:\' frontiers

In Immunology

ORIGINAL RESEARCH
published: 26 February 2021
doi: 10.3389/fimmu.2021.592447

OPEN ACCESS

Edited by:
Julian Vivian,
Monash University, Australia

Reviewed by:

IRaki Alvarez,

Autonomous University of Barcelona,
Spain

Esam Abualrous,

Freie Universitat Berlin, Germany

*Correspondence:
Nianzhi Zhang
zhangnianzhi@cau.edu.cn
Chun Xia
Xiachun@cau.edu.cn

Specialty section:

This article was submitted to
Comparative Immunology,

a section of the journal
Frontiers in Immunology

Received: 07 August 2020
Accepted: 13 January 2021
Published: 26 February 2021

Citation:

Wei X, Wang S, Li Z, Li Z, Qu Z,
Wang S, Zou B, Liang R, Xia C and
Zhang N (2021) Peptidomes and
Structures lllustrate Two
Distinguishing Mechanisms of
Alternating the Peptide Plasticity
Caused by Swine MHC Class |
Micropolymorphism.

Front. Immunol. 12:592447.

doi: 10.3389/fimmu.2021.5692447

Check for
updates

Peptidomes and Structures lllustrate
Two Distinguishing Mechanisms of
Alternating the Peptide Plasticity
Caused by Swine MHC Class |
Micropolymorphism

Xiaohui Wei’, Song Wang', Zhuolin Li’, Zibin Li’, Zehui Qu’, Sugiu Wang’, Baohua Zou’,
Ruiying Liang’, Chun Xia™2* and Nianzhi Zhang"*

7 Department of Microbiology and Immunology, College of Veterinary Medicine, China Agricultural University, Beijjing, China,
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The micropolymorphism of major histocompatibility complex class | (MHC-I) can greatly
alter the plasticity of peptide presentation, but elucidating the underlying mechanism
remains a challenge. Here we investigated the impact of the micropolymorphism on
peptide presentation of swine MHC-I (termed swine leukocyte antigen class I, SLA-I)
molecules via immunopeptidomes that were determined by our newly developed random
peptide library combined with the mass spectrometry (MS) de novo sequencing method
(termed RPLD-MS) and the corresponding crystal structures. The immunopeptidomes of
SLA-1*04:01, SLA-1*13:01, and their mutants showed that mutations of residues 156
and 99 could expand and narrow the ranges of peptides presented by SLA-I molecules,
respectively. R156A mutation of SLA-1*04:01 altered the charge properties and enlarged
the volume size of pocket D, which eliminated the harsh restriction to accommmodate the
third (P3) anchor residue of the peptide and expanded the peptide binding scope.
Compared with 997" of SLA-1*0401, 99™° of SLA-1*13:01 could not form a
conservative hydrogen bond with the backbone of the P3 residues, leading to fewer
changes in the pocket properties but a significant decrease in quantitative of
immunopeptidomes. This absent force could be compensated by the salt bridge
formed by P1-E and 170™9. These data illustrate two distinguishing manners that show
how micropolymorphism alters the peptide-binding plasticity of SLA-I alleles, verifying the
sensitivity and accuracy of the RPLD-MS method for determining the peptide binding
characteristics of MHC-I in vitro and helping to more accurately predict and identify MHC-
restricted epitopes.

Keywords: swine MHC class I, micropolymorphism, RPLD-MS, immunopeptidome, crystal structure

Frontiers in Immunology | www.frontiersin.org 1

February 2021 | Volume 12 | Article 592447


https://www.frontiersin.org/articles/10.3389/fimmu.2021.592447/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.592447/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.592447/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.592447/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.592447/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:zhangnianzhi@cau.edu.cn
mailto:xiachun@cau.edu.cn
https://doi.org/10.3389/fimmu.2021.592447
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.592447
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.592447&domain=pdf&date_stamp=2021-02-26

Wei et al.

How Micropolymorphism Affect Peptide Binding

INTRODUCTION

The major histocompatibility complex (MHC) is a large genetic
region that can encode a wide variety of molecules and consists of
the highly polymorphic classical MHC class I (MHC-I) and MHC
class II (MHC-II), which are central to the adaptive immune
response (1). MHC-I is a cell surface glycoprotein that is
responsible for the presentation of both endogenously and
exogenously invading pathogen-derived peptide antigens for
immune surveillance. The sequence diversity found in MHC-I
ranges from micropolymorphisms, which contain just a few
different amino acids, to differences of more than 30 amino acids
in more distantly related allomorphs (2). This feature determines
that the peptide-binding characteristics of individual MHC-I
molecules are variable. Peptides anchor the antigen binding
groove (ABG) via interactions between peptide residues and
pockets, denoted A-F (3). The landscape of these pockets is
usually determined by the composition of nearby amino acids.
Polymorphisms alter the stereo- and electrochemical environment
of the pockets, dictating their ability to accommodate different
peptide residues, thereby influencing the nature and quantity of the
bound peptides (4-6).

Besides MHC-I, the presented peptides on the cell surface also
depend on the peptide loading complex in the endoplasmic
reticulum (ER), which comprises chaperone proteins such as
the transporter associated with antigen processing (TAP) and
tapasin, among others. The cytoplasmic peptides are bound and
transported into the ER lumen by TAP, and sometimes the
peptide-binding preferences of TAP and human MHC-I (human
leukocyte antigen class I, HLA-I) allotypes can strongly
mismatch, indicating the existence of a TAP-independent
compensatory peptide source (7-9). Tapasin has the ability to
modulate peptide selection toward more stable ligands during
peptide loading in the ER (10, 11). However, the high degree of
polymorphism causes some HLA-I allotypes to have a stable
peptide-free status and be able to efficiently assemble in tapasin-
deficient cells (12, 13). Thus, the polymorphisms of MHC-I can
shape the peptide repertoire by delineating the interactions with
chaperones of the peptide-loading complex (7, 14).

At present, some studies have shown that humans carrying a
polymorphism at a single amino acid in the ABG can shift the
immune reactivity in many clinical scenarios (15-17). For
instance, the polymorphism at residue 156 of human MHC-I
(human leukocyte antigen class I, HLA-I) has been indicated to
elicit divergent T cell immune reactivities (18, 19); B27 family
members such as HLA-B*27:02, HLA-B*27:03, HLA-B*27:04,
and HLA-B*27:05 confer a risk of ankylosing spondylitis, but
HLA-B*27:06 and HLA-B*27:09 do not (20-22); the
micropolymorphic allomorphs of the HLA-B35 family alter the
presentation of identical ligands to affect immunogenicity and

Abbreviations: MHC-1, major histocompatibility complex class I; f2m, B-2-
microglobulin; ABG, antigen binding groove; MS, mass spectrometry; LC-MS/
MS, liquid chromatography-tandem mass spectrometry; RPLD-MS, random
peptide library combined with mass spectrometry (MS) de novo sequencing;
RMSD, root-mean-square deviation; T, midpoint transition temperature; ASA,
accessible surface area; BSA, buried surface area.

immunodominance hierarchies (23, 24); and distinct conformations
of the same peptide presented by HLA-B7 family alleles have been
reported to favor distinct escape mutations in human
immunodeficiency virus (HIV) (25). In addition to affecting the
presentation of peptides, polymorphisms can also affect the binding
of HLA-I molecules to inhibitory or activating receptors on different
immune cells, thereby affecting the adaptive or natural immune
response (18, 19, 26). These correlations between polymorphisms of
the MHC-I molecule, and diseases are still a challenge to fully and
accurately explain its mechanism.

