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OZET

Ankilozan Spondilitin Patogeneziyle ilgili ERAP1 ve ERAP2 Varyantlarimin

Hesaplamah Analizi

Ankilozan Spondilit, artrit ve kemiklesmeye neden olan kronik enflamatuvar ve
otoimmiin hastaligidir. Hastali§in olusum nedeni belirsiz iken, ERAP1 ve ERAP2
genleri, HLA-B27 alelinden sonra, AS igin ikinci sirada risk faktorii olusturmaktadir.
Bunlar, adaptif bagisiklik sisteminde yer alan ERAP proteinlerini kodlamaktadir. Bu
proteinler, antijenik peptitlerin MHC-I’e uygun olarak baglanmasi i¢in bu peptitleri
kesmekten  sorumludur. Daha  sonra  peptitler,  hiicre  yiizeyinde,
MHC-I tarafindan sitotoksik T lenfositlerine sunulur. Hipotezimize gére ERAP
proteinlerindeki varyasyonlar ile dimerizasyon, enzim yapisinda ve fonksiyonunda
degisiklige yol a¢gmaktadir, bu da hiicre yiizeyinde degisik cesitlilikte bir peptit
repertuvarina neden olmaktadir. Bu gercevede, farkli ERAP allotiplerinin, ERAP
monomer, homodimer ve heterodimer modellerinin yapi-fonksiyon iliskisini anlamak
icin MD simiilasyonlari, PBC altinda CHARMM36m kuvvet alan1 kullanilarak 310.15
K’de yiiriitiilmiistiir. Dengeleme ve iiretim simiilasyonlar1 sirasiyla NVT ve NPT
gruplar altinda 2 ve 150 ns’de yiiriitiilmistiir. Varyasyonlarin ve dimerizasyonun
enzimin yapisina etkisi RMSD, RMSF, PCA ve RGYR hesaplamalari ile analiz
edilmistir. Sonuglar, kapali konformasyonlarin genellikle hem iki enzim hem de
secilen allotipler i¢in daha kararli oldugunu gostermistir. Homodimerizasyon, dimer
arayiiziindeki tuz kopriisii ve hidrojen bagi etkilesimleri ile desteklenmistir.
Heterodimerizasyon, kismen azalmis tuz kopriisii ve hidrojen bagi etkilesimleriyle
daha az stabil bir yapiya neden olmustur. Allotip yapilarindaki varyasyonlar, dimer
yapilarinda 6nemli degisimlere yol agmustir. Bu sebeple, kapali konformasyonun
stabilizasyon i¢in ¢ok onemli oldugu bulunmustur, dimerlesmenin ise yapisal ve

fonksiyonel farkliliklara katki sagladigi sonucuna varilmistir.

Anahtar Sozciikler: Adaptif bagisiklik sistemi, Ankilozan spondilit, ERAPL,
ERAP2, Molekiiler dinamik simiilasyonlar1



ABSTRACT

Computational Insights from ERAP1 and ERAP2 Variants for the Pathogenesis
of Ankylosing Spondylitis

Ankylosing Spondylitis is a chronic inflammatory autoimmune disease causing
arthritis and ossification in joints. While its etiology is unclear, ERAP1 and ERAP2
genes were considered as second risk factors of AS only behind HLA-B27. These
encode for ERAP proteins involved in adaptive immune system. They are responsible
for proper trimming of antigenic peptides for their appropriate binding to MHC-I.
Peptides are then presented to CD8+ T cells on the cell surface by MHC-I. Our
hypothesis is that variations and dimerization in ERAP proteins can cause a change in
structure and function of the enzymes resulting in altered peptide repertoire on cell
surface. Within this scope, to understand the structure-function relationship of
different ERAP allotypes, ERAP monomer, homodimer and heterodimer models, MD
simulations were performed at 310.15 K using CHARMM36m ff under PBC.
Equilibration and production simulations were run under NVT and NPT ensembles for
2 and 150 ns, respectively. The impact of variations and dimerization on the structure
of enzymes were analyzed via RMSD, RMSF, PCA and RGYR calculations. Results
demonstrated that closed conformations were generally more stable for both enzymes
and selected allotypes. Homodimerization was supported through salt bridge and H-
bonding interactions in dimer interface. Heterodimerization resulted in a less stable
structure with partially diminished aforementioned interactions. Variations in allotype
structures resulted in substantial changes in dimer structures. Therefore, closed
conformation is found to be crucial for stabilization whereas dimerization contributes

to structural and functional differences.

Keywords: Adaptive immune system, Ankylosing spondylitis, ERAP1, ERAP2,

Molecular dynamics simulations



1 INTRODUCTION AND AIM

Ankylosing Spondylitis (AS) is a common type of spondyloarthritis (SpA) in
which long-term inflammation occurs at the joints of the spine. As time progresses,
other axial joints are also affected from the disease and stiffness of diseased joints
worsens which causes chronic pain. In later development of the disease, ossification

of joints grows leading to structural and functional impairments of the body (1-5).

Pathogenesis of AS is currently unknown. It is considered to be dependent on both
genetic and environmental factors. Genetic factors were determined to be the risk
factor for the disease at more than 90% (2,4-6). Among the genetic factors examined,
human leukocyte antigen-B27 (HLA-B27") allele was found to have a significant
effect on the development of disease with about a third of all genetic factors related to
the disease (1,3-5). While HLA-B27 is the major risk factor, there were only a few
HLA-B27-positive individuals that developed the disease, suggesting that more genes
were involved in susceptibility to disease (2,7). In later studies, new gene groups called
endoplasmic reticulum aminopeptidase-1 (ERAP1) and -1 (ERAP2) were discovered
and ERAP1 was associated with AS as the second major risk factor after HLA-B27
(3-6,8,9). Moreover, Vitulano et al. indicated an epistatic interaction between HLA-
B27 and ERAPL1 single nucleotide polymorphisms (SNPs) (10).

Peptide cleaving ERAP1 and ERAP2 enzymes are from M1 family of zinc
aminopeptidases. In adaptive immune system, they are involved in antigen processing

and major histocompatibility complex-1 (MHC-I) assembly pathway (3,6,11,12).

In a classical antigen processing and MHC-1 assembly pathway, a complex
cytosolic antigenic protein is broken down into peptides by proteasome. While C-
terminal end of antigenic peptides are sufficiently cleaved by proteasome, N-terminal
end has extended parts left in long peptides. For appropriate binding to MHC-I, these
peptides are first transported into endoplasmic reticulum (ER) via transporter

associated with antigen processing (TAP) protein. Afterwards, they are further

“HLA-B27 is a MHC-I allele that has the greatest genetic risk among other HLA alleles (2).



trimmed by ERAP enzymes. Newly-formed peptides with optimal length are loaded
onto MHC-I, establishing peptide-MHC-1 complex. At last, the complex is transported
on cell surface, making up the peptide repertoire! of the cell (Figure 1) (3,8,11,12).
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Figure 1. Classical antigen processing and MHC-1 assembly pathway. Figure adapted
from Agrawal et al. (5).

Several theories were brought forward regarding pathogenesis of AS to explain
the role of HLA-B27 as well as ERAP1/2. Polymorphisms in ERAP1 and ERAP2 can
give rise to the protein variants with altered function. These variants can affect the
trimming of an antigenic peptide by the enzymes causing different response. In one of
the theories, abnormal peptide forms a complex with HLA-B27. Consequently, the
arthritogenic? peptide presented on cell surface is detected by cytotoxic T-lymphocytes
(CD8+) that induces aberrant immune response. For the second theory, binding of
abnormal peptide dissociates beta-2 microglobulin (B2m) subunit of HLA-B27. Upon
dissociation, HLA-B27 heavy chains are released in free or homodimer form. Free

heavy chains (FHCs) are either misfolded and accumulated in endoplasmic reticulum

L Encompasses all antigenic peptides presented by MHC-I.

2 A peptide that is capable of causing arthritis.



(ER) causing ER stress or transported on membrane. Homodimers are transported on
cell surface where specific binding of HLA-B27 homodimers to natural killer (NK)
cells and T lymphocytes activates immune response. In another theory, misfolded
peptide is accumulated in ER, creating unfolded protein response and ER stress. These
responses eventually enable autophagy pathways (Figure 2) (2-5,8,13).
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Figure 2. Theories regarding pathogenesis of AS involving ERAP and HLA-B27.
Figure adapted from Haroon et al. (8).

Our hypothesis is that polymorphisms in ERAP1 and ERAP2 can change the
peptide trimming efficiency or ERAP catalytic activity thereby causing an alteration
in MHC-I immunopeptidome profiles. Homo- and heterodimer allotypes of ERAP1
and formation of ERAP1-ERAP2 heterodimers may contribute to this phenomenon.
Differentiated peptides can be recognized as non-self by CD8+ that it induces immune

response causing the development of AS.

The purpose of this study is to analyze the structural differences between ERAP1
allotypes, homo- and heterodimers along with ERAP2 and their possible contribution

to AS mechanisms.



2 BACKGROUND

2.1 Overview of ERAP and ERAP-Related Proteins

A protein called ERAP1 belongs to oxytocinase subfamily of M1
aminopeptidases'. Along with ERAP1, ERAP2 and insulin regulated aminopeptidase
(IRAP), as well, belong to this subfamily and they have 49% and 43% sequence
homology to ERAPL, respectively (15). All three proteins are found localized in
intracellular compartment of the cell where ERAP1/2 proteins exhibit ER localization
and IRAP protein exhibits localization in vesicles and on cell membrane (16). Among
other cellular functions, ERAP1/2 perform endogenous antigen processing by editing
antigenic peptides from their N-terminal end to reduce them to their optimal length to
load on MHC-I (11,17). A similar antigen processing role for cross-presentation? of
generated peptides is available in IRAP besides other roles (15). Out of the three
proteins identified in humans, only ERAP1 and IRAP are present in mice. ERAP2 has
specificity to different peptides that complements with ERAP1 during antigen

processing in humans (18,19).

2.2 Structures of ERAP1 and ERAP2

Structure of ERAP1 is comprised of four domains, general functions of which are
just like other M1 aminopeptidases (Figure 3). Domain I (between 0-254 residues) has
a beta-sheet region, part of which interacts with domain IV from the loop and it is
important for steric hindrance effect during catalytic reaction (20,21). Near the protein
N-terminus, a hydrophobic interaction domain is located that can be found tethered to
ER membrane which is currently unstructured in all crystal models (22). Domain Il
(between 255-529 residues) has the catalytic site of the protein (Figure 4). It contains
conserved GAMEN motif and zincin motif (HEXXHXisE). Asn321 stabilizes the
loops in the region and Glu320 aids the enzymatic reaction. Conserved catalytic

! Protease enzymes that catalyze N-terminal aminoacid removal from polypeptides. M1 family of this
group requires a zinc ion to work (14).

Z An ability of antigen presenting cells (APCs) to present antigenic peptides with MHC-1 molecules to
CD8+.



residue Tyr438 is found further away from other catalytic residues and it is essential
for stabilizing intermediates (20). Zinc binding residues His353, His357 and Glu376
interact with the catalytic Zn(ll) ion to keep it coordinated (20,21). There is also an
ER retention maintaining sequence that retains ERAPL1 in ER which is currently
unstructured in ERAP1 models (23). Domain 111 (between 530-614 residues) has a
beta-sheet region that works like a hinge between neighbor domains in order to change
the conformational state. Domain 1V (between 615-940 residues) includes regulatory
sites of the protein. It mainly features an alpha-helical structure and it is proposed to
be the domain where C-terminus of a substrate is linked to (24). Protein—protein
interaction region is thought to be located around this domain as Wong et al. reported
a protein of the same family called Aminopeptidease N (APN) that forms a dimer
structure via interaction on the same domain (25) and has about 33% sequence

homology to ERAP proteins (26).
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Figure 3. Structure of ERAP proteins. ERAP1 closed (left, PDB ID: 2YDO0), ERAP1
open (middle, PDB ID: 3MDJ) and ERAP2 closed (right, PDB ID: 5ABO0)
conformation states colored by domain.

Similar structural arrangement of ERAPL is found in ERAP2 because of close
homology within the sequence (Figure 3). Position of common motifs in the catalytic
site are found shifted 17 aminoacids further in the sequence.



Internal cavity forms in the closed conformation state of ERAP1 and ERAP2 and
it is surrounded by domain I, Il and IV (Figure 4). Domain IV accommodates a

substantial part of the cavity compared to other known proteins in the same family.
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Figure 4. Internal cavity and catalytic site of ERAP proteins. ERAP1 closed (top left,
PDB ID: 2YDO0) and ERAP2 closed (top right, PDB ID: 5AB0) conformation states
colored by domain. Catalytic sites are indicated with the red dashed rectangle.
Superimposition of catalytic sites in ERAP1 closed (left, magenta, PDB ID: 2YDO0),
ERAP1 open (left, cyan, PDB ID: 3MDJ) and ERAP2 closed (left, yellow, PDB ID:
5AB0) conformation states.

While structures of ERAP proteins are currently available with their soluble
domains, their N-terminal sequences are largely unstructured. In ERAP1, this region
corresponds to a transmembrane domain which tethers ERAP1 to ER membrane
(Figure 5). While this region does not contain any ectodomain cleavage site, there is a

signal peptide sequence (7).
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Figure 5. Hypothetical structure of membrane-bound ERAP1 dimer. N-terminus and
domains are indicated with single letters and roman numerals, respectively (b: domain
located in the back side) and chains are colored. Cartoon representation is shown at
the top right corner.

2.3 Mechanism of Action in ERAP1 and M1 Family

To date, no substrate—.ERAP1 complex structure was known in pre-catalysis
phase. On the other hand, an inhibitor called bestatin was exhibited to form a complex
with ERAP1 in the crystal structure, in both closed (21) and open states (20).
According to the solved structures, N-terminus of the inhibitor is positioned within the
active site suggesting N-terminus location of the substrate in the same region. Studies
involving other proteins of M1 family were also published in bestatin-bound (27,28)
and peptide analogue-bound forms (29,30). Therefore, studies in this area are mostly
focused on the inhibitor—enzyme complex structures along with single point mutations
based on Hap2 structure. Structures of individual allotypes, effects of combinations of
SNPs forming the allotypes on the enzyme structure and function are still missing from

the literature.

There are several regulatory sites situated in ERAP1 (30,31). These sites are
located at the opposite side of the internal cavity neighboring the catalytic site domain

and they usually correspond to C-terminus of long peptides (24,32) and some other



ligands (30,32-34). While long peptides interacting with both catalytic and regulatory
sites from both terminal ends can induce a catalytic reaction depending on the affinity
of the enzyme (20,24), small peptides interacting with catalytic and regulatory sites
can have an inhibitory effect on ERAP1 affinity to long peptides and an activating

effect on ERAPL affinity to shorter peptides, respectively (20,30,34).

Functionally, ERAP1 has two distinct conformational states with different
enzymatic activities (Figure 3) (20,21,31). In open conformational state, ERAP1 is
hypothesized to be inactive and it is available for substrate binding (21). Upon binding,
ERAP1 changes its shape into a more active, closed conformational state. Here,
domain I and 11 gets closer to domain IV by the rotation on domain I11 (hinge) to close
up the inside from any solvent access (10,20). More deeply, translation and rotation of
helix H4a is coupled with rotation of helix H5. Some residues lining the S1 specificity
pocket (such as Phe433) and Tyr438 are repositioned accordingly and Tyr438 gets
closer to the bound substrate, Zn(ll) ion and other active site residues in closed
conformational state (20,31). This starts changes in active site leading to a catalytic
reaction that cleaves the N-terminus of the substrate by hydrolysis (35). After the
reaction, ERAPL returns to its open state and releases the product (21). These

conformational changes are consistent with other M1 aminopeptidases (20).

In theory, the mechanism involves a zinc ion and a water molecule. A peptide
bound to ERAP1 within the active site is polarized with the Zn(1l) ion from its carbonyl
group triggering a nucleophilic attack by the water molecule on its amino group. This
breaks the scissile bond of the peptide and the transition becomes unstable that it

generates two product molecules by destroying the reactant peptide (20,36,37).

When it comes to peptide trimming, two theoretical mechanisms are debated
(Figure 6) (15,38). In ERAP1 molecular ruler mechanism, peptides are trimmed
optimally for binding MHC-I effectively. In MHC-I template mechanism; MHC-I
binds a peptide of interest first, N-terminal extension of the bound peptide is trimmed
by ERAP1 later. Several evidences were reported for both mechanisms. In some

studies, ERAP1 trimmed several peptides in a length-dependent manner causing

10



peptides of certain length to be in optimal size for MHC-1 presentation and
disregarding peptides out of the range (20,24,32,39,40). In other studies, peptide
partially disassociated from MHC-I with a protruding N-terminal end was trimmed by
ERAP1 efficiently (41,42). Moreover, further trimming of an optimal size peptide was
protected by MHC-I in some cases (43,44). However, no ERAP1 with a fully-open
conformation state has been obtained from crystal structure models. While molecular
ruler mechanism was strongly evidenced (45), both mechanisms could be involved in

peptide trimming concertedly based on peptide preference.
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Figure 6. Two theoretical mechanisms of peptide trimming. Molecular ruler
mechanism (top) and MHC-I template mechanism (bottom). Figure adapted from
Colbert et al. (45).

In molecular ruler mechanism, ERAP1 sets a ground for MHC-I peptide repertoire
by trimming peptides of 9-16 amino acid length to 8-10 amino acid length
(24,39,46,47). Allosteric binding of the peptide and ERAPL helps activation of this
mechanism (32). N- and C-terminal ends (33), together with the alignment of internal
residues (48) determine substrate specificity of ERAP1. While ERAP1 has an affinity
to hydrophobic residues such as Leu at N-terminus, it has weak interactions with
hydrophilic and charged residues. As for Pro, it is never hydrolyzed by ERAPL.
However, this preference is coupled with internal sequence of the substrate. Residues
surrounding the internal cavity of ERAPL carry negative charges in overall with the
preference for binding positively charged residues such as Arg. Some hydrophobic
pockets are also present in the cavity (4,16,20,24,35,48,49).
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Despite the similarities in the whole structure and domain organization, ERAP2
has distinct specificity and substrate preference compared to ERAP1 due to the
structural differences in active site and peptide binding sites. For instance, ERAP2 has
better trimming activity with shorter peptides that ERAP1 cannot trim and ERAP2
activity decreases as peptides get longer. Furthermore, ERAP2 has preference for
positively charged residues such as Arg at N-terminus unlike ERAP1 (50,51). In the
internal cavity, more positive electrostatic potential was observed (52), as distinct from

ERAP1 possessing an internal cavity with strong negative potential (48).

Interdependence of ERAP1 and ERAP2 comes with another matter in terms of
peptide processing. In vivo study of Saveanu et al. found strong findings to a possible
heterodimeric form of ERAP1 and ERAP2 structures (19). Subsequently, in vitro
studies attempted to reproduce the heterodimers as similarly as the previous study and
observed induced ERAPL activation upon heterodimerization (19,42,49). Peptide
trimming efficiency was increased by the improvement in ERAP1 substrate affinity in
complement with ERAP2 while a substantial decrease in ERAP2 substrate affinity was
detected (49). In other in vitro study, heterodimers showed trimming activity for MHC-
I-bound long peptides and increased stability of peptide—MHC-I complex (42).
However, ERAP1 and ERAP2 enzymes are mostly monomeric in the enzyme pool in
which only 10-30% of their structures are found in heterodimer form (50). In addition,
it has not yet been cleared up for what extent both ERAP proteins interact in vivo. In
regards to molecular structure, no topographic model of the aforementioned
heterodimer has been provided as well as the site at which the dimerization occurs.
Nevertheless, in a very recent paper, Papakyriakou et al., performed the first
computational analysis of ERAP1/2 heterodimer (51). This study slightly overlaps
with the topic of this thesis in terms of the use of homo- and heterodimers for only
Hap2 and ERAP2 (N392). However, it does not include other allotypes. Moreover,
neither the ER retention signal loop is adequately modeled, nor dimerization was based
on molecular docking. Due to the lack of a crystal structure, they used crystallographic
homodimer structures of ERAP2 and homologous proteins (IRAP and APN) and
substituted their chains for ERAP1 and ERAP2. Exon 10 loop of ERAP1 was
structurally grafted from ERAP2. Heterodimer templates with a different binding
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mode were simulated. Binding modes used were domain | interactions in asymmetric
unit and domain Il interactions between a chain of asymmetric unit and a symmetry-
related chain from ERAP2 homodimer crystal structure and domain IV interactions
from both IRAP and APN homodimer crystal structures. In ERAP1/2 heterodimer
simulations, interactions involving exon 10 loop of domain Il in both chains received
rearrangement within simulation time when domain Il of ERAP1 and domain | of
ERAP2 joined. Analyses demonstrated ERAP1/2 heterodimer with these interactions
as the most stable. However, M1 family proteins are usually found with protein—
protein interaction domain in domain IV (22). Therefore, dimer interactions acquired
from M1 protein family can be helpful in the way for finding the dimerization site of
ERAP1/2.

One recent study from Mattorre et al. discovered a shorter ERAP2 sequence
formed in a more acidic environment upon autocleavage and expressed by
macrophages and some cancer cells (52). Interestingly, this shorter structure observed
to be bound to IRAP protein and localized in both cell membrane and endosomes.
While this event occurred independently of allotype variations, studies about the role
of ERAP2 in cellular functions may require more elaboration.

2.4 Polymorphisms of ERAP1 and ERAP2

Naturally, ERAP1 is a highly polymorphic protein with variable levels of protein
expression and enzymatic activity among human population. Many polymorphisms in
ERAPL are located near catalytic site (at positions 346 and 349), peptide binding
region (at positions 725 and 730) or regions that affect conformational rearrangements
(at positions 528 and 575). These polymorphisms affect ERAPL activity and
specificity (Figure 7). Several in vitro studies demonstrated major effects of K528R
(rs30187) SNP on conformational switch of the enzyme. On the other hand, Q730E
(rs27044) SNP signified a change in ERAPL preference for substrates by increasing
its affinity to shorter peptides (15,53,54). These SNPs are located at the regulatory site
of ERAPL1 distant from the catalytic site. Therefore, they may have an indirect effect

on immunopeptidome (55).
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In ERAP2, polymorphisms are poor and non-synonymous changes are limited.
Thus far, there is one known SNP (K392N, rs2549782) proven to change ERAP2
enzymatic activity (56). Another SNP (A/G allele, rs2248374) known for destabilizing
RNA transcript of the enzyme is also available. This variant leads to loss in ERAP2

expression but it is a rare case in the general population (58-60).
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Figure 7. Location of common variants in ERAP1 structure. ERAP1 closed (left, PDB
ID: 2YD0) and ERAP1 open (right, PDB ID: 3MDJ) were shown. Whole protein
structures (transparent, orange cartoon), their SNPs (blue spheres with residue
numbers), active site residue (red licorice) and Zn(ll) (grey sphere) were represented.

2.5 Association of ERAP1 and ERAP2 Variants with AS

In order to avoid misconceptions, it is important to point out that haplotypes and
allotypes are different terms which were used interchangeably in many studies.
Haplotypes describe only single SNPs whereas allotypes describe combination of SNP
groups/haplotypes (57,58). Hereupon, ERAP1 common SNP groups will be referred
as allotypes in this study.

A comprehensive study was done by several research groups to report effects of
ERAP1 SNP variants. In a study WTCCC (Wellcome Trust Case Control Consortium)
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performed, K528 (rs30187) and Q730 (rs27044) were associated with AS as risk
factors, and N575 (rs10050860), V349 (rs2287987) and Q725 (rs17482078) were
associated with AS as protective factors (59). Harvey et al. found 6 AS-associated
SNPs (R127, M349, K528, D575, R725, and Q730) of European ancestry (60).
Maksymowich et al. studied AS patients in Canada and recorded 3 ERAP1 SNPs
(P127R, R528K and D575N) as significantly associated for AS (61). In ERAP1, SNPs
associated as AS protective confer loss-of-function in ERAP1 causing abundance of
long peptides in MHC-I immunopeptidome (47), whereas AS-predisposing SNPs are
functionally more active, cause overtrimming and low level of MHC-I-presented
peptides. Although many more SNPs were determined, their association with AS was
not distinguished due to tight linkage disequilibrium (LD®). This means distinct

combinations of complex residues are also in charge of association.

Table 1. Allotypes of common ERAP1 missense SNPs. Table adapted from Ombrello
etal. (51).

SNP Positions

Allotypes 56 127 276 346 349 528 575 725 730
Hapl E P | G M K D R Q
(ancestral)

Hap2 E R | G M K D R Q
Hap3 E R | G M K D R E
Hap4 E R I G M R D R E
Hap5 E R I D M R D R E
Hap6 E P I G M R D R E
Hap7 K P I G M R D R E
Hap8 E P M G M R D R E
Hap9 E P M G M R N R E
Hap10 E P [ G Vv R N Q E

* Happens when two or more alleles are non-randomly associated. HLA genes are widely impacted by
this concept.
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For the investigation of SNP groups associated with AS, allotypes were also
identified. In WTCCC research, Hapl-Hap10 were determined as 10 common ERAP1
allotypes including 99% of all ERAP1 variants in European population (Table 1)
(53,58-60). Hutchinson et al. demonstrated common ERAP1 allotypes in a wider
population data and used two allelic combinations of individuals to compare enzyme
activity versus population frequency. Notably, they classified Hap2—Hap2, Hap2—
Hap8 as high activity-high frequency and Hap10-Hapl0 as low activity-moderate

frequency with clear evidence, distinct from other allele groups (58).

