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Abstract

Human leukocyte antigen class I (HLA-I) molecules bind and present peptides at the cell surface to facilitate the induction of ap-
propriate CD8+ T cell-mediated immune responses to pathogen- and self-derived proteins. The HLA-I peptide-binding cleft contains
dominant anchor sites in the B and F pockets that interact primarily with amino acids at peptide position 2 and the C-terminus, re-
spectively. Nonpocket peptide–HLA interactions also contribute to peptide binding and stability, but these secondary interactions are
thought to be unique to individual HLA allotypes or to specific peptide antigens. Here, we show that two positively charged residues
located near the top of peptide-binding cleft facilitate interactions with negatively charged residues at position 4 of presented pep-
tides, which occur at elevated frequencies across most HLA-I allotypes. Loss of these interactions was shown to impair HLA-I/peptide
binding and complex stability, as demonstrated by both in vitro and in silico experiments. Furthermore, mutation of these Arginine-65
(R65) and/or Lysine-66 (K66) residues in HLA-A∗02:01 and A∗24:02 significantly reduced HLA-I cell surface expression while also re-
ducing the diversity of the presented peptide repertoire by up to 5-fold. The impact of the R65 mutation demonstrates that nonpocket
HLA-I/peptide interactions can constitute anchor motifs that exert an unexpectedly broad influence on HLA-I-mediated antigen pre-
sentation. These findings provide fundamental insights into peptide antigen binding that could broadly inform epitope discovery in
the context of viral vaccine development and cancer immunotherapy.

Keywords: peptide antigen presentation, human leukocyte antigen (HLA), mass spectrometry, computational modeling, molecular
dynamics

Significance Statement

Intracellular peptides complexed to human leukocyte antigen Class I (HLA-I) molecules are critical for directing appropriate cellu-
lar immunity mediated by T lymphocytes. This study describes additional conserved features of HLA-I molecules that drive bind-
ing, stability, and diversity of the presented peptide repertoire. Nonpocket interactions between specific prevalent HLA-I residues
and peptide positions 1 and 4 make unexpectedly strong contributions to peptide stabilization and antigen presentation. These
interactions are shared across the HLA-I system and other species, and may constitute a subdominant anchor motif. Better under-
standing of the role of subdominant interactions and the individual contributions of nonpocket residues toward peptide binding,
as described here, can be leveraged to create more accurate and generalizable methods for identifying targets of T-cell mediated
immune responses.
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List of abbreviations
HLA-I: Human leukocyte antigen class I
MHC-I: Major histocompatibility complex class I
TCR: T-cell receptor
CTL: Cytotoxic T lymphocytes
MS: Mass spectrometry
p4: Peptide position 4 amino acid
p�: Peptide C-terminal amino acid
MD: Molecular dynamics
β2m: Beta-2 microglobulin

Background
Major histocompatibility complex class I (MHC-I) molecules are
expressed at the surface of nearly all nucleated vertebrate cells,
where they each present a diverse array of peptides of 8 to 13
amino acids in length sampled from recently synthesized cellular
proteins (1). This process is crucial for immune surveillance by
CD8+ T lymphocytes, which can recognize MHC-I/peptide com-
plexes of target cells through specific molecular interactions with
T-cell receptors (TCRs) (2, 3). Peptide antigen presentation by
MHC-I can cause activation of cytotoxic T-cell lymphocytes (CTL)
against pathogen-derived peptides leading to pathogen clear-
ance, or to induction of T-cell tolerance. MHC-I genes, known
collectively as human leukocyte antigens Class I (HLA-I) in hu-
mans, are highly polymorphic, with most of the variability oc-
curring within the peptide-binding region and resulting in widely
disparate peptide-binding preferences amongst HLA-I allotypes
(4–7). The enormous breadth of HLA-I presented peptides comple-
ments the immense TCR diversity generated by genetic recom-
bination events in CD8+ T lymphocytes (8–11). As central tar-
gets of therapeutic CTL responses against disease, defining the
key molecular features that determine peptide ligand interactions
with the many thousands of HLA-I allotypes present within the
human population is currently of great interest to immunologists
and clinicians alike (12–14).