Recently, the abundant usage and improvement of high-
quality mass spectrometry (MS) to determine eluted HLA-I
peptidome data provided a new solution to this problem (27,
28). For example, Abelin JG et al. established a strategy to
identify the peptide-binding motif of mono HLA-I using
CRISPR gene edited cell lines (29), and the influences of the
HLA-B57 micropolymorphism on the immunopeptidome were
defined by this method (2). These new MS methods were
powerful in the identification of the immunopeptidomes of
HLA-T alleles with complete research conditions, but it is still
difficult to study the various animal MHC-I alleles lacking
suitable cell lines and antibodies, such as swine MHC-I
molecules (termed swine leukocyte antigen class I, SLA-I). We
showed that the arginine at position 156 (15678) is essential for
peptide binding of SLA-1*04:01, and when 156" was mutated
to alanine, the peptides bound by the mutant SLA-1*04:01
(R156A) became significantly different from those bound by
SLA-1*04:01 (30). Another previous study reported that SLA-
1*13:01 is quite similar to SLA-1*04:01 but has different properties
in presenting peptides (31). The lack of corresponding cell lines and
monoclonal antibodies against SLA-I makes it challenging for us to
use the current MS method to comprehensively and accurately
determine their differences in peptide binding caused by
micropolymorphism. Considering the time cost and financial
budget, it is unrealistic to establish necessary experimental
conditions for many animal MHC-I molecules. We need a more
rapid and economical method to determine the peptide binding
motif of an animal MHC-I molecule.

The de novo peptide sequencing technique for data-independent
acquisition MS has been used to identify immunopeptidomes that
do not exist in any database (27, 32, 33). We developed a new in
vitro method to identify the immunopeptidome of MHC-I by a
random peptide library combined with LC-MS/MS and de novo
sequencing. The random peptide library was refolded with MHC-I
heavy chain and beta-2-microglobulin (32-M) to form the peptide-
MHC-I complex (pMHC-I). Then, pMHC-I was purified, and the
bound peptides were eluted and sequenced by LC-MS/MS and de
novo sequencing. Ultimately, the peptide-binding motif of MHC-I
was determined. Using this method, the peptide binding properties
of MHC-I molecules of two species, bat and frog, were identified
without the limitations of cell lines and antibodies (34, 35).

We believe that this new method of combining random peptide
library refolding and MS de novo sequencing is also helpful to solve
the problem of how a micropolymorphism affects the peptide-
binding plasticity of animal MHC-I molecules, because this method
can rapidly and economically determine the peptidomes bound by
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MHC-I mutants and similar allotypes. Here we utilized this newly
developed method to map unbiased micropolymorphism-
dependent immunopeptidome changes in SLA-I, SLA-1*04:01,
mutant SLA-1*04:01(R156A), and a similar allotype SLA-1*13:01.
The key residues, residues at positions 99 and 156 (residues 99 and
156), adopted two distinguishing manners to alter the peptide
binding plasticity of SLA-I molecules, and their molecular
mechanisms were further demonstrated by the corresponding
crystal structures. This study contributes to understanding the
link between MHC-I micropolymorphisms and peptide-
presenting plasticity and helped us to more accurately predict and
identify SLA-I restricted epitopes.

MATERIALS AND METHODS

Synthesis of Epitopes and Random
Peptide Repertoire

All potential virus-derived epitopes binding to SLA-1 were
predicted by the NetMHCpan 4.0 server (http://www.cbs.dtu.dk/
services/NetMHCpan/) and synthesized by the method of solid
phase peptide synthesis (SPPS) (Table 1). These peptides were
then purified to 99% by reverse-phase high-performance liquid
chromatography (RP-HPLC) and MS (SciLight Biotechnology). A
random peptide repertoire was synthesized in which every
position was distributed at an equal molar ratio with 19 amino
acids other than cysteine. The distribution of amino acids in each
position of the random peptide repertoire was verified by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) and de
novo sequencing (32, 33). These peptides were stored in
lyophilized aliquots at —80°C after synthesis and dissolved in
dimethyl sulfoxide (DMSO) before use.

Protein Preparation

DNA fragments encoding extracellular domains of SLA-1*04:01
(GenBank accession No. EU170457.1, residues 1-275 of the mature
protein), SLA-1*13:01 (GenBank accession No. AB847437.1, residues
1-275 of the mature protein), and swine 32-M (s82-M, GenBank
accession No. BAG32341, residues 1-98 of the mature protein) were
cloned via reverse transcription (RT)-PCR (TransGen Biotech) with
allele group-specific PCR primer pairs designed for SLA-1 alleles
using total RNA extracts isolated from the kidneys of Landrace swine.
The mutant SLA-1 was cloned by overlap PCR. Then, the gene
fragments were cloned into pET-21a (+) vectors (Novagen) and

expressed as inclusion bodies in E. coli BL21 (DE3). The recombinant
proteins were purified as described previously and dissolved in 6 M
guanidine hydrochloride (Gua-HCI).

Assembly of the pSLA-1 Complexes

The proteins were refolded by the gradual dilution method using
buffer containing 400 mM L-Arg HCI, 2 mM EDTA, 5 mM GSH,
0.5 mM GSSH, and 100 mM Tris-HCI (pH 8) at 277 K for 12 h.
The SLA-1 and sf32-M inclusion bodies were individually added
to the refolding buffer containing peptides or the random peptide
repertoire at a 1:1:5 molar ratio. The refolded complexes were
concentrated and purified with a Superdex 200 16/60 column in
Tris buffer (20 mM Tris [pH 8] and 50 mM NaCl), followed by
Resource Q anion-exchange chromatography (GE Healthcare) in
Tris buffers (Buffer A: 20 mM Tris [pH 8] and 5 mM NaCl; Buffer
B:20 mM Tris [pH 8] and 500 mM NaCl).

Isolation of the High-Affinity Peptide
Repertoire and LC-MS/MS Sequencing

The SLA-1*04:01, SLA-1*13:01 and their mutants were renatured
with s82-M and random nonapeptide repertoire in the same
manner. Two replicates of each allele are assessed simultaneously.
The complexes were formed by refolding and then purified by gel
filtration and anion-exchange chromatography as described
above. The peptide-containing fractions were eluted by
acidification with 10% acetic acid and incubated at 65°C for
15 min. Next, the peptides were concentrated using a 3-kDa
filter and desalted using C18 tips as described in previous reports
(34). In brief, the desalting tips were first revitalized using 200 ul
of methanol and then equilibrated with 200 pul of 0.1% (v/v)
trifluoroacetic acid (TFA). Second, the peptides were washed twice
with 200 pl of 0.1% (v/v) TFA and eluted with 200 pl of a solution
containing 0.1% (v/v) TFA and 75% (v/v) acetonitrile.