Allotypes including K528-D575-E730 SNP group (KDE) confers risk for AS,
whereas allotypes including P127-1276-R528 SNP group (PIR) protects against AS
(53). While KDE is only present in Hap3, PIR is present in Hap6, 7 and 10. Evans et
al. reported independent effects of K528 and N575 in a genome-wide association study
(GWAS"). Their analyses showed that AS risk was 3—4 times reduced in individuals
with R528 and N575 homozygote (RN) (9). Kadi et al. identified K528-D575-R725
(KDR) as risk group and R528-N575-Q725 (RNQ) as protective group, and classified
Hapl-3 as risk allotypes and HaplO as protective allotype (62). Subsequently,
Bettencourt et al. identified M349-K528-D575-R725 (MKDR) as risk group and
V349-R528-N575-Q725 (VRNQ) as protective group, once again, classifying Hapl-
3 and Hapl0 in the same way. Reeves et al. investigated effects of SNPs in
combinatorial fashion. Results in the analyses demonstrated that Hap2 encodes an
ERAP1 molecule that trims peptides efficiently leading to high production of peptide—
MHC-I complex. On the contrary, Hap1l0 encoding a different ERAP1 structure
trimmed peptides poorly and caused low production of peptide-MHC-1 complex (57).
Considering all these results together, two independent effects are evident in AS
association; one favoring AS risk, the other favoring AS protection.

In a study with ERAP2 variants, Yao et al. reported G allele of rs2248374 as
protective against AS by causing loss of ERAP2 expression (63). Wisniewski et al.
studied Polish population to evaluate AS risk of both ERAP1 and ERAP2 variants.
Here, ERAP2 rs2248374 variant alone did not induce any effect on ERAP2 for AS.

* A method for determining effects of genetic variants in particular diseases.
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However, ERAP2 A allele (known for encoding a full-length ERAP2 (64)) in
combination with high activity ERAP1 (M349-K528-E730) increased risk of AS. By
contrast, ERAP2 G allele (known for encoding a non-functional ERAP2 (64)) together
with low activity ERAP1 (V349-R528-E730) was protective against AS (65).

All in all, AS development is associated with ERAP1/2 polymorphisms in a
complex manner. Pathogenic role of MHC-I strongly depends on these polymorphisms
due to associations between MHC-I and ERAPL/2 in regards to peptide binding
(66,67). Unfortunately, high degree of ERAP1 polymorphism and various ERAP1
variants among human population points at the adversity of designating each
polymorphic effect on shaping MHC-1 immunopeptidome. Therefore, observing
structural changes of ERAP1 and ERAP?2 allotypes in both monomer and dimer forms

can help getting to know the disease mechanism further by moving one step closer.
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3 MATERIALS AND METHODS

Experimental studies performed on ERAP1/2 proteins are still limited in terms of
structure and function. Size of ERAP proteins is large and they can exist as both
soluble and membrane-bound proteins in cells (7,68). Due to the unsolved restrictions
of membrane proteins, current structural data available for these enzymes were only
captured in crystal structure. On the other hand, the lack of discovery of ERAP
substrates led to construction of protein-ligand complexes mostly constituting of

peptide analogues with low specificity.

Recent technological advancements in computational methods can be beneficial
for revealing the underlying mechanisms of AS pathogenesis in relation to ERAP
proteins with a focus on their structural differences. Following diagram outlines

applied computational methods in this study (Figure 8).
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Molecular Molecular
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Figure 8. An overview of computational methods used in this study.

To summarize the methods of the study, crystal structures of proteins from protein

structure database were downloaded. Using molecular visualization and molecular
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modelling techniques together, best structures were selected and modified accordingly.
Sequence and structural alignments were performed in preparation to comparative
modeling. Afterwards, sequence gaps were remodeled by comparative modeling. Best
remodeled structures were selected and evaluated in terms of electrostatic potential
and hydrophobicity by using structural feature analysis. For the aim of predicting
ERAP dimer structures, protein docking was carried out. In initial analyses, stability
was calculated for both monomers and dimers to narrow down the selected structures
for MD simulation. Monomers and dimers of ERAP1 and ERAP2 structures simulated
with an attempt to understand structural variations using this technique. Finally, MD
trajectories were analyzed to determine the resulting structural changes.

3.1 Data Collection, Molecular Modelling and Comparative Modeling

3.1.1 Extraction of protein structures and sequences

Protein sequence of human ERAPL1 and ERAP2 proteins were provided from
UniProt website using the following entries (69) in UniProtKB: Q9NZ08 and Q6P179.
All available crystal structures of relevant proteins were also downloaded from RCSB
PDB website (70). These include chain A of 2YDO (46-940 amino acids, ligand-bound
ERAPL closed structure), chain B of 3MDJ (46-934 amino acids, ligand-bound
ERAP1 open structure), chain B of 3QNF (46-935 amino acids, ERAP1 open apo-
enzyme structure) and chain A of 5AB0 (54-964 amino acids, ligand-bound ERAP2
closed structure). Missing sequences were identified (excluding N- and C-terminal
sequences; 111-114 and 486-513 amino acids in 2YDO0, 111-113, 417-433, 486-514,
552-555, 864-867 and 893-906 amino acids in 3MDJ, 111-114, 426433, 552-558,
758-799 and 811-914 amino acids in 3QNF, full-length in 5ABO0). General
information about protein chain interactions, ligands and ions were collected from
PDBsum website to locate active site and zinc binding residues (71). PyMOL (v2.5.1)
and VMD (v1.9.3) softwares were used for visualization of protein structures,

modelling and analysis (72,73).
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All available ERAP1 and ERAP2 structures were sorted by their quality and
quantity where only a selection of structures was used in this study. Selected structures
with their PDB ID are shown above (Table 2). Chains used from PDBs were chain A
of 2YDO0 and 5AB0 and chain B of 3MDJ and 3QNF. All selected ERAP1 structures
are comprised of Hap2 sequence except 3MDJ which had a Hap5 sequence initially
and ERAP2 5ABO structure has N392 SNP. All desired allotypes (ERAP1 Hap1-10
and ERAP2 N392 & K392) were generated by mutations in original structures.

Table 2. Protein structures used in this MD study and modelled allotypes.

PDB ID(s) Allotype Modelled Allotypes = Description

Hap2 Hap1-10 ERAP1 closed conformation
2YDO o ERAP1 closed conformation w/ bestatin
Hap?2 Original )
ligand
Hap5 Hap2 ERAP1 open conformation
3MDJ
Hap5 Hap?2 ERAP1 open conformation w/ bestatin ligand
30QNF Hap2 Original ERAP1 open conformation
5AB0 N392 Original/K392 ERAP2 closed conformation

o ERAP1 closed conformation homodimers,
2YD0-2YD0O | Hap2 Original/Hap8
Hap2-Hap2 and Hap8—Hap8
Hap2 Original/Hap8 ERAP1/2 closed conformation heterodimers,

N392 Original/K392 Hap2-N392, Hap8-N392 and Hap8-K392

2YDO-5AB0

3.1.2 Optimization of existing structures

Even though selected structures were determined as the most eligible, these
structures were still lacking some residues and bonds; therefore, they needed more
optimization for accuracy. Heteroatoms and protein chains to include were selected,
missing disulfide bonds were generated (404-443, 736-743 and hypothetical 486-498
for ERAPL1 structures and 421-460, 504-514 and 759-766 for ERAP2 structures), some
missing residues were added (excluding large gaps) and original structures were
mutated into desired allotypes by using CHARMM-GUI web server (v3.1-3.7) (74).

A few terminal sequences (935-940 amino acids in 3MDJ and 936-940 amino acids
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in 3QNF) were added to ERAP1 open structures to match with 2YDO0O ERAP1 closed
structure. Bestatin ligand originally present in 2YDO0 and 3MDJ structures was both
kept for analyzing ligand—protein interaction and removed together with other
heteroatoms (excluding Zn(ll) ion) for analyzing the apo-protein. Ligand from 5AB0

structure was removed.

3.1.3 Comparative modeling

3.1.3.1 Homology modeling

Missing residues that were still remaining after first optimization were added by
Modeller (v9.24-9.25) homology modeling software (75). These included residues
111-114, 486-513 and 553-557 in ERAP1 2YDO closed structure, residues 417433,
486-514, 552-555, 864-867 and 893-906 in ERAP1 3MDJ open structure and
residues 110-114, 427-431, 486-514, 551-558, 821-828, 856-871 and 892-908 in
ERAP1 3QNF open structure. However, N-terminal membrane embedded residues
between 1 and 45 amino acids were excluded due to their high flexibility and
membrane positions. Open and closed target structures of ERAP1 were remodeled by
using ERAP1 sequence alignment as a reference in order to de novo model missing
loops with large gaps. Remodels with the lowest DOPE! scores were selected out of
50 models in the next step of the experiment as they are considered better in model

assessment.
3.1.3.2 Protein threading
As an alternative to homology modeling, I-TASSER server (v5.1) was run to

model ERAP1/2 structures using ab initio protein modelling (76). Best 5 predicted

structure models were compared in regards to their C-score?.

L A quality score designed for selecting the best structure model.

2 A confidence score quantitatively measured from each model to evaluate their quality.
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3.2 Protein Docking

A molecular docking web server called HADDOCK (v2.4) saves computation
time in exchange for receiving an experimental data of residues known to have a
contact within the complex. Docking process involves different stages. Firstly,
structure is energetically minimized in rigid-body state (it0). Afterwards, semi-flexible
and explicit solvent refinements (itl and itw) are run. At the end of each stage, best
structures determined from HADDOCK scores are held. HADDOCK score combines
a default weighted total of energies (such as van der Waals, electrostatic, desolvation
and restraint violation) together with buried surface area (77).

At the beginning of the study, a possible binding site for ERAP1/2 dimers was not
successfully determined. In the end, a reported APN homodimer structure (a protein
of the same family) with a protein—protein interaction site was found and settled for
possible dimerization site of ERAP1/2 proteins because of its homology (25). In
accordance with this purpose, HADDOCK server was used to predict the binding
poses of protein chains for ERAP1 homodimer and ERAP1/2 heterodimer structures
(77). Residues to interact were selected which are located in a possible protein—protein
interaction site for both ERAP1 and ERAP2 chains. This corresponds to all domain 1V
residues near and on surface (APPENDIX 1). In HADDOCK, these possible
interacting residues were written in “active residues” section while other parameters
were left in default. As distinct from rigid docking, not only fixed structures are rotated
and moved around in a single stage but also determined parts of structures in “active
residues” section are granted to be flexibly oriented in a later stage. Best complexes
from the best cluster of each result was downloaded and compared according to their
HADDOCK scores and common residue contacts.

3.3 Analysis of Structural Features

ERAP1/2 monomer structures were examined to validate their consistency with
previous studies. APBS Electrostatics plugin in PyMOL was used to measure

electrostatic potential surface of ERAP1/2 monomers (78). In PyMOL, “color_h.py”
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script was run to measure hydrophobic surface of ERAP1/2 monomers (APPENDIX
2) (79). This script was readily downloaded and slightly changed for regular use (80).
Secondary structure of hydrophobic transmembrane region and exon 10 loop region in
ERAP1 was predicted by using Jpred (v4), PSIPRED (v4.0), RaptorX and also I-
TASSER server (76,81-83). Glycosylation of the transmembrane region was predicted
by NetNGlyc (v1.0) and NetOGlyc (v4.0) servers (84,85).

3.4 Energy Changes in Protein Folding and Interaction Energy

With the aim of calculating energy changes of protein structures, original ERAP1
crystal structure with the allotype Hap2 (2YDO0) was mutated to produce Hapl-10
allotypes and original ERAP2 N392 allotype (5AB0) was mutated to produce K392
allotype by using FoldX software (v5.0). Effects of mutations on structures of ERAP1
and ERAP2 were investigated with the calculation of relative binding energy
difference (AAG) in the same software. Values not between +0.5 kcal/mol indicate
large stabilization/destabilization effects. Additionally, interaction energies (AGbinding)
of ERAP1 homodimer and ERAP1/2 heterodimer were calculated (86). This energy
was obtained by subtracting the sum of individual chain energies (AGa + AGg) from
the energy of the complex (AGas): AGbinding= AGas — (AGA + AGg).

3.5 Simulation Configuration and Molecular Dynamics Simulations

In order for simulation of protein structures, a simulation box with a suitable
environment was provided using CHARMM-GUI web server (v3.1-3.7) (74). First of
all, each system was solvated with 10 angstroms (A) thick TIP3P water and neutralized
with 0.15 M KCI (87). Secondly, CHARMM36m force field (FF) was applied under
periodic boundary conditions (PBCs). Afterwards, configuration files were

downloaded for each system.

MD simulation was chosen as the computational method for analyzing motion of
atoms in a given time. First of all, energy minimization was done. During MD

simulations, several more steps were carried out. Temperature of each system was

23



gradually increased from 0 Kelvin (K) to human body temperature 310.15 K in heating
step. Subsequently, equilibration step was run in NVT ensemble for 2 nanoseconds
(ns). Finally, production step was performed in NPT ensemble for 100-150 ns
depending on the system. NVT is characterized by constant number of particles (N),
temperature (T) and volume (V) while NPT is characterized by constant N, T and
pressure (P). As an electrostatics method, Particle Mesh Ewald (PME) was used. All

MD simulations were carried out via NAMD software (v2.9) (88).

3.6 Trajectory Analysis

With the intent of understanding structural and functional impacts of homo- and
heterodimerization; ERAP1/2 monomers, ERAP1 homodimer and ERAP1/2
heterodimer complexes were analyzed via MD simulations. All analyses were
performed for 150 ns except all ERAP1 open conformation monomer structures (100
ns) and the third run of Hap8—N392 heterodimer (100 ns due to limited time). Analyses
were done by using root-mean-square deviation (RMSD), root-mean-square
fluctuation (RMSF), principal component analysis (PCA), radius of gyration (RGYR),
center of mass (CM) distances (in terms of chains, domains, residues and Zn(ll) ion),
angle theta, solvent accessible surface area (SASA) and weak bonding interactions

(residues within contact distance, salt bridge and H-bond).

Analysis of RMSD was executed to analyze changes in average protein movement
in the course of time. In Grecarma interface, “Fitting” task was used. Here, only “CA”
(c-alpha) was checked in atom selection, all protein chains in chain selection and “All”
in residue selection while other settings were left in default to perform RMSD (89).
Analysis of RMSF was carried out to observe average movement of each residue
individually in the course of time. A custom script called “rmsf.tc]” was executed in
which all c-alpha atoms were selected and “measure rmsf” command from VMD was
called (APPENDIX 3) (90). As an alternative approach to RMSF, PCA was performed
to visualize each residue movement in a stability gradient manner. For selection, c-
alpha atoms were defined. Analysis of RGYR was used to investigate protein folding

and compactness through time. In Grecarma interface, “Radius of gyration” task was
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used. In this panel; atom selection, chain selection and residue selection parameters
were set as how they were done in RMSD analysis and other settings were left in
default to run RGYR (87). In addition to these methods, CM distance between chains
of dimers as well as CM distance between domain | and IV of monomers and dimers
were calculated. In active site, alpha carbon (Ca) distance of Tyr438 to all GAMEN
residues was calculated. Theta analysis was executed to describe basic structural
motions. Here, theta (6) was obtained from the interdomain angle defined with CMs
of domain I-I1, 11l and 1V then converted into degrees by using a custom script (91)
(APPENDIX 4). In SASA, a probe radius set at 1.4 A was traced around the protein
surface to calculate exposed surface area. This gives an idea on conformational
dynamics as a function of energy difference. For SASA calculation, “sasa.tcl” script
made by Falsafi and Karimi was used (APPENDIX 5) (92). As input, all protein atoms
of a structure were used for this script which takes given selection and uses “measure
sasa” command from VMD. For the evaluation of interchain interaction strength in
dimers, intermolecular interactions were explored. Among these interactions, salt
bridge and H-bond analysis were conducted. In salt bridge analysis, common residue
pairs were also determined and grouped in sets. For both salt bridge and H-bond
analysis, cutoff distances were set at 3 A. Additionally, the cutoff distance of 3 A was

set in which any inter-residue contact within the range was determined.

Calculations of RMSD and RGYR were performed by using Grcarma software
(89). On the other hand, RMSF, angle theta, CM distance, SASA, contacting residues,
salt bridge and H-bond calculations were done via VMD custom commands (93).

Lastly, PCA was employed in RStudio software through Bio3D package (94).
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4 RESULTS

4.1 No Stable Secondary Structure Predicted in ER Retention Loop of ERAP1

Sequence alignment of ERAP1 and ERAP2 was run by Clustal Omega (v1.2.4)
(95) server and rendered by Jalview (v2.11.2.2) (96) software (APPENDIX 6).
Unstructured sequences were comprised of membrane-bound hydrophobic residues
near N-terminus in both enzymes and residues located in exon 10 loop which contains
ER retention signal in ERAP1. These sequences were not well-conserved between
ERAP proteins (Figure 9).

Transmembrane region
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Figure 9. Sequence alignment results of transmembrane (top) and exon 10 loop
(bottom) regions of ERAP1 and ERAP2. Amino acids with similar properties are
colored. Black rectangle highlights the unstructured sequences in both enzymes. Full
alignment results are available in APPENDIX 6.

Results from secondary structure prediction of multiple servers were obtained for
the determination of structural features. All results agreed that there is an alpha helix
structure forming between 10-24 amino acids in ERAPL indicating an alpha-helical
transmembrane domain around this region. Similar structure was also confirmed by I-
TASSER results between 16-31 amino acids in ERAP2. However, sequences located
at exon 10 encoded region did not show any stable secondary structure in ERAPL. In
I-TASSER results, exon 10 loop region exhibited an alpha-helical structure with very
low confidence scores only between unstructured 487-489 aa and 493-499 aa

sequences (Figure 10).

26



480D 4008 518K 528K

5085
ERAPI_HUMAN s | 8# 10880 BB sk - soﬂssé“olevlz'ruuNuL.:rpL
ERAP2_HUMAN NSELESDFETS-GGVEHSDPK NMLAFLGENA EMMT L (L
MODELLER L
I-TASSER e
Jpred »
PSIPRED L
RaptorX [
»
S

!
l
|

ERAP2
ERAP1 (grafted)

GEp = —

alpha helix beta sheet coil

Figure 10. Secondary structure prediction results of exon 10 loop region in ERAPL.
Sequences inside blue square show original ERAP2 (5AB0) and ERAP1 (with a
grafted exon 10 loop structure from ERAP2 5ABO0 by Papakyriakou et al. (51)).

Structural alignments were done by both Modeller software (75) and I-TASSER
server (76). In Modeller, exon 10 loop was modeled in ERAP1 structure whereas, in
I-TASSER, entire structure was modeled and models with best scores were listed for
both ERAP proteins. Modeller modeled exon 10 region with no secondary structure in
ERAP1 models while I-TASSER produced a very short alpha-helical structure around
the sequence with repeated serine residues (505508 amino acids) in all best 5 models
of ERAP1. In transmembrane region of ERAP1 and ERAP2 models from protein
threading, residues were positioned in a way that resembles an alpha-helical structure.
However, they were not arranged similarly in 3D space. Following these results,
ERAP1 remodeled protein structure with the best score in Modeller was selected for

next step and ERAP2 protein structure was left unchanged.

For primary ERAP1 allotypes (Hap2, Hap3, Hap8 and Hap10), ERAP2 allotypes
(N392 and K392), ERAP1 homodimer (Hap2—-Hap2) and ERAP1/2 heterodimer
(Hap2—N392), secondary structures were analyzed by STRIDE protein secondary
structure assigment server (97). For every 10 ns in a simulation time, a structure file
was created to run on STRIDE server in order to observe secondary structure changes

in each simulation. Results at 50 ns intervals were included (APPENDIX 7).
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4.2 Docking Results Show Acceptable Poses in Best Clusters

In docking prediction of ERAP1 homodimer and ERAP1/2 heterodimer
structures, outer surface of domain IV including interacting residues of APN chains

were selected for modelling ERAP dimer interactions (Figure 11).

Docking runs were performed for Hap2—Hap2, Hap2-N392, Hap8—Hap8, Hap8—
K392 and Hap8-N392 before MD simulations. Many other docking runs (involving
all ERAP1 homodimers with identical allotypes, N392 and K392 coupled ERAP1/2
heterodimers with all ERAP1 allotypes) were also done to calculate their interaction

energy.

All docking results of best clusters had reasonable scores for structures that were
chosen for dimer simulations because of large cluster size and binding poses of protein
complexes in resemblance to APN homodimer (Figure 12, 13, 14, 15 and 16).

Likewise, structure poses and common contacts were also very similar.

28



Figure 11. Structure of APN homodimer (top) and interacting residues in dimer
interface (bottom). Domains were numbered from N-terminus to C-terminus of chains
and colored accordingly. Interacting residues were labeled and colored by chain.
Interacting atoms were connected with red dashed line. Figures modified and re-used
from Figure 1 and 2 of Wong et al., respectively (Creative Commons Attribution 4.0
International License) (25).

For calculation of energy changes in homo- and heterodimer structures by the help
of interaction energy, one series of homodimers and two series of heterodimers were
prepared and predicted by molecular docking (Table 3, 4 and 5). Docking scores were

acceptable for every complex.
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Figure 12. ERAP1 closed Hap2—Hap2 homodimer docking results. Docking results
of the best cluster (bottom left), best structure from the cluster (top left), and
common contacts of all clusters (right) (C: cluster, 1-7: cluster number).
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Figure 13. ERAP1/2 closed Hap2-N392 heterodimer docking results. Docking results
of the best cluster (bottom left), best structure from the cluster (top left), and common
contacts of all clusters (right) (C: cluster, 1-6: cluster number).
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Figure 14. ERAPI closed Hap8—Hap8 homodimer docking results. Docking results of
the best cluster (bottom left), best structure from the cluster (top left), and common
contacts of all clusters (right) (C: cluster, 1-9: cluster number).
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Figure 15. ERAP1/2 closed Hap8—K392 heterodimer docking results. Docking results
of the best cluster (bottom left), best structure from the cluster (top left), and common
contacts of all clusters (right) (C: cluster, 1-8: cluster number).
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Figure 16. ERAP1/2 closed Hap8—N392 heterodimer docking results. Docking results
of the best cluster (bottom left), best structure from the cluster (top left), and common
contacts of all clusters (right) (C: cluster, 1-7: cluster number).
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Table 3. Docking results of ERAP1 homodimer structures in preparation for energy
changes calculation. Chain A (ChA) and B (ChB) are indicated. Reference structure
was used for ERAP1 (PDB ID: 2YDO).

ChA-ChB
Cluster no
HADDOCK
score
Cluster size
RMSD from
the overall
lowest-
energy
structure
Van der
Waals
energy
Electrostatic

energy

Desolvation
energy
Restraints
violation
energy
Buried
Surface
Area

Z-Score

-157.9
+12.1

130

1.0+0

70.0 +
11.2

-860.3
+36.8

44.0 =
1.0

401.7
+82.8

3488.3

149.2

-1,6

-151.8

+2.1

122

1.2+
0.8

-61.3 +
7.0

-908.9
+39.6

47.7 +

2.9

436.1
+32.0

34745
+70.3

-141.2
+52

117

0.8+
0.3

-69.3 £
10.3

-822.2
+78.8

483 +
4.2

443.5
+29.6

3442.5

119.3

-1.5

-138.9

+53

91

09+
0.6

-67.4+
7.3

-767.7
+55.5

443 £
21

378.0
+38.9

-141.1

+1.1

109

0.7+
0.5

-583+
4.4

-855.0
+37.7

484+
2.7

397.0
+26.4

3386.3
+85.7

-134.0
+74

86

0.5+
0.4

-62.0 £
13.4

-793.2

124.7
45.7 +
7.0

409.4
+24.0

3177.8

101.4

-1.8

-144.7
+54

27

0.5+
0.3

-66.7 £
8.4

-847.0
+50.7

43.1+
4.7

483.1
+32.1

-147.8
+8.0

27

09+
0.7

-66.2 £
6.0

-848.6
+74.3

44.6 +

53

434.6
+10.2

3508.7
+35.8

-143.3
+10.7

105

1.3+
0.7

-68.4 £
4.3

-796.4
+69.6

432+
6.0

411.9
+47.8

3510.5
+89.8

-15

10-10

-147.6
+49

127

0.8+
0.7

-67.9 £
9.4

-859.5
+82.5

47.5+
4.9

447.2
+36.9
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Table 4. Docking results of N392 coupled ERAP1/2 heterodimer structures in
preparation for energy changes calculation. Chain A (ChA) and B (ChB) are indicated.
Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID:

5ABO).