Mass spectrometric (MS) analysis of HLA-I peptide ligands
eluted directly from human cell lines and tissue samples has en-
abled the identification of peptide-binding motifs for >100 HLA-I
molecules, which has facilitated the development of peptide bind-
ing prediction algorithms with very good accuracy and demon-
strated clinical utility (15–21). HLA-I peptide-binding motifs share
a strong conservation of particular amino acid residues at the
peptide N- (residues p1 to p3) and C-termini, which constitute
dominate “end-anchors” essential for peptide binding that inter-
act with pockets at the bottom of the peptide-binding cleft (22–24).
With a few exceptions (e.g. HLA-B∗0801), residues in the middle of
the bound peptide (residues p4 to p-1) are generally located near
the top of the binding cleft or bulging outward and away from
the cleft, and are primarily recognized by cognate TCRs (25–29).
A number of studies have demonstrated that allotype-specific in-
teractions also occur between middle peptide residues and HLA-
I residues in secondary pockets or along the inner sides of the
α-helices that form the binding cleft (30–35). However, most of
these studies were limited in scope and none directly analyzed
the broader contributions of these secondary interactions in the
context of natural antigen processing and presentation by cells.

To identify such secondary interactions, we conducted a com-
prehensive survey of HLA-I peptide ligands and observed signif-
icantly elevated frequencies of negatively charged amino acids
aspartic acid (D) and glutamic acid (E) at peptide position 4 (p4),
with the highest prevalence found in the HLA-A2 family. Crystal

structures of A∗02:01, the most prevalent HLA-A2 allotype, re-
vealed that D/E4 was located near the top of the binding cleft
adjacent to two positively charged HLA-I residues, indicating a
potential for ionic interactions (36–38). This agreed with previous
studies showing that A∗02:01 bound peptides containing phos-
phate moieties at p4 that also interacted with these positively
charged residues (31). To assess the contribution of these putative
interactions for overall antigen presentation, we mutated HLA-
A∗02:01 and another highly prevalent HLA-A allotype, A∗24:02, to
include or exclude these positively charged HLA-I residues. Pep-
tides eluted from wild-type (WT) and mutated HLA-I molecules
were analyzed for differences, while peptide binding and sta-
bility assays were performed on both WT A∗02:01 and A∗24:02
molecules. Computational analyses, including molecular dynam-
ics (MD) simulations, were also performed to provide mechanistic
insights. Collectively, the results demonstrate that HLA-I residues
Arginine-65 (R65) and Lysine-66 (K66) facilitate stabilization of
charge-based interactions with D/E4 residues of bound peptide
antigens and are crucial for optimal antigen presentation and
complete diversity of the presented peptide repertoire. Our study
sheds light on the distinct contributions made by R65 and K66
and reveals new insights regarding the nature of N-terminal (p1-
3) and C-terminal (p�) peptide binding that have broad relevance
for antigen presentation throughout the classical MHC-I system.

Results
HLA class I molecules demonstrate a preference
for acidic residues at peptide position 4
To identify potential secondary interactions mediating HLA-I-
mediated antigen presentation, we performed a comprehensive
search of MS-eluted peptides from 108 HLA-I allotypes to as-
sess whether specific amino acid residues were preferred in the
middle positions of peptide ligands (i.e. positions p4 to p-1). We
found a striking preference for the negatively charged residues
aspartic acid (D) and glutamic acid (E) at peptide position 4 (p4)
for most HLA-I allotypes (Fig. 1A). Further analysis showed that
the frequency of D/E at p4 was significantly higher (mean: 25%,
range: 18% to 42%) than the frequency of D/E residues found in
vertebrate proteins (11.7%), a trend that was observed across all
databases (Figure S1A, Supplementary Material). Elevated D/E4
frequencies were also observed in MHC-I-bound peptides from
four other animal species analyzed, suggesting that it may be a
conserved feature of MHC-I peptide ligands (Figure S1B, Supple-
mentary Material). Peptides eluted from HLA-A, B, and C allotypes
showed significantly elevated frequencies of D/E4 residues, with
the following hierarchy: HLA-A > HLA-C > HLA-B (Figure S1C, Sup-
plementary Material). Closer examination of p4 residues revealed
no clear preference for any other amino acids with the exception
of proline, which was the most frequent p4 residue amongst HLA-
B and -C ligands (Figures S1D–S1F, Supplementary Material). Dif-
ferent HLA-I allotypes demonstrated a range of preferences for
D/E4 residues, with the HLA-A2 family of allotypes showing the
highest frequencies overall (Fig. 1B; Figures S2–S5, Supplemen-
tary Material). Taken together, these data show a significant bias
amongst eluted MHC-I peptide ligands that favors the presence of
negatively charged amino acid residues D or E at position p4.