The desalted peptides were separated using the EasyNano LC
1000 system (Thermo Fisher Scientific, San Jose, California). The
peptide components were loaded into a trap column (5-um pore
size, 150-um inner diameter [i.d.], x3-cm length, 100 A) and
separated by a custom-made C18 column (3-um pore size, 75-
um i.d., 315-cm length, 100 A) with a flow rate of 450 pl/min. A
60-min linear gradient was applied as follows: 3% B (0.1% formic
acid in acetonitrile [v/v]/97% A (0.1% formic acid in H,O [v/v])
to 6% B in 8 min, 6% B to 22% B in 37 min, 22% B to 35% B in
8 min, 35% B to 100% B in 2 min, and 100% B for 5 min. The
acquisition of MS data was performed using a Q Exactive HF

TABLE 1 | Virus-derived epitopes predicted and evaluated to bind SLA-1 by in vitro refolding.

Name Derived protein Sequence
S-OlVawe Influenza-NA NSDTVGWSW
S-OlVgyg Influenza-PA GTFDLGGLY
S-OVwye Influenza-PB2 WSQDPTMLY
S-OlVyyg Influenza-HA YVFVGSSRY
PRRSVavg PRRSV-GP2 ASDWFAPRY
PRRSVaro PRRSV-GP5 GTDWLAQKF
FMDVve FMDV-polyprotein MTAHITVPY

pSLA-1*13:017

pSLA-1*04:01% pSLA-1*04:01(R156A)?

\
I
e g

I
o+ o+

@The ability of epitopes to bind SLA-1*13:01/SLA-1*04:01/SLA-1*04:01(R156A). “+” indicates the corresponding complex is stable and can tolerate anion-exchange chromatography; “~”

indicates the peptides cannot stabilize the complexes.
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(Thermo Fisher Scientific, Bremen) in the data-dependent
acquisition mode. The top 20 precursors by intensity from the
mass range of m/z 300 to 1800 were sequentially fragmented with
the higher energy collisional dissociation and normalized collision
energy 27. The dynamic exclusion time was 20 s. The automatic
gain control for MS1 and MS2 was set to 3e6 and le, and the
resolution for MS1 and MS2 was set to 120 and 30K, respectively.

De Novo Analysis and Peptide Scoring

Based on the LC-MS/MS spectrum information, the Peaks Studio
software resolved each of the peptides from each spectrum (false
discovery rate = 1%), as previously reported (34). The parameters
were set as follows: the enzyme was set to no specific, the variable
modifications were adjusted oxidation (M)/deamidated (N,Q),
the peptide mass tolerance was approximately £10 ppm, and the
fragment mass tolerance was set to 0.02 Da. The score was based
on the similarity between each spectrum that matched the
peptide and the theoretical fragmentation peak of the peptide.
The identified peptides were adjusted by the detection threshold
(length = 9, score 250) as previously reported (34, 36, 37). First,
the restricted motif of presentation needed to be determined by
calculating the standard deviation (SD, 0) and average value (X),
as well as the coefficient of variation (V s) as follows (38):

o

Vs==

X
The likelihood of each amino acid at every position of the
peptides was computed. We assumed that Ile made up half of
Leu. The position with a higher V' s was considered to be a
restricted position in the presentation. Based on the weighting
probability (the position-probability matrix) of every amino acid
located at a single locus of nine (39, 40), the specific amino acids
and elements at the restricted motifs (the number of restricted

motifs N,.;) were valued (M) as follows:

1N
My = 21 (X =)

where N is the number of peptides identified from de novo
sequencing, and X;; belongs to the set of alphabet symbols, given i
(1, ..., N) and je (1, ..., Ny), which represent the amino acid species
with abbreviations at specific positions. k is the set of alphabet
symbols, and I(X;; = k) is an indicator function where I(X;; = k) is
valued as 1 when X;; = k and 0 otherwise. After the amino acid type at
a specific position was valued, the target peptides were then scored (S)
through the added values of the specific amino acids at their restricted
motifs (specific My; is represented as &) as follows:

N,

5=

j=1

The peptide illustrations were drawn using WebLogo (http://
weblogo.berkeley.edu/logo.cgi) (41). The height of the stack
indicates the sequence conservation at that position, while the
height of symbols within the stack indicates the relative
frequency of each amino acid at that position. The heat maps
between alleles were drawn by Icelogo (https://iomics.ugent.be/
icelogoserver/logo.html) (42). For each position, the amino acid

frequencies in the positive set were compared with the reference
set. At the bottom of the heat map, the gradient shows which P-
value correlates with which color. According to the given P-value =
0.05, only the significantly up-regulated and down-regulated
elements are colored in green and red, respectively. The Z-score
was used to calculate the position and amino acid-specific P-value
and was calculated using the following formula:
Z — score = X

The formula calculates how many times the frequency (X) of
the amino acid at the position deviates from the average value (i,
the frequency of a specific amino acid at a position in the
reference set) based on the calculated standard deviation (o).
An error funssction can calculate a P-value for this Z-score.

Z — score
P —value = erf | ————
f< V2 )

Thermal Stabilities of the pSLA-1 Molecules
The circular dichroism (CD) spectra of the peptide-SLA-1 (pSLA-1)
complexes were obtained on a CD instrument (Chirascan; Applied
Photophysic, Ltd.). The CD spectrum was measured using a Jasco J-
810 spectrometer equipped with a water-circulating cell holder. A 1-
mm optical path length cell was used for monitoring at 218 nm as
the temperature increased from 20 to 80°C at a rate of 1°C/min. The
temperature of the solution was detected using a thermistor. The
ratio of unfolded protein to the mean residue ellipticity (6) was
calculated. The unfolded fraction is shown as (6 — 6x)/(6y — 6n),
where Oy and 6y, are the mean residue ellipticity values in the fully
folded and the fully unfolded states, respectively. The midpoint
transition temperature (Tm) was computed by denaturation curve
data in the Origin 9.1 program (OriginLab).

Crystallization and Data Collection

Crystallization experiments were performed using the sitting-drop
and hanging-drop vapor diffusion methods at 277 K and 291 K,
respectively. The crystal of SLA-1%04:01 with the peptide
MTAHITVPY derived from FMDV (MY9) (pSLA-1*04:01pryo)
was obtained with Index solution No. 54 (0.05 M calcium
chloride dihydrate, 0.1 M Bis-Tris (pH 6.5), and 30% v/v
polyethylene glycol (PEG) monomethyl ether 550). The pSLA-
1*04:01 (R156A)pyo crystal was obtained with PEG/ion solution
No. 6 (0.2 M sodium chloride and 20% w/v PEG 3350). The crystal
of SLA-1¥13:01 with mutated peptide ESDTVGWSW (EW9)
(pSLA-1%13:01gwo) crystal was obtained with Index solution No.
96 (0.15 M potassium bromide and 30% w/v PEG monomethyl
ether 2000). The crystal of SLA-1*13:01 with the peptide mutant
NSDTVGWSW (NW9) (pSLA-1¥13:01 (F99Y)nwo) Was obtained
with Index solution No. 46 (0.1 M Bis-Tris pH 6.5 and 20% w/v
PEG monomethyl ether 5000). Prior to X-ray diffraction, the
crystals were soaked for several seconds in reservoir solution
containing 17% glycerol as a cryoprotectant and then flash-cooled
in a stream of gaseous nitrogen at 100 K. Diffraction data for pSLA-
1¥04:01p;yo and pSLA-1*04:01 (R156A)yye were collected to
resolutions of 2.0 A and 1.8 A, respectively, at Beamline BL17U
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(wavelength, 0.97892 A) of the Shanghai Synchrotron Radiation
Facility (Shanghai, China) using an R-AXIS IV++ imaging plate
detector. Diffraction data for pSLA-1*13:01gwo and pSLA-1*13:01
(F99Y )nwo were collected to resolutions of 1.8 A and 2.4 A,
respectively, at Beamline BL18U1 (wavelength, 0.97776 A). The
data were autoindexed, integrated, scaled, and merged using
the HKL-3000 software package (HKL Research) (43). The
crystallographic statistics for the complexes are listed in Table 2.

