonameric core peptide consisting of –

FKIEPPGLF– is buried in the antigenic binding cleft, while the rest of the residues on 

–NH3
+

 and –COO- termini stay away from the cleft.  

A similar HB pattern across protein-protein interface is found in all complexes 

by a strong interaction between the backbone atoms of p1(F) to S53α and p2(K) to the 

N82β amide group. In HLA-DRB1*08:02/Top1 complex, the acidic side chain of p4(E) 

is repulsed by the negative charge from D70β; meanwhile, a salt bridge is found with 

the R71β guanidinium group. The charge-charge repulsion of D70β–p4(E) leads to a 

decreased HLA-DR recognition according to the per-residue energy decomposition. 

However, the p4(E) backbone atoms form hydrogen bonds with the N62α and Q9α 

amide groups in the binding cleft which assists conservative flanking for p4(E) in case 

of HLA-DRB1*08:02 (strong), HLA-DRB1*11:01 (strong) and HLA-DRB5*01:02 

(moderate). To compensate for Coulomb repulsion, neighboring p4(E) and p5(P) are 

stabilized by R71β for HLA-DRB1*11:01, HLA-DRB1*11:04 and HLA-DRB5*01:02. 

Since the amino acids at 11β, 30β and 70β in the focused systems are distinct; the 

detected hydrogen bond strengths are different. The Y30β hydroxyl group in HLA-DRs 

with ATASSc-association strongly stabilizes p7(G), because it has a HB acceptor group 

and a longer side chain than the other two residues: G30β for HLA-DRB5*01:02 and 

C30β for HLA-DRB1*01:01, whose side chains are unable to form a HB. p7(G) is found 

to be weakly stabilized by D11β instead for the suspect system. Hydrogen bond 

networks on the N69α amide group are linked to the backbone of the conserved amino 

acids of Top1 peptide like p7(G) and nonpolar p9(F) with strong, moderate and very 

weak hydrogen bonds for ATASSc-association, suspect and non-association systems, 

respectively. Q70β of HLA-DRB1*01:01 has weakly occupied hydrogen bond with 

p4(E) in contrast to unoccupied formation for the other HLA-DRs.  
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Figure 26. Hydrogen bond (HB) interactions of HLA-DR/Top1 complexes. HBs 

between HLA-DR (vertical axis) and Top1 (horizontal axis) residues are presented by 

grid map. Atom types are specified by tleap AMBER conversion. HB strength is 

defined by label and color in the grid cells, while salt bridge (SB) interaction is framed 

by a black border. 
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To examine the overall hydrogen bond interactions for different HLA-DR in 

recognizing Top1 peptide, the hydrogen bonds formed across the protein-protein 

interface in individual systems are counted and showed strong occupation ranging from 

72 to 100 %, as illustrated in Fig. 6 with the numbers of reddish cells in the order of 12 

(HLA-DRB1*08:02) > 9 (HLA-DRB1*11:01) > 7 (HLA-DRB1*11:04) > 6 (HLA-

DRB5*01:02) > 4 (HLA-DRB1*01:01). Polar energy contribution is in agreement with 

hydrogen bond network and rather appeared in protein complexes of systematic 

ATASSc-association and suspect more than non-association. However, even though 

majority of Top1 from p1 to p9 are nonpolar residues, hydrogen bond and salt bridge 

interactions still appeared as additionally supporting interactions. Expansion beyond 

the nonameric core peptide at two sides mostly exhibits temporary occupation of 

hydrogen bonds with unexpectedly strong occupancy in a few bonds (Supplementary 

Figure S2).  

 

4.2.5 Water solvation effect for self-peptide binding 

Distribution of water accessibility at HLA-DR/Top1 interface was examined by 

3D-RISM-KH molecular theory of solvation[120, 121] with TIP3P model using the 

rism3d.snglpnt module. Based on like-dissolve-like principle, a hydrophilic protein 

surface should find a higher amount of water than hydrophobic zone. As already 

pointed out before, the p1(F), p3(I)/p4(E), p6(P) and p9(F) of Top1 peptide are 

anchored on HLA-DR binding cleft. Water molecules accessibly inserted between these 

putative anchor residues and their surrounding residues of HLA in the binding cleft 

likely affect protein-protein binding strength. To predict the hydration sites around the 

antigenic binding, the stripped snapshots of peptide-protein complexes are inspected by 