Based on these observations, we hypothesized that the high
prevalence of D/E at p4 is driven by specific interactions with
residues in the HLA peptide-binding cleft. The superposition of
multiple crystal structures of A∗02:01-restricted D/E4-containing
peptides revealed that D/E4 interacted primarily with the basic
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Fig. 1. HLA class I prefers acidic residues at peptide position 4 found in close proximity to basic residues in positions 65/66. (A) Frequency of aspartic
acid (D) and glutamic acid (E) residues at all HLA-I peptide positions (N-terminus p1 to p5 and C-terminus p� to p−3) from 108 HLA-I allotypes, where
each dot represents one of three public peptide databases and the red line indicates the background frequency of D/E residues found in vertebrate
proteins (∼12%). (B) Frequency of D/E4 peptides eluted from 16 prevalent HLA-A allotypes from three different peptide databases. Red arrows highlight
HLA-A allotypes A∗02:01 and A∗24:02 that were the main focus of this study. (C)/(D) Top view from crystal structures of HLA-I/peptide complexes
A∗02:01/GLKEGIPAL (C) and A∗24:02/QFKDNVILL (D), where the peptide is green. (E)/(F) Top panels: coulombic interactions between peptide p4 and
HLA-I p65 or p66 from MD simulations of A∗02:01/GLKEGIPAL (E) and A∗24:02/QFKDNVILL (F) complexes, where negative values are red and positive
values are blue. Bottom panels: alluvial plots showing selected interactions formed during simulations of A∗02:01/GLKEGIPAL (E) and
A∗24:02/QFKDNVILL (F). Blue lines indicate hydrogen bonds, red lines indicate salt bridges, and width indicates proportional prevalence. (G) Schematic
showing the overall strategy and the experimental approaches utilized in this study.
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arginine residue R65 of A∗02:01, though some interactions also
occurred with the basic lysine residue K66 (Figure S6A, Supple-
mentary Material). By contrast, examination of crystal structures
of A∗02:01 complexed with peptides containing proline at position
4 (P4) showed no proline-mediated interactions with R65, K66, or
any other HLA-I residues (Figure S6B, Supplementary Material).
Notably, recent Markov state modeling studies of peptides con-
taining P4 indicated that proline increased peptide rigidity, and
thus HLA-I/peptide stability without interacting with adjacent
residues (39). Therefore, we focused our studies on investigating
the potential charged interactions between peptide D/E4 residues
and basic HLA-I residues at positions 65 and 66 in A∗02:01 and
A∗24:02, two of the most prevalent HLA-A molecules worldwide
(Figures S6C, S6D and Tables S1 and S2, Supplementary Material).

To gain further insights into the roles of R65 and K66 in peptide
binding, we performed MD simulations on crystal structures of
A∗02:01/GLKEGIPAL and A∗24:02/QFKDNVILL complexes (Videos
S1 and S2, Supplementary Material). For both complexes, starting
crystal structures (Fig. 1C and D) and MD simulations (Figures S6E
and S6F, Supplementary Material) showed that peptide position 4
is in much closer proximity to R65 and K66 on the α1 helix residues
than to residues on the opposite α2 helix. In A∗02:01/GLKEGIPAL,
R65 showed extensive interactions solely with E4 at the top of the
peptide binding cleft while K66, located on the inner side of the
cleft, interacted in a network with peptide residues L2 and E4 in
addition to HLA residues E63 and H70 (Figure S6G, Supplementary
Material). In A∗24:02/QFKDNVILL, K66 also formed network of in-
teractions with peptide residues F2 and D4 and HLA residues E62
and E63, while no significant peptide interactions were observed
to occur with G65 (Figure S6H, Supplementary Material). Calcu-
lation of coulombic interactions and hydrogen bonds between E4
of GLKEGIPAL and R65/K66 of A∗02:01 revealed salt bridges with
both basic HLA-I residues, though R65 exhibited more stable salt
bridges with E4 (Fig. 1E; Figure S7A, Supplementary Material). By
contrast, MD simulations of A∗02:01 bound to the peptides VL-
HDDLLEA and FLKEPGHGV showed that K66 formed more stable
salt bridges with D/E4 than R65, indicating that preferences for
interactions with R65 or K66 are peptide-specific (Figures S7B and
S7C, Supplementary Material). MD analysis of A∗24:02 bound to
QFKDNVILL showed strong charged interactions and formation
of salt bridges between peptide residue D4 and K66 (Fig. 1F; Fig-
ure S7D, Supplementary Material). To exclude the potential bias
of only using peptides with D/E4 as reference for our MD simu-
lations, we conducted a control experiment based on four crystal
structures of peptides having other prevalent residues at p4 (Fig-
ure S8, Supplementary Material). For each of these systems, we
replaced the WT p4 residue (P4, S4, or F4) with A4, D4, or E4. Our
results across both A∗02:01- and A∗24:02-restricted complexes
demonstrated a lack of direct HLA interactions with P4 and S4,
and the consistent addition of salt-bridges and hydrogen bonds
with D/E4. Interestingly, F4 was also observed to interact with K66
through Pi–Cation interactions, demonstrating that other amino
acids in this position can also contribute to HLA-I binding. To em-
pirically test these proposed molecular interactions, we created
a series of HLA-A∗02:01 and A∗24:02 mutant constructs that al-
tered positions 65 and/or 66. Comparative MS-based immunopep-
tidome analysis was then performed on eluted peptides. To vali-
date potential secondary interactions and gain further molecular
insights, synthetic peptide binding and stability assays were per-
formed using WT A∗02:01 and A∗24:02 molecules, and computa-
tional simulations were done on both WT and mutated A∗02:01
and A∗24:02 molecules (Fig. 1G).