Structural Determination and Analysis

The structures of all SLA complexes were determined by
molecular replacement with the Phaser program using SLA-
1¥04:01 (Protein Data Bank (PDB) ID: 3QQ3, with the peptide
excluded) as a search model (44). The comprehensive model was
rebuilt manually using COOT (45), and refinement was restrained
with REFMACS5 (46). Refinement rounds were implemented
using the phenix.refine program in the PHENIX package with
isotropic atomic displacement parameter (ADP) refinement and
bulk solvent modeling (47). Finally, the PROCHECK program was
used to assess the stereochemical quality of the final model (48).
The structural illustrations and the electron density-related figures
were drawn using PyMOL (https://www.pymol.org). Multiple-
sequence alignment was performed with Clustal Omega (http://
www.ebi.ac.uk/Tools/msa/clustalo/). The accessible surface area
(ASA) and buried surface area (BSA) were calculated with PDB
in Europe Proteins, Interfaces, Structures and Assemblies
(PDBePISA, http://www.ebiac.uk/msd-srv/prot_int/pistart.html),
and the B factor was calculated with CCP4.

TABLE 2 | X-ray diffraction data processing and refinement statistics.

Data Deposition
The coordinates and structural factors of the SLA complex have
been deposited in the Protein Data Bank (http://www.rcsb.org/
pdb/home/home.do) under the following accession numbers:
pSLA-1*13:01EW9, 6KWO; pSLA-1¥13:01(F99Y)NW9, 6KWN;
pSLA-1%04:01MY9, 6KWK; pSLA-1¥04:01(R156A)MY9, 6KWL.
The mass spectrometry proteomics data have been deposited
in the ProteomeXchange Consortium via the PRIDE (https://
www.ebi.ac.uk/pride/) partner repository with the dataset
identifier PXD019523.

RESULTS

Residues 99 and 156 Could Impact the
Peptide Binding of SLA-1*13:01 and SLA-
1*04:01

The classic SLA-I allele, SLA-1*13:01, has up to 97% homology
with SLA-1*04:01, but they had very different properties in
presenting peptides (Table 1), which is consistent with
previous reports (31). There are only five different residues
(positions 62, 66, 70, 99, and 152) in the pockets (Figure 1A),
but SLA-1*13:01 could not bind to most of the SLA-1*04:01
restricted peptides (Table 1 and Figure 1B). Via in vitro point
mutations and refolding experiments, different mutations at
residue 99 were verified as the key residues (Figures 1B, C).
Only SLA-1*13:01 (F99Y) could bind to peptide NSDTVGWSW
(NW9 for short), which was crystallized with SLA-1*04:01

Parameter SLA-1*13:01gwo

Data collection

Space group C121 G121

218.31, 46.31, 45.02
90.00, 90.65, 90.00

50.00-2.37 (2.41-2.37)

Unit cell parameters (A) 218.57, 45.78, 45.45
90.00, 90.276, 90.00

Resolution range A) 53.93-1.80 (1.85-1.80)

SLA-1*13:01 (YO9F)uwo

SLA-1%04:01pmyo SLA-1*04:01 (R156A) mvo

c121 P12,1
88.67, 77.15, 62.32 49.04, 66.20, 57.03
90.00, 119.42, 90.00 90.00, 107.91, 90.00
50.00-2.00 (2.07-2.20) 50.00-1.80 (1.86-1.80)

Total reflections 273,309 100,759 145,127 111,677
Unique reflections 38,597 17,844 23,996 29,750
Rmerge (%)° 11.7 (23.4) 15.9 (24.1) 5.7 (15.7) 6.4 (13.7)
Avg I/o(l) 9.9(2.2) 8.4 (5.7) 26.535 (12.486) 18.924 (11.338)
Completeness (%) 93.8 96.8 97.1
Redundancy 7.1(7.4) 5.6 (5.5 6 (6.2) 3.8 (4.0
Refinement
Resolution(A) 53.928-1.803 34.536-2.400 28.58-2.500 35.712-1.798
No. of reflections 38,582 15,565 11,972 29,741
Riactor (%)° 20.40 22.21 23.8 19.33
R free (%) 22.31 26.44 28.8 24.47
R M S. deviations
Bonds (&) 0.004 0.006 0.005 0.008
Angles (°) 0.765 0.785 0.809 0.950
Average B factor 35.789 41.925 43.08 20.08
Ramachandran plot quality
Most favored region (%) 97.85 95.2 97.35 96.28
Allowed region (%) 2.15 4.80 2.65 3.72
Disallowed region (%) 0.00 0.00 0.00 0.00

AValues in parentheses are for the highest-resolution shell.
PRmerge = S Silifhkl) — (I(hki)/ErZ; Ii(hkl), where Ii(hkl) is the observed intensity, and (I(hki))is the average intensity from multiple measurements.

°R =Sl Fobs | — K | Fealc | [Epul Fosl, Where Ryee is calculated for a randomly chosen 5% of reflections, and R« is calculated for the remaining 95% of reflections used for structure refinement.
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FIGURE 1 | Structure-based alignment and in vitro refolding comparison between SLA-1*04:01 and SLA-1*13:01. (A) Structure-based sequence alignment of SLA-
1*04:01 and SLA-1*13:01. Orange arrows above the alignment indicate B-stands; cylinders denote a-helices. Differential residues in pockets are highlighted in
different colors; gray residues indicate that they are out of the pockets. (B-D) Mutagenesis and vitro refolding experiments. Gel filtration chromatograms of the
refolded products obtained using a Superdex 200 10/300 GL column (GE Healthcare). The black arrows point to the peak of the compound. (B) The gel filtration
chromatograms of the in vitro refolding test of SLA-1*04:01 and SLA-1*13:01 with the NW9 peptide. (C) Mutagenesis and in vitro refolding experiment of SLA-
1*13:01 with the NW9 peptide. (D) The in vitro refolding experiment of mutant SLA-1*04:01 (YO9F).

previously (30). The reverse mutation of SLA-1¥04:01 (Y99F)
confirmed that 99™" was critical because it could not bind
peptide NW9 (Figure 1D).