ChA-ChB
Cluster no
HADDOCK
score
Cluster size
RMSD from
the overall
lowest-
energy
structure
Van der
Waals
energy
Electrostatic
energy
Desolvation
energy
Restraints
violation
energy
Buried
Surface
Area

Z-Score

-140.5
+4.0

107

05+
0.4

-88.4
0.4

-707.2
+57.6

459+
51

434.9
+76.8

3734.3

204.4

-2.6

-141.1
+8.7

114

0.6+
0.4

-86.1+
5.9

-734.4
+50.2

50.4 +
5.0

414.7
+735

3706.9

207.3

-1.9

-128.1
+3.3

98

325+
0.1

-88.5+
5.7

-659.4
+52.1

475+
4.2

4478
+26.2

3617.3

212.6

-2.4

-134.2
+7.1

115

0.7+
0.4

911+
11.2

-674.9
+41.8

45.6 +
7.1

462.3
+49.4

3743.0

158.8

-2.2

-132.8
+4.1

129

0.6+
0.4

-89.6 £
3.6

-710.8
+435

51.0+
3.3

479.9
+38.4

3703.2
+91.7

-1.9

-127.4
+45

133

05+
0.3

-86.4 +
5.6

-678.3
+29.3

48.1+
3.7

465.8
+25.6

3632.9

1253

-135.8
+49

125

0.4+
0.3

-89.4 +
8.0

-728.5
+77.7

54.8 +
3.1

4455
+44.6

3765.8

1733

-2.1

-148.4
+8.0

126

0.6+
0.3

911+
19.3

-769.3
+74.1

54.8 +
1.6

418.4
+68.7

3900.2
+36.6

-2.2

-136.4
+2.0

113

0.8+
0.1

-88.0 £
5.7

-704.9
+47.3

46.7 +
11

458.4
+60.8

3485.9

122.5

-2.2

N-10

-135.5
+4.8

102

05+
0.3

-99.2 +
5.9

-665.0
+57.0

470+
5.6

496.6
+51.6

3823.8

130.1

-2.4
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Table 5. Docking results of K392 coupled ERAP1/2 heterodimer structures in
preparation for energy changes calculation. Chain A (ChA) and B (ChB) are indicated.
Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID:
5AB0).

ChA-ChB K-1 K-2 K-3 K-4 K-5 K-6 K-7 K-8 K-9 K-10
Cluster no 1 1 1 1 1 1 1 1 1 1

HADDOCK @ -1370  -1285 | -132.7 | -133.7 @ -1414 | -1334  -1331 | -1420 @ -1449  -1432

+9. +1. +5. +5. +8. +6. +7. +11. +1. +11.
score 9.3 11 5.8 5.0 8.3 6.6 7.9 115 1.6 11.4

Cluster size 126 118 130 120 117 134 132 136 140 116

RMSD from 05+ 232+ 05+ 04+ 06+ 06+ 07+ 05+  04% 06+

the overall 03 0.2 0.3 03 0.3 0.4 0.4 0.3 0.3 0.3

lowest-
energy

structure

Van der -840+ -83.7+ | -864+ -861+ -915+ -966+ -873+ -887+  -97.8+ -86.3=+

6.6 5.2 13.1 6.2 10.5 6.2 46 6.3 75 13.3
Waals

energy

Electrostatic = -709.4  -7147 | -7332  -689.6 -7080 -6440 -703.2  -759.2 6938  -7785
+258 +£352 201 +£495 £86.2 +482 +662 +£381 554 +415

energy

Desolvation @ 469+ 520+  469= 470+ 471+ 467+ 490+ 549+ 460+ 517+

energy 2.3 4.2 41 5.2 35 33 6.6 6.5 4.1 3.6

Restraints 4205 | 460.7 | 5345 | 4328 4463 | 453.0 | 459.4 | 4358 4565  470.3

violation + +64.0 +275 +82.3 +69.2 +63.5 +26.1 +34.1 +34.2 +32.7

104.6

energy

Buried 3692.2  3690.6 3703.6 @ 3611.6 @ 3776.3 @ 3734.2 36251 | 3817.5 37065 37957

Surface +47.7 +92.2 + + + +87.8 + + +60.8 +
159.6 138.1 2111 138.7 120.2 241.3

Area

Z-Score 17 -16 2 2 21 17 -1.8 -16 21 23

4.3 Stability of ERAP Structures Depends on Allotypic Differences

Stability of ERAP1 and ERAP2 closed monomers as a result of single mutations
in remodeled structures were calculated and rounded to three decimal places (Table
6). Remodeled Hap2 structure (PDB ID: 2YDO0) was mutated to nine other ERAP1
allotypes. Likewise, remodeled N392 structure (PDB ID: 5AB0) was mutated to
ERAP2 K392 allotype. In total energies, only Hap2—Hapl10 mutation caused a
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significant increase that is more than 0.5 kcal/mol. Mutations to Hapl, Hap8 and Hap9
were inversely significant. Mutation from ERAP2 N392 to K392 caused a negative

significance as well.

Table 6. Mutational energy changes in ERAP1 and ERAP2 closed monomers. Wild
type (WT) was mutated to a new (Mut) allotype indicated with an arrow. Reference
structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID: 5ABO0).

WT—Mut 2-1 23 24 25 26 2-7 2-8 2-9 2-10 N-K
Total Energy -1.285 | 0197  0.335 @ 0.169 & -0.495 -0.408 -1.263 -1.472 2.267  -1.450
Backbone H-bond | © 0575 | 1.491 | 1.287 1396 2403 0470 0654 | 3021 | 0.005

Sidechain H-bond | © 0527 | -0.027 1261 @ 1255 2233 2189 2364 -0.948  -1.128
Van der Waals 0.028 | 0313 -0.044 -0.115 0.260 0578  -0.454 -0.276 | 1.440  -0.943
Electrostatics 0.215 | -0.439 -0.554 -0.340  -0.266 -0.347 -0.098 -0.014 | 2.765 | -2.117
Solvation 0447  -0174 -0.008 -0.408 -1.180 -2.066 -0.994 -1.314 @ -2.153 2577

Polar

Solvation -0.154 0377 0431 0086 | 0424 0697 -0570 -0454 2371 | -1.701
Hydrophobic

Van der Waals 0.008 | 0016 0.099 @ 0074 -0.060 -0.086 0270 0180  -0.362 = 1.117

Clashes

Entropy Sidechain = 0213  -0.718 -0678 -0.549 -1106 -2.069 -1068 -1519 -1780 1306

Entropy Mainchain = -0.529 -0.068 -0.287 -0576 -0859 ~-1422 -0.776 -0.609 -1.197 -0.787

Torsional Clash -0.183  -0.047 0086 -0006 -0.188 -0.160 -0.096 -0.380 -0.150 = 0.196
Backbone Clash -0.894  -0.034 -0143 0170 -1.008 -1068 -1.257 -1.379 -0.851  -0.007
Helix Dipole -0016 -0.164 -0171 -0541 -0.170 -0.163 -0.132 -0.101 -0.197  -0.050
Energy lonisation 0005 0 -0.003  -0.005 0001 -0.005 -0.003 -0.003 -0.542 @ 0.025

Interaction energies of two identical chains in ERAP1 closed homodimer
structures were calculated after best complexes were obtained from molecular docking
(Table 7). Results showed that interaction energies of Hapl-Hapl, Hap5—Hap5 and
Hap9-Hap9 homodimer structures were in negative and Hap2—Hap2 had the highest
interaction energy followed by Hap8—Hap8.
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Table 7. Interaction energy of ERAP1 homodimer structures. Chain A (ChA) and B
(ChB) are indicated. Reference structure was used for ERAP1 (PDB ID: 2YDO0).

ChA-ChB
Intraclashes
Chain A
Intraclashes
Chain B
Interaction
Energy
Stability
Chain A
Stability
Chain B

1-1
223.76

222.33

-1.236

521.56

551.74

2-2
229.48

222.87

6.709

567.41

578.55

3-3
223.71

225.05

1.566

557.88

537.88

4-4
229.62

219.34

2.736

533.51

521.82

525
222.19

215.93

-2.686

516.93

512.72

6-6
219.86

218.47

1.112

524.48

542.55

7-7
224.12

216.73

1.274

534.73

537.85

8-8
222.49

221.42

4.490

522.33

524.57

929
219.05

221.91

-2.611

521.21

540.95

10-10
212.97

212.35

2.312

520.12

525.50

In order to evaluate dimer interaction, both N392 and K392 coupled ERAP1/2

heterodimer structures were calculated in terms of interaction energy. Structure of

N392—Hap8 heterodimer showed the highest energy value (Table 8). Energy of N392—

Hapl0 was in the negative range close to margin of error. Heterodimer structures

paired with K392 demonstrated more changes based on ERAPL allotype difference

Table 8. Interaction energy of N392 coupled ERAP1/2 heterodimer structures. Chain
A (ChA) and B (ChB) are indicated. Reference structures were used for ERAP1 (PDB

ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).

ChA-ChB
Intraclashes
Chain A
Intraclashes
Chain B
Interaction
Energy
Stability
Chain A
Stability
Chain B

N-1
202.60

211.08

3.093

384.36

202.60

N-2
224.07

219.75

4.240

446.37

224.07

N-3
221.96

220.64

4.875

439.68

221.96

N-4
216.21

215.73

10.697

401.46

216.21

N-5
222.39

223.23

3.884

441.54

222.39

N-6
208.67

200.04

8.084

394.47

208.67

N-7
228.64

225.40

9.345

436.06

228.64

N-8
203.28

219.88

12.007

388.01

203.28

N-9
22152

220.93

6.377

425.30

221.52

N-10
227.83

220.44

-0.575

430.17

227.83
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(Table 9). Here, K392—Hap2 heterodimer got the highest value of all heterodimer

structures.

Table 9. Interaction energy of K392 coupled ERAP1/2 heterodimer structures. Chain
A (ChA) and B (ChB) are indicated. Reference structures were used for ERAP1 (PDB
ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).

ChA-ChB  K-1 K-2 K-3 K-4 K-5 K-6 K-7 K-8 K-9 K-10
Intraclashes = 228.70 = 23057 = 22565  226.68 22840  228.94 22809 @ 22855 @ 227.17 | 228.93

Chain A
Intraclashes = 226.79  229.35 | 23235 23824 23061 23173 241.69 23585 231.63 | 232.86

Chain B
Interaction  9.998 13455 | 11.947 | -0409 | 10.797 5.589 12.482 | 2.678 6.151 8.413

Energy
Stability 43851 | 44948 @ 416.13 | 44501 43175 432.02 @ 463.32 | 43659  436.25  455.19
Chain A
Stability 571.02 57037 | 589.36 | 582.46 590.75 58136 57256 | 543.95 584.20 = 600.66
Chain B

4.4  Better Binding Affinity in Heterodimers with Domain 1V Binding Mode

The proposed dimerization site from a recent study (51) (exon 10 loop) and the
dimerization site that was used in this thesis study (domain 1V) were selected in
HADDOCK software to observe their binding affinity. Exon 10 loops from the best 5
models of ERAP1 obtained from I-TASSER results were used and grafted on
remodeled ERAP1 2YDO structure from Modeller to predict the dimerization site.
ERAP2 5ABO0 chain and ERAP1 remodeled chain were added as the first and the

second chains, respectively, for heterodimer docking.

In docking results, heterodimer complexes formed by ERAP2 and ERAP1 at
domain 1V region showed a similar binding mode in best cluster of all predictions
(Figure 17, 18, 19, 20 and 21). When domain IV and exon 10 loop regions were
compared in heterodimer docking results, all domain 1V predictions outran their exon
10 loop counterpart in terms of docking score and cluster size (Figure 22, 23, 24, 25
and 26). Among all heterodimer predictions, only ERAP2 and ERAP1 with exon 10
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loop from model 2 adopted a similar binding mode achieved in the aforementioned

study (51). However, this binding mode exhibited the lowest docking score and cluster

size in the group.

Cluster 1
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Restraints violation energy
Buried Surface Area

Z-Score

-140.5 +/- 6.2
115
0.7 +/-0.4

-84.3 +/- 12.2
-721.9 +/- 64.3
49.0 +/- 2.5
391.4 +/-47.5
3759.0 +/- 144.1
-2.0

HADDOCK score

-20 -
.40 _
-60 -
-80 .:
-100 -

120

-140 J

HADDOCK score vs FCC

o
o
@ o °
o o °"e
8 8 .
° °Pe ° ®
) ° 0‘
) g ° of
e %o o
le) o] ° L) '

ki

°
LU DL UL B B N DN B B BN RN L BN BN BN BN BN 1
0 02 04 0.6 08 1
Fraction of Common Contacts
@c1 O @ O @ Qwu
QO Other

Figure 17. Docking results of ERAP2 and ERAP1 model 1 heterodimer targeted at
domain IV region. Docking results of the best cluster (bottom left), best structure from
the cluster (top left), and common contacts of all clusters (right) (C: cluster, 1-6:

cluster number).

39



Cluster 1

HADDOCK score
Cluster size

RMSD from the overall
lowest-energy structure

Van der Waals energy
Electrostatic energy
Desolvation energy
Restraints violation energy
Buried Surface Area

Z-Score

HADDOCK score vs FCC

-80 -

HADDOCK score

-130.8 +/- 5.4
125
6.6 +/- 0.1

-100 4

-120

-93.2 +/-7.9
-680.6 +/- 76.7

47.7 - 4.6 ' 0 o '02‘ o '04' o '015' o 'ols' o 1
508.2 +/- 59.4 Fraction of Common Contacts

3653.6 +/- 127.4 ®@ci O @c2 O¢G @c

-1.8 QO Other

140 ]

Figure 18. Docking results of ERAP2 and ERAP1 model 2 heterodimer targeted at
domain IV region. Docking results of the best cluster (bottom left), best structure from
the cluster (top left), and common contacts of all clusters (right) (C: cluster, 1-5:

cluster number).
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Figure 19. Docking results of ERAP2 and ERAP1 model 3 heterodimer targeted at
domain 1V region. Docking results of the best cluster (bottom left), best structure from
the cluster (top left), and common contacts of all clusters (right) (C: cluster, 1-8:

cluster number).
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Figure 20. Docking results of ERAP2 and ERAP1 model 4 heterodimer targeted at
domain IV region. Docking results of the best cluster (bottom left), best structure from
the cluster (top left), and common contacts of all clusters (right) (C: cluster, 1-5:
cluster number).
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Figure 21. Docking results of ERAP2 and ERAP1 model 5 heterodimer targeted at
domain 1V region. Docking results of the best cluster (bottom left), best structure from
the cluster (top left), and common contacts of all clusters (right) (C: cluster, 1-6:
cluster number).

41



Cluster 2

HADDOCK score
Cluster size

RMSD from the overall
lowest-energy structure

Van der Waals energy
Electrostatic energy
Desolvation energy
Restraints violation energy
Buried Surface Area

Z-Score

-135.3 +/- 4.0
31

2.4 +/-1.3

-102.7 +/- 12.5
-500.8 +/- 57.0
-11.4 +/- 8.0

789.8 +/- 113.0

3909.3 +/- 248.1

-1.8

HADDOCK score

HADDOCK score vs FCC

-50 4

-150 [¢)
o
T L oy [ e o T B G om e o [ e e
0 0.2 04 0.6 0.8 1
Fraction of Common Contacts
®@C O @c QO @ci1 Oc7
@k Oct @c3 Oc ( Other

Figure 22. Docking results of ERAP2 and ERAP1 model 1 heterodimer targeted at
exon 10 loop region. Docking results of the best cluster (bottom left), best structure
from the cluster (top left), and common contacts of all clusters (right) (C: cluster, 1-

11: cluster number).
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Figure 23. Docking results of ERAP2 and ERAP1 model 2 heterodimer targeted at
exon 10 loop region. Docking results of the best cluster (bottom left), best structure
from the cluster (top left), and common contacts of all clusters (right) (C: cluster, 1-

12: cluster number).
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Figure 24. Docking results of ERAP2 and ERAP1 model 3 heterodimer targeted at
exon 10 loop region. Docking results of the best cluster (bottom left), best structure
from the cluster (top left), and common contacts of all clusters (right) (C: cluster, 1-8:

cluster number).
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Figure 25. Docking results of ERAP2 and ERAP1 model 4 heterodimer targeted at
exon 10 loop region. Docking results of the best cluster (bottom left), best structure
from the cluster (top left), and common contacts of all clusters (right) (C: cluster, 1-8:

cluster number).
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Figure 26. Docking results of ERAP2 and ERAP1 model 5 heterodimer targeted at
exon 10 loop region. Docking results of the best cluster (bottom left), best structure
from the cluster (top left), and common contacts of all clusters (right) (C: cluster, 1—
11: cluster number).

4.5 Structural Changes Observed in ERAP1 and ERAP2 Simulations

After completion of simulation runs, snapshots of simulations were taken in 50 ns
intervals throughout the simulation. Structures from snapshots of ERAP1 monomers,
ERAP2 monomers, ERAP1 homodimers and ERAPL/2 heterodimers were
superimposed for structural comparison. For the sake of convenience; Hap2, Hap3,
Hap8 and Hapl0 were selected for further analysis in this study and grouped as
primary ERAP1 allotypes. Allotypes Hapl, Hap4, Hap5, Hap6, Hap7 and Hap9 were

categorized as secondary ERAP1 allotypes and largely discarded.

In this study, three parallel runs for each primary ERAP1 allotype was performed.
Structures of ERAP1 closed Hap2, Hap3, Hap8 and Hapl0 monomers were mostly
stable in three different runs for 150 ns (Figure 27). Nonetheless, some motions around
domain I and IV and on helix H4a of domain Il were observed as seen in Hap2 (run 1
at 150 ns & run 2 at 100 ns), Hap3 (run 1 at 150 ns, run 2 at 100 and 150 ns & run 3 at
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Figure 27. Primary allotypes in ERAP1 closed monomer 3D structures before
simulation, at 50, 100 and 150 ns of simulation. The whole ERAPL structure is
represented with green cartoon (PDB ID: 2YDO).

50 ns), Hap8 (run 1 at 100 ns, run 2 in all & run 3 at 100 and 150 ns) and Hap10 (run
1 at 50 and 150 ns, run 2 in all & run 3 at 50 and 100 ns) as well as Zn(I1) ion shifting
in Hap2 (run 3 at 150 ns). Sequence 485—508 was the most flexible region in all runs.
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Hap8

Hapl0

Figure 27. Primary allotypes in ERAP1 closed monomer 3D structures before
simulation, at 50, 100 and 150 ns of simulation. The whole ERAP1 structure is
represented with green cartoon (PDB ID: 2YDO) (cont.).
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As two conformational states were previously observed in ERAP1 studies,
structural changes of ERAP1 Hap2 monomer in open form was also examined during
simulations (Figure 28). According to the results, all three parallel runs reached to a
partially closed structure within 100 ns. Distinctively, run 3 ended up resembling more
of a closed conformation. Because open conformations were quite unstable and they
were moving towards a closed conformation, they were discarded in trajectory analysis
of ERAP1 and ERAP2.

Time (ns) :

Hap2 Run 2

Figure 28. ERAP1 Hap2 open monomer 3D structures before simulation, at 50 and
100 ns of simulation. The whole ERAP1 structure is represented in green cartoon (PDB
ID: 3QNF).

ERAP2 closed monomers were captured in screenshots (Figure 29). Structural
changes were clearly observed in N392 (run 1 in all, run 2 at 50 ns and 100 ns & run
3inall) and K392 (run 1 in all, run 2 at 50 and 100 ns & run 3 in all). Even though,
the loop within ER retention signal was already structured in ERAP2 crystal models
which also has a long a-helix in the same region, it was almost as flexible as the loop
at sequence 485-508 in ERAP1 monomers and caused major twists in the a-helix.

Strikingly, in run 3 of K392, domain | was distant from the rest late in the simulation.
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N392

K392

Figure 29. ERAP2 closed monomer 3D structures before simulation, at 50, 100 and
150 ns of simulation. The whole ERAP2 structure is represented in green cartoon (PDB
ID: 5AB0).
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Hap2-Hap?2

Hap2-N392

Figure 30. ERAPI1 closed Hap2—Hap2 homodimer and ERAP1/2 closed Hap2—N392
heterodimer 3D structures before simulation, at 50, 100 and 150 ns of simulation.
Chain A (green) and chain B (cyan) are the first and the second chains of dimer
structures (PDB ID: 2YDO0 & 5ABO0).
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Hap8-Hap8

Hap8-K392

Figure 31. ERAPI1 closed Hap8—Hap8 homodimer and ERAP1/2 closed Hap8—N392
and Hap8-K392 heterodimer 3D structures before simulation, at 50, 100 and 150 ns
of simulation. Chain A (green) and chain B (cyan) are the first and the second chains
of dimer structures (PDB ID: 2YDO0 & 5ABO0).
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In addition to apo-enzyme structures, bestatin-bound ERAP1 Hap2 structures
were investigated in both open and closed states. Analysis of these structures were
consistent with the results of apo-enzyme structures based on their conformation. As
protein—ligand crystal structures were only available with inhibitors, they were

discarded from further analysis.

Screenshots of ERAP1 Hap2-Hap2 homodimer and ERAP1/2 Hap2-N392
heterodimer structures were compared together to elicit the relationship in dimeric
interactions after performing five different parallel runs for each for 150 ns (Figure
30). Only Hap2 chains, the first chain of dimers, were superimposed for clearance.
Changes in both intrachain and interchain interactions were sighted in both structures.
Changes in interactions between domain | and IV were observed in Hap2—Hap2 (chain
A'inrun 1 in all, chain Ain run 2 at 50 ns & chain A in run 5 at 50 ns) and Hap2—
N392 (chain A in run 1 at 50 and 100 ns & chain A in run 4 at 100 and 150 ns).
Furthermore, interactions between domain IV of chain A and B were observed in
Hap2-Hap2 (run 1 in all, run 2 at 50 ns, run 3 at 50 ns, run 4 at 50 ns & run 5 at 50
and 100 ns) and Hap2-N392 (run 1 in all, run 2 at 50 and 150 ns, run 3 at 50 and 150
ns, run 4 at 50 and 100 ns & run 5 in all). Interestingly, many chain As of structures
showed a slight conformational change towards open state while chain Bs of both
Hap2-Hap2 homodimer and Hap2-N392 heterodimer structures were almost
completely in closed state. Interdomain interactions were significantly disrupted in
Hap2-N392 heterodimer structures compared to Hap2—Hap2 homodimers. Especially
in run 1 and run 5, Hap2-N392 heterodimers exhibited complete loss of interaction

and rearrangement of dimer chains through different residue interactions, respectively.

Along with Hap2—Hap2 and Hap2-N392, combinations of other homodimer and
heterodimer structures were also simulated which include Hap8—Hap8 homodimer
Hap8-N392 and Hap8—K392 heterodimer structures (Figure 31). While some of the
dimer structures were stable, notable structural changes were observed in Hap8—Hap8
(chain A in run 1 at 50 ns and chain B in run 1 at 50 and 100 ns) and Hap8-K392
(chain A'inrun 1 at 150 ns and chain B in run 1 at 150 ns & chain A of run 3 in all) in

terms of intrachain interaction and Hap8—Hap8 (run 1 at 100 ns & run 2 at 50 and 150
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ns), Hap8—N392 (run 1 in all & run 2 in all) and Hap8—K392 (run 1 in all, run 2 in all
& run 3 at 50 and 150 ns) in terms of interchain interaction. Run 2 of Hap8—Hap8 and
all runs of Hap8—K392 had differences in interchain interaction as significant as run 1
and run 5 of Hap2-N392 which presented distinctively unique interacting residues
throughout simulation. Finally, a few simulations demonstrated conformational

change in chain B only lesser than chain A.