Basic residue substitutions in HLA-A∗02:01
reduce surface expression, peptide repertoire
diversity, and presentation of D/E4 ligands
To investigate the role of R65 and K66 in antigen presentation,
three different HLA-A∗02:01 mutant alleles were created that al-
tered either one or both residues (Fig. 2A; Figure S9A, Supplemen-
tary Material). Arginine in position 65 was substituted with glycine
to create A∗02:01-R65G (A2-R65G), resulting in the G65/K66 pair-
ing that is found naturally in both HLA-A∗02:70 and A∗24:02. The
second mutant changed position 66 from lysine to asparagine to
create A∗02:01-K66N (A2-K66N) resulting in the HLA-A consensus
configuration R65/N66, which is also found naturally in the HLA-
A∗02:20 allele. The third mutant combined both p65/66 mutations
to create the A∗02:01-R65G/K66N double mutant (A2-DM) featur-
ing the G65/N66 combination, which does not occur naturally in
any known HLA-A2 family allele (40–42).

Recombinant lentiviruses expressing WT HLA-A∗02:01 (A2-WT)
or the three mutant A∗02:01 alleles with green fluorescent pro-
tein (GFP) tagged onto the C-terminus were used to transduce the
lung cancer cell line H1975. Transduced cells demonstrating com-
parable levels of total GFP expression (Figure S9B, Supplemen-
tary Material) showed strikingly different levels of A∗02:01 cell
surface expression (Fig. 2B). While A2-WT exhibited the highest
surface expression, the three mutated A∗02:01 molecules consis-
tently demonstrated reduced expression with the following hier-
archy: A2-WT > A2-K66N > A2-R65G > A2-DM, with A2-DM show-
ing ∼ 80% reduction compared to A2-WT. To further explore these
deficiencies in cell surface expression, we performed mass spec-
trometry (MS)-based immunopeptidome analysis to compare the
quality and quantity of peptides bound to the different A∗02:01
variants. As shown in Fig. 2(C), all three A2 mutants demonstrated
decreased total numbers of unique A∗02:01-restricted peptides
compared to A2-WT. This loss of peptide diversity correlated well
with loss of surface expression, with A2-DM showing a > 70% re-
duction in the numbers of unique eluted peptides compared with
A2-WT (Fig. 2C). Thus, loss of either one of the basic residues at
p65/66 caused a significant reduction in HLA-A∗02:01 cell surface
presentation and peptide repertoire diversity, with substitutions
to both basic residues having the strongest impact.

Based on the A∗02:01/peptide crystal structure-based evidence,
we hypothesized that the loss of the interaction between peptide
D/E4 residues and R65/K66 in A∗02:01 may have been responsi-
ble for the loss of peptide repertoire and cell surface expression
observed for the A∗02:01 mutants. Analysis of the frequency of
D/E4 residues in peptides eluted from the A∗02:01 mutants in-
deed showed a significant loss of presented D4 and E4 peptides
(P < 0.001; Fig. 2D). D4 peptide frequencies were reduced by ∼ 35%
in all three A∗02:01 mutants, while E4 peptides were reduced by ∼
50% for both A2-R65G and A2-DM and ∼ 25% for A2-K66N. Corre-
sponding increases were observed in other amino acids at position
4 including proline, alanine, serine, and glycine (Figure S9C, Sup-
plementary Material).