Our previous studies have also shown that residue 156 is
critical for SLA-1*04:01 antigen binding (30). Based on previous
reports, the residue at position 156 (residue 156) is the potential
key site associated with peptide presentation of HLA-I and T-cell
receptor (TCR) specificity (18). The peptide-binding results
showed that the SLA-1%04:01 (R156A) mutant was able to bind
more peptides than SLA-1*04:01 (Table 1).

Immunopeptidomes Showed the 99™"7/Phe

Micropolymorphism Could Narrow the
Range of Peptide Binding of SLA-1*13:01
Compared With SLA-1*04:01 by Affecting
the P1 Residues
To map the micropolymorphism 99-dependent changes in the
peptide binding, the immunopeptidomes of SLA-1¥04:01, SLA-
1¥13:01 and its mutant SLA-1¥13:01 (F99Y) were determined using
RPLD-MS. The in vitro refolding peak of SLA-1*13:01 was much
lower than that of SLA-1¥04:01 and SLA-1*13:01 (F99Y) (Figure
2A). The numbers of peptidomes of SLA-1*04:01 (n = 3,468) and
SLA-1¥13:01 (F99Y) (n = 4,765) were significantly different from
that of SLA-1*13:01 (n = 1,117) (Table S1). This finding implied
that residue 99 greatly affected the number of binding peptides.
Our previous studies have shown that P2/P3 and P residues
are calculated as the main anchor points of SLA-I restricted
peptides, inserting into the B/D and F pocket, respectively (30,
49, 50). The nonapeptide binding motif of SLA-1*04:01
determined by RPLD-MS perfectly matched the existing

conclusion derived from structural and peptide binding data:
P£2 has obvious selectivity with aromatic amino acids; the B
pocket allows many hydrophobic and small residue insertions;
and the D pocket prefers the negatively charged or small amino
acids (30). The high consistency of the peptide binding motifs of
SLA-1*04:01 determined by the two different methods
demonstrated the credibility of our new method.

Although the frequencies of amino acids appearing at the P2 and
P3 positions were not exactly the same, the preferences of these major
anchor residues were not significantly changed by the FO9Y mutation
(Figures 2B, C). Comparing the preferences of all positions, the only
significant change occurred at the P1 residue among SLA-1*13:01,
SLA-1*13:01 (F99Y), and SLA-1*04:01. The negatively charged
residue Glu was on top of SLA-1¥13:01, but the positively charged
residue Lys was the first residue of SLA-1*13:01 (F99Y) and SLA-
1%04:01 (Ile and Leu both contributed to the amount of “L”, so we
assumed that the ratio of Ile and Leu was equal to 50%) (Figure 2B).
In general, the A pocket accommodates the P1 residue and interacts
with the carbon backbone of the P1 residue through the conserved
amino acids in the pocket. It has now been found that the P1 residue
can affect peptide binding only in rare cases (51).

To explore whether the 99™"/""¢ micropolymorphism
influenced the P1 residue, we created a mutant peptide
ESDTVGWSW (EW9 for short), which was only P1-Glu different
from the NW9 peptide, to test its binding property to SLA-1*13:01.
The mutant peptide EW9 could easily renature SLA-1¥13:01 as
expected (Figure 2D). The stabilities of these pSLA-I complexes
were measured via the circular dichroism (CD) spectrum, and the
midpoint transition temperature (Tm) values of SLA-1*¥13:01xwo
and SLA-1%04:01 (F99Y)nwo were lower than those of SLA-1*13:01
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FIGURE 2 | Determination of variation-dependent changes in residue 99 between SLA-1*04:01 and SLA-1*13:01. (A) The visual display of SLA-1*04:01, SLA-
1*13:01, and its mutant in vitro refolding efficiency with the random nonapeptide repertoire by gel filtration chromatograms. The black arrows point to the peak of the
compound. (B) Visual analysis of reliable peptides identified from LC-MS/MS and de novo sequencing by the WeblLogo website (http://weblogo.berkeley.eduy/).
Amino acids are represented by the single-letter code with the height scaled to prevalence and color representing basic (blue), acidic (red), polar (green), and
hydrophobic (orange) residues. Only amino acids with a 5% or greater prevalence are depicted. n is the number of peptides within the data set. Each column of
amino acids has an error bar at the top. The height of the y-axis is the maximum entropy for the given sequence type (I0g>20 - 4.3 bits). (C) Comparison of motifs
between alleles via heatmap analysis from the IceLogo website (https://iomics.ugent.be/icelogoserver/). The color (green or red) indicates a significant difference

(P < 0.05) in the amino acid at the position between two allele motifs. (D) Measure of SLA-1*13:01 refolding efficiency with mutated peptide EW9. The black arrows

point to the peak of the compound. (E) Thermal stabilities of pSLA-1 complexes analyzed by the CD spectrum. The stabilities can be measured by the Tm value.
The Tm values of the complexes are labeled.
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(F99Y)nwo and SLA-1%04:01nwy (Figure 2E). For the EW9 peptide,
the Trm value exceeded the 99 unstable complexes, but it was less
than the T values of the 99" compounds (Figure 2E). This result
indicated that P1-Glu could form some bonds with the A pocket to
stabilize pSLA-1*13:01 even if the force was not sufficiently strong
compared with the force formed by 99" with peptides. In addition,
micropolymorphism 99 could greatly affect the peptide binding
motif and the affinity of SLA-I by altering the P1 anchor residue.

The Effect of the 99™"F"°
Micropolymorphism on Peptide Binding,

as lllustrated by the Crystal Structures

To understand the mechanism by which micropolymorphism 99
affected peptide binding, two complexes, SLA-1*13:01 with
peptide EW9 (pSLA-1*13:01gyyo) and SLA-1*13:01 (F99Y) with
peptide NW9 (pSLA-1*13:01 (F99Y)nwo), were crystallized.
Both crystals were in the C121 space group with resolutions of
1.8 A and 24 A, respectively (Table 2). pSLA-1*13:01gwo and
PSLA-1*13:01 (F99Y)nwo displayed a canonical MHC-I complex
structure, which superposed well with the overall structure of
pSLA-1%04:01 with peptide NW9 (pSLA-1*04:01\wo) that we
resolved previously (PDB code 3QQ3) (Figure 3A). Residue 99
was involved in the D pocket (Figure 1A), but the structural
analysis showed that the 99™"" micropolymorphism did not
greatly alter the nature of the D pocket, regardless of the space
volume, charge, and hydrophilic properties (Figure 3B).

The comparison of the peptides revealed a significant difference
that 99™" could form a hydrogen bond with the carbon backbone of
P3, but 99" could not (Figure 3C). The clear electron density map
indicated that the peptide conformations and interactions were
stable and credible (Figure 4A). The hydrogen bond formed
between 99", and the main chain of the P3 residue did not
impact the interactions of the sidechain of the P3 residue and the
D pocket but significantly enhanced the total binding affinity of
NW?9 (Figures 2B, E). Therefore, the microvariation of 99" Phe
could affect peptide binding but could not change the nature of the
D pocket and the preference of the P3 residue.

