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FIG. 7. Electron densities of bound peptides and water molecules in the two structures of SLA-1*0401. The final 2F -F.-stimulated annealing
omit maps of S-OIV\wy (A) and Ebola,y, (B), contoured at 1.0 o, are shown. Residues of the SLA-1*0401 H chain which contact peptides and
water molecules to form a hydrogen bond net are shown as stick models in white. The blue balls represent water molecules. Hydrogen bonds are
illustrated as dotted lines. (C and D) Water molecules assisting S-OIVy\wo (C) and Ebola,y, (D) to bind to PBG.

OIV e, Arg'>® forms a salt bridge only with P3-Asp. P5-Val
interacts with Asn®® in the a1 helix, and P7-Trp contacts Glu'>?
in the o2 helix with a hydrogen bond (Fig. 8F). Due to the
presence of an Ala residue at position 152 in HLA-A*0101,
Arg"® is more flexible and can pull the side chain of P7 residue
of the MAGE peptide down, which may affect the TCR rec-
ognition of pHLA-A*0101.

Structure-based screening of conserved and cross-species IV
epitope peptides. CTL epitopes with high affinity for pMHC
can form stable complexes by in vitro co-refolding (37, 38).
Therefore, using SLA-1*0401-Ebola, . as a positive control,
a total of 16 predicted peptides covering S-OIV and all influ-
enza viruses were refolded with SLA-1*0401 and sp,m (Table
1). However, only two peptide (S-OIVywo and PA,ss 464)
formed stable complexes with SLA-1*0401 and sB,m.
S-OIVwo and PA ,55_464 could be purified by gel filtration and
anion-exchange chromatography, similarly to the positive con-
trols (Table 1). Two nonapeptides, HAg, o5 and PAss, s¢s,
formed less stable pSLA complexes and could be collected by
gel filtration but did not tolerate the strongly ionic environ-
ment during anion-exchange chromatography (Table 1). The
other 13 peptides bound to SLA-1*0401 with lower affinities
and did not form a stable pSLA peak after gel filtration. Based
on the SLA-1*0401-S-OIVwo and SLA-1*0401-Ebola,e
structures and binding results, a predicted motif for binding
SLA-1*0401 was defined: residues with a large aromatic ring
form the C termini, and a neutral residue (Ser, Thr, Ala, Ile,
Leu, Met, or Val) occupies position 2, whereas in position 3
either a negative charged residue (Asp or Glu) or a residue
without a side chain (Ala or Gly) should occur.

Based on the identified motifs for SLA-1*0401, a total of 22
peptides matching IV strains were refolded using the method
mentioned above. Sixteen of the 22 peptides stably bound SLA-
1*0401 (Table 2). All of these peptides could be purified by gel
filtration and anion-exchange chromatography, like vp35,55_;63,
the positive-control peptide. The other three peptides bound to
SLA-1*0401 with lower affinity and did not form a stable pMHC
peak after gel filtration. These peptides all have a small amino
acid at P3 and an acidic amino acid at P6. Moreover, their low
affinities might be explained by the fact that Glu'>? in pocket E
repels P6 residues with the same charge. Four peptides formed
less stable pSLA complexes, which could be collected by gel
filtration but did not tolerate the strongly ionic environment dur-
ing anion-exchange chromatography (Table 2). These peptides
have a small P3 anchor residue combined with small P6 secondary
anchor (Ala or Gly) residues, which may have weaker binding
affinities with the PBG of pSLA-1*0401.

Based on the structures of SLA-1#*0401 and results of bind-
ing stabilities of total 39 peptides, four residues in peptides
(P2, P3, P6, and PC) were defined as anchor or secondary
anchor residues, and the peptide binding motif of SLA-1*0401
was proposed (Fig. 9). P3 and PC anchor residues are selected
more strictly by SLA-1*0401 than P2 and P6 anchor residues,
which indicates that P3 and PC residues are the primary an-
chor residues of the peptides binding with SLA-1*0401.

Interestingly, three peptides (NP, s,, CTELKLSDY,
S-OIVcve; PBlyy; 555, KMARLGKGY, S-OIViye; and
PBl1sy;_s09, VSDGGPNLY, S-OIV,,y,) were identical to the
human CTL epitopes presented by HLA-A*0101 (2, 3, 10, 12,
23, 72), which is in agreement with our structural analysis of
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FIG. 8. Different peptide conformations presented by pSLA-1*0401 and pHLA-A*0101 (PDB code, 3BO8). (A) The surface of the PBG in
pHLA-A*0101 is colored according to electrostatic potential (calculated in the absence of the peptide or bound water molecules); blue denotes
positive potential, and red indicates negative potential. The MAGE peptide is in pale yellow. (B) The electrostatic potential surface of the PBG
in pSLA-1%0401 and peptide S-OIV o (cyan). (C) Comparison of the B pockets between pSLA-1*0401 (white) and pHLA-A*0101 (pale yellow),
hydrogen bonds in pSLA-1*0401 (yellow dotted line), and hydrogen bonds in pHLA-A*0101 (red dotted lines). The substituted residues are shown
as stick models and labeled in red, and the names of residues of SLA-1*0401 are in front. The same residues are shown as line models.
(D) Comparison of D pockets. (E) Comparison of F pockets and the conformations of P9 anchor residues. (F) Comparison of conformations of
S-OIVwe and MAGE peptides. P7 positions are highlighted by the pink oval.