3D-RISM model. In 3D maps, the oxygen atoms of water molecules (in red flakes) are 

represented by 3D isosurfaces with a value > 3 of g(r) level (Figure 27), while hydrogen 

atoms are not shown. Water occupation is illustrated within HLA-DR sub-pockets 

around the nonameric core of Top1 peptide. Binding surface of HLAs class II is widely 

known to consist of flat and shallow sub-pockets, making it easy to be accessible by 

water molecules. Among all sub-pockets for Top1 binding in Figure 27, there are two 

rather deep sub-pockets supporting p1(F) and p9(F) anchors. Their phenyl ring is 

perfectly buried in the sub-pockets without any water molecules accessibility. In 
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contrast for non-associated ATASSc, HLA-DRB1*01:01 complex has a high 

possibility of accessible waters inside the p9-pocket to compete with the peptide-protein 

interaction that agrees well with a lesser binding affinity of p9 in Fig. 4B. This site of 

the ATASSc-insusceptible protein is constructed of specific hydrophilic residues C30β 

and S37β, which differed from the other HLA-DR molecules. Even though the residue 

37 on the β-chain of HLA-DRB5*01:02 is asparagine, its side chain points away from 

p9 making the hydrophobic pocket. For the three ATASSc-susceptible proteins, the –

OH tail of Y37β also aligns away from p9(F).  

 

Figure 27. 3D distribution function of water oxygen atoms (red flakes) in the cross-

sectional plane of HLA-DR/Top1 with g(r) > 3. HLA-DRs are sliced off at the binding 

cleft by a red plane perpendicular to a top view. A zoom-in of a side view represented 

by a tan surface is the sites specifically supporting p1 and p9 anchors. The core-

nonameric residues of Top1 peptide embedded in the binding cleft is represented by a 

blue ribbon for the backbone and by a stick model for the side chains. 
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4.3 Part III: T-cell recognition 

4.3.1 Structural properties at MD equilibria 

To observe a binding stability of the simulated systems, the root mean square 

displacements (RMSDs) of the backbone atoms of HLA binding groove (black), 

peptide (red) and TCR (green) were measured along the simulation time with respect 

to their initial structures as plotted in Figure 28. In overview, RMSD values of HLA 

are observed in a range of 1.5-2.5 Å for all systems while RMSD values of peptide 

sequences are observed in a lower range of 0.7-1.5 Å. Interestingly, dynamical 

properties of TCR are observed in a similar magnitude as HLA at 1.5-2.5 Å. Except for 

the TCR/HLA-HIV8p system, the RMSD values are between 2.0 to 3.0 Å during the 

first 120 ns but changes a little to be between 2.0 to 2.5 Å afterwards. According to 

Figure 28, RMSD magnitudes of all simulated systems are fluctuating in a quite narrow 

range after 125-ns. Therefore, the production trajectories from the last 75 ns simulations 

are selected for further analysis in this work. 

 

Figure 28. Root-mean square displacements (RMSDs) magnitudes of backbone atoms 

of HLA binding groove (black), peptide (red) and TCR (green) along 200-ns of 

simulation time 

 

4.3.2 TCR rules of engagement 

 The first step in the T cell-mediated adaptive immune responses is presented by 

T-cell receptor (TCR) molecule recognizing the antigenic peptide laid on human leukocyte 

antigen presenter (pHLA). The pairwise residue contact map is simply marked as 

contacting or not contacting based on some criterion such as a cutoff distance. It is easy to 

analyze and suitable for the analysis of numerous residues. Therefore, the binding 

recognition pattern of TCR over the HLAp complex can be considered through pairwise 
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residue contact map analysis that covers intra- and inter-actions of protein configurations 

[122], protein-protein interactions, structural prediction and protein folding [123], 

successfully. Herein, inter atomic distance of Cα-Cα pairwise within 7 Å sphere are 

identified as interacting residues. The result of pairwise residue contact maps of each 

complexed systems is correlated and plotted in two dimension respective to the residue 

index while the distance magnitude of contact is given by red to blue color gradient 

between 4 to 7 Å as shown in Figure 29. 