To understand why EW9 can stabilize SLA-1*13:01 but not
NW9, the force between P1 and the A pocket was analyzed
(Figure 3D). In addition, some conservative backbone hydrogen
bonds between residues in the A pocket and P1, such as 7',
167°, 171", and 170*"%, of SLA-1*13:01, formed a salt bridge
with P1-Glu to stabilize the peptide (Figure 3D). The CD
spectrum showed that the salt bridge between P1-Glu and
170*"¢ almost compensated for the loss of the hydrogen bond
between the backbone of the P3 residue and 99" (Figure 2E).
Thus, the absence of the backbone hydrogen bond between 99
and P3 residue should be compensated by other pockets to some
extent, even if the affinity is not be the same as before.

The mutant and CD experiments indicated that the remaining
four different amino acids between pSLA-1*04:01nwo and pSLA-
1*13:01gwy did not play a major role in the peptide-binding affinity,
but they were responsible for the peptide conformation variation.
The peptide conformation of pSLA-1*13:01 was almost the same as
that of pSLA-1*13:01 (F99Y) (RMSD = 0.175 A), but it was quite
different from that of pSLA-1*04:01 (RMSD = 1.110 A). The two

peptides of pSLA-1¥13:01 and pSLA-1¥13:01 (F99Y) had similar
orientations, especially in P1, P2, P3, and PSQ residues, because these
residues are anchored in pockets A, B, D, and F (Figures 3D and
Figure 4A). Except for the conservative hydrogen bond between
PSLA-1*04:01 5o and pSLA-1¥13:01 gy, 66" and 152 of pSLA-
1*04:01Nwo provided horizontal tensions on both sides of the
peptide (Figure 3E). In comparison, 66,70, 7315548 and
156*"8 from SLA-1*13:01pwe were stabilized the peptide
conformation and required additional hydrogen bonding force to
pull down the peptide (Figure 3E).

We compared micropolymorphism 99 in other representative
crystallized MHC-I molecules from the Immuno Polymorphism
Database (IPD, https://www.ebi.ac.uk/ipd/) and PDB (http://
www.rcsb.org/). In contrast to micropolymorphism 156, we
found that the 99™" micropolymorphism conserved in most
species could form a backbone hydrogen bond with P3 of
peptides (Figure 3F). In addition, 99" accounted for 80.6%
(approximately 5734) of all HLA-A alleles, but 99" was mainly
concentrated in HLA-A*24 alleles, accounting for 14.5% of all
HLA-A alleles (data not shown). Residue 99 was more
polymorphic in HLA-C alleles than in HLA-A and HLA-B
alleles. Other exceptions included, but were not limited to,
mouse and chicken, as both alleles contained 99°*, 997" and
99™" (Figure 3F). Although 99™" played a dominant role in the
evolution of the species, mutations at this residue greatly increased
the restriction of epitopes. Therefore, 99" has been shown to favor
multispecies MHC-I binding peptides for the first time, but its
mutations are also significant for improving epitope restrictions.

Immunopeptidomes Showed that the
R156A Mutation Can Expand the Range of
Peptide Binding of SLA-1*04:01 by
Affecting the P3 Residues

To map R156A-dependent changes in the unbiased peptide-
binding motif, SLA-1*04:01 and SLA-1*04:01 (R156A) were
refolded with sf2-M and a random nonapeptide library in
vitro, and the complex peaks were collected (Figure 5A). The
eluted immunopeptidomes of SLA-1*04:01 and SLA-1*04:01
(R156A) were determined by MS de novo sequencing (34). The
number of identified peptides from pSLA-1*04:01 (R156A) (n =
4586) was greater than that from pSLA-1*04:01 (n = 3468)
(Table S1). This result was consistent with those shown in
Table 1 and our previous peptide-binding data (30).

The peptide-binding motif of SLA-1¥04:01 (R156A) was
almost the same as that of SLA-1*04:01, except for the
significant difference in the P3 residues (P < 0.05) (Figures 5B,
C). This result was reasonable because residue 156 is located in
the D pocket, which accommodates the P3 residue of peptides.
The R156A mutation preferred the P3 residue transition from
acidic and small residues to hydrophobic residues (Figure 5B).
Notably, SLA-1¥04:01 (R156A) could still bind the P3-Asp
peptides, such as peptide NW9, although they only account for
1.5% (Figure 5D and Table S1). This is because once Argl56 is
mutated to Ala, it is equivalent to removing the strict restriction
on peptide binding. The space of the D pocket became large
enough to accommodate the side chains of P3 residues of
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FIGURE 3 | Structural analysis of pSLA-1 complexes. (A) The overall structural comparison between pSLA-1*04:01nwo (yellow), pSLA-1*13:01gwe (Magenta), and
PSLA-1*13:01 (FO9Y)nwe (green). The structures are presented in cartoon form. (B) Visualization of the surface charge and hydrophobicity of the ABG. The color
indicates different properties according to the caliper at the bottom. The sizes of the pocket space volumes are labeled. (C) The key forces formed by peptides with
residue 99 of the pSLA-1 complexes. The hydrogen bonds are indicated by blue dashed lines. (D) The forces between P1 and the pocket A were compared in the
structures of SLA-1*13:01gyg and SLA-1*13:01 (FO9Y)nwe-. Red dashed lines represent salt bridges formed by P1-Glu with 170”9, Blue lines show hydrogen bonds
between ABG and peptides. (E) Insight into the impact of extra forces on the peptide conformation from SLA-1*04:01ywe and SLA-113:01gwe. (F) Structure-based
sequence alignment of residue 99 of representative crystallized MHC class | molecules. The dashed lines indicate conserved hydrogen bonds with the P3 backbone.

different sizes and charged properties (Figure 6C and Table S1). amino acids, which also explained why SLA-1*04:01 (R156A) could
But on the other hand, the mutation of R156A made the D  bind to more peptides than SLA-1¥04:01 (Figure 5B and Table S1).
pocket hydrophobic, so it preferred to bind hydrophobic P3

residues. To further confirm, we measured its stability by CD .
spectrum. The Tm value of the pSLA-1%04:01 (R156A)wo (Tm = Structural Insights Into the Impact of the

42.5°C) was significantly lower than that of the pSLA-1¥04:01xwo R156A Mutation on Peptide Binding by

(Tm = 46.0°C), which meant that the R156A mutation lead to a2 ~ X-Ray Crystallography Structures and
decrease in the stability of its binding to the P3-D peptides (Figure ~ the CD Spectrum

5E). Therefore, R156A mutation allowed pocket D to bind more  To clearly understand the mechanism of the R156A mutation
types of P3 residues (including P3-Asp), but preferred hydrophobic ~ affecting peptide binding, the crystals of pSLA-1¥04:01 and
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Complex P1 P2 P3 P4 P5 P6 P7 P8 P9
Residue
Orientation ™. — d T — Vd Val r'e
SLA-1*04:01nwe Pocket A B D C E F
ASA(A?) 20792 111.84 13045 11195 14288 6626 22862 9152 30174
BSA(A?) 18394 107.26 117.30 30.09 10647 36.15 12113 396 296.30
Residue 1 E X g W B @
Orientation ™. — = T l A A F'e
SLA-1*13:01ewe Pocket A B D (o3 E F
ASAA?) 23171 10896 12169 12819 11640 7547 22713 9365 267.72
BSA(A?) 205.09 108.10 11800 73.50 109.24 16.14 97.12 50.01 267.40
Residue [N [ S | [D] | V] E W H 1
Orientation ™. — - T i Val Val r's
SLA-1*13:01 (F99Y)Nnws  Pocket A B D C E F
ASA(A?) 20944 109.54 12126 12936 11241 7255 23165 9065 27351
BSA(A?) 19492 109.30 114.05 54.91 10828 19.33 98.86 43.65 271.19