To further analyze interactions between peptide D/E4 residues
and R65/K66, MD simulations were run of the peptide GLKEGIPAL
bound to A2-WT or each of the three A2 mutants (Videos S1, S3, S4,
and S5, Supplementary Material). Strong negative coulombic in-
teractions between E4 and R65 in A2-WT were disrupted in the A2-
R65G and A2-DM mutants but not in the A2-K66N mutant (Figures
S10A–S10D, Supplementary Material). Salt bridge interactions in-
creased between E4 and K66 in A2-R65G compared to A2-WT, indi-
cating that K66 can compensate somewhat for the loss of R65 (Fig-
ures S10A and S10B, Supplementary Material). Superposition of
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Fig. 2. Basic p65/66 residue substitutions to HLA-A∗02:01 reduce surface expression, peptide repertoire diversity, and presentation of D/E4 ligands. (A)
Amino acid positions 57 to 73 of WT HLA-A∗02:01 and the three p65/66-mutated A∗02:01 molecules, where positively charged residues are in blue and
substituted residues are green at p65 and p66. (B) Cell surface expression of A∗02:01 WT or mutant molecules in transduced H1975 lung cancer cells,
as determined by flow cytometry. (C) Total number of unique peptides identified by mass spectrometry of A∗02:01 molecules eluted from WT or
mutant transduced H1975 cells. (D) Proportion of peptides containing D or E in peptide position 4 in A∗02:01 WT or mutant molecules. (E) Ensemble of
representative conformations extracted from multiple MD simulations of GLKEGIPAL bound to A2-WT, A2-R65G, A2-K66N, and A2-DM, where yellow
dashed lines indicate hydrogen bonds and red dashed lines indicate salt bridges. (F) Peptide binding and stability assays performed on four peptides
with various p4 substitutions in WT A∗02:01 molecules. Stability values were calculated compared to the reference peptide LLFGYPVYV. ∗∗∗ indicates
P ≤ 0.001 using a two proportion Z-test comparing amino acid frequencies of peptides eluted from mutant molecules to frequencies of peptides eluted
from WT HLA-A∗02:01.

the most prevalent structures from each MD simulation revealed
salt bridges between E4/K66 in A2-R65G and E4/R65 in A2-K66N,
but both of these interactions were lost in A2-DM (Fig. 2E). R65 in-
teracted primarily with peptide position 4 residues (Fig. 2E; Figure
S6A, Supplementary Material) while K66 was involved in multi-
ple additional interactions, primarily hydrogen bonding with the
backbone of L2 and forming salt bridges with E63, both of which
were reduced or abrogated with the K66N substitution (Fig. 2E). In
fact, most interactions between E4 and other residues were lost in
the most prevalent MD structures from A2-DM (Fig. 2E). However,
in a small number of conformations from A2-K66N and A2-DM,
salt bridges were observed between N66 and E4, though they were
much less stable than those between K66 and E4 in A2-WT (Fig-
ures S10C and S10D, Supplementary Material). Further analysis
revealed that the amide group of N66 can either attract or repel
the side chain of E4 leading to these weak interactions (Figures
S10C and S10D, Supplementary Material). Examination of all con-
formations from all MD simulations showed decreased hydrogen
bond and salt bridge-mediated interactions with peptide position
4 as R65 and/or K66 were lost (Figure S10E, Supplementary Mate-
rial).

To directly evaluate the contribution of peptide p4 residues to
antigen presentation, we performed peptide binding and stabil-
ity assays on WT A∗02:01 molecules using a panel of synthetic
p4 residue-substituted peptides. Using four different peptide

backbones, these assays showed that highly negatively charged
p4 phospho-serine residues imparted the highest levels of bind-
ing and stability, followed closely by D4 and E4 (Fig. 2F). By con-
trast, p4 substitutions with common A∗02:01 residues such as ala-
nine or glycine resulted in decreased peptide binding and stability
(Fig. 2F). MD simulations of A∗02:01/GLKEGIPAL showed that salt
bridges occurred primarily between E4 and R65; substitution to
D4 maintained this interaction with R65 while further promoting
salt bridge formation with K66 (Figure S10F and Video S6, Sup-
plementary Material). As expected, alteration of position 4 to ala-
nine led to loss of all salt bridges, consistent with the loss of bind-
ing and stability observed with p4 residue-substituted peptides
(Figure S10F and Video S7, Supplementary Material). Collectively,
these results demonstrate that charged interactions between pep-
tide D/E4 residues and R65/K66 make a substantial contribution
to peptide binding, stability, and antigen presentation in HLA-
A∗02:01.