According to the plot, the residue index is defined as: 1-180 for HLA binding 

groove, 181-188 or 181-189 for peptide 8-meric or 9-meric residue, 190-297 for TCRα 

and 298-410 for TCRβ. Self-self contact or intra-folding interaction is clearly presented 

in the diagonal square region of the map. An information of pairwise contact in diagonal 

square region of HLA, TCRα and TCRβ clearly presents that there are many numbers 

of self-self contact interactions of both α-helix and β-sheet folding patterns within the 

protein domain (indicated by parallel and orthogonal characters with diagonal axial, 

respectively). In contrast, an information about the diagonal square region of HIV8p, 

HIV9p and MICA peptides is not observed suggesting the non-folding (linear-liked 

structure) character during the ternary complex formation. It should be noticed from 

this information that changing of the binding peptide sequence has no significant effect 

to the intra-folding character of HLA, TCRα and TCRβ domain as illustrated in quite 

similar self-self contact pattern. 
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Figure 29. Pairwise residue contact maps of Cα-Cα distance of HLA binding groove, 

peptide and TCRαβ displayed 4 to 7 Å by red to blue gradient, respectively. Residue 

index includes 1-180 for HLA binding groove, 181-189 for peptide, 190-297 for TCRα 

and 298-410 for TCRβ. (Note that the TCR residue of HIV8p (181-188) system starts 

at 189 to 409). 

 

In principle, the “rule of engagement” introduces specific binding recognition 

pattern of the TCR/pHLA complex through triad restrictions for each TCR domain 

(CDR1 and/or CDR2 loops with HLA and CDR3 loop with antigenic peptide [124]). 

Importantly, many publications discovered the similar TCR/pHLA binding recognition 

pattern between autoimmune and infectious systems (like HIV) following the rule of 

the engagement criterion. 

From Figure 29, all systems present somewhat similar groups of pairwise 

residue contacts as focused in gray, yellow and green circles for HLA-p, TCR-p and 

HLA-TCR, respectively. The most pairwise-residue contacts are observed between 

HLA and TCR proteins especially at the TCRα domain. Although TCRβ domain is not 

identified as the key region interacting with the HLA protein (in comparison to TCRα) 

during ternary complex formation, some different pattern between CDR2 of TCRβ and 

peptides is however observed (numbers of pairwise residue contact with TCRβ: MICA 

> HIV9p > HIV8p). In addition, pairwise residue contacts between CDR2 of TCRβ and 

9-meric residue peptide is uniquely detected. These information allows us to suspect 

that tight binding order between TCRβ and peptide may be one of the important key 

factors for the selective binding recognition in autoimmune and/or antigenic infectious 

systems afterwards. To clarify this point, the details of chemical bonding interaction, 

decomposition energy and binding free energy will be investigated as described in the 

following sections. 

 

4.3.3 Plasticity of TCR/HLAp complexes 

To identify the plasticity of the protein regions, the flexibility per-residue with 

respect to its initial Cartesian coordinate position was investigated through root-mean-

square-fluctuations (RMSF). For better understanding, the RMSF magnitude is 

https://dict.longdo.com/search/gradient
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separately considered for the peptide, the HLA binding groove, the TCRα and the TCRβ 

domains as shown in Figure 30A-D. 

It can be clearly seen from Figure 30A that the fluctuation behavior of peptide 

sequences is observed in a quite high rigidity in a range of 0.4 – 0.6 Å magnitude at the 

middle region. This result is somewhat fallen in our expectation because the peptide 

sequence is well fitted to the HLA binding grove and is additionally stabilized by the 

CDR3 domain of TCR as previously mentioned in the “rule of engagement” section. 

This information allows us to hypothesize that the binding of HLA-peptide with TCR 

may not influence the change in peptide conformation according to the high rigidity 

when the HLA-peptide binary complex is formed. Therefore, thermodynamics stability 

of the HLA-peptide binary complex may be considered as one of the important key 

factors that should be monitored for severity prediction of autoimmune or antigenic 

infectious diseases in our point of view. RMSF magnitudes of the two terminal edges 

of the peptide are presented by slightly higher values at 0.4 – 0.8 Å for p1 region and 

0.6 – 1.0 Å for p8 or p9 regions. This is because these two edges of the peptide strain 

are located nearly outside of the binding groove pocket resulting in the higher degree 

of freedom for conformational flexibility compared to the middle region.  

In Figure 30B, RMSF of all 180 residues along the binding groove domain of 

HLA protein are intensively analyzed. The key interacting residues with peptide and 

TCR fragments are specified in yellow and light blue areas for a clear understanding. 