Complex P1 P2 P3 P4 P5 P6 P7 P8 P9
Residue [ O o [ P]
Orientation ™. - - 1 “u LN - ¥
SLA-1"04:01mv9 Pocket A B D C E F
ASAA2) 24476 134.95 78.61 14596 142.60 108.02 113.40 109.64 279.32
BSA(A?) 202.08 130.88 70.04 8231 9362 6018 8372 4429 27235
Residue I [ A | H | [ 1] | P
Orientation ™. — — T 1 AN — Va '
SLA-1*04:01(R156A)mys  Pocket A B D C E F
ASA(A?) 24325 13593 72.87 18514 139.19 123.07 132.06 11834 273.58
BSA(A?) 20419 13593 7270 97.14 130.32 7463 101.87 4555 267.06

FIGURE 4 | The electron density and overall conformation of the structurally defined peptides. Electron densities and overall conformations of peptides from the
solved pSLA-1 complexes. Simulated CNS annealing omit maps calculated for the peptides are shown in blue at a contour of 1.0. General side chain orientations
and the different interfacing areas of peptides presented in a table, as viewed in profile from the peptide N-terminus toward the C-terminus. Black arrows indicate the
directions in which the residues point: up is toward the TCR, down is toward the floor of the ABG, left is toward the a1 helix domain, and right is toward the o2 helix
domain. Pockets accommodating each residue are listed under the corresponding anchors within the ABG. ASA, accessible surface area of each residue; BSA,
buried surface area of the residues. (A) The presentation of NW9 and EW9 peptides from pSLA-1*04:01ywe, PSLA-1*13:01gwe, and pSLA-1*13:01 (FO9Y)nwe-

(B) The presentation of the MY9 peptide from pSLA-1*04:01pyve and pSLA-104:01 (R156A)wmyo.
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FIGURE 5 | Determination of motif changes in SLA-1*04:01 caused by R156A. (A) Visual display of SLA-1*04:01 and its mutant SLA-1*04:01 (R156A) in vitro
refolding efficiencies with random nonapeptide repertoire by gel filtration chromatograms. The black arrows point to the peak of the compound. (B) Visual analysis of
the identified peptides by the WeblLogo website (http://weblogo.berkeley.edu/). Amino acids are represented by their respective single-letter code with their heights
scaled to prevalence and colors representing basic (blue), acidic (red), polar (green), and hydrophobic (orange) residues. Only amino acids with a 5% or greater

n of amino acids has an error bar at the top. The height of the y-axis is the
motifs between alleles and their mutant via heatmap analysis on the IceLogo

website (https://iomics.ugent.be/icelogoserver/). The color (green or red) indicates a significant difference (P < 0.05) in the amino acid at the position between the two
allele motifs. (D) Visual display of SLA-1*04:01 and its mutant SLA-1*04:01 (R156A) in vitro refolding efficiencies with peptide NSDTVGWSW by gel filtration
chromatograms. The black arrows point to the peak of the compound. (E) Thermal stabilities of pSLA-1*04:01we and pSLA-1*04:01 (R156A)nwe analyzed by the
CD spectrum. The stabilities can be measured by the Tm value. The Tm values of the complexes are labeled.

PSLA-1%04:01 (R156A) were both solved with the same peptide
MTAHITVPY derived from FMDV (MY9 in short). The two
structures, pSLA-1*04:01p;yo and pSLA-1*04:01 (R156A)nyo,
were determined in the C121 and P12;1 space groups with
resolutions of 2.0 A and 1.8 A, respectively (Table 2). The MY9
peptides in the two structures had a clear electronic density map
and adopted the traditional overall “M” conformation (Figure 4B).
However, a comparison of the main chain structure of the peptide

(root-mean-square deviation (RMSD) = 1.172 A) showed a
significant difference in the central region of the P5, P6, and P7
residues, which are recognized by TCR (Figure 6A). In pSLA-
1*04:01ppyo, 156™"8 formed a hydrogen bond with P4-His, but in
PSLA-1*04:01 (R156A)yyo, 155" interacted with P4-His (Figure
6A). This led to conformational changes in P4-His in the two
structures (Figure 6A). In pSLA-1*04:01yy0, 156" also bound to
P6-Thr and pulled the sidechain of P6-Thr toward the 02 helix,
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causing 152" to form two hydrogen bonds with P6-Thr (Figure

6A). In pSLA-1*04:01 (R156A)pnryo, 70™" on the opposite side of
the groove provided a hydrogen bond to the main chain of P5-Ile,
resulting in the middle section of the MY9 peptide being pulled
toward the o1 helix (Figure 6A). To determine the peptide binding
stability, the two complexes were analyzed by the CD spectrum. The
Tm value of pSLA-1¥04:01 (Tm = 45.6°C) was slightly higher than
that of pSLA-1*04:01(R156A) (Tm = 43.4°C) (Figure 6B). The CD
results were consistent with the structural analysis, indicating that
micropolymorphism 156 could alter the peptide binding stability
(Figures 6A, B).

Residue 156 is part of the D pocket and can directly affect the
pocket properties, such as the geometry, charge distribution and
hydrophobicity. Compared with 156*%, 156** made the D
pocket of SLA-1%04:01 (R156A) larger and more hydrophobic
than that of SLA-1%04:01 (Figure 6C). The space volumes of the
D pockets of SLA-1¥04:01 and SLA-1*04:01 (R156A) were 26
and 52 A’ respectively. This explained why SLA-1*04:01
(R156A) preferred to bind to hydrophobic P3 residues,
regardless of the size of their sidechain (Table 1 and Figure
5B). Moreover, 156 did not change the negatively charged
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FIGURE 6 | The structural basis of the residue 156 affecting peptide plasticity. (A) Comparison of the peptide conformation between pSLA-1*04:01 g (blue) and
pSLA-1*04:01 (R156A)mye (Cyans). The extra hydrogen bonding forces causing the conformational change are indicated by blue dashed lines. (B) Thermal stabilities
of pSLA-1*04:01uve and pSLA-1*04:01 (R156A)mye analyzed by the CD spectrum. The stabilities can be measured by the Tm value. The Tm values of the
complexes are labeled. (C) Character analysis of the D pocket. Residue 156 is shown in ball-and-stick form. D pockets are shown through the surface. The color
indicates the surface charge and hydrophobicity, according to the caliper. The sizes of the pocket space volumes are labeled. (D) Structure-based sequence
alignment of residue 156 of representative crystallized MHC class | molecules. Residue 156 is shown in ball-and-stick form.

characteristics of the entire D pocket, probably because of the
surrounding amino acids such as 155*'%, so SLA-1*04:01
(R156A) could still bind P3 acidic residues (Table 1). The
change in the nature of the D pocket caused by the R156A
mutation was the structural basis of SLA-1*04:01(R156A)
binding more peptides than SLA-1*04:01. These results
indicated that micropolymorphism 156 had the capacity to
influence the plasticity of peptides and further TCR recognition.