Basic residue substitutions in HLA-A∗02:01 result
in peptide-binding motif changes impacting
position 1 and primary anchor residues
In addition to inducing changes in peptide repertoire diversity and
frequency of eluted D/E4 peptides, substitutions to R65 and/or K66
induced other significant immunopeptidome changes (Fig. 3A;
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Fig. 3. Changes to basic p65/66 residues of A∗02:01 impacts peptide position 1 and primary anchor residues of eluted peptide ligands. (A) Heat map
depicting the changes in frequencies for all 20 amino acids at positions 1 to 3 and the C-terminus (p�) in A2 mutants compared to WT A∗02:01. (B)
Peptide-binding motifs derived from peptides eluted from A2-WT, A2-R65G, A2-K66N, or A2-DM molecules generated by Seq2Logo. Red arrows indicate
the increased frequency of positively charged amino acids in position 1. (C) Ensemble of representative conformations extracted from multiple MD
simulations of the p1-substituted KLKEGIPAL peptide bound to A2-WT or A2-DM, where yellow dashed lines indicate hydrogen bonds and red dashed
lines indicate salt bridges. (D) Peptide stability assays comparing p4 and/or p� residue-substituted peptides VLHDDLLEV, VLHADLLEV, VLHDDLLEL,
and VLHADLLEL bound to WT HLA-A∗02:01. (E) Root Mean Square Deviation (RMSD) of the HLA-I residue K66 or N66 of all conformations extracted
from MD simulations of GLKEGIPAL and GVKEGIPAL bound to A2-WT and A2-K66N and crystallographic conformations of p66 in A∗02:01/GLKEGIPAL
(PDB code 5ENW).
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Figure S11A, Supplementary Material). The most striking change
occurred in position 1 of peptides (p1) eluted from both the A2-
K66N and A2-DM mutants: while only 25% of A2-WT peptides
contained positively charged residues lysine (K) or arginine (R)
at p1, peptides eluted from A2-K66N and A2-DM demonstrated a
K/R1 frequency of greater than 70% (Fig. 3B; Figure S11B, Supple-
mentary Material). To explore the reasons for these p1 frequency
shifts, MD simulations of A∗02:01/GLKEGIPAL complexes were re-
peated in which K1 was substituted for G1 (Video S8, Supplemen-
tary Material). Interestingly, this alteration resulted in the forma-
tion of more prevalent salt bridges between E4-R65 and E4-K66,
which should contribute to improved stability (Figure S12A, Sup-
plementary Material). Consistent with this, we also observed in-
creased stability by substituting V1 with K1 in VLHDDLLEA bound
to A∗02:01 (Figure S12B, Supplementary Material).

To better understand the dramatic increases in K/R1 peptide
frequencies observed in the A2-K66N and A2-DM mutants, we ran
MD simulations of the p1-substituted KLKEGIPAL peptide bound
to all three A∗02:01 variants (Videos S9–S11, Supplementary Ma-
terial). Since interactions between K1 and A∗02:01 residues (Fig-
ure S12C, Supplementary Material) did not explain the strong
preference for K/R1 peptides, we examined potential interactions
between K1 and other amino acids within the KLKEGIPAL pep-
tide. Interestingly, in A2-K66N and A2-DM a salt bridge interac-
tion between K1 and E4 was observed in 25% of all sampled MD
conformations, compared to only ∼ 2% of conformations for A2-
WT (Fig. 3C; Figure S12D, Supplementary Material). This increased
prevalence of an intrapeptide salt bridge between K1 and E4 could
explain the preference for K/R1 in these mutants. This notion was
supported by additional analyses showing that K/R1-containing
peptides eluted from all A∗02:01 variants showed a significant de-
gree of co-occurrence with D/E4 residues, and vice-versa (Figure
S12E, Supplementary Material). Further analysis of peptides con-
taining K/R1 and D/E4 from multiple HLA-A, -B, and -C allotypes
revealed a significant correlation between amino acids in these
positions, indicating that these amino acids co-occur throughout
the HLA-I system (Figure S12F and Database S1, Supplementary
Material).