4.6 Structural Analysis Demonstrate Differences in Dimer Forms

Trajectory analysis of ERAP1 closed primary allotypes were assessed. In RMSD,
all primary allotypes were balanced between values 2 and 4 (Figure 32). In Hap2,
stability was in the lowest values with all three runs combined. Run 1 of Hap3 showed
similar values as Hap2 while last two parallel runs were at upper limit. All Hap8 runs
showed moderate values late in the simulation. Runs of Hap10 were in slightly higher
values than most primary allotypes and values were not as balanced as the rest.
Nonetheless, all these changes were minimal. In RMSF, most allotype sequences
showed ordered values except the loop within ER retention signal which is in similar
fashion in all ERAP runs (Figure 33). Some considerable changes were slight increase
in domain IV of Hap3 in run 3 and slightly high peaks at residues 113, 172, 425, 557,
628, 717 and 901 in some runs. Unfortunately, these residues were not close to SNP
residues. On average, radius of gyration values for all primary allotypes increased only
marginally (Figure 34). Additionally, Hap3 run 3 had an uprising line around 50 ns
and Hap8 run 2 at the beginning. When CM distance between domain I and IV were
checked, Hap2 run 2 had a steep hill in the second third of the simulation (Figure 35).
Run 3 of Hap3 had a line similar in trend to its RGYR analysis around 50 ns. Run 2 of
Hap8 showed an increase in the second half of the simulation. In SASA analysis, many
runs showed an upward tendency along the simulation (Figure 36). The largest
increase was observed in run 3 of Hap10. the first runs of Hap3, Hap8 and Hap10 were
not affected as much as other runs. Theta angle values were somewhat consistent
(Figure 37). But these values varied even among the parallel runs. Only moderate

changes were sighted on run 3 of Hap3.
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Figure 32. RMSD analysis of ERAP1 closed Hap2 (blue), Hap3 (red), Hap8 (orange)
and Hap10 (grey) monomer structures throughout simulation. Reference structures

were used for ERAP1 (PDB ID: 2YDO).
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Figure 33. RMSF analysis of ERAP1 closed Hap2 (blue), Hap3 (red), Hap8 (orange)
and Hap10 (grey) monomer structures throughout simulation. Reference structures
were used for ERAP1 (PDB ID: 2YDO0). Domains are separated by brackets (D:

domain, 1-4: domain number).
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Figure 34. Radius of gyration in ERAP1 closed Hap2 (blue), Hap3 (red), Hap8
(orange) and Hapl0 (grey) monomer structures throughout simulation. Reference
structures were used for ERAP1 (PDB ID: 2YDO0).
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Figure 35. Domain | and IV CM distances of ERAP1 closed Hap2 (blue), Hap3 (red),
Hap8 (orange) and HaplO (grey) monomer structures throughout simulation.
Reference structures were used for ERAP1 (PDB ID: 2YDO).
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Figure 36. SASA analysis of ERAP1 closed Hap2 (blue), Hap3 (red), Hap8 (orange)
and Hapl10 (grey) monomer structures throughout simulation. Reference structures
were used for ERAP1 (PDB ID: 2YDO).
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Figure 37. Theta angle of ERAP1 closed Hap2 (blue), Hap3 (red), Hap8 (orange) and
Hap10 (grey) monomer structures throughout simulation. Reference structures were
used for ERAP1 (PDB ID: 2YDO0).
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Analysis of ERAP2 closed N392 and K392 allotypes were observed along the
simulation. In RMSD, stability values of all ERAP2 runs were in gradual increase
throughout the simulation (Figure 38). Only a minor peak was observed in K392 run
3 near 80 ns unlike other simulations. These values were slightly lower than what was
observed in ERAP1 allotypes. Results of RMSF analysis were quite similar and low
among all simulations except K392 run 3 which showed an overall increase in domain
| followed by domain IV (Figure 39). Another exception was ER retention loop with
a significant peak in all ERAP2 runs but not any higher than ERAP1 allotypes. Results
of RGYR in all simulations were almost in moderate trend (Figure 40). Likewise, CM
distance of domain I and IV indicated similar trends (Figure 41). In both analyses,
however, run 3 of K392 had a peak similarly sighted in RMSD in the exact time period.
In SASA, values of ERAP2 allotypes gradually increased with no exception (Figure
42). Major changes were involved in run 1 of N392 and run 1 and 3 of K392. Opening
angle of ERAP2 allotypes did not change as much as ERAP1 allotypes (Figure 43).

hn hk
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Figure 38. RMSD analysis of ERAP2 closed N392 (blue) and K392 (red) monomer
structures throughout simulation. Reference structures were used for ERAP2 (PDB ID:
5AB0).
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Figure 39. RMSF analysis of ERAP2 closed N392 (blue) and K392 (red) monomer
structures throughout simulation (PDB ID: 5AB0). Domains are separated by brackets
(D: domain, 1-4: domain number).
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Figure 40. Radius of gyration in ERAP2 closed N392 (blue) and K392 (red) monomer
structures throughout simulation. Reference structures were used for ERAP2 (PDB ID:
5ABO0).
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Figure 41. Domain | and IV CM distances of ERAP2 closed N392 (blue) and K392
(red) monomer structures throughout simulation. Reference structures were used for
ERAP2 (PDB ID: 5AB0).
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Figure 42. SASA analysis of ERAP2 closed N392 (blue) and K392 (red) monomer
structures throughout simulation. Reference structures were used for ERAP2 (PDB ID:
5ABO0).
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Figure 43. Theta angle of ERAP2 closed N392 (blue) and K392 (red) monomer
structures throughout simulation. Reference structures were used for ERAP2 (PDB ID:
5ABO0).

In the case of dimers, ERAP1 Hap2—Hap2 homodimer and ERAP1/2 Hap2—N392
heterodimer structures were compared together in the first place. In RMSD, Hap2—
Hap2 values were quite balanced and almost similar in all five runs (Figure 44).
Conversely, two out of five Hap2—N392 runs rose up significantly. Excluding the first
and fifth runs, run 4 had a moderate increase with a stable line in the end and the rest
of runs were as low as Hap2—Hap?2 runs. The highest RMSF values observed in Hap2—
Hap2 was in domain | of chain A in the first run followed by domain 1V in the same
run (Figure 45). Domain | of chain A in run 4 and chain A & B in run 5 were also in
moderate increase. Nonetheless, they were minimal in comparison to the heterodimer
counterpart. Interestingly, Hap2—N392 run 1 had a significant overall increase in the
whole sequence of both chains with almost four times higher than any Hap2—Hap2
run. In run 5 of Hap2—N392, this much increase was also present but they were uneven.
Hap2-N392 run 4 mostly had high values around domain | and IV regions only. In
RGYR analysis, Hap2-N392 run 1 followed the same trend as in its RMSD results
whereas run 5 was a tad lower than in its RMSD results (Figure 46). As usual, ER
retention loop and near-terminal sequences exhibited high values in all runs. Results
of Hap2—Hap2 did not change greatly in both RGYR and CM distance of domain IV
regions (Figure 49). In heterodimers, Hap2-N392 showed similarity to
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Figure 44. RMSD analysis of ERAP1 closed Hap2—Hap2 homodimer (blue) and
ERAP1/2 closed Hap2-N392 heterodimer (red) structures throughout simulation.
Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID:
5ABO0).
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Figure 45. RMSF analysis of ERAP1 closed Hap2—-Hap2 homodimer (blue) and
ERAP1/2 closed Hap2-N392 heterodimer (red) structures throughout simulation.
Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID:
5AB0). Chains and domains are separated by brackets (D: domain, 1-4: domain
number).

aforementioned results with only run 4 being as low as Hap2—Hap2 runs at the end of
simulation. When CM distance was calculated between domain I and 1V of individual
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Figure 46. Radius of gyration in ERAPI1 closed Hap2—Hap2 homodimer (blue) and
ERAPI1/2 closed Hap2-N392 heterodimer (red) structures throughout simulation.
Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID:
5ABO0).
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Figure 47. Domain | and IV CM distances of the first chain (chain A) in ERAP1 closed
Hap2—-Hap2 homodimer (blue) and ERAP1/2 closed Hap2-N392 heterodimer (red)
structures throughout simulation. Reference structures were used for ERAP1 (PDB ID:
2YDO) and ERAP2 (PDB ID: 5AB0).

chains, the results were different. In regards to chain A, Hap2—Hap2 run 1 and run 5

had considerably increased values (Figure 47). This kind of increase for Hap2—N392

61



——h2h2-b ——hzhn-b

u
ity

u
=]

ey
[Y=]

=
oo

=
~l

=
[=a]

=y
[%a]

CM Distance of Domain | and IV (A)

=
-

=
w

0 20 40 60 80 100 120 140
Simulation Time (ns)

Figure 48. Domain I and IV CM distances of the second chain (chain B) in ERAP1
closed Hap2-Hap2 homodimer (blue) and ERAP1/2 closed Hap2-N392 heterodimer
(red) structures throughout simulation. Reference structures were used for ERAP1
(PDB ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).
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Figure 49. Domain IV CM distances of chains in ERAPI closed Hap2—Hap2
homodimer (blue) and ERAP1/2 closed Hap2-N392 heterodimer (red) structures
throughout simulation. Reference structures were used for ERAP1 (PDB ID: 2YDO0)
and ERAP2 (PDB ID: 5ABO0).

was only observed in run 1 and only slightly in run 4. As for chain B, a clear division
line between Hap2—Hap2 and Hap2-N392 was detected (Figure 48). Runs of Hap2—
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Figure 50. SASA analysis of ERAP1 closed Hap2—Hap2 homodimer (blue) and
ERAP1/2 closed Hap2-N392 heterodimer (red) structures throughout simulation.
Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID:
5ABO0).
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Figure 51. Theta angle of the first chain (chain A) in ERAPI closed Hap2—Hap2
homodimer (blue) and ERAP1/2 closed Hap2-N392 heterodimer (red) structures

throughout simulation. Reference structures were used for ERAP1 (PDB ID: 2YDO0)
and ERAP2 (PDB ID: 5ABO0).

N392 had more increase over time. In SASA analysis, all runs were in marginal

increase and all Hap2—-N392 runs increased faster than Hap2—Hap2 runs (Figure 50).
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Figure 52. Theta angle of the second chain (chain B) in ERAP1 closed Hap2—Hap2
homodimer (blue) and ERAP1/2 closed Hap2-N392 heterodimer (red) structures
throughout simulation. Reference structures were used for ERAP1 (PDB ID: 2YDO)
and ERAP2 (PDB ID: 5AB0).

In the first run of Hap2-Hap2, a sudden increase in chain A angle took place in mid
run and retained in theta angle analysis (Figure 51). Furthermore, a gradual increase
was observed in the first run of Hap2—N392. Other than that, chain A angle of many
runs were stable. Chain B angles almost divided into two sections (Figure 52). Angles
of Hap2—-N392 were higher in overall with run 3 exhibiting a smaller angle in second
half of the simulation. Chain B angle of Hap2—Hap2 run 3 decreased whereas other
parallel runs remained stable.

Combinations of ERAP1 Hap8 and ERAP2 allotypes were examined. A
remarkable increase was observed in first two runs of Hap8—Hap8 runs unlike Hap2—
Hap2 runs (Figure 53). In run 2, a sudden peak overtook the run with a significant
imbalance before the simulation end. In run 1, RMSD values only equilibrated after a
certain rise. However, in run 3, Hap8—Hap8 conserved its stability. All Hap8—K392
runs were in higher flexibility than other dimers. On the other hand, Hap8—N392
results were moderate and between Hap8-Hap8 homodimer and Hap8-K392
heterodimer. Run 1 of Hap8-K392 increased very early in the simulation unlike other

parallel runs which were in similar levels of flexibility later on. Unsurprisingly, run 1
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Figure 53. RMSD analysis of ERAP1 closed Hap8—-Hap8 homodimer (blue), ERAP1/2
closed Hap8-K392 (red) and Hap8—N392 (orange) heterodimer structures throughout
simulation. Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2
(PDB ID: 5AB0).
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Figure 54. RMSF analysis of ERAP1 closed Hap8—Hap8 homodimer (blue), ERAP1/2
closed Hap8-K392 (red) and Hap8—-N392 (orange) heterodimer structures throughout
simulation. Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2
(PDB ID: 5AB0). Chains and domains are separated by brackets (D: domain, 1-4:
domain number).

and 2 of Hap8—Hap8 had uneven values through entire sequence in RMSF analysis
(Figure 54). Run 3 of Hap8-Hap8 had the most stable sequence. In heterodimers, only
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Figure 55. Radius of gyration in ERAP1 closed Hap8—Hap8 homodimer (blue),
ERAP1/2 closed Hap8-K392 (red) and Hap8-N392 (orange) heterodimer structures
throughout simulation. Reference structures were used for ERAP1 (PDB ID: 2YDO0)
and ERAP2 (PDB ID: 5ABO).
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Figure 56. Domain | and IV CM distances of the first chain (chain A) in ERAP1 closed
Hap8-Hap8 homodimer (blue), ERAP1/2 closed Hap8-K392 (red) and Hap8-N392
(orange) heterodimer structures throughout simulation. Reference structures were used
for ERAPL (PDB ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).

run 2 of Hap8-K392 and run 1 of Hap8-N392 were the most stable structures, albeit
high. Domain I and IV of chain A and domain IV of chain B were significantly unstable
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Figure 57. Domain | and IV CM distances of the second chain (chain B) in ERAP1
closed Hap8—Hap8 homodimer (blue), ERAP1/2 closed Hap8-K392 (red) and Hap8—
N392 (orange) heterodimer structures throughout simulation. Reference structures
were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).
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Figure 58. Domain IV CM distances of chains in ERAP1 closed Hap8-Hap8
homodimer (blue), ERAP1/2 closed Hap8-K392 (red) and Hap8-N392 (orange)
heterodimer structures throughout simulation. Reference structures were used for
ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).

in run 1 of Hap8-K392 in comparison to these runs and was followed by domain | of
chain A in the third run of Hap8-K392 and domain | of chain A and domain IV of
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Figure 59. SASA analysis of ERAP1 closed Hap8—Hap8 homodimer (blue), ERAP1/2
closed Hap8-K392 (red) and Hap8-N392 (orange) heterodimer structures throughout
simulation. Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2
(PDB ID: 5AB0).

Bending Angle ()

——h8h8-a

66 h8hk-a h8hn-a

64

62

60

58

56

“LJ[JN rwlfuq'l
Al it

0 0 1
Simulat%onTime {ns?o

54

H*’ “m

52

120 140

Figure 60. Theta angle of the first chain (chain A) in ERAP1 closed Hap8—Hap8
homodimer (blue), ERAP1/2 closed Hap8-K392 (red) and Hap8-N392 (orange)
heterodimer structures throughout simulation. Reference structures were used for
ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).

chain B in 2 nd run of Hap8—N392. Results of RGYR were not different from RMSD
results (Figure 55). Only, run 1 of Hap8-K392 had closer values to other runs. Domain
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Figure 61. Theta angle of the second chain (chain B) in ERAP1 closed Hap8—Hap8
homodimer (blue), ERAP1/2 closed Hap8-K392 (red) and Hap8-N392 (orange)
heterodimer structures throughout simulation. Reference structures were used for
ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID: 5ABO0).

IV CM distances only indicated a notable increase in run 2 of Hap8—Hap8 comparable
to Hap8-K392 heterodimers (Figure 58). Heterodimers showed similar patterning of
RMSD and RGYR results. Domain | and IV CM distances were a different case. In
chain A, intrachain distances of all Hap8&—Hap8 runs were smooth (Figure 56). Chain
A of Hap8-K392 run 1 was in lower peak and chain A of Hap8-N392 run 1 rose up
more than its second parallel run. All other runs were steady. However, run 1 values
in Hap8—Hap8 alone was very high in chain B unlike any other homodimer (Figure
57). This was comparable to Hap8—-K392 runs which showed values as high. Runs of
Hap8-N392 initially decreased then increased back. While SASA of dimer runs
generally increased, run 3 of Hap8—Hap8 showed minor decrease at times (Figure 59).
Interestingly, many runs demonstrated declining values only in the early-simulation.
Changes in bending angle of chain A exhibited a small decreasing pattern in all runs
of Hap8-Hap8 (Figure 60). This angle was significantly large in run 1 of Hap8-K392
while it was mostly stable in the rest of runs. On the contrary, chain B of run 1 in
Hap8-Hap8 differed a lot (Figure 61). It had a significant increase overpassing the

angle of heterodimers which were stable along the simulation.
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PCA of all closed monomers including ERAP1 and ERAP2 allotypes were
compared (Figure 62). Even though the motions in the second and the third runs of
Hap3 were a tad higher, ERAP1 primary allotypes were stable in general. ER retention
loop was the most flexible region in all runs. Besides that, small but common motions
around the structures were observed in loop region between residues 550-560 and
regions where conformational changes occur such as helix H4a and near-region

(between residues 420-433) as well as domain | and IV.

ERAP2 allotypes in PCA results differed vastly from each other (Figure 62).
While N392 runs were satisfyingly stable, high-degree motions were present in run 2
and 3 of K392. For instance, domain | in the third run of K392 was significantly

flexible.

4

Hap  Hap10 .~ Hap10
Run 1 < Run 2

2 N

N392 N392 / K392
Run 2 Run 3 ; Run 1

stationary Ml® mobile

Figure 62. PCA of ERAP1 and ERAP2 closed monomer structures after 150 ns
simulation. From red to blue, residual mobility increases. Reference structures were
used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).

PCA results of dimer simulations were evaluated (Figure 63). Most of dimers
demonstrated lower levels of stability compared to monomers. Only a few Hap2—Hap?2
runs retained their stability in optimal levels. In contrast, all runs of Hap2—N392 except
the third run, run 1 and 3 of Hap8-K392 and run 2 of Hap8—Hap8 were in extreme
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motions. Among unstable runs, many heterodimers demonstrated separation of chains
whereas many homodimers showcased changes in conformational state of individual

chains.

Hap8—K392| Run 1

Hap8—K392| Run 2

Hap8-N392| Run1 Hap8-N392| Run 2

4 stationary Ml mobile

Hap2-Hap2| Run5 Hap2-N392| Run5

Figure 63. PCA of ERAP1 closed homodimer and ERAP1/2 closed heterodimer
structures after 150 ns simulation. From red to blue, residual mobility increases.
Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID:
5ABO0).

4.7 Catalytic Tyrosine in Active Site of ERAP1 and ERAP2 is Subject to
Conformational Difference

Active site motions of simulations were captured in 50-ns time intervals. Beside
active site residues (residues in GAMEN motif and Tyr438/Tyr455); Zn(ll) ion, zinc
binding  residues  (His353/His370, His357/His374, Glu376/Glu393) and
Phe433/Phe450 were included for representation. Results of some ERAP1 primary
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Figure 64. Active site positions of ERAPL1 closed primary allotypes (top) and ERAP2
closed allotypes (bottom left) before simulation, at 50, 100 and 150 ns of simulation.
Structures at 150 ns are represented in red while structures of other time frames are
represented in grey. Locations of residues were demonstrated (bottom right).
Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID:
5AB0).

allotypes showed reorientation and rotation of Phe433 and Tyr438 residues especially
at 150 ns (Figure 64). Phe motions were significant in run 3 of Hap2 and run 2 of Hap8.
Rotation of Tyr438 was clearly observed in all runs of Hap2, run 2 of Hap3, run 2 and
3 of Hap8 and run 2 of Hap10. In ERAP2 allotypes, only slight motions of Phe450

were prevalent while rotation in Tyr455 was caught in run 1 and 2 of N392 and run 1
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Figure 65. Active site positions of ERAP1 Hap2-Hap2 closed homodimer (left) and
ERAP1/2 Hap2-N392 (right) closed heterodimer structures before simulation, at 50,
100 and 150 ns of simulation. Structures at 150 ns are represented in red while
structures of other time frames are represented in grey. Reference structures were used
for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID: 5AB0). Residue locations were
demonstrated in Figure 64.

of K392 (Figure 64). No n-m interaction was observed between Phe433/450 and
Tyr438/455 in any run.

Active site positions of ERAP1 Hap2—Hap2 closed homodimer and ERAP1/2
Hap2-N392 closed heterodimer structures were investigated (Figure 65). In chain A
of Hap2—Hap2, Phe433 was in significant motion in run 1 and 3. Similar kind of
motion was observed in chain B of Hap2—Hap2 in run 2. Rotation of catalytic residue
Tyr438 was also significant in many runs of Hap2—Hap2. Overall changes in active
sites of Hap2—-N392 were not as significant as Hap2—Hap2. Nonetheless, a clear
motion was observed in Phe450 from chain A of run 4 and rotation of Tyr450 in chain
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A and B of run 3 as well as chain B of run 4 and 5. Interestingly, shifting of Phe450 in
ERAP2 chains was fairly low.
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Figure 66. CM distance between protein and Zn(l1) ion in ERAP1 closed Hap2 (blue),
Hap3 (red), Hap8 (orange) and HaplO (grey) monomer structures throughout
simulation. Reference structure was used for ERAP1 (PDB ID: 2YDO).
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Figure 67. CM distance between protein and Zn(I1) ion in ERAP2 closed N392 (blue)
and K392 (red) monomer structures throughout simulation. Reference structure was
used for ERAP2 (PDB ID: 5AB0).
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Distance between CM of protein chain and Zn(lI1) was calculated for all closed
monomers. In ERAP1 primary allotypes, Hap2 distances were marginally higher than
other allotypes and distance of run 2 and 3 from the same allotype gradually increased,
albeit slowly (Figure 66). Finally, ERAP2 allotypes were mostly in similar trends as
stable runs of ERAP1 (Figure 67). Here, K392 run 3 distance decreased by the end of

simulation.

Zn distance to CM of protein chain was analyzed in dimers Hap2-Hap2 and
Hap2-N392. In overall, chain A distance was a little bit more steady than chain B
distance. Chain A distance in run 5 of Hap2—Hap2 and run 4 of Hap2—-N392 marginally
increased (Figure 68). Chain B distance in run 2 of Hap2-Hap2 marginally increased
while, in run 5 of Hap2-Hap2, it decreased (Figure 69). All runs except run 5 of Hap2—
N392 demonstrated a significant increase in chain B distance as simulation time

passed.
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Figure 68. CM distance between protein and Zn(l1) ion of the first chain (chain A) in
ERAP1 closed Hap2-Hap2 homodimer (blue) and ERAP1/2 closed Hap2-N392
heterodimer (red) structures throughout simulation. Reference structures were used for
ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).
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Figure 69. CM distance between protein and Zn(ll) ion of the second chain (chain B)
in ERAP1 closed Hap2—-Hap2 homodimer (blue) and ERAP1/2 closed Hap2-N392
heterodimer (red) structures throughout simulation. Reference structures were used for
ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).
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Figure 70. CM distance between protein and Zn(l1) ion of the first chain (chain A) in
ERAP1 closed Hap8—Hap8 homodimer (blue), ERAP1/2 closed Hap8—-K392 (red) and
Hap8-N392 (orange) heterodimer structures throughout simulation. Reference
structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).

Hap8 homo- and heterodimers were evaluated in terms of Zn(ll) and protein CM

distance. In chain A, changes were minimal in many Hap8—Hap8 runs with about 1
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Figure 71. CM distance between protein and Zn(ll) ion of the second chain (chain B)
in ERAP1 closed Hap8-Hap8 homodimer (blue), ERAP1/2 closed Hap8-K392 (red)
and Hap8-N392 (orange) heterodimer structures throughout simulation. Reference
structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).

angstrom difference (Figure 70). Even so, swinging patterns were present in some
heterodimers such as Hap8-K392. Distinctively, run 3 of Hap8-K392 showed a
temporary fall then regained its initial distance values just before the end of the
simulation. Runs of Hap8—Hap8 only expressed significant changes in Chain B
distances (Figure 71). Strangely enough, Hap8-K392 runs had the lowest distances in
chain B followed by more stable Hap8-N392 runs. These distances were significant

against homodimer distances in chain B.

C-alpha distance between Tyr438 and other active site residues was inspected in
Hap2-Hap2 and Hap2-N392 simulations (Figure 72, 73, 74 and 75). In chain A of
Hap2—Hap2 homodimer, the most notable change was found between residues Tyr438
and Gly317 with minimal varying distances among parallel runs. The same change
applied to chain A of Hap2-N392 with conjugate residues Tyr455 and Gly334. Other
residue pairs were more stable. Chain B active site distances were generally similar to
chain A results in Hap2—Hap2. However, the second run of Hap2—Hap2 had a sharp
decline after 90 ns in the simulation with the residue pairs 317-438 and 318-438.
Additionally, distance of residue pair 321-438 in Hap2—Hap2 run 1 began to fall down.
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As for Hap2-N392, the third run had the least consistent distance values during
simulation and all runs displayed undeniable changes. This time, residue pairs besides

334-455 were diverse in terms of distance.

Distance of Tyr438/Tyr455 to other active site residues was investigated in Hap8—
Hap8 homodimer, Hap8-K392 and Hap8-N392 heterodimers (Figure 76, 77, 78, 79,
80 and 81). Compared to dimers with Hap2, distance of Tyr438/Tyr455 to
Gly317/Gly334 was more stable in chain A of Hap8-Hap8 and Hap8-N392 runs.
Stability of chain A in Hap8-K392 runs was only marginally flexible after 40 ns.
Changes in chain B were a lot more prevalent in Hap8—Hap8 homodimers than both
heterodimers. Runs of Hap8-N392 exhibited almost straight distance values.