From the results, RMSF magnitude of the HLA binding groove residues which exhibit 

some important interactions with peptide and TCR fragments seems to present a quite 

less plasticity (lower than 2.5 Å) compared to the other regions. RMSF magnitude of 

amino acid residues located on the free flexible loops (residues 18-20) and β-strand / α-

helix junction loops (residues 39-45 and 83-86) are observed in quite high magnitude 

between 2.5 and 4.0 Å while the fluctuation behavior of the keys residues (α1 and α2 

helices especially) in the HLA binding groove seems to show a higher rigidity and are 

less influenced by the peptide sequence variation in this case (HIV8p, HIV9p and 

MICA for black, green and yellow lines). 
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Figure 30. Root-mean-square-fluctuation (RMSF) analysis of TCR/HLAp complex. 

The fluctuation per residue of HIV8p, HIV9p and MICA peptide complexations is 

shown in A) the peptide, B) HLA binding groove, C) α-chain of TCR and D) β-chain 

of TCR. 

 

Flexibility behavior of the TCR protein is here separately considered in TCRα 

and TCRβ profiles with yellow and magenta highlighted areas for key binding residues 

with peptide and HLA domains as given in Figure 30C and D In analogous to HLA 
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character, RMSF magnitudes of amino acid residues located on the free flexible loop 

are quite high (~ 4.0 Å) according to free solvent accessibility (α-chain residue 38-45 

and β-chain residue 40-45) while flexibility of the binding residue domains (CDR1, 

CDR2 and CDR3 of both α and β subunits) is presented in a value smaller than 1.5 Å 

for all systems with almost similar pattern. The high rigidity of these fragments are in 

accordance with the previous Cα-Cα close contact information which indicates the 

significant distance relationship between HLA, peptide and TCR of both α and β 

subunits (circles in Figure 29). In addition, all these observations well support the “rule 

of engagement” concept that binding domain regions of TCR protein play an important 

role in stabilizing HLA protein and peptide sequence through CDR1, CDR2 and CDR3 

fragments during HLA/peptide/TCR ternary complex formation in an early activation 

stage of autoimmune or antigenic infectious diseases recognition. 

 

4.3.4 Interaction analysis of TCR/HLAp complexes 

Decomposition Energy 

In principle, the energy contributions of the contact residues which support 

TCR/HLAp ternary complex formation can be separately considered by decomposition 

energy (DC) analysis by MM/PBSA calculation (average magnitude over 150 frames 

of production phase). The focused binding interaction is identified by using DC 

magnitude ≤ -2 kcal/mol as a criterion. For better understanding, the selected per-

residue DC energy distribution between HLAp and TCR domains are illustrated in 

three-dimensional structure with colors ranged by energy levels as given in Figure 31 

(surface and ribbon stick models for HLA and peptide domain, respectively). 

For HLA/MICA system (Figure 31A), the key binding residues of HLA (color 

surface) involved in TCR (stick model and green label) complexation are identified as 

i) HLAα1: R62, Q65, I66, K68, T69 and Q72 with TCRβ: Q53β, A58β, D59β and 

D60β, and ii) HLAα2: L163 with TCRα: I29α. In overview, TCR specific β chain 

prefers to bind HLAα1 than HLAα2. Our finding agrees well with the “rule of 

engagement” since CDR3 residue, R97α is identified as the key importance for peptide 

recognized at p5(A) and p6(I) by -2.2 to -2.7 kcal/mol. The involved binding residues 

of HLA in TCR/HLA-HIV9p system also play a role for TCR stabilization in the similar 

pattern with TCR/HLA-MICA system but the level of DC stabilization energies are 
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observed in a higher magnitude of ~ 0.5-1.5 kcal/mol (decreased stabilization). The 

same residue, R97α of CDR3 interacts to p4(V) with -2.8 kcal/mol. 

 

 
Figure 31. Decomposition energies per TCR/HLAp residue fingerprint painting are 

displayed for TCR and HLAp interactions. The TCR and HLAp are represented by stick 

and surface-ribbon models, respectively. The attractive binding is colored from yellow 

to red gradient in contrast to the repulsive binding which is shown in blue gradient in 

the HLA binding groove. 

 

In Figure 31B and C, HLA-HIV9p and HLA-MICA complexes dominantly 

interact with the TCR protein through HLAα1 domain while HLA-HIV8p complex uses 

HLAα2 domain instead (red region). For HLA/HIV8p system, the key binding residues 

of HLA for TCR complexation are identified as i) HLAα2: E152, Q155 and L163 with 

TCRα: I29α, N31α, R50α and R97α, and ii) HLAα1: R62 and I66 with TCRβ: Q53β, 

A58β, D59β, D60β and T100β. R97α of CDR3 has low stabilization to p4(T) at -1.8 

kcal/mol because the attraction is shared by E152 at -5.3 kcal/mol. It can be clearly seen 

that R62 and L163 residues are observed as the key common strong interactions with 