the cross-species presentation of peptide by SLA-1*0401 and OIVwo, Ebola,ye, and cross-species peptides, were further
HLA-A*0101. analyzed by using CD spectra (Fig. 10). T,,s were determined

Thermostabilities of the complexes of SLA-1%0401 with key from melting curves as described previously (67). SLA-1*0401-
peptides. The binding stabilities of key peptides, including S- S-OIVwo and SLA-1*0401-Ebola,y, form the most stable
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FIG. 9. Peptide-binding motif of SLA-1*0401 and thermal stability
analysis of pSLA-1*0401 molecules. The surface of PBG is shown as a
40% transparency. Anchor residues (P2, P3, P6, and PC) are in red and
indicated by anchor symbols, which also indicate the directions in
which the anchor residues point: down toward the peptide binding
platform, toward the al helix, or toward the «2 helix. Values in pa-
rentheses are the frequencies at which the amino acids are found at the
indicated positions among the 23 SLA-1*0401-binding peptides. The
predicted motif of SLA-1*0401 was proposed based on the structures
and peptide-binding results.

complexes, with 7,,s of 47.1°C and 47.5°C, respectively. pSLA-
1*0401 complexed with two other cross-species peptides (S-
OIV vy and S-OIV,,y,) has similar thermostabilities. The T,,,s
of SLA-1¥0401-S-OIVye and SLA-1%0401-S-OIV,y, are
43.3°C and 43.1°C, respectively. The thermostabilities of
pSLA-1%0401 complexes that could not tolerate anion-ex-
change chromatography are clearly lower than those of S-
OIVywo, Ebolasye, S-OIV vy, and S-OIV,,y,. For example,
the 7, of SLA-1*0401-S-OIVy, is 37.3°C, which was the
lowest among the tested peptides. The SLA-1*0401 affinity of
peptide NP,_,, (MIGGIGRFY, S-OIV,,y,) is similar to that
of S-OIV ., and this peptide also has a low 7, (38.3°C). The
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different thermostabilities of Ebola,ye, S-OIVgye and
S-OIVyye indicate that polar P6 residues which can form
hydrogen bonds with pocket E can greatly improve the stability of
pSLA-1%0401 complexes. Furthermore, the varied thermostabili-
ties of S-OIVwo, S-OIVye, and S-OIVy,y, could be caused by
PC-Trp having a greater binding affinity than PC-Tyr.

DISCUSSION

SLA T plays a crucial role in cellular immune antigen pre-
sentation in pigs and in xenotransplantation of pig organs into
humans in place of donor human tissues. The structural and
biophysical analyses of pSLA-1*0401 in this study provide a
basis for future related research. Conserved CTL epitopes are
valuable targets for overcoming the antigenic drift and shift of
IV; however, before this study, there was no information about
the peptide binding properties of SLAs because of the absence
of structure-based evidence of the peptide binding motifs of
SLAs. The mechanism of presentation of viral epitopes by
MHC/HLA in both humans and mice has been thoroughly
studied (16, 17, 43, 68). The SLA I and HLA I sequences are
<80% homologous at the amino acid level, indicating evolu-
tionary divergence. The first crystal structure of SLA-1*0401
defined here provides insights into viral epitope presentation
of SLA I. Surprisingly, based on our structures, we have iden-
tified potential epitopes matching S-OIV and other IV for this
common allele, and some of the epitopes can even be pre-
sented cross-species by human HLA, e.g., HLA-A*0101.

A comparison of SLA-1*0401 with HLA-A*1101 revealed
78% homology, and the RMSD between SLA-1%0401 and
HLA-A*1101 was <0.7. This indicates that the arrangement
and orientation of the carbon skeletons are similar, as seen in
the pMHC of other species. After examining the sequences
and structures of the SLA I and HLA I molecules, we found
some amino acid differences between the two species (Ala121/
Lys and Ser236/Ala in the H chain and Vall/Ile, Pro33/Ser, and
His98/Met in B,m). Our results revealed fewer van der Waals
interactions and hydrogen bonds between the H chain and 3,m
in SLA I than in HLA 1. Leu®, Ser'®’, and Gly”’ frequently
appear in SLA I molecules but are seldom found in HLA 1,
which might indicate distinct selective evolution in pigs and
humans. In SLA-1*0401, Leu® is found at the bottom of pocket
A, and Ser'®’ is at the N terminus of pocket A and makes P1
residues more exposed in the PBG of SLA-1%0401; the Gly”’
position in pocket F of SLA-1*0401 leads to a conformational
change of the heterocycle of the PC residue compared to
HLA-A*0101 (Fig. 8D).