Similarly, Hap8-K392 runs were stable in terms of distance.
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Figure 72. C-alpha distance of Tyr438 against other active site residues in the first
chain (chain A) of ERAPI1 closed Hap2—Hap2 homodimer structure throughout
simulation. Tyr-Gly (cyan), Tyr-Ala (red), Tyr-Met (yellow), Tyr-Glu (black) and Tyr-
Asn (green) distances are colored. Reference structure was used for ERAP1 (PDB ID:
2YDO).
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Figure 73. C-alpha distance of Tyr438 against other active site residues in the second
chain (chain B) of ERAPI closed Hap2-Hap2 homodimer structure throughout
simulation. Tyr-Gly (cyan), Tyr-Ala (red), Tyr-Met (yellow), Tyr-Glu (black) and Tyr-
Asn (green) distances are colored. Reference structure was used for ERAP1 (PDB ID:
2YDO).
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Figure 74. C-alpha distance of Tyr438 against other active site residues in the first
chain (chain A) of ERAPI1 closed Hap2—N392 heterodimer structure throughout
simulation. Tyr-Gly (cyan), Tyr-Ala (red), Tyr-Met (yellow), Tyr-Glu (black) and Tyr-
Asn (green) distances are colored. Reference structures were used for ERAP1 (PDB
ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).
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Figure 75. C-alpha distance of Tyr438 against other active site residues in the second
chain (chain B) of ERAP1 closed Hap2—N392 heterodimer structure throughout
simulation Tyr-Gly (cyan), Tyr-Ala (red), Tyr-Met (yellow), Tyr-Glu (black) and Tyr-
Asn (green) distances are colored. Reference structures were used for ERAP1 (PDB
ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).
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Figure 76. C-alpha distance of Tyr438 against other active site residues in the first
chain (chain A) of ERAP1 closed Hap8-Hap8 homodimer structure throughout
simulation. Tyr-Gly (cyan), Tyr-Ala (red), Tyr-Met (yellow), Tyr-Glu (black) and Tyr-
Asn (green) distances are colored. Reference structure was used for ERAP1 (PDB ID:
2YDO).
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Figure 77. C-alpha distance of Tyr438 against other active site residues in the second
chain (chain B) of ERAP1 closed Hap8-Hap8 homodimer structure throughout
simulation. Tyr-Gly (cyan), Tyr-Ala (red), Tyr-Met (yellow), Tyr-Glu (black) and Tyr-
Asn (green) distances are colored. Reference structure was used for ERAP1 (PDB ID:
2YDO).
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Figure 78. C-alpha distance of Tyr438 against other active site residues in the first
chain (chain A) of ERAP1 closed Hap8-K392 heterodimer structure throughout
simulation. Tyr-Gly (cyan), Tyr-Ala (red), Tyr-Met (yellow), Tyr-Glu (black) and Tyr-
Asn (green) distances are colored. Reference structures were used for ERAP1 (PDB
ID: 2YDO) and ERAP2 (PDB ID: 5ABO0).
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Figure 79. C-alpha distance of Tyr438 against other active site residues in the second
chain (chain B) of ERAPI1 closed Hap8—K392 heterodimer structure throughout
simulation. Tyr-Gly (cyan), Tyr-Ala (red), Tyr-Met (yellow), Tyr-Glu (black) and Tyr-
Asn (green) distances are colored. Reference structures were used for ERAP1 (PDB
ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).
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Figure 80. C-alpha distance of Tyr438 against other active site residues in the first
chain (chain A) of ERAP1 closed Hap8-N392 heterodimer structure throughout
simulation. Tyr-Gly (cyan), Tyr-Ala (red), Tyr-Met (yellow), Tyr-Glu (black) and Tyr-
Asn (green) distances are colored. Reference structures were used for ERAP1 (PDB
ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).
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Figure 81. C-alpha distance of Tyr438 against other active site residues in the second
chain (chain B) of ERAPL closed Hap8-N392 heterodimer structure throughout
simulation. Tyr-Gly (cyan), Tyr-Ala (red), Tyr-Met (yellow), Tyr-Glu (black) and Tyr-
Asn (green) distances are colored. Reference structures were used for ERAP1 (PDB
ID: 2YDO0) and ERAP2 (PDB ID: 5AB0).

4.8 Interactions in Dimerization Site Ensure Chain Stability

To investigate structural changes more closely, possible interactions between
individual chains of dimer were identified in ERAP1 Hap2—Hap2 homodimer and
ERAP1/2 Hap2-N392 heterodimer runs. To this end, salt bridge analysis was
performed. First eliminations were done between parallel runs of each dimer
combination. Out of many residue pairs responsible of salt bridge interactions, 13
residue pairs were found common among five parallel runs of Hap2—Hap2 (Figure 82).
In Hap2-N392, number of common residue pairs dropped to 10 with many parallel
runs taken account (Figure 83). In spite of that, Hap2—-N392 had more salt bridge pairs

than Hap2—Hap?2 in total and many of them found uniquely in different parallel runs.
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Figure 82. Residue pairs of ERAP1 closed Hap2—Hap2 homodimer structures forming
salt bridges between domain IV dimerization sites. Sets are categorized by parallel
runs. Reference structure was used for ERAP1 (PDB ID: 2YDO).
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Figure 83. Residue pairs of ERAP1/2 closed Hap2-N392 heterodimer structures
forming salt bridges between domain IV dimerization sites. Sets are categorized by
parallel runs. Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2
(PDB ID: 5AB0).
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After determination of common salt bridges among parallel runs, common pairs
between Hap2-Hap2 and Hap2—N392 structures were investigated (Figure 84). As
ERAP1 and ERAP2 sequences do not perfectly match, conjugate residues were
identified through sequence and structural alignment. Interestingly, only two conjugate

residue pairs were found common in all runs done for Hap2—Hap2 and Hap2—N392.

Hap2-N392

~N Hap2—-Hap?2

ASPF691—y
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AS Jem"\\

§ : \ 65 <\

\

Figure 84. Common and conjugate interchain residue pairs present in both ERAP1
closed Hap2—Hap2 homodimer (left) and ERAP1/2 closed Hap2—-N392 heterodimer
(right) structures. Residues in chain A (cyan) and chain B (red) are shown. Structural
pose and angstrom distances shown in yellow dashes represent only the first frame in
the first runs of both structures.

Aside from salt bridges, possible contact residues between chains were identified
within 3 A distance. Average and standard deviation of all existing contacts throughout
parallel runs were calculated and the most frequently occurring interactions were
combed out. Top 50 residue pairs with great contacts were listed for both Hap2—Hap?2
and Hap2-N392. Afterwards, these contacts were classified into either salt bridge or
other interaction depending on the residue type. In Hap2—Hap2 results, best contacts
were identified in salt bridges most of which was in close contact over 50% of total
simulation time (Figure 85). Moreover, top 50 residue pairs were available for contact
over 20% of total simulation time. However, results were substantially different in
Hap2-N392 contact residues (Figure 86). Generally, top 50 residue pairs were only
present under 50% of the total time. The best contacts were not dominated by salt

bridges which were scattered around.
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Figure 85. Top 50 interchain residue pairs of ERAP1 closed Hap2—Hap2 homodimer
structures. Average of all 5 parallel runs show how likely residue pairs interact to each
other. Salt bridge (blue) and other interactions (orange) are shown. Reference structure
was used for ERAP1 (PDB ID: 2YDO).
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Figure 86. Top 50 interchain residue pairs of ERAP1/2 closed Hap2-N392
heterodimer structures. Average of all 5 parallel runs show how frequently residue
pairs interact with each other. Salt bridge (blue) and other interactions (orange) are
shown. Reference structures were used for ERAP1 (PDB ID: 2YDO0) and ERAP2 (PDB
ID: 5AB0).
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A type of weak interaction called H-bond was also analyzed in Hap2—Hap2 and
Hap2—-N392 simulations (Figure 87). A clear difference was observed between Hap2—
Hap2 and Hap2—N392 runs. Number of H-bonds in Hap2—Hap2 runs mostly remained
stable through time whereas number of H-bonds in Hap2-N392 were much less stable
causing either staggering in interaction and low number of bonds. While H-bond
number in run 1 of Hap2-N392 completely diminished in the second half of the
simulation, it dropped to near zero in run 5 of Hap2-N392. Taking standard deviation
of all runs into consideration, an almost seamless division between the number of H-

bonds in Hap2—Hap2 and Hap2—N392 was realized.
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Figure 87. Number of H-bonds (top left), moving average of number of H-bonds (top
right) and average of H-bond number (bottom) in ERAP1 closed Hap2-Hap2
homodimer (cyan) and ERAP1/2 closed Hap2-N392 heterodimer (red) structures
throughout simulation. Reference structures were used for ERAP1 (PDB ID: 2YDO0)
and ERAP2 (PDB ID: 5AB0).
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5 DISCUSSION

AS is a chronic inflammatory autoimmune disease causing inflammation in joints
(1). While AS pathogenesis is unclear, ERAP1 protein was found as a risk factor of
the disease (3). It was hypothesized that ERAP1 and ERAP2 affect MHC-I
immunopeptidome due to polymorphic differences in their structure and alter catalytic
activity and peptide trimming efficiency. Selected ERAP1 and ERAP2 allotypes in
monomer, homodimer and heterodimer forms were simulated and analyzed in the aim

of deciphering their possible contribution to AS mechanism.

5.1 Interpretation of ERAP Structural Differences

In experimental part of the project, Hap8, Hap3 and Hap2 allotypes were
discovered, in this order, as top 3 abundant allotypes in Turkish AS patients
(unpublished results). This is almost in line with the results of one study about the
frequency of ERAP1 allotype combinations from “1000 Genomes Project” which
showed Hap2—-Hap2 and Hap2—-Hap8 in high frequency (58). In previous studies, Hap2
and Hap3 were associated with AS as AS risk factors, Hap10 was associated with AS
as AS protective factor and no AS association was made for Hap8 in GWAS (53).
Furthermore, Hap10 was found as a destabilizing allotype in preliminary protein
stability prediction. Due to these reasons, these four allotypes were selected for further

analysis.

In the findings of this study, Hap2, Hap3, Hap8 and Hapl0 ERAP1 closed
monomers showed subtle changes in stability of the structures in most of the
simulation time. These changes occurred with minor allotypic differences. In ERAP2
closed monomers, N392 and K392 allotypes demonstrated slightly more stable
structures than ERAP1 monomers. Larger conformational changes of ERAP1 and
ERAP2 monomers in between different allotypes were almost non-existent (or
minimal in some Hap3 and K392 structures in domain | and IV) and these changes did

not remain stable in the course of the simulations. Additionally, high motions observed
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in monomer structures were not located close to individual SNPs. This may explain

why structural differences were not diverse.

Exon 10 coding sequence has ER retention signal which retains ERAP1 in ER
(23). Only the sequence encoded by exon 10 coding sequence (485-508) was very
flexible in all monomers. This long sequence was one of few unstructured sequences
in ERAPL crystal models that were remodeled in this study. However, this sequence
was present in ERAP2 crystal structure and had a partial a-helix secondary structure.
While ERAP1 and ERAP2 sequences around this region were not highly conserved,
remodeled ERAPL1 exhibited a loop as a secondary structure in this sequence. This was
further verified by I-TASSER generated models, showing the formation of an alpha-
helical structure with the lowest probability. The grafted ERAP2 exon 10 loop
structures on ERAP1 by Papakyriakou et al. exhibits a long alpha-helical region and
their study bases the homo- and heterodimers mainly based on the presence of this
helix as they used only existing crystal structures. Interestingly, in this thesis, ERAP2
a-helix in the same region bended in some structures during the simulation and showed

more flexibility from original crystal structure.

Beside ERAP1 and ERAP2 monomer structures, ERAP1 and ERAP2 were shoen
to be found in heterodimer structures in vitro and in vivo as well (19). In literature,
ERAP1-ERAP2 heterodimer exhibited an increase in ERAP1 substrate affinity at the
cost of loss in ERAP2 substrate affinity (49). However, no interaction site for both
chains were known that could make a consistent ERAP1-ERAP2 heterodimer
structure to analyze. This prompted to research proteins of the same family that form
a similar dimer structure. In one study, crystal structure of APN homodimer was
provided with possible dimerization sites indicated (25). As APN is another protein
from M1 aminopeptidase family, its interaction sites were used as a reference for
ERAP1 homodimer and ERAP1-ERAP2 heterodimer docking. This site is located on
the surface of domain IV of the original APN structure and predicted to appear in
domain 1V of both ERAP1 and ERAP2 structures (22).
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By the time this study was finalized, another research group completed a
computational analysis of ERAP1/2 heterodimer using ERAP2 and IRAP homodimer
models besides APN homodimer (51). They found out a unique interaction site
involving exon 10 loops of chains in ERAP2 homodimer (specifically, between the
chain in asymmetric unit and the symmetry-related chain). After substitution of
homodimer chains with ERAP1 and ERAP2, heterodimer templates were created.
While initial heterodimer structure referenced by ERAP2 homodimer showed lower
binding affinity (higher estimated binding free energy, AGest) indicating weaker
attraction, rearrangement of B2 structure (ERAP2 in chain A and ERAP1 in chain B)
within the simulation caused a change in dimeric interaction, increasing buried surface
area (BSA). On the other hand, heterodimer templates with binding poses of IRAP and
APN homodimers demonstrated lower BSA along the simulation. However, chain
interactions around exon 10 loop found in the crystal structure of ERAP2 homodimer
is speculative as it may only form upon crystallization as a crystallization artifact.
Moreover, the short glycan chains were included in the dynamics. Inclusion of glycans
to these dynamics studies could form a basis for more realistic simulations of these
proteins. However, structurally resolved ERAP1 and ERAP2 proteins were
heterologously produced in insect hosts (Trichoplusia ni in ERAP1 2YDO0 and ERAP2
5AB0). Glycan motifs could be different among species affecting interactions between
ERAP proteins. Therefore, the true extent of the glycan structures were still debatable.
Meanwhile, ERAP1 exon 10 loop was rebuilt by using the secondary structure of
ERAP2 in the same study. This rebuilt region has an alpha-helical structure between
505-513 amino acids which is in contrast to secondary structure prediction results as
they were predicted with no stable secondary structure in ERAPL1 by multiple
secondary structure prediction algorithms and modeling programs. One drawback in
the aforementioned study is the direct grafting of crystal structure binding modes from
ERAP2, IRAP and APN proteins on ERAP1-2 instead of predicting these potential
binding modes through molecular docking methods. Since binding poses in the dimer
interface of the crystals could be misleading as each crystallization requires a specific
set of chemicals to achieve and/or enforce good diffracting crystal formation and
individual orientations of the proteins forming these crystals could be far from their

original states. Supportively, our docking results from five kinds of ERAP2 and
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ERAP1 heterodimer structure demonstrated a better binding affinity when dimerized
at domain IV region in opposition to exon 10 loop region. Beside crystal structures,
ERAP2 and ERAP1 chains were linked by Fos/Jun zipper tags in the same study. As
interactions from domain | of ERAP2 and domain Il of ERAP1 were enforced by
zippers, it does not allow for the real interactions in heterodimerization. In exon 10
loop interactions, domain | of ERAP2 and the hinge domain, domain 1ll, of ERAP1
also joined the interaction in which conformational dynamics and substrate access to
active site could be affected. Conformational changes via interactions at domain 1V
could be far less due to fewer restrictions in angular motions between domains and
substrate binding regions. According to BSA results of APN templated ERAP1/2
heterodimer in this study and SASA results of our ERAP1/2 heterodimers in current
study, there is a consistency between the results confirming decreased stability in both
heterodimer structures with similar binding poses. Unfortunately, there were not
enough analyses (e.g. RMSF and salt bridges) by this study to confirm these results
further. While remaining computational studies were performed for only ERAP1
monomers in synergism with experimental methods, they used conformational
analyses such as radius of gyration and theta angle to consolidate their results (31,91).
As computational methods can only predict dimeric interactions so much,
experimental techniques such as cryogenic electron microscopy (cryo-EM) are more

reasonable to discover heterodimerization of ERAP1 and ERAP2 structures.

For the observation of impact by homo- and heterodimerization, Hap2 and Hap8
allotypes of ERAP1 closed structures as well as N392 and K392 allotypes of ERAP2
closed structures were assigned in dimer formation. At first, Hap2—-Hap2 and Hap2—
N392 structures were analyzed. Significantly, Hap2—N392 heterodimer structures
were much more flexible than Hap2-Hap2 structures. In many Hap2-N392
heterodimer structures, great loss of interaction reported between ERAP1 and ERAP2
chains. Some heterodimers had displaced chains which caused different contacting
residues than from the beginning. Meanwhile, Hap2—Hap2 homodimer structures were
quite intact in terms of chain interaction. These observations were quite different in
the case of Hap8. Intriguingly, Hap8—Hap8 homodimers showed a lot of movements

in comparison to their Hap2—Hap2 counterpart. Structure of Hap8—K392 heterodimer
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was slightly more flexible than Hap8—N392 heterodimer structure and as flexible as
Hap2-N392 structure. Interactions between heterodimer chains largely vanished. It is
important to note that Hap2 homodimers were all fairly stable despite the fact that
Hap2 dimers were run 5 times and Hap8 dimers were run only 3 times (except Hap8—
N392 which was run twice due to insufficient time) in this study. This suggests Hap2
and Hap8 may impact stability in different ways in homo- and heterodimerization. One
expectation was that dimerization site would stabilize domain IV of both homodimer

and heterodimer structures. However, this was in contrary to the results.

Conformational changes in ERAPL proteins usually include motions around
domain I and IV region. In transition to ERAP1 open conformation, domain IV opens
up and inclines away from the active site that it exposes the active site to the solvent
(20). Although only a few chain interactions were lost, one of the chains in several
Hap2—-Hap?2 structures was prone to a more opened up conformation. This was relevant
to motions around domain | and 1V regions. Conformational changes in Hap2—N392
were less-occurring and ERAP2 chain of heterodimers had lower flexibility.
Conformational changes were more common in Hap8 dimer structures. One chains of
many structures were close to semi-open state. This was even more prevalent in Hap8
heterodimer structures. These results suggest that conformational differences are more

likely to be affected by ERAP1 polymorphisms.

Active site motions were analyzed in detail. According to the results, the catalytic
Tyr residue (Tyr438 in ERAP1L, Tyr455 in ERAP2) usually demonstrated significant
rotation. As for Phe residue, not only rotation was observed but also rearrangement of
the same residue in some structures. According to one study, catalytic Tyr residue was
coupled with Phe residue near catalytic site (Phe433 in ERAP1, Phe450 in ERAP2,
located in helix H4a) which is rearranged by domain opening/closure movements (31).
However no n-m interaction was observed. These results may imply changes in active
site as it is known that Tyr438 side chain rotates towards the active site and stabilizes

an intermediate during reaction (20).
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Differences in active site motions were observed between different structures.
Monomers of ERAP1 and ERAP2 were mostly stable in active site region while the
catalytic Tyr in Hap2—Hap2 homodimers were in slight rotations after a certain time.
On the other hand, rotation of the catalytic Tyr was not as common in Hap2-N392
heterodimers. Rearrangement of Phe near catalytic site was also prevalent in some
structures, especially in Hap2-Hap2 homodimers. These findings suggest that

allotypic differences and dimerization of ERAP1 proteins impact active site positions.

As a last measure, intermolecular interactions of ERAP1 Hap2—Hap2 homodimers
and ERAP1/2 Hap2-N392 heterodimers were analyzed. Structures of Hap2—Hap2
demonstrated many common contacts within the interaction distance. Number of salt
bridges and H-bonds were also higher and several salt bridges were formed by
common residues in Hap2—Hap2 homodimer structures indicating strong interactions
between chains. In contrast, Hap2-N392 heterodimer had significant loss in
interactions between chains which had less defined residue pairs. Number of salt
bridges were not as common and H-bonds were very low and sometimes absent due to
complete separation of chains. According to these results, Hap2—Hap2 homodimer
chain interactions are highly conserved and structures are in a much better stability
than Hap2-N392 heterodimer.

5.2 Limitations of the Study

Structural studies of ERAP1 and ERAP2 structures were limited. Many studies
experimenting with ERAP1 and ERAP2 focused on either functional effects of
allotypic differences or structural features of single variant. Hence, comparison of the
results to other experiments was not ideal. Nevertheless, this study was novel in
identifying structural differences of allotypes in monomer and dimer forms at different

time periods using computational techniques.

Because many ERAP1 common allotypes were present, many kinds of dimer
combinations were possible. Due to the limited time, however, only selected allotypes

were experimented in monomeric and dimeric forms.
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While many studies involved in finding inhibitors to bind ERAP1 protein
(30,31,34,35), study on hunting up the substrates of ERAP1/2 proteins was lacking.
For the investigation of their interaction and their effect on enzymes, arthritogenic
peptides were decided to be determined in a future experimental study of the current

project to analyze interactions of protein—substrate complex.

ERAP1 and ERAP2 structures have not been crystallized in their heterodimer
form. Although computational methods such as molecular docking were useful in
predicting interactions of ERAP1 and ERAP?2 structures in molecular level, they were,
at least, not precise at demonstrating dimeric interactions as much as experimental

methods used for identification.

As ERAP1/2 proteins have transmembrane region which is tethered to ER at the
N-terminal end, their simulation was originally determined to be on a lipid bilayer
instead of in a pure solvent box (22). However, the terminal end was only partially
structured in crystal structures. Since many ERAP studies were done in solution, this

limitation was disregarded.
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6 CONCLUSION

ERAP1 and ERAP2 monomers were computationally analyzed to give insights to
their contributions in AS pathogenesis. In the analyses, ERAP1 and ERAP2 closed
monomers were stable in presence of allotypic differences. Nevertheless, allotypic
differences impacted ERAP homo- and heterodimers significantly. These changes in
simulated homodimers usually affected active site motions and conformational state
of enzyme whereas changes in simulated heterodimers mostly affected interaction of
chains. In active site of ERAPL chains, rotation of catalytic Tyr residue and
rearrangement of Phe residue located near catalytic site were monitored which were in
lower frequencies in active site of ERAP2 chains. Structure of Hap2-Hap2
homodimers had stronger salt bridge and H-bonding in dimer interface causing
stronger chain interactions than Hap2-N392 heterodimer structures. Additionally,
dimer combinations of Hap8 were more destabilized than Hap2 dimer combinations
which could alter peptide trimming efficiency and MHC-1 immunopeptidome profiles
causing development of AS. Future work on discovering the most immunogenic
peptides and determining structural differences of arthritogenic peptide-bound ERAP1
and ERAP2 is necessary to bridge the gap of complex AS mechanism in the way to

drug development.
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8 APPENDIX

APPENDIX 1

Residues defined in “active residues” parameter of HADDOCK.

For ERAPL1 structures at domain 1V region:

680, 681, 683, 684, 685, 687, 688, 690, 693, 694, 695, 696, 697, 698, 699, 701, 702,
703, 704, 705, 706, 734, 737, 738, 776, 777, 778, 779, 782, 805, 806, 807, 808, 809,
811, 812, 813, 814, 815, 816, 817, 836, 839, 842, 843, 844, 845, 846, 847, 848, 849,
850, 851, 852, 853, 855, 856, 857, 858, 859, 860, 878, 879, 882, 883, 884, 885, 887,
888, 889, 891, 892, 893, 894, 895, 896, 912, 919, 933

For ERAP2 structures at domain IV region:

703, 707, 711, 713, 716, 717, 718, 719, 720, 721, 722, 724, 725, 726, 727, 728, 729,
734,757, 758, 760, 761, 762, 763, 799, 800, 801, 802, 803, 805, 828, 829, 830, 831,
832, 834, 835, 836, 837, 838, 839, 840, 865, 867, 868, 869, 870, 871, 872, 873, 874,
875, 876, 878, 879, 880, 881, 882, 883, 897, 901, 902, 905, 906, 907, 908, 910, 911,
912, 914, 915, 916, 917, 918, 919, 920, 921, 935, 938, 942, 956

For ERAPL1 structures at exon 10 loop region:

371,373, 374, 418, 420, 440, 444, 445, 448, 474, 4T5, 476, 477, 478, 479, 480, 481
482, 483, 505, 506, 507, 508, 509, 510, 511, 512, 513, 514, 515, 516, 517, 518, 519,
520, 521, 522, 523, 524, 525, 526, 527, 528, 529, 538, 539, 540, 541, 542, 546, 561
562, 563, 564, 565, 566, 570, 573, 574, 575, 576, 577, 578, 581, 582, 583, 589, 590,
591, 592, 593, 594

For ERAP2 structures at exon 10 loop region:

64, 65, 66, 67, 68, 72, 100, 101, 102, 103, 104, 105, 145, 147, 157, 158, 159, 160,
217, 258, 311, 314, 315, 316, 317, 318, 376, 380, 381, 382, 476, 477, 478, 479, 480,
481, 482, 483, 484, 485, 486, 487, 488, 489, 498, 501, 502, 503, 506, 507, 508, 511,
512, 513, 514, 515, 516, 517, 518, 519, 520, 521, 522, 523, 524, 525, 526, 527, 528,
529, 530, 531, 966, 969
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APPENDIX 2

Hydrophobicity scale measurement by “color_h.py” script.

# color_

# PyMOL command to color protein molecules according to the Eisenberg

h

hydrophobicity scale

#

# Source: http://us.expasy.org/tools/pscale/Hphob.Eisenberg.html
# Amino acid scale: Normalized consensus hydrophobicity scale
# Author(s): Eisenberg D., Schwarz E., Komarony M., Wall R.
# Reference: J. Mol. Biol. 179:125-142 (1984)
#

# Amino acid scale values:

#

# Ala: 0.620

# Arg: -2.530

# Asn: -0.780

# Asp: -0.900

# Cys: 0.290

# Gln: -0.850

# Glu: -0.740

# Gly: 0.480

# His: -0.400

# Ile: 1.380

# Leu: 1.060

# Lys: -1.500

# Met: 0.640

# Phe: 1.190

# Pro: 0.120

# Ser: -0.180

# Thr: -0.050

# Trp: ©0.810

# Tyr: 0.260

# Val: 1.080

#

# Usage:

# color_h (selection)

#

# Update:

# Color gradient legend added

from pymol import cmd

def color_h(selection='all'):

s = str(selection)

print(s)
cmd.set_color('color_ile',[0.996,0.062,0.062])
cmd.set_color('color_phe',[0.996,0.109,0.109])
cmd.set_color('color_val',[0.992,0.156,0.156])
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cmd

cmd

cmd

cmd

cmd

cmd

cmd

cmd

cmd

.color("color_ala",
cmd.
cmd.
cmd.
.color("color_pro",
cmd.
cmd.
cmd.
cmd.
cmd.
cmd.
.color("color_asp",

cmd.

cmd.
cmd.extend ('

.set_color('color_leu',[0.
.set_color('color_trp',[0.
cmd.
cmd.

set_color('color_met',[0O.
set_color('color_ala',[o@.