TCR in all cases. However, stabilization energy of these residues with TCR protein 

seems to present a higher magnitude when the number of peptide monomer is increased 

(9-mer: HIV9p and MICA, 8-mer: HIV8p). In fact, it is fallen in our scope of 

expectation since R62 and L163 residues are specified as the key residues component 

for p1 or p2 binding pocket where the binding is initiated [107]. 
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Hydrogen Bonding Interaction 

 To investigate the detail of binding interaction pattern, the number of hydrogen 

bond occupation (HB) is determined (using donor–acceptor atoms cutoff distance < 3.5 

Å, donor–H–acceptor angle > 120°). The results are separately given in two different 

characters as: i) HB interaction between TCR and HLAp, Figure 32A, and ii) HB 

interaction between HLA and peptide fragment, Figure 32B. In addition, the strength 

of HB characters are defined in 3 types as weak, moderate and strong occupation with 

percentage of 10%-39%, 40-69% and 70-100%, respectively.    

 According to Figure 32A, the total number of strong HB interactions between 

HLAp and TCR and domains in MICA, HIV9p and HIV8p are shown in 9, 6 and 5 

positions while the moderate HB interactions are found in 4, 2 and 4 positions, 

respectively. It should be noted from the results that the HLA domain plays an 

important role in TCR/HLAp ternary complex formation indicated by the higher 

number of HB interactions in comparison with the peptide fragment. This finding is 

well in accordance with the clinical observation which confirms the dominant role of 

HLA protein to trap and exhibit the strange antigenic peptide to TCR protein for 

recognition.  

  In TCR/HLA-MICA system, the number of HB occupations are observed on 

both TCRα and TCRβ domains through the interaction network of Q98α-T69, A58β-

T69 and D59β-Q65 pairs for strong interaction and Q98α-R62, Q53β-Q72, D59β-R62, 

D50β-Q65 and S61β-R62 pairs for moderate interaction. Two strong HB occupations 

in TCR/HLA-HIV9p system are observed through N31α-Q155 pair while the medium 

HB interactions are observed in quite similar region to TCR/HLA-MICA system 

(R97α-E152, T55β-Q72, D59β-Q65 and D50β-Q65 pairs). The pattern of HB 

occupation of HLA-HIV8p system is quite different from both MICA and HIV9p which 

exhibits N31α-Q155, R97α-E152 for strong interactions and R50α-E154, A58β-Q65, 

T100β-E152, T100β-Q155 for moderate interactions. 

Focusing on the peptide fragment, active residues related to recognition by CDR3 loop 

of TCR protein (especially on R97α position) are investigated at p4-p7 regions which 

also supports the “rule of engagement” as well. The unique additional interactions in 
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MICA peptide fragment are detected between p4(A) and p6(I) regions to TCR: S95α 

with 87% and T100β with 58% of HB occupation, respectively.   

 

Figure 32. Hydrogen bond (HB) occupations of A) TCR/HLAp and B) HLA/p 

interactions. HBs atom types are specified by tleap AMBER conversion. 

 

HB formations between HLA and peptide are shown in Figure 32B. Antigenic 

peptides are commonly mouth at termini residues. HIV9p and MICA show similarly 

restricted dominant HB at p1, p3 and p8 with T159, Y9/N70 and W147 of HLA groove. 

A shorter peptide (HIV8p) shows outstanding HB at p1, p4 and p5 with T159, N70 and 

N77. Termini of nonameric peptides bonded to HLA antigenic presenter, while the 

middle region is exposed to recognize by TCR. The HB pattern on 8-meric (HIV8p) 

appears at p4 and p5, instead at the COO--terminus. However, it is still restricted by 

TCR. In comparison of HB formations between HLA-MICA bound and unbound TCR, 

the previous research reported p3-Y9, p5-W73, p8-W147 and p9-T143 with high 

occupation. The effective binding of TCR leads to some HB changing or loss, 

specifically, p5 changes to bind R97α of TCR. 
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4.3.5 Binding free energy  

Binding free energy (ΔGbind) of TCR with different peptides on HLA is 

calculated from the  energetic component of MM energy (ΔEMM), the solvation free 

energy (ΔGsol) by the molecular mechanics Poisson-Boltzmann (or Generalized Born) 

surface area (MM/PB(GB)SA) and the entropic term (TΔS) using normal mode 

(NMODE) approaches under continuum solvent models. Analysis over the same set of 

150 trajectories were performed using the MMPBSA.py script provided in the Amber 

14 package [109].  The total energy components are reported in Table S2. In the gas 

phase, binding affinity order of TCR protein with various HLAp complex in (ΔEMM) is 

ranked as: MICA (-518 kcal/mol) > HIV9p (-384 kcal/mol) > HIV8p (-373 kcal/mol). 