A pronounced feature of SLA-1%0401 structure is deter-
mined by Arg'*°. Arg'>® appears at a frequency of over 15% in
SLA I alleles. In the two SLA-1*0401 structures reported here,
the Arg'®® is located in the D pocket, showing a distinctive
alteration. Its flexible side chain is able to contact the two viral
peptides in different manners. When Arg'*® is mutated to
Ala', SLA-1#0401 can broaden its peptide-binding spectrum,
showing binding to some peptides that do not bind to the wild
type. This result indicates that Arg'>® in SLA-1*0401 has the
veto power for binding viral peptides. The great flexibility of
Arg'® allows viral peptides to bind in various ways which are
difficult to predict without 3D structures. This reinforces the
importance of 3D structure determination of pMHC for
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FIG. 10. Thermostabilities of pSLA-1*0401 complexes. The thermostabilities of SLA-1*0401 with six peptides (S-OIVywo, Ebolaye, S-
OIV vo, S-OIVyye, S-OIVye, and S-O1V,,y,) were tested by CD spectroscopy. The temperature was increased by 1°C/min. The curves for the
unfolded fractions were determined by monitoring the CD value at 218 nm (67).

epitope identification (39). This study also reveals that the
peptide binding motif of HLA-A*0101 is similar to that of
SLA-1%0401, due to their common Arg'*® and their similar B
and F pockets (32). In the absence of restriction from Glu'>? in
SLA-1%0401, Arg'*® in HLA-A*0101 can contact more peptide
positions with greater freedom and provide distinct and spe-
cific submotifs (31). The nonmammalian MHC structure of
chicken BF2*2101 also shows a flexible Arg’, located in pocket
B next to a huge central pocket, allowing BF2*2101 to bind to
different peptides with different conformations. The flexibility
of Arg® allows the peptide to bind the BF2#2101 molecule with
particular combinations of amino acids at positions P2 and
PC-2 (30). Importantly, these results together suggest the pres-
ence of an Arg residue (irrespective of its position at 9 or 156)
located in a pocket of the PBG; one must use caution in
making computer-based epitope peptide predictions due to
Arg’s flexible and salient side chain.

In the peptide-MHC refolding tests, a total of 23 viral pep-
tides derived from S-OIV peptides were identified as SLA-
1*0401-binding peptides that may act as candidate CTL
epitopes, 17 of which strongly bound to SLA-1*0401. Three
viral peptides (NP,,_s,, CTELKLSDY; PB1,,, 355, KMARLG
KGY; and PBlsg; 599, VSDGGPNLY) were identical to the
previously defined human CTL epitopes that can be presented
by HLA-A*0101 (12, 23), further confirming our structural
observation of the similar PBGs of these two MHCs.
PB1;,7 555 and PB14y, 590, identified in SLA-1*0401, could also
bind to other HLA I molecules (4, 72). We used the IEDB to
determine whether these viral peptides that match S-OIV
could be presented by other class I molecules. PB15,, 555 and
PB159,.599 both bind to SLA-1*0401 and are also potential
CTL epitopes for HLA-A1, -A3, -A26, -BS, -B27, -B58, and
-B62 and, in the case of PB1,,, 555, for HLA-AS80, -B15, and
-B18 (http://www.immuneepitope.org). PB1;,, ;55 (KMARLG
KGY) not only is highly conserved in IV strains but also may

cross-induce immunity in humans (23). PB1sg,_59o Was shown
to bind the monkey MHC class I allele Mamu-A*02 and stim-
ulate CTL responses (Table 2). These conserved peptides have
the potential to stimulate cross-species immune responses and
could be used to protect swine and humans from variable
forms of the virus. Potential cross-species epitope presentation
by different MHC molecules may also explain the existence of
hot-spot CTL epitope regions in a given viral protein, which
could direct choice of the immune-dominant antigens as vac-
cines.

In pSLA-1*0401, the side chains from the P4, P7, and P8
residues of viral epitopes protrude from the PBG, and their Ca
atoms are almost at the same height as those in the MCH
a-helix. Based on studies of pHLA-TCR structures (68, 69),
the protruding side chains at the P4, P7, and P8 positions may
be recognized by TCRs and play a role in TCR docking. In
particular, the P7 residues in S-OIVwo and Ebola,y, are
prominently exposed, suggesting that this residue in pSLA-
1*0401 is pivotal to the specificity of swine TCR recognition.
However, the side chain of the P7 residue of MAGE-A1 is
pulled down by Arg'® and does not show any outstanding
features for TCR recognition. These results indicate that the
cross-species-presented epitopes may stimulate CTL responses
in both pigs and humans but with distinct characteristics based
on the different conformations of the peptide presented.

The first structures of pSLA-1*0401 determined here pro-
vide us a clear view of the CTL epitope peptide presentation of
swine MHC I and help widen our understanding of antigen
presentation in different animals. Future comparative studies
of antigen presentation may also help depict the evolution and
origin of T-cell-based adaptive immunity. More importantly,
the rational screening of the potential pSLA-1*0401-restricted
CTL epitope peptides based on our structures may be benefi-
cial for the development of T-cell-based vaccines against vi-
ruses that have crossed between pigs and humans.
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