.set_color('color gly',[0.
cmd.
cmd.
cmd.

set_color('color_cys',[0@.
set_color('color_tyr',[0.
set_color('color_pro',[0.

.set_color('color_thr',[0.
cmd.
cmd.
cmd.
.set_color('color_asn',[0.
cmd.
cmd.
.set_color('color_lys',[0.
cmd.
cmd.
cmd.
cmd.
cmd.
cmd.
cmd.

set_color('color_ser',[0.
set_color('color_his',[@.
set_color('color_glu',[0@.

set_color('color_gln',[0.
set_color('color_asp',[0.

set_color('color_arg',[0@.
color("color_ile","("+s+"
color("color_phe","("+s+"
color("color_val","("+s+"
color("color_leu","("+s+"
color("color_trp","("+s+"
color("color_met"," ("+s+"

"+s+"

D 0

"+s+"
"+s+"
("+s+"
"+s+"
"+s+"
"+s+"

"+s+"
color("color_glu","("+s+"
color("color_asn","("+s+"
color("color_gln","("+s+"

(M s+
"+s+"

(u+s+u

color("color_gly",

color("color_cys",

color("color_tyr",

color("color_thr",

color("color_ser",

color("color_his",

color("color_lys",

color("color_arg",
color_h',color_h)

def color_h2(selection='all'):

S

str(selection)

print(s)

cmd

cmd.
cmd.
cmd.

cmd

cmd.
cmd.
cmd.
cmd.
cmd.
cmd.

cmd

cmd.
cmd.
cmd.

.set_color("color_ile2",[0.
set_color("color_phe2",[0.
set_color("color_val2",[o.
set_color("color_leu2",[0.
.set_color("color_trp2",[0.
set_color("color_met2",[0.
set_color("color_ala2",[@.
set_color("color_gly2",[0.
set_color("color_cys2",[0.
set_color("color_tyr2",[0.
set_color("color_pro2",[0.
.set_color("color_thr2",[e.
set_color("color_ser2",[0.
set_color("color_his2",[0.
set_color("color_glu2",[0.

207
254
301
348
394
445
492
539
586
637
684
730
777
824
875

992,0.
992,0.
988,0.
988,0.
984,0.
984,0.
984,0.
980,0.
980,0.
980,0.
977,0.
977,0.
973,0.
973,0.
973,0.
899,0.922
899,0.969
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn
and resn

363,1,0.
316,1,0.
27,1,0.2

,0.
,0.
,0.
,0.
,0.
,0.
,0.
,0.
,0.
,0.
,0.
,0.
,0.
,0.
,0.

207])
2547])
301])
348])
394])
44517)
492])
539])
586])
637])
684])
730])
777])
824])
875])
,0.922])
,0.969])
ile)")
phe)")
val)")
leu)")
trp)")
met)")
ala)")
gly)")
cys)")
tyr)")
pro)")
thr)")
ser)")
his)")
glu)")
asn)")
gln)")
asp)")
lys)™)
arg)")

.938])
.891])
.8447)
.793])
.7461)
.699])
.652])
.606])
.5557])
.508])
.461])
.414])

363])
316])
71)



cmd
cmd

cmd.
.set_color("color_arg2",[0.031,1,0.031])
cmd.
cmd.
cmd.

cmd

cmd

cmd

cmd

cmd

cmd

ramp_new h_color, _enter_the name_of_your_structure _here , [1.380, -

.color("color_leu2",
cmd.
cmd.
cmd.
.color("color_ala2",
cmd.
cmd.
.color("color_tyr2",
cmd.
cmd.
cmd.
.color("color_his2",
cmd.
cmd.
cmd.
.color("color_asp2",

cmd.

cmd.
cmd.extend('

.set_color("color_asn2",[0.223,1,0.223])
.set_color("color_gln2",[0.176,1,0.176])
cmd.

set_color("color_asp2",[0.125,1,0.125])
set_color("color_lys2",[0.078,1,0.078])

color("color_ile2",

color("color_phe2",

color("color_val2",

color("color_leu2",

color("color_trp2",

color("color_met2",

color("color_gly2",

color("color_cys2",

color("color_pro2",
color("color_thr2","

color("color_ser2",

color("color_glu2",

color("color_asn2",

color("color_gln2",

color("color_lys2","

color("color_arg2",
color_h2',color_h2)

2.530], [red, white]

"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"
"+s+"

and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and

resn
resn
resn
resn
resn
resn
resn
resn
resn
resn
resn
resn
resn
resn
resn
resn
resn
resn
resn
resn
resn

ile)")
phe)")
val)")
leu)")
leu)")
trp)")
met)")
ala)")
gly)")
cys)™)
tyr)")
pro)")
thr)")
ser)")
his)")
glu)")
asn)")
gln)")
asp)")
lys)")
arg)")

106



APPENDIX 3

RMSF calculation by “rmsf.tcl” script.

source rmsf.tcl

H HHHH

set reference [atomselect top "protein" frame 1]
# the frame being compared

set compare [atomselect top "protein"]

set num_steps [molinfo top get numframes]

for {set frame 0} {$frame < $num_steps} {incr frame} {
# get the correct frame
$compare frame $frame
# compute the transformation
set trans_mat [measure fit $compare $reference]
# do the alignment
$compare move $trans_mat

}

set outfile [open RMSF.txt w]

set sel [atomselect top "name CA"]

#tputs $outfile "[measure rmsf $sel first @ last -1 step 1]"
set rmsf [measure rmsf $sel first @ last -1 step 1]

for {set i 0} {$i < [$sel num]} {incr i} {
puts $outfile "[expr {$i+1}] [lindex $rmsf $i]"
}

close $outfile
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APPENDIX 4

Theta angle (0) calculation by “hinge_angle.tcl” script.

proc hinge_angle {seltextl seltext2 hinge ha_out } {

set
set
set
set
set
set

for

}

source hinge_angle.tcl

hinge _angle (sell) (sel2) (sel_hinge) _outputfile .txt

sell [atomselect top "$seltextl"]
sel2 [atomselect top "$seltext2"]
selh [atomselect top "$hinge"]

pi [expr {atan(1) * 4}]

nf [molinfo top get numframes]
outfile [open $ha_out w]

{set i 0} {$i < $nf} {incr i} {

puts "frame $i of $nf"

$sell frame $i

$sel2 frame $i

$selh frame $i

set coml [measure center $sell weight mass]
set com2 [measure center $sel2 weight mass]
set comh [measure center $selh weight mass]

set dh_1 [vecsub $coml $comh]
set dh_2 [vecsub $com2 $comh]

set angle_top [vecdot $dh_1 $dh_2]

set dh_1 len [veclength $dh 1]
set dh_2_len [veclength $dh_2]

set angle_bottom [vecdot $dh_1_len $dh_2_len]
set angle_cos [expr $angle_top/$angle_bottom]
set angle rad [expr acos($angle cos)]

set angle($i.r) [expr $angle_rad*(180/$pi)]

puts $outfile "$i , $angle($i.r)"

close $outfile

}
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APPENDIX 5

SASA calculation by “sasa.tcl” script.

A
# sasa.tcl
# DESCRIPTION:

#

#
# This script is quick and easy to provide procedure #
# for computing the Solvent Accessible Surface Area (SASA) #
# of Protein and allows Users to select regions of protein. #
# #
# EXAMPLE USAGE: #
# source sasa.tcl #
# Selection: chain A and resid 1 #
# #
# AUTHORS: #
# Sajad Falsafi (sajad.falsafi@yahoo.com) #
# Zahra Karimi #
# 3 Sep 2011 #

HHHHHAH R H R
puts -nonewline "\n \t \t Selection: "
gets stdin selmode
# selection
set sel [atomselect top "$selmode"]
set protein [atomselect top "protein"]
set n [molinfo top get numframes]
set output [open "SASA $selmode.dat" w]
# sasa calculation loop
for {set i @} {$i < $n} {incr i} {
molinfo top set frame $i
set sasa [measure sasa 1.4 $protein -restrict $sel]
puts "\t \t progress: $i/$n"
puts $output "$sasa"
}
puts "\t \t progress: $n/$n"
puts "Done."
puts "output file: SASA $selmode.dat”
close $output
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APPENDIX 6

Multiple sequence alignment of ERAP1 & ERAP2 sequences in Clustal Q.

QENZO8| ERAPT_HUMAN
QEP17IERAPZ_HUMAN

QENZO8| ERAPT_HUMAN
QEP179 ERAPZ_HUMAN

CIGNZO8| ERAPT_HUMAN
QEP179 ERAPZ_HUMAN

CIGNZO8| ERAPT_HUMAN
QEP179 ERAPZ_HUMAN

QENZO8| ERAPT_HUMAN
QEP17IERAPZ_HUMAN

QENZO8| ERAPT_HUMAN
QEP17IERAPZ_HUMAN

CIGNZO8| ERAPT_HUMAN
QEP179 ERAPZ_HUMAN

CIGNZO8| ERAPT_HUMAN
QEP179 ERAPZ_HUMAN

QENZ08| ERAPT_HUMAN
QEP17IERAPZ_HUMAN

QENZO8| ERAPT_HUMAN
QEP17IERAPZ_HUMAN

QENZO8| ERAPT_HUMAN
QEPT79 ERAPZ_HUMAN

CIGNZO8| ERAPT_HUMAN
QEP179 ERAPZ_HUMAN

CIGNZO8| ERAPT_HUMAN
QEP179 ERAPZ_HUMAN

]

30
T - WV- - - - - - T 55 LT--- 25
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MFHSSA 40
a0
26 S STEAS NK 65
1 HETED F ER 80
100
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184 223
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Al H T
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321

384 423
401 440
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QENZO8| ERAPT_HUMAN
QEP17IERAPZ_HUMAN

CIGNZO8| ERAPT_HUMAN
QEP179 ERAPZ_HUMAN

CIGNZO8| ERAPT_HUMAN 57

QEP179 ERAPZ_HUMAN

CIGNZO8| ERAPT_HUMAN
QEP179 ERAPZ_HUMAN

CIGNZO8| ERAPT_HUMAN
QEP179 ERAPZ_HUMAN

CIGNZO8| ERAPT_HUMAN
QEP179 ERAPZ_HUMAN

QENZO8| ERAPT_HUMAN
QEP17IERAPZ_HUMAN

QENZO8| ERAPT_HUMAN
QEP17IERAPZ_HUMAN

QENZO8| ERAPT_HUMAN
QEP17IERAPZ_HUMAN

QENZO8| ERAPT_HUMAN
QEP17IERAPZ_HUMAN

QENZO8| ERAPT_HUMAN
QEPT79 ERAPZ_HUMAN

CIGNZO8| ERAPT_HUMAN
QEP179 ERAPZ_HUMAN
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APPENDIX 7

STRIDE secondary structure assignment at 50 ns intervals of simulations.

Legend of secondary structure icons:

ms H Alpha-Helix T Tum B Isolated Beta Bridge an G 3-10 Helix
= E Extended Configuration (Beta-sheet) Cor"" Coil p= b Isolated Beta Bridge (Type 3 Fig 4 cd) a1 Pi-Helix
Appendix 7a. STRIDE results of Hap2 monomer (first run).
0ns Chain: P 50 ns Chain: P
PEPWNKIRLPEYVIPVXYDLL IXANI'I'J\'\'I-WG'I'J'KVPVIIASQP' SIHI){SXK\Q PFPWNKIRLPEYVIPVXYDLL leNlT]|'|'|-wc'rr)(v},]|ASQPTS||\l){sxxlm

TLR GAGERLSEEFLQVLEXPRQEQ[ALLAPEPLLVGLPVTVV[XYAGﬁLSETFXGFVKS
TY%TKEGELRILASTdFEPTAARMAFPCFDEPAFKASFSIK]RﬁEPRXLAIgNMPLVKSV

— b
YAVEDKINQADYALDA

EG

AVTLLEFYEDYFSIPYFLPKQDLAK[PDFQSGSMENWGLTTYRESALLFDAEKSSASSKL

TLRKGAGERLSEEFLQVLE%PRQEQ[ALLAPEPLLVGLFVTVV[XYAGﬁLSETFXGFVKS
- < . + <
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLAISNMPLVKSV

* P - — = e L.
TVAEGLIEDXFDVTVEMSTYLVAFI [SDFESVSKITKSGVKVSVYAVPDKINQADYALDA

AVTLLEFYEDYFSIPYPLPKQDLAA[PDFQSGEMENWCLTTYRESALLFDAEKSSASSKL

. ;- 1
GITMTVAXELAXQWFGNLVTMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

G]TMTVAXELAXQWFGNLVTMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

—-——————
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKKSYKE}KNEDLWDSMAS]CPTDGVKGMDGFCSRSQXSSSSSKWXQEGVDVKTMMNTWT
LQKGEPLITITVRGRNVXMKQEXYMKGSDGAPDTGYLWXVPLTF I TSKSDMVXRFLLKTK

TDVLTLPEEVEWIKFNVGMNGVY]VXVEDDGWDSLTGLLKGTKTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLEXETEIMPVFQGLNEL I PMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSERMLRSQLLLLACVXNYQPCVQRAEGYFRKWKESNGNLSLPV

DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKXSYKNTKNEDLWDSMAS 1CPTDGVKGMDGFCSRSQXS 55 S SXWXQEGYDVKTNMN TWT

LQKGFPLITITVRGRNVXMKQEXYMKG SDGAPDTGYLWXVPLTF I TSKSDMVXRFLLKTK

< . L s
TDVLILPEEVEWIKFNVGMNGYY IVXYEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLKXETEIMPVFQGLNELI PMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSERMLRSQLLLLACVXNYQPCVQRAEGY FRKWKESNGNLSLPV

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFRGD

KIKTQEFFQILTLIGRNPVGYFPLAWQF LRKNWNKLVQKFELGSSS I AXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLER

100 ns

PEPWNKIRLPEYVIPVXYDLLIXANL

Chain: P

TLTFWGTTKVEITASQPTSTI | LXSXXLQISRA

TLRKGAGERLSEE}LQVLEXFRQEQIALLAPEPLLVGLPYTVVIXYAGNLSETFXGFYKS

TVR%KEGELR[LASTbFEPTAARMAPPCPDEPAFKASFSIKIRkEPRXLAIENMPLVKSV
— —
LVAF

. - —e —————————
TKSGVK YAVPDKINQADYALDA

E FDVTVRMST SDFE

AVTLLEFYEDYFSIFYPLPKQDLAAIPDFQSGAMENWGLTTYRESALLFDAEKSSASSKL

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYFPLAWQF LRKNWNKLVQKFELGSSS IAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETI EENTGWMDENFDKIRVWLQSEKLER

150 ns Chain: P

PEPWNKIRLPEYVIPVXYDLL IXANLTTLTFWGTTKVEITASQPTSTI | LXSXXLQISRA

TL KGAGERLSEEFLQVLEXFRQEQ[ALfAPEPLLVGLPVTVV[XYAGNLSETFXGFVKS

TYR%KEGELRILASTEFEPTAARMAFPCFDEPAFKASFSIK]RhEPRXLAIgNMPLVKSV

= Py < - = -
TVAEGLIEDXFDVTVKMSTYLVAF | ISDFESVSKI TKSGVKVSVYAVPDKINQADYALDA

AVTLLEFYEDYFSIFYPLPKQDLAA[PDFQSGgﬁiNWGLTT?RESALLFDAEKSSASSKL

——————————— s
GITMTVAXELAXQWFGNLYV TMEWWND LWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

GITMTVAXELAXQWFGNLYV TMEWWND LWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

—— ——
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKXSYKNTKNEDLWDSMAS1CPTDGVKGMDGFCSRSQXSS S § SXWXQEGVDVKTMMNTWT
LQKGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGYLWXVPLTF I TSKSDMVXRFLLKTK

"~ . O eee—
TDVLILPEEVEWIKFNVGMNGYY I VXYEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSTEKALDLSLYLKXETEIMPVFQGLNELIPMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSERMLRSQLLLLACVXNYQPCVQRAEGYFRKWKESNGNLSLPV

DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKXSYKNTRKNEDLWDSMAS ICPTDGVKGMDGFCSRSQXS5SS S SXWXQEGVDVETMMNTWT

LQKGEPLITITVRGRNVXMKQEXYMKGSDGAPDTGYLWXVPLTF I TSKSDMVXRFLLKTK

"~ < O e
TDVLILPEEVEWIKFNVGMNGYY I VXYEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLKXETE IMPVFQGLNELIFMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSERMLRSQLLLLACVXNYQPCVQRAEGYFREKWKESNGNLSLPV

P -
DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPYGYPLAWQF LRENWNKLVQKFELGSSS TAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLER

Appendix 7b. STRIDE results of Hap3

0ns Chain: P

PEPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVEI TASQPTSTI I LXSXXLQISRA

T GAGERLSEEFLQVLEXFRQEQ[ALLAPEPLLVGLFVTVV[XYAGNLSETFXGFVKS

TYkTKEGELR[LASTdFEPTAARMAFPCFDEPAFKASFSIK]REEPRXLAIENMPLVKSV

TVAEGL I EDXFDVTVKMSTYLVAF I I SDFESVSKITKSGVKVSVYAVPDKINQADYALDA

AVTLLEFYEDYFSIPYPLPKQDLAAIPDFQSGEMENWCLT?;kESALLFDAEKSSASSKL

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSS TAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLER

monomer (first run).

50 ns Chain: P

PEPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVEITASQPTSTI I LXSXXLQISRA

T KGAGERLSEEFLQVLEXFRQEQ[ALLAPEPLLVGLPVTVV[XYAGﬁLSETFXGFVKS

< - - += <
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLAISNMPLVKSY

TVAEGLIEDXFDVTVKMSTYLVAF | [ SDFESVSKI TKSGVKVSVYAVPDKINQADYALDA

AVTLLEFYEDYFSIPYFLPKQDLAAIPDFQSGEMENWULTTYRESALLFDAEKSSASSKL

L — e e ey
GITMTVAXELAXQWFGNLVTMEWWND LWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

GITMTVAXELAXQWFGNLY TMEWWND LWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

——————
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKXSYKE%KNEDLWDSMAS]CPTDGVKGMDGFCSRSQNSSSSSXWXQEGVDVKTMMNTWT

LQKGFPLITITVEGRNVXMKQEX?MKGSDGAPDTGVLWXVPLTFI?SKSDBNXRFL[KTK

TDVLTLPEEVEW]K?NVGMNGVY]VXVEDDGWDSLTGLLKGTKTAVSSNDRASLINNAFQ

LVSIGKLS IEKALDLSLYLKXETE IMPVFQGLNELI PMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSERMLRSELLLLACVXNYQPCVQRAEGYFREKWKESNGNLSLPV

——
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGAC I LNMLREYLSADAFKSGIVQYL
QKXSYKNTKNEDLWDSMAS ICPTDGVKGMDGFCSRSQXSSSSSXWNQEGVDVETMMN TWT

LQKGFPLITITVEGRNVXMKQEX?MKGSDGAPDTGVLWXVPLTFl?SKSDhNXRFL[KTK

TDVLTLPEEVEWIK?NVGMNGVY]VXVEDDGWDSLTGLLKGTKTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLKXETEIMPVFQGLNEL I FMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSERMLRSELLLLACVXNYQPCVQRAEGY FRKWKESNGNLSLPV

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSS TAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLER

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSS I AXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLER
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100 ns Chain: P

PEPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVE I TASQPTST I | LXSXXLQISRA

TLRKGAGERLSEEFLQVLEXFRQEQ[ALLAPEPLLVGLFVTVV[XYAGNLSETFXGFVKS

TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLAISNMPLVKSY

— — a— .
TVAEGLIEDXFDVTVKMSTYLVAF | I SDFESVSKI TKSGVKVSVYAVPDKINQADYALDA

AVTLLEFYEDYFSIPYPLPKQDLAA[PDFQSGX&ENWGLTT?RESALLFDAEKSSASSKL
.

150 ns Chain: P

PEPWNKIRLPEYVIPVXYDLL I XANLTTLTFWGTTKVE I TASQPTS

'TILXSXXLQISRA

T

KGAGERLSEEPLQVLEXPRQEQIALLAPEPLLVGLPYTVVIXYAGNLSETFXGFYKS
—_— s ——— s e
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLAISNMPLVKSY

KITKSGVKVSVYAVPDKINQADYALDA

VKMSTYLVAF

1SD

AVTLLEFYEDYFSIPYPLPKQDLAAIPDFQSGAMENWGLTTYRESALLFDAEKSSASSKL

GITMTVAXELAXQWFGNLYV TMEWWND LWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF
I

G]TMTVAXELAXQWFGNLV%&EWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL

QKXSYENTKNEDLWDSMAS ICPTDGVKGMDGFCSRSQXSSSS SXWXQEGVDVETMMNTWT

< . O eee—
TDVLILPEEVEWIKFNVGMNGYY I VXYEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSTEKALDLSLYLKXETEIMPVFQGLNELIPMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSERMLRSELLLLACVXNYQPCVQRAEGYFRKWKESNGNLSLPV

-
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKKSYKE}KNEDLWDSMASlCPTDGVKGMDGFCSRSQKSSSSEKWXQEGVDVK IMNTWT

- - —— — =
LQKGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGY LWXVPLTFITSKSDMVXRFLLKTK

"~ <> O eee—
TDVLILPEEVEWIKFNVGMNGYY I VXYEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSTEKALDLSLYLKXETEIMPVFQGLNELIPMYKLMEKRDMNEVETQFKAFLIR

-
LLRDLIDKQTWTDEGSVSERMLRSELLLLACVXNYQPCVQRAEGY FRKWKESNGNLSLPV

i A i
DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPYGYPLAWQF LRENWNKLVQKFELGSSS TAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLER

Appendix 7c. STRIDE results of Hap8

Ons Chain: P

FLTFWGTTKVE | TASQPTS

PEPWNKIRLPEYVIPVXYDLLIXANL XXLQISRA

I

TLiKGAGERLSEE%LQVLEXFPQEQ[ALtAPEPLLVGLPVTVV[XYAGNLSETFXGFVKS

—_— ——— Y e
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKAS IKIRREPRXLAISNMPLVKSY

TVAEGLIEDXFDVTVKMSTYLVAF I I SDFESVSKI TKSGVKVSVYAVPDKMNQADY ALDA
AVTLLEFYEDYFSIPYPLPKQDLAA[PDFQSGX&ENWGLTT?RESALLFDAEKSSASSKL

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSS I AXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEEN IGWMDKNFDKIRVWLQSEKLER

monomer (first run).

50 ns Chain: P

PEPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVEITASQPTSTI I LXSXXLQISRA

TLRkGAGERLSEEéLaVlEXFPQEQ[ALLAPEPLLVGLPVTVV[XYAGNLSETFXGFVKS
—_— ey ——— — e
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLAISNMPLVKSY
— e ey R rry TS T g i s
TVAEGLIEDXFDVTVKMSTYLVAF | I SDFESVSKI TKSGVKVSVYAVPDKMNQADYALDA

AVTLLEFYEDYFSIPYFLPKQDLAA[PDFQSGX&ENWGLTTYRESALLFDAEKSSASSKL

G]TMTVAXELAXQWFGNLV%&EWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF
e e

GlTMTVAXELAXQWFGNL&}HEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDVFFGKCF

DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKKSYKE}KNEDLWDSMASlCPTDGVKGMDGFCSRSQKSSSSSXWXQEGVDVKTMMNTWT

- — s > — —_—
LQRGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGY LWXVPLTFITSKSDMVXRFLLKTK

< . O e
TDVLILPEEVEWIKFNVGMNGYY I VXYEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSTEKALDLSLYLKXETEIMPVFQGLNELIPMYKLMEKRDMNEVETQFKAFLIR

-
LLRDLIDKQTWTDEGSVSERMLRSELLLLACVXNYQPCVQRAEGYFREKWKESNGNLSLPV

DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL

QKXSYKE%KNEDLWDSMASlCPTDGVKGMDGFCSRSQXSSSSSXWXQEGVDVKTMMNTWT

TDVLTLPEEVEW]K?NVGMNGVY]VkYEDDGWDSLTGLLKGTKTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLKXETEIMPVFQGLNEL I FMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSERMLRSELLLLACVXNYQPCVQRAEGY FRKWKESNGNLSLPV

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSSTAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEEN IGWMDKNFDKIRVWLQSEKLER

100 ns Chain: P

PEPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVEITASQPTSTI I LXSXXLQISRA

TLRkGAGERLSEE%LQVLEXFPQEQ[ALLAPEPLLVGLPVTVV[XYAGNLSETFXGFVKS

TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFS K| RREPRXLAISNMPLVKSY

= [ —— [ — E— s s s o
TVAEGLIEDXFDVTVKMSTYLVAF | I SDFESVSKI TKSGVKVSVYAVPDKMNQADYALDA

AVTLLEFYEDYFSIPYPLPKQDLAAIPDFQSGEﬁENWGLTTYRESALLFDAEKSSASSKL

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSS I AXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEEN IGWMDKNFDKIRVWLQSEKLER

150 ns Chain: P

PEPWNKIRLPEYVIPVXYDLL IXANLTTLTFWGTTKVE I TASQPTST | ] LXSXXLQISRA

TLRKGAGERLSEEFLQVLEXFPQEQIALLAPEPLLVGLPYTVV[XYAGNLSETFXGFYKS

< < —— < <
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLATISNMPLVKSY

s i
SVKVSVYAVPDKNMNQADYALDA

VAEGLIEDXFDVTVKMSTYLVAF | I SDFESVSK] TKS

AVTLLEFYEDYFSIPYFLPKQDLAAIPDFQSGEﬁENWGLTTYRESALLFDAEKSSASSKL

e e
GITMTVAXELAXQWFGNLVTMEWWND LWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

GITMTVAXELAXQWFGNLY TMEWWND LWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

—————— —
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKXSYKNTKNEDLWDSMASlCPTDGVKGMDGFE%RSQXSSSSSXWXQEGVDVKTMMNTWT

-
LQRG

TDVLTLPEEVEW]K?NVGMNGVY]VX?EDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLKXETE IMPVFQGLNELIFMYKLMEKRDMNEVETQFKAFLIR

-
LLRDLIDKQTWTDEGSVSERMLRSELLLLACVXNYQPCVQRAEGYFREKWKESNGNLSLPV

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSSTAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEEN IGWMDKNFDKIRVWLQSEKLER

———
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL

QKXSYKNTKNEDLWDSMAS | CFTDGVKGMDGFCSRSQXSSSS SXWXQEGVDVK TMMNTWT

{?SKSDMVXRFLLKTK

TDVLTLPEEVEW]K?NVGMNGVY]VX?EDDGWDSLTGLLKGTKTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLKXETEIMPVFQGLNEL I FMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSERMLRSELLLLACVXNYQPCVQRAEGY FRKWKESNGNLSLPV

s i i i i
DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPYGYPLAWQF LRKNWNKLVQKFELGSSSTAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLER
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Appendix 7d. STRIDE results of Hap10 monomer (first run).