Alignment of representative MHC-I molecules of different species
revealed that residue 156 was one of the most highly variable residues
(Figure 6D). The great variation of residue 156 helped shape the
complex diversity of the D pocket and alter the peptide binding of
MHC-I. Therefore, micropolymorphism 156 facilitated the alteration
of epitope plasticity and benefited to the activation of various
cytotoxic T lymphocyte (CTL) immune responses.

DISCUSSION

The high degree of micropolymorphisms enables MHC-I
molecules to present a wide range of antigenic peptides and
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activate T-cell immune responses, and even a single residue
mutation can drastically alter the peptide presentation of the
MHC-I molecule and further affect disease resistance (18, 20-22,
25). Numerous alleles and amino acid variations make it difficult
to fully illustrate how micropolymorphism alter the structure
and function of MHC-I molecules. Recently, LC-MS/MS was
widely used to survey the eluted immunopeptidome of MHC-I
(28), and the influence of the HLA-I micropolymorphism could
be determined by an improved method combining LC-MS/MS
and CRISPR technology (2, 29). However, the current MS
method is a data-dependent acquisition method and is difficult
to use for the numerous animal MHC-I alleles lacking essential
study conditions. We have established an in vitro method RPLD-
MS using a random peptide library that combines LC-MS/MS
and de novo sequencing to identify the peptide-binding motif of
MHC-I (34), which is a data-independent acquisition MS
method and is suitable to overcome limitations such as the
absence of certain antibodies and cell lines. The results of the
SLA-1*0401-bound peptidome determined by RPLD-MS were
very reproducible. We measured the peptidome eluted from
SLA-1*04:01 molecule twice, and collected peptides with a
score of more than 50 in the de novo MS results for statistical
analysis. The two results were not significantly different, and
peptide-binding motif of SLA-1*04:01 determined by RPLD-MS
perfectly matched our previous data and showed a more
complete landscape (30), supporting the accuracy and
comprehensiveness of this method. The method was also
sensitive enough to reflect how the R156A mutation and
99"¥/Phe variation influenced the binding of peptides to SLA-
1¥04:01, SLA-1*04:01(R156A), and SLA-1*13:01. Compared

with existing in/ex vivo MS methods, this in vitro method
could not reflect the process of intracellular peptide processing,
but it also avoided the influence of intracellular factors on the
peptide presentation of MHC-I, focusing only on the impact of
the micropolymorphism. As an in vitro test method, it could be
directly used for a single MHC-I allele without cell lines and
antibodies. Moreover, the low cost, simple procedure, short cycle
time, and credibility make RPLD-MS very suitable for studying
numerous and highly polymorphic unknown MHC-I alleles, as
confirmed by the peptidome sequencing and structural analysis
of the MHC-I molecules of bats and Xenopus laevis (34, 35). We
believe that the impact of the MHC-I micropolymorphism will
be better studied by the combination of this in vitro data-
independent acquisition MS method and current in/ex vivo
data-dependent acquisition MS methods.

In this study, we found two distinguished manners by which
the microploymorphism affects the peptide binding of MHC-I
(Figure 7). The first manner has always been a concern, that is,
the key amino acid changes the nature of the pocket, resulting in
a change in the preference of amino acids accommodated in the
pocket (Figure 7A). The impacts of micropolymorphism at
residue 156 on peptide presentation and CTL immunity were
found during comparative studies of HLA-B*35:01/08 (156"<"/A")
(19, 52) and HAL-B*44:02/03 (156°"™%) (23, 53, 54). The 156*8 in
HLA-B*35:08 was shown to prefer P5 E/D as the secondary anchor
residues outside the primary peptide anchor pockets (B and F
pocket) (23). In SLA-I molecules, residue 156 also plays a critical
role in fixing peptides (30, 50, 55). The positively charged 156*'
made the D pocket of SLA-1¥04:01 prefer negatively charged P3
residues. We then found that the R156A mutation could expand the
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FIGURE 7 | Pattern diagram of micropolymorphism affecting MHC-I peptide presentation. (A) The impacts of mutant 156 on the D pocket properties and peptide
binding of MHC-I. The color of a peptide indicates a set of peptides with a specific motif. The change in the pocket properties is represented by different colors.
(B) The impacts of variation 99 on the MHC-I D pocket properties and peptide binding.
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scope of peptide binding, but at that time we could not provide a
clear overall description of this expansion. We can now easily study
the alteration of the anchor residues of SLA-1*0401 caused by
R156A mutation using RPLD-MS. The structural analysis and
peptidomes determined by RPLD-MS showed that once 156*'
was mutated into Ala, the nature of the D pocket was altered,
becoming larger and more hydrophobic. These changes made the D
pocket of SLA-1¥04:01 (R156A) accommodate more types of
residues but show a preference for hydrophobic P3 residues
(Figure 7A).

The second manner was unexpected; the residue interacted with
the main chain of the peptide, and even if it did not change the
nature of the pocket greatly, it still played an important role in
peptide binding (Figure 7B). Although the micropolymorphism of
residue 99 has been found in HLA-A*02:01 and HLA-A*02:07
(99™7CY) "and this mutation is able to affect the conformation and
affinity of peptide binding, potentially even Epstein-Barr virus
infection, its alteration of the peptide binding motif is still not
clear (56, 57). Here we found five different residues in SLA-1*04:01
and SLA-1*13:01, but only the 99" mutant was verified as the
key to causing the differences in binding peptides between the two
SLA-I allomorphs (Figure 7B). Residue 99 was located on the
bottom edge of the D pocket, and 99" could form a hydrogen
bond with the main carbon chain of the P3 residue. The D pocket
was not altered greatly by 997" s its preference for P3 residues
persisted. The CD spectrum verified that this hydrogen bond could
dramatically influence the stability of the MHC class I complex. The
lack of this hydrogen bond in SLA-1*13:01 caused by 99" led to a
sharp decline in the peptide-binding affinity. To compensate for this
loss, extra complementary binding forces were needed. This
compensation was also not reflected in the traditional key
anchoring pockets such as P2 and P9 because these residues were
already the most suitable for pocket accommodation. Therefore,
other pockets must provide additional binding to maintain peptide
binding, such as the salt bridge between the P1 residue and Arg'”° in
the A pocket. Thus, among the peptides bound by SLA-1*04:01,
only some of the high affinity peptides could interact with SLA-
1¥13:01. As reflected in the immunopeptideomics results, SLA-
1*13:01 bound fewer peptides than SLA-1*04:01, and there were no
changes in anchor residues at P2, P3, and P9, but the preference for
P1 residues appeared variable. The mechanism identified herein helps
to reveal why the micropolymorphism of residue 99 has an important
impact on the peptide presentation of HLA-I molecules (58).

In summary, using a newly developed data-independent
acquisition MS method, we present a comprehensive and in-
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