Binding affinity order is also observed in the similar character when solvation 

environment is applied over the systems (MM/PBSA: -81, -73 and -69 kcal/mol and 

MM/GBSA: -62, -52 and -44 kcal/mol). This i nformation suggests that the HLA 

binding groove supports 9-meric peptide (MICA and HIV9p) with a stronger interaction 

than 8-meric peptide (HIV8p) consequently resulting in an increased binding 

recognition with TCR protein. Based on the binding pattern of HLA class I that mounts 

at the two terminals with bulging middle region of antigenic peptide, it directly affects 

the TCR binding. According to HIV8p crystallographic research, it was reported that 

TCR binding to HLA-B*51:01-HIV8p with very weak affinity of KD = 81.8 μM or -5.7 

kcal/mol [125]. On the other hand, the affinity of most pathogen-specific TCR and HLA 

class I interaction lies in the region of KD = 1-10 μM (-6.8 to -8.2 kcal/mol) depending 

on the amino acid sequence of pathogenic peptide [126]. A longer antigenic peptide 

sequence might have a closer TCR contact than a shorter one. 

The orientation of TCR has a sensitive cross-reactivity of multiple antigens. The 

free energy landscapes are considered respective to the dihedral angles and tilt angles 

of the TCR/HLAp complexes. The free energy calculation at each point is performed 

by Poisson-Boltzmann model and normal mode of entropy. The cpptraj module was 

applied to compute the dihedral angles and tilt angles. The dihedral angle is measured 

according to the four centers of gravity (CG) of (a) HLAα1-helix (residue 57-85), (b) 

HLAα2-helix (residue 138-175), (c) TCRα chain (residue 7-111) and (d) TCRβ chain 

(residue 5-118), that implies for TCR rotation on the HLAp molecule (Figure 33). A 

tilt angle is obtained from the three CG of HLAα1-helix, HLAα2-helix and TCRα chain, 
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or a-b-c angle. For initial structure, the heterodimer of TCR molecule is restricted on 

HLAp with the dihedral angle of -7⁰ and the tilt angle of 97⁰. Under equilibrium MD 

stage, dihedral scannings for TCR/HLA-HIV8p, TCR/HLA-HIV9p and TCR/HLA-

MICA are respectively manifested in the range of -13⁰ to -0.2⁰, -17⁰ to 3⁰ and -14⁰ to 4⁰. 

TCR in both HIV peptide complexes produces same tilt angle as found in the crystal 

structure (-7⁰) as they are found to have tight binding (-56 and -77 kcal/mol) with small 

cluster. Only TCR/HLA-HIV9p reveals strong interaction around -70 kcal/mol with 

quite similar TCR rotation in comparison to the initial structure. The global minimum 

of TCR/HLA-MICA complex is located at (2⁰, 78⁰) with -92 kcal/mol. The overview 

tilt angle of TCR within HIV8p and HIV9p peptide complexes do not change 

significantly and TCRα prefers to bind to HLAα2 domain with an angle > 97⁰. In 

comparison, TCR/HLA-MICA mostly shows sharper angle of a-b-c than the others, that 

HLAα1 domain is in close contacted with TCRβ chain. However, each structure of three 

systems has various orientation and local minima energy. Considering the energy 

profiles, TCR/HLA-HIV8p, TCR/HLA-HIV9p and TCR/HLA-MICA systems show a 

large diversity of orientations of the local energy of -10, -28 and -38 kcal/mol. The 

system of MICA peptide is found to have the strongest binding, which can 

unmistakably report to self-peptide recognition leading to the autoimmune disease. 