Ons Chain: P

PEPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVE I TASQPTST I | LXSXXLQISRA

TLRkGAGERLSEEPLQVLEXFPQEQIALLAPEPLLVGLPYTVVIXYAGNLSETFXGFYKS

< - —— -+ -
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLATISNMPLVKSY

& e 32 s it [E—— —————————
TVAEGLIEDXFDVTVKMSTYLVAF I ISDFESVSKITKSGVKVSVYYAVPDKINQADYALDA

AVTLLEFYEDYFSIPYPLPKQDLAAIPDFQSGEﬁENWULTTYRESALLFDAEKSSASSKL

50 ns Chain: P

PEPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVE I TASQPTS

FTILXSXXLQISRA

TLRkGAGERLSEEFLQVLEXFPQEQIALLAPEPLLVGLPYTVV[XYAGNLSETFXGFYKS

> < —— e -
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLAISNMPLVESY

XFDVTVKMSTYLVAF 11

SDFESVSKITKSGVKVSVYAVPDKINQADYALDA

AVTLLEFYEDYFSIPYPLPKQDLAAIPDFQSGAMENWGLTTYRESALLFDAEKSSASSKL

0 - o
GITVTVAXELAXQWFGNLVTMEWWND LWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

GITVTVAXELAXQWFGNLY TMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

——————
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKXSYKE}KNEDLWDSMAS]CPTDGVKGMDGFCSRSQXSSSSSXWXQEGVDVKTMMNTWT

LQRGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGY LWXVPLTF I TSKSNMVXRE LLKTK

TDVLTLPEEVEW]KFNVGMNGVY]VX?EDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSTEKALDLSLYLKXETEIMPVFQGLNELIFMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSEQMLRSELLLLACVXNYQPCVQRAEGYFRKWKESNGNLSLPV

i i i
DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPYGYPLAWQF LRENWNKLVQKFELGSSS TAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLER

100 ns Chain: P

PEPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVE I TASQPTSTI IL

(SXXLQISRA
TLRkGAGERLSEEFLQVLEXFPQEQIALﬁAPEPLLVGLPYTVV[XYAGﬁLSETFXGFYKS
TYiTKEGELR[LASTﬁFEPTAARMAPPCFDEPAFKASFSIKIRKEPRXLAIENMPLVKSV

e m——— s s T ———
LIEDXFDVTVKMSTYLVAF I ISDFESVSKITKSGVKVSVYAVPDKINQADYALDA

TVAE

AVTLLEFYEDYFSIPYPLPKQDLAAIPDFQSGEﬁENWULTTYﬁESALLFDAEKSSASSKL

-
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL

QKXSYENTRKNEDLWDSMAS ICPTDGVKGMDGFCSRSQXS5SSSSXWXQEGVDY IMNTWT

LQRGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGYLWXVPLTF | TSKSNMVXRE LLKTK

"~ <> O eee—
TDVLILPEEVEWIKFNVGMNGYY I VXYEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSTEKALDLSLYLKXETEIMPVFQGLNELIPMYKLMEKRDMNEVETQFKAFLIR

-
LLRDLIDKQTWTDEGSVSEQMLRSELLLLACVXNYQPCVQRAEGY FRKWKESNGNLSLPV

i i i i
DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPYGYPLAWQF LRKNWNKLVQKFELGSSSTAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLER

150 ns Chain: P

PEPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVEITASQPTS

I1TLXSXXLQISRA

TLRkGAGERLSEE?LQVLEXFPQEQ[ALLAPEPLLVGLPVTVV[XYAGNLSETFXGFVKS

TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFS IKIRREPRXLAISNMPLVKSY

TVAEGLIEDXFDVTVKMSTYLVAF | I SDFESVSKI TKSGVKVSVYAVPDKINQADYALDA

AVTLLEFYEDYFSIPYFLPKQDLAA[PDFQSGX&ENWGLTTYRESALLFDAEKSSASSKL

. - ———
GITVTVAXELAXQWFGNLYV TMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

G]TVTVAXELAXQWFGNLV*MEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

e -
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL

QKKSYKE}KNEDLWDSMASlCPTDGVKGMDGFCSRSQKSSSSSKWXQEGVDVKTMMNTWT

LQRG VRGRA QEXYMKGSDGAPDTGYLWX

< . O eee—
TDVLILPEEVEWIKFNVGMNGYY I VXYEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSTEKALDLSLYLKXETEIMPVFQGLNELIPMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSEQMLRSELLLLACVXNYQPCVQRAEGY FRKWKESNGNLSLPV

-
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKKSYKETKNEDLWDSMASlCPTDGVKGMDGFCSRSQKSSSSSKWXQEGVDVKTMMNTWT

LQRGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGYLWXVPLTF | TSKSNMVXRE LLKTK

"~ <> O eee—
TDVLILPEEVEWIKFNVGMNGYY I VXYEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLKXETEIMPVFQGLNEL I PMYKLMEKRDMNEVETQFKAFLIR

-
LLRDLIDKQTWTDEGSVSEQMLRSELLLLACVXNYQPCVQRAEGY FRKWKESNGNLSLPV

i i A i e o s i
DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPYGYPLAWQF LREKNWNKLVQKFELGSSSTAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLER

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSS I AXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEEN IGWMDKNFDKIRVWLQSEKLER

Appendix 7e. STRIDE results of N392 monomer (first run).

Ons Chain: X

PVATNGERFPWQELRLPSVVlPLXYDLFVXPNLTSLDFVAgEK[EVLVSNATQFI

LXSK
- . ~- - < ~
DLEITNATLQSEEDSRYMKPGKELKVLSYPAXEQIALLVPEKLTPXLKYYVAMDFQAKLG
> —— =
DGFEGFYKSTYRTLGGETRILAVTDFEPTQARMAFPCFDEPLFKANFSTKIRRESRXIAL

SNMPKVKT | ELEGGLLEDXFETTVKMSTYLVAY | VCDFXSLSGFTSSGVKYS | YASFDKR

= e
NQTXYALQASLKLLDFYEKYFDIYYPLSKLDLIAIPDFAPGAMENWGL I TYRETSLLFDP

EWWND IWLNEGFAKYMEL [ AVNATYPELQF

KTSSASDKLWYTRV I AXELAXQWEGNLY

50 ns Chain: X

FVATNGERFFWQELRLFSVVIFLKYDLFVKFNLTSLDFVASEK]EVLVSNATQFI]LgSK

DLEITNATLQSEEDSRYMKPGKELKVLSYPAXEQIALLVPEKLTPXLKYYVAMDFQAKLG
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KTSSASDKLWVTRVIAXELAXQWFGNLVTMEWWND IWLNEGFAKYMEL I AVNATYPELQF

o o i -
DDYFLNVCFEVITKDSLNSSRPISKPAETPTQIQEMFDEVSYNKGACI LNMLKDFLGEEK

DDYFLNVCFEVITKDSLNSSRPISKPAETPTQIQEMFDEVSYNKGACT LNMLKDFLGEEK

FQKG]IQVLKKFSYRNKKNDDLWSSLSNSCLESDFTSGGVCXSDPKMTSNMLAFLGENAE
i < < e i
VKEMMTTWTLQKG T PLLVVKQDGCSLRLQQERFLQGVFQEDPEWRALQERYLWXIPLTYS

?SSSNVIXRK[LKSKTDTLBLPEKTSW;E}NVDSNGYYIVXY GXGWDQL I TQLNQNXTL

L ore— —— —-——
FQKGI TQYLKKFSYRNAKNDDLWSSLSNSCLESDFTSGGVCXSDPKMT SNMLAFLGENAE

VKEMMTTWT LQKG 1 PLLYVKQDGCS LRLQQERFLQGVFQEDP EWRALQERY LWX I PLTYS

TSSSNVIXRXILKSKTDTLDLPEKTSWVKFNVDSNGYY [ VXYEGXGWDQL I TQLNQNXTL

LRPKDRVGLIXDVFQLVGAGRLTLDKALDMTYYLQXETSSPALLEGLSYLESFYXMMDRR

LRPKDRVGLIXDVFQLVGAGRLTLDKALDMTYYLQXETSSPALLEGLSYLESFYXMMDRR

NISDISENLKRYLLQYFKPVIDRQSWSDKGSVWDRMLRSALLKLACDLNXAPCIQKAAEL
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QEKLLKLIELGMEGKVIKTQNLAALLXATARRPRKGQQLAWDFVRENWTXLLEKKFDLGSYD

NISDISENLKRYLLQYFKPVIDRQSWSDKGSVWDRMLRSALLKLACDLNXAPCIQKAAEL

————— -
FSQWMESSGKLNIPTDVLKIVYSVGAQTTAGWNY LLEQYELSMSSAEQNKILYALSTSKX

e
QEKLLKLIELGMEGKVIKTQNLAALLXAIARRPKGQQLAWDFVRENWTXLLRKKFDLGSYD

i
IRMI ISGTTAXFSSKDKLQEVKLFFESLEAQGSXLDIFQTVLETITKNIKWLEKNLPTLR

TWLMVNTRXXX

IRMI I SGTTAXFSSKDKLQEVKLFFESLEAQGSXLDIFQTVLET I TKNIKWLEKNLPTLR

e ———
TWLMVNTRXXX
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100 ns Chain: X

PVATNGERF PWQELR].PSV\HPLXYDLFVXPNLTSLDFVA\SEKI EVL\;SNATQ

LXSK
DLETTNATLQSEEDSRYMKPGKELKVLSYPAXEQIALLVPEKLTPXLKYYVANDFQAKLG
DGFEGFYKSTYRTLGGETRI LAVTDFEPTQARMAFPCFDEFLFKANES KIRRESRXIAL
SNMPKVKT | ELEGGLLEDXFETTVMS TY LVAY | VCDFXSLSGFTSSGVRVS 1 YAS PDRR
NQTXYALQASLKLLDFYERYFDIYYFLSKLDLIAIFDFAFGAMENWGL | TYRETSLLFDF

KTSSASDKLWVTRY | AXELAXQWEGNLVTMEWWND IWLNEGFAKYMEL | AVNATY PELQF

150 ns Chain: X

PFVATNGERFPWQELRLPFSVVIFLXYDLFVXPNLTSLDFVASEKIEVLVSNATQFI ILXSK

DLEITNATLQSEEDSRYMKPGKELKVLSYPAXEQIALLVPEKLTPXLKYYVAMDFQAKLG
— < ] <
DGFEGFYKSTYRTLGGETRILAVTDFEPTQARMAFPCFDEPLFKANFSIKIRRESRXITAL

SNMPKVKT | ELEGGLLEDXFETTVKMSTYLVAY | VCDFXSLSGFTSSGVKVS [ YASPDKR
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o s o i e e e A G it U
KTSSASDKLWVTRVIAXELAXQWFGNLVTMEWWND IWLNEGFAKYMELTAVNATYPELQF
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DDYFLNVCFEVITKDSLNSSRPISKPAETPTQIQEMFDEVSYNKGACI LNMLKDFLGEEK

DDYFLNVCFEVITKDSLNSSRPISKPAETPTQIQEMFDEVSYNKGACI LNMLKDFLGEEK

FQKG I IQYLKKF SYRNAKNDDLWSSLSNSCLESDFTSGGVCXSDPKMT SNMLAF LGENAE

VKEMMTTWTLQKGIPLL

.'I:S SSNVIXRXIT LKSKTDTL]SLPEKTSWWENVDSNGYY 1 VX‘EEGXGWDQL ITQLNQNXTL

L re—— o o
FQKGI TQYLKKFSYRNAKNDDLWSSLSNSCLESDFTSGGVCXSDPKMT SNMLAFLGENAE

VEEMMT TWT LQKG | PLLVVKQDGCSLRLQQERF‘LQGVFQEDPEWRALQERYLWKI FLTYS

TSSSNVIXRXILKSKTDTLDLPEKT SWWKFNVDSNGYY | VXY EGXGWDQL | TQLNQNXTL

LRPKDRVGLIXDVFQLVGAGRLTLDKALDMTYYLQXETSSFALLEGLSYLESFYXMMDRR

o s
LRPKDRVGLIXDVFQLVGAGRLTLDKALDMTYYLQXETSSPALLEGLSYLESFYXMMDRR

NISDISENLKRYLLQYFKPVIDRQSWSDKGSVWDRMLRSALLKLACDLNXAPCIQKAAEL

NISDISENLKRYLLQYFKPVIDRQSWSDKGSVWDRMLRSALLKLACDLNXAPCIQKAAEL

——— pre—
FSQWMESSGKLNIPTDVLKIVYSVGAQTTAGWNY LLEQYELSMSSAEQNKILYALSTSKX

-
QEKLLKLIELGMEGKVIKTQNLAALLXATARRPKGQQLAWDFVRENWTXLLKKFDLGSYD

FSQWMESSGKLNIPTDVLKIVYSVGAQTTAGWNY LLEQYELSMSSAEQNKILYALSTSKX

e
QEKLLKLIELGMEGKVIKTQNLAALLXAIARRPKGQQLAWDFVRENWTXLLRKKFDLGSYD

IRMI ISGTTAXFSSKDKLQEVKLFFESLEAQGSXLDIFQTVLETITKNIKWLEKNLPTLR
TWLMVNTRXXX

0ns Chain: P

PVATNGERF PWQELRLPSVVlPL){\.’DLFVXPV;ILTSLDFVA:SEK[ EVLVSNATQF
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- < ——— - <
DGF TLGGE DFEPTQARMAFPCFDEFLF RESRX

‘SNMPKVKT I ELEGGLLEDXFETTVKMSTYLVAY I VCDFXSLSGFTSSGVKYS 1 YASPDKR

NQTXYALQASLKLLDFYEK\'FDIYYPLSKLDLIATPDFAPGA—MENWCL ITYRETSLLFDP

KTSSASDKLWYTRV I AXELAXQWEGNLY TMEWWND IWLKEGFAKYMEL [ AVNATYPELQF

IRMI I SGTTAXFSSKDKLQEVKLFFESLEAQGSXLDIFQTVLET I TKNIKWLEKNLPTLR
P
TWLMVNTRXXX

Appendix 7f. STRIDE results of K392 monomer (first run).

50 ns Chain: P
PVATNGERFPWQELRLESVVIPLXYDLFVXPNLTSLDFVASEKI EVLVSNATQF [ I LXSK
DLEITNATLQSEEDSRYMKPGKELKVLSYPAXEQIALLVPEKLTPXLKYYVAMDFQAKLG
DGFEGFYKSTYRTLGGETR I LAVTDFEPTQARMAFPCFDEPLFKANFS | KIRRESRXIAL

SNMPKVKT I ELEGGLLEDXFETTVKMSTYLVAY I VCDEXSLSGFTSSGVKYS [ YASPDKR
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KTSSASDKLWVTRV I AXELAXQWFGNLVTMEWWND IWLKEGFAKYMEL I AVNATYPELQF

o o i -
DDYFLNVCFEVITKDSLNSSRPISKPAETPTQIQEMFDEVSYNKGACI LNMLKDFLGEEK
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FQKG I IQYLKKF SYRNAKNDDLWSSLSNSCLESDFTSGGVCXSDPKMT SNMLAF LGENAE

.'I:S SSNVIXRXIT LKSKTDTLDLPEKTSWWENVDSNGYY 1 VX‘EEGXGWDQL ITQLNQNXTL

L eesesessse o s
FQKGI TQYLKKFSYRNAKNDDLWSSLSNSCLESDFTSGGVCXSDPKMTSNMLAFLGENAE

VKEMMTTWTLQKG I PLLVVKQDGCS LRLQRERFLQGVFQEDFEWRALQERYLWXIFPLTYS

TSSSNVIXRXILKSKTDTLDLPEKT SWWKFNVDSNGYY I VXYEGXGWDQL | TQLNQNXTL

LRPKDRVGLIXDVFQLVGAGRLTLDKALDMTYYLQXETSSFALLEGLSYLESFYXMMDRR

o
LRPKDRVGLIXDVFQLVGAGRLTLDKALDMTYYLQXETSSPALLEGLSYLESFYXMMDRR

NISDISENLKRYLLQYFKPVIDRQSWSDKGSVWDRMLRSALLKLACDLNXAPCIQKAAEL

——— pro—.
FSQWMESSGKLNIPTDVLKIVYSVGAQTTAGWNY LLEQYELSMSSAEQNKILYALSTSKX

—— -
QEKLLKLIELGMEGKVIKTQNLAALLXATARRPKGQQLAWDFVRENWTXLLKKFDLGSYD

b s o i
IRMI ISGTTAXFSSKDKLQEVKLFFESLEAQGSXLDIFQTVLETITKNIKWLEKNLPTLR
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100 ns Chain: P

PVATNGERF PWQELRLPSVVlPL){\.’DLFVXPV;ILTSLDFVA::EK[ EVLVSNATQ
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DLEITNATLQSEEDSRYMKPGKELKVLSYPAXEQLALLVPEKLTPXLKYYVAMDFQAKLG
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DGFEGFYKSTYRTLGGETRILAVTDFEPTQARMAFPCFDEPLFKANFS TKIRRESRXIAL
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NQTKYALQASLKLLDFYEKVFDIYVPLSKLDLIATPDFAPG?MENWCL ITYRETSLLFDP

KTSSASDKLWYTRV I AXELAXQWEGNLY TMEWWND IWLKEGFAKYMEL [ AVNATYPELQF

NISDISENLERYLLQYFEPVIDRQSWSDKGSVWDRMLRSALLKLACDLNXAPCIQKAAEL

FSQWMESSGKLNIPTDVLKIVYSVGAQTTAGWNY LLEQYELSMSSAEQNKILYALSTSKX

e
QEKLLKLIELGMEGKVIKTQNLAALLXAIARRPKGQQLAWDFVRENWTXLLRKKFDLGSYD

IRMIISGTTAXFSSKDKLQEVKLFFESLEAQGSXLDIFQTVLETI TKNIKWLEKNLPTLR
e ———
TWLMVNTRXXX

150 ns Chain: P

PYATNGERFPWQELRLPSVVI FLX\.’)DLFVXPI\]LTSLDFVASEK]EVLVSNATQF[ TLXSK

DLEITNATLQSEEDSRYMKPGKELKVLSYPAXEQIALLVPEKLTPXLKYYVAMDFQAKLG
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DGFEGFYKSTYRTLGGETRILAVTDFEPTQARMAFPCFDEPLFKANFSIKIRRESRXTAL
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o s o i e - o s i i s -
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o o -
DDYFLNVCFEVITKDSLNSSRPISKPAETPTQIQEMFDEVSYNKGACI LNMLKDFLGEEK

DDYFLNVCFEVITKDSLNSSRPISKPAETPTQIQEMFDEVSYNKGAC I LNMLKDFLGEEK

FQKG I IQYLKKF SYRNAKNDDLWSSLSNSCLESDFTSGGVCXSDPKMT SNMLAF LGENAE

i —  — i -
VKEMMTTWTLQKG T PLLVVKQDGCSLRLQQERFLQGVFQEDPEWRALQERYLWXIPLTYS

TSSSNVIXRXILKSKTDTLDLPEKTSWVKFNVDSNGYY I VXY EGXGWDQL | TQLNQNXTL
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FQKGIIQYLKKFSYRNAKNDDLWSSLSNSCLESDFTSGGVCXSDPEMT SNMLAFLGENAE
VEEMMT TWT LQKG I PLLVVKQDGCS LRLQQERFLQGVFQEDPEWRALQERYLWXIPLTY S

TSSSNVIXRXILKSKTDTLDLPEKT SWWKFNVDSNGYY I VXYEGXGWDQL | TQLNQNXTL

LRPKDRVGLIXDVFQLVGAGRLTLDKALDMTYYLQXETSSPALLEGLSYLESFYXMMDRR

v
LRPKDRVGLIXDVFQLVGAGRLTLDKALDMTYYLQXETSSPALLEGLSYLESFYXMMDRR

NISDISENLKRYLLQYFKPVIDRQSWSDKGSVWDRMLRSALLKLACDLNXAPCIQKAAEL

NISDISENLKRYLLQYFKPVIDRQSWSDKGSVWDRMLRSALLKLACDLNXAPCIQKAAEL

FSQWMESSGKLNIPTDVLKIVYSVGAQTTAGWNY LLEQYELSMSSAEQNKILYALSTSKX

-
QEKLLKLIELGMEGKVIKTQNLAALLXATARRPKGQQLAWDFVRENWTXLLKKFDLGSYD

b s o i
IRMI ISGTTAXFSSKDKLQEVKLFFESLEAQGSXLDIFQTVLETITKNIKWLEKNLPTLR
TWLMVNTRXXX

FSQWMESSGKLNIPTDVLKIVYSVGAQTTAGWNY LLEQYELSMSSAEQNKILYALSTSKX

b o
QEKLLKLIELGMEGKVIKTQNLAALLXATARRPRGQQLAWDFVRENWTXLLKKFDLGSYD

TRMIISGTTAXFSSKDKLQEVKLFFESLEAQGSXLDIFQTVLET I TKNI KWLEKNLPTLR

Prrr——
TWLMYNTRXXX
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Appendix 7g. STRIDE results of Hap2—Hap2 homodimer (first run).

0ns Chain: Q Chain A

PFPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVEI TASQPTSTI I LXSXXLQISRA

TLREGAGERLSEE%LQVLEXFRQEQ[ALLAPEPLLVGLFVTVV[XYAGNLSETFXGFVKS

> 2 st < <
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLATSNMPLVKSY

B ——— —_— [E— it 5
TVAEGLIEDXFDVTVEMSTYLVAF I [SDFESVSKITKSGVKVSVYAVPDKINQADYALDA

RVTLLEFYEDYFSIFYPLPKQDLAAfPDFQSGEﬁENWCLTTYRESALLFDAEKSSRSSKL

50 ns Chain: Q Chain A

PFPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVEITASQPTSTI I LXSXXLQISRA

TLRkGAGERLSEE?LQVLEXPRQEQ[ALLAPEPLLVGLPVTVV[XYAGNLSETFXGFVKS

< < Co s 3= <=
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLAISNMPLVKSY

STYLVAFI [SDFESVSKITKSGVKVS

o o .
YAVEDKINQADYALDA

AVTLLEFYEDYFSIPYFLPKQDLAA{PDFQSGgﬁENWGLTTYﬁESALLFDAEKSSASSKL

e e < - e
GITMTVAXELAXQWFGNLVTMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

- —a——
GITMTVAXELAXQWFGNLVTMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

————
DAMEVDAL

SSXPVSTPVENPAQIREMEDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKXSYKE%KNEDLWDSMAS]CPTDGVKGMDGFCSRSQNSSSSSXWXQEGVDVKTMMNTWT

LQKGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGY LWXVPLTFITSKSDMVXRFLLKTK

LPEEVEWIKFNVGMNGYY I VXY EDDGWD!