Peptides eluted from A∗02:01 mutants also showed alterations
in the frequency of primary anchor residues at p2 and the C-
terminus (p�). The impact of these mutations on p� was par-
ticularly surprising since p65/66 residues are relatively distant
from the F pocket which harbors p� residues. Nonetheless, pep-
tides eluted from both A2-R65G and A2-DM showed a significant
preference for valine residues at p� with a corresponding de-
creased preference for leucine (L�) compared to A2-WT. (Fig. 3A;
Figure S13A, Supplementary Material). V� is more prevalent than
L� and MD simulations with GLKEGIPAL and GLKEGIPAV showed
more extensive hydrogen bonds and shorter mean distance to the
floor for V� than L� in A2-WT and all mutated variants (Figures
S13B and S13C, Supplementary Material). We therefore reasoned
that charged interactions between p4 and p65/66 might be more
important for stabilizing L� containing peptides than V� pep-
tides. To test this, A∗02:01 peptide stability assays were performed
on D4A-substituted variants of VLHDDLLEV and VLHDDLLEL. As
shown in Fig. 3(D), V� provided more stability than L�, and alter-
ing D4 to A4 destabilized the L� peptide while having a negligible
impact on stability of the V� peptide. This result supports the idea
that charged interactions of A∗02:01 with D/E4 residues are more
important for stabilizing peptides with weaker p� anchors.

In peptides eluted from the A2-K66N and A2-DM mutants, we
also observed alterations to amino acid frequencies in peptide
position 2 (p2). These changes were not surprising since several

A∗02:01/peptide crystal structures have shown K66 consistently
forming hydrogen bonds with the backbone of p2 residues (Fig-
ures S6A, S6G, S7A–S7C, Supplementary Material). Peptides eluted
from both A2-K66N and A2-DM demonstrated a 20% decrease in
the frequency of leucine (L2), the most dominant p2 anchor, with
a corresponding increase in valine (V2) residues compared to A2-
WT peptides (Fig. 3A; Figure S13D, Supplementary Material). Com-
parative MD simulations of GLKEGIPAL and GVKEGIPAL peptides
showed that while both formed similar hydrogen bonds, V2 was
closer to the beta-floor sheet than L2, consistent with tighter bind-
ing in the B pocket and improved peptide stability (Figures S13E
and S13F, Supplementary Material) (43, 44). Furthermore, compar-
ison of the relative movements of p66 residues indicated that N66
was more mobile with L2 but more stable with V2 present; by con-
trast, K66 made stable interactions with either L2 or V2 (Fig. 3E),
providing a potential explanation for the V2 preference of the A2-
K66N and A2-DM molecules.

Basic residue substitutions in HLA-A∗24:02
impact surface expression, peptide repertoire
diversity, and presentation of D/E4 ligands
We next determined the impact of basic residue alterations at
p65/66 for HLA-A∗24:02. Since A∗24:02 naturally contains only one
basic residue at K66, two different A∗24:02 mutant alleles were
created: the lysine in p66 was substituted with asparagine to cre-
ate A∗24:02-K66N (A24-K66N), resulting in the G65/N66 pairing
that was a feature of the A2-DM mutant described above, and that
was also identical in sequence to the known allele HLA-A∗24:145.
The second A∗24:02 mutant changed the glycine at p65 to arginine
to create A∗24:02-G65R (A24-G65R), recapitulating the R65/K66
pairing found in WT A∗02:01, and identical in sequence to HLA-
A∗24:29 (Fig. 4A; Figure S14A, Supplementary Material) (4).

Recombinant lentiviruses expressing WT HLA-A∗24:02 (A24-
WT) or the two A∗24:02 mutants were used to transduce the lung
cancer cell line H1975. Similar to HLA-A∗02:01, the A∗24:02 mu-
tants consistently demonstrated distinct cell surface expression
levels with the following hierarchy: A24-G65R > A24-WT > A24-
K66N (Fig. 4B). We next performed MS-based immunopeptidome
analysis to compare the quality and quantity of peptides bound
to the different A∗24:02 variants. As shown in Fig. 4(C), compared
with WT A∗24:02 the A24-G65R mutant demonstrated a ∼50% in-
crease in total number of unique eluted A∗24:02-restricted pep-
tides while the A24-K66N mutant showed a dramatic loss of >80%
of bound peptides. Comparable numbers of endogenous HLA-
I binding peptides were eluted from the same cells, indicating
that antigen presentation machinery was functional in all trans-
duced cell lines (Figure S14B, Supplementary Material). As with
the A∗02:01 variants, peptide repertoire diversity of the A∗24:02
variants corresponded well with cell surface levels (Fig. 4C). Also
similar to HLA-A∗02:01, peptide presentation and surface expres-
sion levels of HLA-A∗24:02 correlated with the number of basic
residues present at HLA-I p65 and p66.