Nevertheless, TCR binding is not specific to MICA peptide (Behçet’s disease). A TCR 

has an adaptive binding for diversity of peptides on the HLA groove. This work could 

predict and reveal how TCR recognizes self-peptide as a foreign-peptide. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

75 

 

Figure 33. Contour maps displaying MM/PBSA binding free energies (kcal/mol) of 

TCR/HLAp as a function of the dihedral angle and tilt angle. The center of gravity for 

(a) HLAα1, (b) HLAα2, (c) TCRα and (d) TCRβ are defined by the blue balls of 

TCR/HLAp molecule, whereas dihedral angle and tilt angle are measured according to 

(a)-(b)-(c)-(d) and (a)-(b)-(c), respectively. 
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CHAPTER V 

CONCLUSIONS 

Part I: Behçet’s disease 

BD is a multi-organ inflammatory disorder with vasculitis, in which the main 

cause and mechanism of action are still not well understood. From clinical 

investigations, the HLAB51:01 and HLA-A26:01 with MICA009 containing the 

nonamer peptide (AAAAAIFVI or MICA-TM) are most frequently detected in BD 

patients. Herein, we aimed to search for the selective correlation between the two BD-

associated HLA alleles (HLA-A26:01 and HLAB51:01) and the MICA-TM peptide in 

comparison with two class matched non-BD-associated HLA alleles (HLA-A11:01 and 

HLA-B35:01) by MD simulations. From the simulations, more contact residues at the 

binding groove of the BD-associated HLA alleles stabilized the incoming MICA-TM 

peptide than at the non-associated alleles of the same class (22 and 16 residues for 

B51:01 and A26:01; 18 and 14 residues for B35:01 and A11:01). The vdW force was 

found to be the main protein-protein interaction, but in addition strong H-bonds (>70% 
occupation) were likely formed with the backbone of the nonpolar peptide, and these 

were stronger in the BD-associated HLA alleles. The P2/P3 and P9 residues (close to 

and at the peptide ends, respectively) acted as the anchor for the peptide accommodation 

at the binding groove of the BD-associated HLAs. The total binding free energy of the 

HLA/peptide complex suggested a significantly stronger binding strength of the MICA-

TM peptide with the BD-associated HLA alleles in the same class (B51:01 > B35:01 

and A26:01 > A11:01). The residues 70, 73, 99, 146, 147 and 159 provided the 

conserved interaction of the two BD-associated HLAs with the MICA-TM peptide. All 

the structural, dynamics and energetics information somewhat explain the recognition 

and selective binding of the MICA-TM peptide towards the specific HLAs related to 

the BD pathogenesis. 

 

Part II: Systemic sclerosis disease 

Complexation of HLA/peptide is a prerequisite for T-cell recognition leading to 

an immune response against antigens. In this study, the five different HLA-DRs with a 

binding of the self-antigen of Top1 protein (RIANFKIEPPGLFRGRGNHP) for 
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ATASSc were characterized. From the obtained dynamical behaviors and binding 

interactions, HLA-DRB1*01:01 was likely unspecific to Top1 self-peptide which was 

a candidate for auto-antigenic ATASSc. In comparison between the binding clefts of 

HLA/peptide complexes and identical HLA free forms, the binding of Top1 peptide has 

led to a more stable protein similar to the ankylosing spondylitis-associated HLAs with 

bound peptide[127]. A higher flexibility of the whole complex and the opening of the 

binding cleft for HLA-DRB1*01:01/Top1 (insusceptible ATASSc), while this flexible 

magnitude was presented in quite smaller values for the other complexes. The determined 

Top1 rigidity on various binding clefts suggested that HLA (-DRB1*08:02, -

DRB1*11:01 and -DRB1*11:04) associated and (-DRB5*01:02) suspect ATASSc could 

keep a tighter binding to the core self-peptide than that of the non-associated one. The 

estimation of the total binding free energy of the peptide and HLA interactions based 

on either MM-PB(GB)SA for the whole Top1 (20 amino acids) or QM/MM-GBSA for 

the nonameric core peptide treated by QM method showed a binding strength in the 

order of suspect ATASSc: HLA-DRB5*01:02 > susceptible ATASSc: HLA-

DRB1*11:01, HLA-DRB1*11:04, HLA-DRB1*08:02 >> insusceptible ATASSc: 

HLA-DRB1*01:01. The question how different interactions could influence the binding 

of HLA-DR/Top1 complexes was investigated. We found that minimal side chain with 

beta carbon atoms of p1, p4, p6 and p9 properly faced at the HLA-DR interface, while the 

rest turned to the T-cell receptor recognition in accord with the frequent finding for HLA 

class II binding. Analysis of energetic per-residue decomposition of Top1 indeed 

identified the important anchors for p1, p3, p6 and p9. Top1 peptide binding was 

predominantly contributed by HLA-DRs’ nonpolar interactions, which were included into 

the total binding energy fingerprint of the interface. By investigation of the core 

nonameric residues of Top1 binding to five different HLA-DRs, the results showed the 

tendency of p6-p9 binding reduction for HLA-DRB1*01:01 complex based on 

polymorphic residues at 13, 30, 70 and 74 within pockets. Especially, diversification of 

hydrophilic residues (C30β and S37β) for the HLA-DRB1*01:01 p9-pocket leads to 

attract water accessibility across protein-protein interface with a consequence of the 

interruption of Top1-p9 binding. Moreover, the strong hydrogen bond formation 

between proteins was mostly found in cases of associated and suspected ATASSc. 