DV L

GLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLKXETEIMPVFQGLNELI PMYKLMEKRDMNEVETQFKAFLIR

-
LLRDLIDKQTWTDEGSVSERMLRSQLLLLACVXNYQPCVQRAEGYFREKWKESNGNLSLPV

DAMEVDAL

SSXPVSTPVENPAQIREMFDDVSYDKGAC | LNMLREYLSADAFKSGIVQYL
QKXSYKE?KNEDLWDSMAS]CPTDGVKGMDGFCSRSQXSSSSSKWXQEGVDVKTMMNTWT

- - - <
LQKGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGY LWXVPLTFITSKSDMVXRFLLKTK

DVLILPEEVEWI KFNVGMNGYY | VXY EDDGWD

LLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSTEKALDLSLYLEXETEIMPVFQGLNELIPMYKLMEKRDMNEVETQFKAFLIR

-
LLEDLIDKQTWTDEGSVSERMLRSQLLLLACVXNYQPCVQRAEGYFRKWKESNGNLSLPV

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFAL

NKEKLQWLLDES FKGD

KIKTQEFFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSS IAXMVMGTTNQFSTR

- e
TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDENFDKIRVWLQSEKLERM
Chain: P Chain B

PFPWNKIRLFEYVIPVXVDLL[NAHLTTLTFWGTTKVE]TASQPTST[ILKSXXLQJSRA

- < e = =
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLAISNMPLVKSY

TVAEGLIEDXFOVTVEMSTYLVAFIISDFESVSKITKSGVEVSVYAVPDEKINQADYALDA

AVTLLEFYEDYFSIPYPLPKQDLAAIPDFQSGAMENWGLTTYRESALLFDAEKSSAS SKL

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFRGD

KIKTQEFFQILTLIGRNPVGYFPLAWQF LRKNWNKLVQKFELGSSS IAXMVMGTTNQFSTR

e — i
TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLERM

Chain: P Chain B

PFPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVEITASQPTSTIILXSXXLQISRA

TLRKGAGERLSEEPLQVLEXPRQEQIALLAPEPLLVGLPYTVVIXYAGNLSETFXGFYKS
- g w— - ~-
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASES |KIRREPRXLAI SNMPLVKSV

TVAEGLIEDXFDVTVKMSTYLVAFI[SDFESVSKfTKSGVKVSVYAVPDKINQADY&LDR

AVTLLEFYEDYFS I PYPLPKQDLAAIPDFQSGAMENWGLTTYRESALLFDAEKSSASSKL

o i i L s
GITMTVAXELAXQWFGNLVTMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

G]TMTVAXELAXQWFGNLVTMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACT LNMLREYLSADAFKSGIVQYL
QKXSYKEEKNEDLWDSMAS]CPTDGVKGMDGFCSRSQXSSSSSXWXQEGVDVKTMMNTWT

- < 2 - -
LQKGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGY LWXVPLTFITSKSDMVXRFLLKTK

TDVL{LFEEVEWTE%NVGMNGVY]VXYEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLKXETEIMPVFQGLNELI PMYKLMEKRDMNEVETQFKAFLIR

.
LLRDLIDKQTWTDEGSVSERMLRSQLLLLACVXNYQPCVQRAEGYFREKWKESNGNLSLPV

DAMEVDALNSSXPVSTFVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKXSYK&*KNEDLWDSMAS]CPTDGVKGMDGFCSRSQXSSSSSXWXQEGVDVKTMMNTWT

= > > & ->
LQKGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGY LWXVPLTFITSKSDMVXRFLLKTK

TDVLILPEEVEWT%?NVGMNGVYIVXYEDDGWDSLTGLLKCTXTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLKXETEIMPVFQGLNEL I PMYKLMEKRDMNEVETQFKAFLIR

b i
LLRDLIDKQTWTDEGSVSERMLRSQLLLLACVXNYQPCVQRAEGYFRKWKESNGNLSLPV

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTOQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSS IAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETI EENIGWMDENFDKIRVWLQSEKLERM

100 ns Chain: Q Chain A

PEPWNKIRLPEYVIPVXYDLLIXANLTTLTFWGTTKVE I TASQPTSTI | LXSXXLQISRA

TLRkGAGERLSEEéLQvLEXFRQEQIALLAPEPLLVGLPYTVVIXYAGNLSETFXGFYKS
. < —— > -
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLATISNMPLVKSY

et i, B —— [R—— R T——
TVAEGLIEDXFDVTVKMSTYLVAF I ISDFESVSKI TKSGVKVSVYYAVPDKINQADYALDA

AVTLLEFYEDYFSIPYFLPKQDLAAIPDFQSGE&ENWULTTYEEiALLFDAEKSSASSKL

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFRGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSS IAXMVMGTTNQFSTR

s o it
TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLERM

PEPWNKIRLPEYVIPVXYDLL IXANLTTLTFWGTTKVE I TASQPTST I I LXSXXLQISRA

TLR{GAGERLSEEPLQVLEXFRQEQ[RLLAPEPLLVCLFYTVVIXYAGNLSETFXGFYKS
< < e > <
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLAISNMPLVKSV

B ———— [ —— [E— M
TVAEGLIEDXFDVTVEMSTYLVAFI ISDFESVSKITKSGVKVSVYAVPDKINQADYALDA

RVTLLEFYEDYFSIFYPLPKQDLAAfPDFQSGEﬁENWCLTTYREiALLFDAEKSSRSSKL

o e e < - ——
GITMTVAXELAXQWFGNLVTMEWWND LWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

- - -
GITMTVAXELAXQWFGNLVTMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

——————
DAMEV DA

SXPVSTPVENPAQIREMFDDVSYDKGAC I LNMLREYLSADAFKSG IVQYL
QKXSYKE}KNEDLWDSMAS]CPTDGVKGMDGFCSRSQXSSSSSXWXQEGVDVKTMMNTWT

- = - < -
LQKGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGY LWXVPLTFITSKSDMVXRFLLKTK

DVLILPEEVEWIKFNVGMNGYY | VXY EDDGWD

LKGTXTAVSSNDRAS

INNAFQ

LVSIGKLSIEKALDLSLYLKXETE IMPVFQGLNEL I FMYKLMEKRDMNEVETQFKAFLIR

-
LLRDLIDKQTWTDEGSVSERMLRSQLLLLACVINYQPCVQRAEGYFRKWKESNGNLSLPV

DAMEVDALNSSXPVSTPVENPAQIREMEDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKXSYKE%KNEDLWDSMAS]CPTDGVKGMDGFCSRSQNSSSSSXWXQEGVDVKTMMNTWT

LQKGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGY LWXVPLTFITSKSDMVXRFLLKTK

DVLILPEEVEW] KENVGMNGYY | VXY EDDGWD

LKGTXTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLKXETEIMPVFQGLNELI PMYKLMEKRDMNEVETQFKAFLIR

-
LLRDLIDKQTWTDEGSVSERMLRSQLLLLACVENYQPCVQRAEGYFRKWKESNGNLSLPV

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRENWNKLVQKFELGSSS IAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLEEM
Chain: P hain B

PFFWNKIRLPEYVIPVXVDLL[NANLTTLTFWGTTKVEITASQPTST[ILKSXXLQISRA

< - e < .
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLAISNMPLVKSY

TVAEGL EDXFDVTVKMSTYLVRFI[sDFESV.KfTKSGVKVSVYAVPDKINQADYALDA

AVTLLEFYEDYFSIPYPLPKQDLAAI PDFQSGAMENWGLTTYRESALLFDAEKSSASSKL

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRENWNKLVQKFELGSSS IAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLEQM
Chain: P hain B

PFPWNKIRLFEYVIPVXVDLL[KAﬁLTTLTFWGTTKVE]TASQPTST[ILXSXXLQ]SRA

TLRKGAGERLSEEPLQVLEXPRQEQIALLAPEPLLVGLPYTVVIXYAGNLSETFXGFYKS
- > — - -
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASES KIRREPRXLAISNMPLVKSV

TVAEGLIEDXFOVTVEMSTYLVAFIISDFESVSKITKSGVEVSVYAVPDKINQADYALDA

AVTLLEFYEDYFSIPYPLPKQDLAAI PDFQSGAMENWGLTTYRESALLFDAEKSSAS SKL

i i i <
GITMTVAXELAXQWFGNLVTMEWWND LWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

L e
GITMTVAXELAXQWFGNLVTMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
QKXSYKNTKNEDLWDSMAS ICPTDGVKGMDGFCSRSQXSSSSSXWXQEGVDVETMMNTWT

— > > - -
LQRKGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGY LWXVPLTFITSKSDMVXRFLLKTK

TDVL]LPEEVEWT?}NVGMNGYY]VX?EDDGWDSLTGLLKCTXTAVSSNDRASLINNAFQ

LVSIGKLSTEKALDLSLYLKXETEIMPVFQGLNELIPMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSERMLRSQLLLLACVANYQPCVQRAEGYFRKWKESNGNLSLPV

DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACT LNMLREYLSADAFKSGIVQYL

QEXSYKNTKNEDLWDSMAS ICPTDGVKGMDGFCSRSQXSSS S SXWXQEGVDVKTMMN

= > > - S
LQKGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGY LWXVPLTFITSKSDMVXRFLLKTK

TDVLfLFEEVEWTE}NVGMNGYY]VXYEDDCWDSLTCLLKCTXTAVSSNDRASLINNAFQ

LVSIGKLSIEKALDLSLYLKXETEIMPVFQGLNELI PMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSERMLRSQLLLLACVINYQPCVQRAEGYFRKWKESNGNLSLPV

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTONKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRENWNKLVQKFELGSSSTAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKIRVWLQSEKLERM

DVTLAVFAVGAQSTEGCWDFLYSKYQFSLSSTEKSQIEFALCRTOQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSS IAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETI EENIGWMDENFDKIRVWLQSEKLERM
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Appendix 7h. STRIDE results of Hap2—N392 heterodimer (first run).

0ns Chain: Q Chain A

PVATNGERFPWQELRLPSVVIPLXYDLFVX%NLTSLDFVASEKIEVLvSNATQF]IL*SK

uLmQSELummkvuxffxm PAXEQIALLVPEKLTPXLKYYVAMDEQAKLG
DGFEGFYKSTYRTLGGETRILAVTDFEPTQARMAFPCFDEPLFKANTS IKIRRESRX 1AL
SNMPKVKT | ELEGGLLEDXFETTVKMSTYLVAY | VCDEXSLSGETSSGVRVS [ YAS PDKR
NOTXVALGASLKLLDFYEKYFDIYYPLSKLDL 1ATPDFEAPGAMENWGL I TYRETSLLEDP

0 A 0 ->- 0
KTSSASDKLWVTRV I AXELAXQWFGNLVTMEWWND IWLNEGFAKYMEL IAVNATYPELQF

50 ns Chain: Q Chain A

PVATNGERFPWQELRLPSVVIPLXYDLFVXENLTSLDFVASEKIEVLVSNATQF 1 [ LXSK

DLEITNATLQSEEDSRVMKPGKELKVLSfPAXEQlALLVPEKLTPKLKYYVAMDFQSRLG
= < . s - < <

DGFEGFYKSTYRTLGGETRILAVTDFEPTQARMAFPCFDEPLFKANFSTKIRRESRXIAL

SNMPKVKT [ELEGGLLEDXFETTVKMSTYLVAY | VCDFXSLSGETSSGVKYS 1 YASPDKR

NQTXYALQASLKLLDFYEKYFDIVYPLSKLDLIATPDFAPGAMENWGLITY

SLLFDP

.- - 1 -
KTSSASDKLWVTRVIAXELAXQWFGNLVTMEWWND IWLNEGFAKYMEL [ AVNATYPELQF

o e i i . ——-
DDYFLNVCFEVITKDS LNSSRP I SKPAETPTQIQEMFDEVSYNKGAC I LNMLKDFLGEEK

DDYFLNVCFEVITKDSLNSSRPISKPAETPTQIQEMFDEVSYNKGACT LNMLKDFLGEEK

FQKGI[QVLKKFSYREKKNDDLWSSLSNSCLESDFTSGGVCXSDPKMTSNMLAFLGENAE

FQKGIIQYLKKFSYRNAKNDDLWSSLSNSCLESDFTSGGVCXSDPKMT SNMLAFLGENAE

VKELMTTWTLQKG]PLLVVKQDGCSLRLQQERﬁLQGVPQEDPEWRﬂLQERYLWX]PLTYS

—- = L e
TLEKSKTDTLDLPEKTSWVKFNVDSNGYY IVXYEGXGWDQL I TQLNQNXTL

VKEMMTTWTLQKG I P VKQDGCS LRLQQERFLQGVFQEDPEWRALQERYLWX I PLTYS

TSSSNVIXRXILKSKTDTLDLPEKTSWVKFNVDSNGYY | VXY EGXGWDQL I TQLNQNXTL

LEPKDRVGLIXDVFQLVGAGRLTLDKALDMTYYLQXETSSPALLEGLSYLESFYXMMDRR

DTy
NISDISENLKRYLLQYFKPVIDRQSWSDKGSVWDRMLRSALLKLACDLNXAPCIQKAAEL

LRPKDRVGLIXDVFQLVGAGRLTLDKALDMTYYLQXETSSPALLEGLSYLESFYXMMDRR

NISDISENLKRYLLQYFKPVIDRQSWSDKGSVWDRMLRSALLKLACDLNXAPCIQKAAEL

FSQWMES SGKLNIPTOVLKIVYSVGAQTTAGWNY LLEQYELSMSSAEQNKTLYALSTSKX

QEKLLKLIELGMEGKVIKTQNLAALLXATIARRPKGQQLAWDFVRENWTXLLKKFDLGSYD

ot
IRMITSGTTAXFSSKDKLQEVKLFFESLEAQGSXLDIFQTVLETITKN IKWLEKNLPTLR

Chain: P Chain B

PFPWNKIRLPEVV]PVXVDLL[XANLTTLTFWGTTKVE]TASQPTSTIILXSKKLQISRA

-————
TWLMVNTRXXX

TLRRGAGERLSEE;LQVLE%PRQEQIALLAPEPLLVGLFYTVVIXYAGNLSETFXGFYKS
< = D e} - <
TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASFSIKIRREPRXLATSNMPLVKSVY
< < > < > ————————
TVAEGLIEDXFDVTVKMSTYLVAFI ISDFESVSKITKSGVKVSVYAVPDKINQADYALDA

ey e
YRESALLFDAEKSSASSKL

AVTLLEFYEDYFSIPYPLPKQ AMENWG

GITMTVAXELAXQWFGNLVTMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACILNMLREYLSADAFKSGIVQYL
e T s o s
QEXSYKNTKNEDLWDSMASICPTDGVKGMDGFCSRSQXSSSSSXWXQEGVDVKTMMNTW

LAA | PDFQS!

- > > - -
LOQKGFPLITITVRGRNVXMKQEXYMKGSDGAPDTGYLWXVPLTFITSKSDMVXRFLLKTK

TDVLILPEEVEWI KFNVOMNGYY I VXYEDDGWDS LTGLLKGTXTAVSSNDRASLINNAFQ

LYSIGKLSITERKALDLSLYLEXETEIMPVFQGLNELIPMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTIDEGSVSERMLRSQLLLLACVXNYQPCVQRAEGYFRKWKESNGNLSLFPV

e i it
DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSS IAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIET 1 EENIGWMDKNF DK I RVWLGS EKL ERM

100 ns Chain: Q Chain A

PVATNGERFPWQELRLPSVVIPLXYDLFVXPNLTSLDFVASEKIEVLVSNATQF I I LXSK

> >  — <= = <

SNMPKVKT I ELEGGLLEDXFETTVEMSTYLVAY IVCDFXSLSGFTSSGVKVSIYASPDKR
D —— — —_— g mm-

NQTXYALQASLKLLDFYERYFDIYYPLSKLDLIATIPDFAPGAMENWGL ITYRETSLLFDP

KTSSASDKLWVTRVlAXELAXQWFGNL;?MEWWNDIWLNEGFAKYMEL[ﬂVNﬂTYFELQF

FSQWMESSGKLNIPTDVLKIVYSVGAQTTAGWNYLLEQYELSMSSAEQNKILYALSTSKX

o i -
QEKLLKLIELGMEGKV IKTQNLAALLXATARRPKGQQLAWDFVRENWTXLLKKFDLGSYD

IRMI ISGTTAXFSSKDKLQEVKLFFESLEAQGSXLDIFQTVLETITKN KWLEKNLPTLR

Chain: P Chain B

FFPWNKIRLPEYVIFVXVDLLIXANLTTLTFWCTTKVEITKSQPTSTI[LXSKXLQISRK

TWLMVNTRXXX

TLRKGAGERLSEEPLQVLEXPRQEQIALLAPEPLLVGLPYTVVIXYAGNLSETFXGFYKS

TYRTKEGELRILASTQFEPTAARMAFPCFDEPAFKASES |KIRREPRXLATSNMPLVKSY

—_— e ——— — .
TVAEGLIEDXFDVTVKMSTYLVAFI I SDFESVSKITKSGVKVSVYAVPDKINQADYALDA

— . ————
AVTLLEFYEDYFSIPYPLPKQDLAAIPDFQSGAMENWGLTTYRESALLFDAEKS SASSKL

o i i e e e e i i
GITMTVAXELAXQWFGNLVTMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVGDYFFGKCF

—————
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACILNMLREYLSADAFKSGIVQYL
e e i i
QEXSYKNTKNEDLWDSMAS ICPTDGVKGMDGFCSRSQXSSSSSXWXQEGVDVKTMMNTWT

LQKGFPLIT I TVRGRNVXMKQEXYMKGSDGAPDTGYLWXVFLTF I TSKSDMVXRFLLKTK

TDVL{LPEEVEWTEFNVGMNGVYIVXfEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

LVSIGKLSTEKALDLSLYLKXETEIMPVFQGLNELIPMYKLMEKRDMNEVETQFKAFLIR

LLRDLIDKQTWTDEGSVSERMLRSQLLLLACYVXNYQPCVQRAEGYFRKWKESNGNLSLPV

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

—
KIKTQEFPQILTLIGRNPVGYPLAWQF LRKNWNKLVQKFELGSSS I AXMVMGTTNQESTR

——— wn ————
TRLEEVKGFFSSLKENGSQLRCVQQTIETIEEN IGWMDKNFDKIRVWLQSEKLERM

150 ns Chain: Q Chain A

PVATNGERFPWQELRLPSVVIPLXYDLFVXPNLTSLDFVASEKIEVLVSNATQF I I LXSK

DLElTNATLQSEEDSRVMKPGKELKVLS?PAXEQ[ALLVFEKLTPKLKVYVAMDFQAKLG

- = e —_— —_—
DGFEGFYKSTYRTLGGETRILAVTDFEPTQARMAFPCFDEPLFKANFSIKIRRESRXIAL

> > L - = L
SNMPKVKT I ELEGGLLEDXFETTVEKMSTYLVAY IVCDFXSLSGFTSSGVKVSIYASPDKR

D —— — .
NQTXYALQASLKLLDFYERYFDIYYPLSKLDLIATIPDFAPGAMENWGL ITYRETSLLFDP

KTSSASDKLWVTRVlAXELAXQWFGNLV%&EWWNDIWLNEGFAKYMEL[ﬂVNﬂTYFELQF

o i i i wam
DDYFLNVCFEVITKDSLNSSRPISKPAETPTQIQEMFDEVSYNKGACI LNMLKDFLGEEK

- ————
FQKGI IQYLKKFSYRNAKNDDLWS SLSNSCLESDFTSGGVCXSDPKMT SNMLAFLGENAE

wam
DDYFLNVCFEVITKDSLNSSRPISKPAETPTQIQEMFDEVSYNKGACI LNMLKDFLGEEK

i D ———
FQKGI IQYLKKFSYRNAKNDDLWSSLSNSCLESDFTSGGVCXSDPKMT SNMLAFLGENAE

VEEMMTTWTLQKGIPLLVVKQDGCSLELQQERFLQGVFQEDFEWRALQERYLWXIFLTYS

VEEMMTTWTLQKGIPLLVVKQDGCSLRLQQERFLQGVFQEDFEWRALQERYLWXIFPLTYS

TSSSNVIXRXILKSKTDTLDLPEKTSWVKFNVDSNGYY | VXY EGXGWDQL I TQLNQNXTL

LEPKDRVGLIXDVFQLVGAGRLTLDKALDMTYYLQXETSSPALLEGLSYLESFYXMMDRR

LEPKDRVGLIXDVFQLVGAGRLTLDKALDMTYYLQXETSSPALLEGLSYLESFYXMMDRR

MNISDISENLKRYLLQYFKPVIDRQSWSDKGSVWDRMLRSALLKLACDLNXAPCIQKAAEL

MNISDISENLKRYLLQYFKPVIDRQSWSDKGSVWDRMLRSALLKLACDLNXAPCIQKAAEL

FSQWMESSGKLNIPTDVLKIVYSVGAQTTAGWNYLLEQYELSMSSAEQNKILYALSTSKX

-
QEKLLKLIELGMEGKVIKTQNLAALLXAIARRPKGQQLAWDFVRENWTXLLKKFDLGSYD

FSQWMESSGKLNIPTDVLKIVYSVGAQTTAGWNYLLEQYELSMSSAEQNKILYALSTSKX

-
QEKLLKLIELGMEGKVIKTQNLAALLXATARRPKGQQLAWDFVRENWTXLLKKFDLGSYD

TRMI I SGTTAXFSSKDKLQEVKLFFESLEAQGSXLDIFQTVLET I TKN [KWLEKNLPTLR
TWLMVNTRXXX

Chain: P Chain B

PFPWNK[RLPEVV[PVXYDLLIXAfLTTLTFWGTTKVEITXSQPTSTI[LKSXXLQISRA

TLRKGAGERLSEEFLQVLEKPRQEQIALLAPEPdLVGLPYTVVIXYAG“LSETFKGFVKS
TYRfKEGELRILASTéFEFTAARMAFFCFDEPAFKRSFS]KIREEPRXLRIg MPLVKSV

< < — - < = i it b
TVAEGLIEDXFDVTVEMSTYLVAFTISDFESVSKITKSGVKVSVYAVPDKINQADYALDA

[T ——— e w—— ——
AVTLLEFYEDYFSIPYPLPKQDLAAIPDFQSGAMENWGL RESALLFDAEKSSASSKL

G]TMTVAXELAXQWFGNLV?MEWWNDLWLNEGFAKFMEFVSVSVTXPELKVCDYFFGKCF

SKDKLQEVKLFFESLEAQGSXLDIFQTVLET ITKN I KWLEKNLPTLR

Chain: P Chain B

PFPWNK[RLPEVV[PVXYDLLIXAELTTLTFWGTTKVEITXSQPTSTI[LKSXXLQISRA

TWLMVNTRXXX

[r— S — . . —
TLRKGAGERLSEEPLQVLEXPRQEQIALLAPEPLLVGLPYTVVIXYAGNLSETFXGFYKS

TYRfKEGELRILASTQFEFTAARMRFPCFDEPAFKRSFS]KIREEPRXLRIgNMPLVKSV
< < = < < s
TVAEGLIEDXFDVTVEMSTYLVAFI ISDFESVSKITKSGVKVSVYAVPDKINQADYALDA

w—— D—
YRESALLFDAEKSSASSKL

[T ——— P — —
AVTLLEFYEDYFSIPYPLPKQDLAAI PDFQSGAMENWG

G]TMTVAXELAXQWFGNLVTMEWWNDLWLNEGFAKFMEFVSVSVTXPELKVCDYFFGKCF

——————
DAMEVDALNSSXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
—— S -
QEXSYKNTKNEDLWDSMAS ICPTDGVKGMDGFCSRSQXSSSSSXWXQEGVDVKTNMN TWT

LQKCFPL]TITVRCRNVXMKQEXYMKGSDGAPDTCYLWXVPLTFIszSDMVKRFLLKTK

TDVL]LFEEVEWTEFNVGMNGYYIVXYEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

———
LVSIGKLS IEKALDLSLYLKXETEIMPVFQGLNELIPMYKLMEKRDMNEVETQFKAFLIR

[r—
LLRDLIDKQTWTDEG

SERMLRSQLLLLACVXNYQPCVQRAEGY FRKWKESNGNLSLPY

DAMEVDALNS SXPVSTPVENPAQIREMFDDVSYDKGACI LNMLREYLSADAFKSGIVQYL
—— S ——————
QEXSYKNTKNEDLWDSMAS ICPTDGVKGMDGFCSRSQXSSSSSXWXQEGVDVKTNMN TWT

LQKCFPL]TITVRCRNVXMKQEXYMKGSDGAPDTCYLWXVPLTFIszSDMVKRFLLKTK

TDVL]LFEEVEWTEFNVGMNGYYTV%YEDDGWDSLTGLLKGTXTAVSSNDRASLINNAFQ

———
LVSIGKLS IEKALDLSLYLKXETEIMPVFQGLNELIPMYKLMEKRDMNEVETQFKAFLIR

LLRDL

KQTWTDEGSVSERMLRSQLLLLACVXNYQPCVQRAEGY FRKWKESNGNLSLPVY

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

-
KIKTQEFPQILTLIGRNPVGYPLAWQFLRKNWNKLVQKFELGSSSTAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETIEEN IGWMDKNFDKIRVWLQSEKLERM

DVTLAVFAVGAQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLLDESFKGD

i -
KIKTQEFPQILTLIGRNPVGYPLAWQFLRKNWNKLVQKFELGSSSTAXMVMGTTNQFSTR

TRLEEVKGFFSSLKENGSQLRCVQQTIETI EENIGWMDKNFDKIRVWLQSEKLERM
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