The proportion of D/E4 peptides eluted from the different A24
variants also followed a similar pattern, with A24-G65R binding
to a significantly higher percentage of D/E4 peptides and A24-
K66N binding a significantly lower frequency of D/E4 peptides
compared to A24-WT (Fig. 4D). We next performed peptide bind-
ing and stability assays on WT A∗24:02 molecules to determine the
impact of alterations to peptide position 4. For the strong-binding
VYGFVRACL peptide backbone, changing position 4 to D4 or E4
caused a slight increase in stability and a slight reduction in bind-
ing affinity, while substituting with A4 caused a reduction in both
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Fig. 4. Basic residues in p65/66 of HLA-A∗24:02 determine cell surface expression levels, peptide repertoire diversity, and binding stability. (A) Amino
acid positions 57 to 73 of WT HLA-A∗24:02 and both of the mutated A∗24:02 molecules, where positively charged residues are in blue and substituted
residues are in green at p65 and p66. (B) Cell surface expression of WT A∗24:02 or mutant molecules in transduced H1975 lung cancer cells, as
determined by flow cytometry. (C) Total number of unique peptide sequences identified by MS analysis of peptide ligands eluted from WT A∗24:02 or
mutant molecules immunoprecipitated from transduced H1975 cells. (D) Proportion of peptides containing D or E in peptide position 4 in A∗24:02 WT
or mutant molecules. (E)–(G) Ensemble of representative conformations extracted from multiple MD simulations of QFKDNVILL bound to A24-WT,
A24-K66N, and A2-DM, where yellow dashed lines indicate hydrogen bonds and red dashed lines indicate salt bridges. (H) Heat map depicting the
changes in amino acid frequencies at peptide positions 1 to 4 and p� in A24 mutants compared to WT A∗24:02. (I) Differences in the amino acid
frequencies of C-terminal (p�) anchor residues in peptides eluted from A24-G65R or A24-K66N mutants compared to A24-WT. (J) Results of peptide
stability assays comparing the parent QFKDNVILL peptide with the p2 and/or p� residue-substituted peptides QYKDNVILL, QFKDNVILF, and
QYKDNVILF. For these assays, TYTQDFNKF was used as a positive control and reference peptide. (K) Peptide stability assays of the QYKDNVILF,
QYKDNVILL, and QFKDNVILF peptides compared with their D4A-substituted counterparts, where TYTQDFNKF was used as a reference peptide.
∗∗ indicates P ≤ 0.01 and ∗∗∗ indicates P ≤ 0.001 using a two proportion Z-test comparing amino acid frequencies of peptides eluted from mutant
molecules to frequencies eluted from WT A∗24:02.

parameters (Figure S14C, Supplementary Material). Binding as-
says employing the weak-binding TFSDEAVHF peptide showed
that substitution of D4 with G4 also resulted in a loss of binding
and stability (Figure S14C, Supplementary Material). These results
support the notion that negatively charged residues at p4 enhance
HLA-A∗24:02/peptide complex stability.

To gain further insights, MD simulations of A∗24:02/
QFKDNVILL peptide complexes were run for A24-WT, A24-G65R,
and A24-K66N (Videos S2, S12, and S13, Supplementary Material).
Coulombic interactions and hydrogen bonds were calculated from
sampled conformations (Figure S14D, Supplementary Material)

and the most prevalent structures were overlaid (Fig. 4E–G).
Similar to A24-WT, K66 in the A24-G65R mutant exhibited strong
negative coulombic interactions with D4 while R65 showed
only weak coulombic interactions with D4 (Figure S14D, Supple-
mentary Material). By contrast, N66 of the A24-K66N mutant
exhibited both attractive and repulsive interactions with D4,
similar to that observed for N66 in A2-K66N (Figure S10C, Supple-
mentary Material). Alluvial plots revealed salt bridges between
D4 and K66 in A24-WT and both A∗24:02 mutants, though these
were observed to be much less prevalent in A24-K66N (Figure
S14D, Supplementary Material). Analysis of overlaid structures
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