HLA-DRB5*01:02 was reported to have the strongest binding affinity for Top1 peptide 
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indicating that there should be an appropriate consideration to include this allele into 

genetic risk for ATASSc development. In our point of views, this information allows us 

to summarize that HLA-DRs susceptible with ATASSc presents the strong binding 

affinity for Top1, which well explains the direct relationship between HLA/peptide 

specific recognition and pathogenicity of SSc disease in a similar manner with the 

clinically observed information. One of the autoimmunity theories mentioned that the high 

conservative epitopes between foreign-antigen and self-peptide might be involved in the 

effective autoimmune disease [27, 128, 129]. Identification of foreign-antigen as well as 

this Top1 self-peptide sequence is necessary to avoid triggering of ATASSc from 

pathogenic environment, especially for those who had HLA-DR genetic risk for the SSc 

disease with ATA. 

 

Part III: T-cell recognition 

Both binding interaction pattern and binding free energy of MICA peptide (self-

peptide) in BD system was found in a minimal criteria of TCR recognition in HIV 

infection. The binding interaction of TCR/HLA-MICA complex was presented 

dominantly between TCRβ and HLAα1 domains, while TCR/HLA-HIV9p had lower 

stabilization and TCR/HLA-HIV8p shifted to the opposite site. The powerful cross-

reactivity of TCR to HLA-MICA molecule was clearly summarized into total binding 

free energy. This might be the answer to “How does T-cell recognize self-antigen?” and 

could explain how it develops to the autoimmune disease. However, TCR antigenic 

binding loops employed different conformations when interacting with various 

peptides. This finding might support Behçet's disease mechanism leading to a more 

understanding and guideline on the treatment for autoimmune diseases. 
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Figure 34. Sequence alignment of HLAs in this study. The conserve residues represent 

by dark cyan shade, while different are show in white. 
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Table S1. HLA residues with a total decomposition (DC) free energy (∆Gresidue) of 

less than -0.5 kcal/mol. 

B*51:01 a B*35:01 b A*26:01 a A*11:01 b 

residue ∆Gresidue  residue ∆Gresidue residue ∆Gresidue residue ∆Gresidue 

α1 helix       

I66 -1.69 I66 -2.06 Y59 -0.62 E63 -3.33 

T69 -0.71 T69 -0.68 N63 -2.82 N66 -0.72 

N70 -1.84 N70 -0.54 H70 -2.89 T73 -1.58 

T73 -2.19 T73 -1.91 T73 -1.79 D77 -0.76 

Y74 -0.66 S77 -2.89 N77 -0.90   

E76 -0.55 N80 -4.53 T80 -0.78   

N77 -0.93 L81 -0.92 L81 -0.93   

I80 -1.46   Y84 -0.76   

Y84 -0.84       

α2 helix       

I142 -0.51 T143 -1.08 T143 -0.78 K146 -3.19 

T143 -1.75 K146 -3.33 K146 -3.96 W147 -2.40 

K146 -4.57 W147 -3.58 W147 -3.17 A150 -0.63 

W147 -3.02 V152 -1.49 W156 -2.38 A152 -0.68 

A150 -0.71 L156 -1.29 Y159 -1.91 Q155 -0.54 

Q155 -0.52 Y159 -2.67 W167 -2.70 Y159 -2.51 

L156 -1.16 W167 -2.17   W167 -1.69 

Y159 -3.72       

L163 -0.71       

ß-strand       

Y9 -0.64 Y7 -1.67 Y7 -1.46 Y7 -2.24 

W95 -0.55 R97 -2.34 Y99 -1.87 Y9 -0.63 

Y99 -2.03 Y99 -2.38   Y99 -2.89 

Y123 -0.54 Y123 -0.54     

HLA alleles are a associated or b not associated with Behçet’s disease (BD)  
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Table S2. The MM/PB(GB)SA method for energy components and binding free 

energy (kcal/mol) for TCR/HLAp complexes, whereas p are HIV8p, HIV9p and 

MICA peptides. 
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